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ABSTRACT: Formation and aggregation of metal carboxylates (metal soaps) can degrade the appearance and 

integrity of oil paints challenging efforts to conserve painted works of art. Endeavors to understand the root cause 

of metal soap for-mation have been hampered by the limited spatial resolution of Fourier transform infrared mi-

croscopy (μ-FTIR). We over-come this limitation using optical photothermal infrared spectroscopy (O-PTIR) and 
photothermal induced resonance (PTIR), two novel methods that provide IR spectra with ≈ 500 nm and ≈ 10 nm 

spatial resolution, respectively. The distri-bution of chemical phases in thin sections from the top layer of a nine-

teenth-century painting are investigated at multiple scales (µ-FTIR ≈ 102 µm3, O-PTIR ≈ 10-1 µm3, PTIR 
≈ 10-5 µm3). The paint samples analyzed here are found to be mix-tures of pigments (cobalt green, lead white), 

cured oil, and a rich array of intermixed, small (often ≪ 0.1 µm3) zinc soaps domains. We identify Zn stearate and 

Zn oleate crystalline soaps with characteristic narrow IR peaks (≈ 1530–1558 cm-1) and a heterogeneous, disor-
dered, water-permeable, tetrahedral zinc soap phase, with a characteristic broad peak centered at ≈ 1596 cm-1. We 

show that the high signal-to-noise ratio and spatial resolution afforded by O-PTIR is ideal to identify phase-sepa-

rated (or locally-concentrated) species with low average concentration while PTIR provides an unprecedented na-

noscale view of distributions and associations of species in paint. This newly accessible nano-compositional infor-
mation will advance our knowledge of chemical processes in oil paint and will stimulate new art conservation 

practices. 
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Oil paint can last for centuries but is not inert. Slow chemical reactions between the paint constituents and/or 
with environmental agents, may lead to deterioration with detrimental effects. Artworks made with oil paints consist 

of several layers each with specific functions, such as adhesion to the substrate (ground layer), pictorial layers, 

color saturation and protection from the environment (varnish layer). Understanding the detailed composition of 
works of art is a tough analytical challenge since paint films consist of slowly evolving heterogeneities at the micro-
1, 2 and nano-scales.3 However, some chemical reactions such as the formation of metal soaps have been found to 

occur frequently in oil paintings and have recently stimulated significant efforts to understand their initiation and 
progression.4 The reactivity of lead white (hydrocerussite) and zinc white (zinc oxide) is well known.4 Besides Pb 

and Zn, other elements, including Al, K, Ca, Cu, Cd, Mn form metal soaps in works of art.4, 5 Numerous factors 

(e.g., water, volatile acids, temperature, pigment dissolution, etc.) initiate and promote soap formation. Subse-

quently, complex and poorly understood processes yield, in some cases, disfiguring and disruptive metal soap ag-
gregates. To mitigate such outcomes and understand which factors promote soap formation and aggregation, it is 

necessary to investigate the distributions of chemical species in historical oil paints at multiple scales. 

These studies typically require analysis of small paint cross sections to distinguish original species from alteration 

products and to identify regions of reactivity or diffusion. Scanning electron microscopy with energy dispersive X-

ray analysis (SEM-EDX) in concert with Fourier transform infrared microspectroscopy (μ-FTIR) have been espe-
cially valuable.1, 2, 4, 6 However, the spatial resolution of μ-FTIR is typically limited to several micrometers,7 which 

is inadequate to detect species with low average concentrations and to resolve micro- and nano-scale heterogenei-

ties within the paint or at the pigment-binder interfaces where reactions likely initiate. Novel photothermal IR 
spectroscopy methods8-10 overcome these limitations by circumventing the diffraction limit of IR light. Optical 

photothermal infrared (O-PTIR) spectroscopy yields IR spectra and maps with ≈ 500 nm spatial resolution employ-

ing a visible-light laser beam to probe the photothermal expansion induced changes of the sample refractive index 

due to IR light absorption.9 In the field of art conservation, O-PTIR has recently enabled the characterization of 
chemical complexes within the stratigraphy of very small paint cross sections.11 Photothermal induced resonance 

(PTIR),8, 10 also known as AFM-IR, yields IR spectra and maps with 10 nm to 20 nm spatial resolution12, 13 by using 

an atomic force microscope (AFM) probe tip to transduce the photothermal expansion of a sample caused by light 
absorption.8, 10 Recently, we leveraged PTIRto identify and map the distributions of three chemically distinct and 

spatially intermingled metal soaps in a naturally aged oil paint sample.3  

Here, an array of chemically sensitive methods (SEM-EDX, FTIR, O-PTIR, PTIR) is used to study the distribu-

tion of chemical phases at multiple length scales in the top layer of a French nineteenth-century painting Gypsy 

Woman with Mandolin (c. 1870) by Jean-Baptiste-Camille Corot (Figure 1a). Murky paint on much of the back-
ground (see Figure 1) was determined to be an anachronistic addition painted over original paint and ought to be 

removed to restore the painting’s original appearance. Previous observations14 indicated this layer contained lead 

white (2PbCO3·Pb(OH)2) and cobalt green (Zn1-xCoxO, x < 0.3) pigments along with metal soap alteration products. 
Studying the deterioration of this paint layer provides an opportunity to understand the pigment-oil chemistry better 

with the prospect of mitigating the occurrence of deleterious reactions.  

For the thin cross-sections analyzed here (≈ 6 µm for µ-FTIR, ≈ 400 nm for PTIR and O-PTIR) the scales probed 

by the IR experiments (µ-FTIR ≈ 2∙1011 nm3, O-PTIR ≈ 108 nm3, PTIR ≈ 5∙103 nm3) reveal the presence and dis-

tribution of numerous distinct metal carboxylate species. The high signal-to-noise ratio, high spatial resolution 
(≈ 500 nm), and moderate throughput of O-PTIR is ideal to identify species with low average concentration that 

are phase separated in small domains within paint films and species that have overlapping spectral features that are 

indistinguishable using techniques with lower spatial resolution. The spatial resolution of PTIR (≈ 10 nm) is well 

suited to identify the distributions and associations of chemical species at the nanoscale. The O-PTIR and PTIR 
data presented here provide compelling evidence for the existence of many similar, though distinct, small (< 0.1 

µm3) zinc carboxylate species and/or a range of chemical environments in which these complexes exist within the 

paint. This work shows that the PTIR and O-PTIR provide access to new chemical information at the sub-microm-
eter and nanometer scales, which is required to advance our knowledge of the chemical processes occurring in oil 

paint.  
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EXPERIMENTAL SECTION 

Preparation of the cross section sample 

A small sample was excised from the painting using a surgical scalpel. It was embedded in a room-temperature 

curing styrene-polyester co-polymer block, which was ground to expose the paint stratigraphy and polished by 
hand using SiC grinding papers (240 to 600 grit) and polishing cloths (2400 to 8000 grit). Thin sections (either ≈ 

400 nm or ≈ 6 µm thick) were obtained from the polished cross-section sample using an ultramicrotome equipped 

with a diamond knife at 45°.   

Synchrotron Fourier transform IR microspectroscopy (µ-FTIR)  

The ≈ 6 µm thick cross-section were placed between two KBr pellets and analyzed using an µ-FTIR spectrometer 

coupled to the SMIS beam line at Synchrotron SOLEIL, France and a microscope equipped with a 50 × 50 μm² 

narrow band MCT detector and a 32×, 0.65 numerical aperture (NA) objective. Spectra were collected in transmis-
sion mode from 7500 cm-1 to 750 cm-1, accumulating 256 scans at each point with a spectral resolution of 4 cm-1. 

Both apertures were set to 6.0 μm, and the lateral step size of the stage was 3.5 μm. Integrated absorption intensity 

maps were obtained by integrating the area under a spectral band defined by two frequency points, after subtracting 
the local baseline defined by the same two points. 

Optical photothermal infrared (O-PTIR) spectroscopy 

O-PTIR data from ≈ 400 nm thick cross sections deposited on a ZnSe substrate were obtained in reflection mode 

using a commercially available instrument. The setup consists of an optical microscope equipped with a reflective 
objective (40×, 0.78 NA, 8 mm working distance), a pulsed quantum cascade laser (QCL), tunable from 920 cm-1 

to 1800 cm-1 and 2660 cm-1 to 3020 cm-1, a continuous wave visible detection laser (532 nm, collinear with the 

QCL excitation laser), and a silicon photodetector. O-PTIR spectra were normalized with respect to the wavelength-
dependent excitation laser intensity, which was measured using a broadly IR absorbing substrate (low emissivity 

glass) at a laser pulse rate of 100 kHz. All O-PTIR spectra (2 cm-1 spectral resolution, 10 averages) were obtained 

by pulsing the excitation laser at 100 kHz and sweeping the laser wavelength at a rate of 100 cm-1s-1. O-PTIR maps 
were obtained by tuning the IR laser to a fixed frequency while the sample stage was scanned at 1 Hz. Images were 

collected using a stage step size of 100 nm.  

Photothermal induced resonance (PTIR) spectroscopy 

For PTIR measurements, the ≈ 400 nm nominally thick samples were placed on a ZnSe substrate and measured 
using a modified commercially available instrument, consisting of an AFM microscope coupled to a QCL laser, 

tunable from 1380 cm-1 to 1900 cm-1. Spectra and maps were obtained in tapping mode using a gold-coated canti-

lever (40 N/m nominal spring constant) and by focusing the IR laser onto the sample at ≈ 20° angle from the sub-
strate surface, using p-polarized light. The tapping-mode PTIR signal was demodulated using a heterodyne detec-

tion scheme employing a lock-in amplifier.3 Briefly, the AFM cantilever was driven (tapped) at the second mechan-

ical bending mode frequency (f2 ≈ 1550 kHz), the PTIR signal demodulated at the first bending frequency 
(f1 ≈ 250 kHz) while the QCL was pulsed at fLaser = f2 - f1 ≈ 1300 kHz. Maps were obtained by maintaining the 

wavelength constant while scanning the sample. Spectra were recorded with the AFM tip at a given location and 

sweeping the laser wavelength at 50 cm-1s-1. The spectra (2 cm-1 resolution) were slightly smoothed using a Sa-

vitzky-Golay Filter (2nd order, 4 adjacent points) and normalized with respect to the laser intensity recorded using 
a power meter. The whole apparatus was purged with dry nitrogen. The pixel resolution of each image is specified 

in each figure caption. The spatial resolution of the PTIR maps is not estimated for every map since it depends on 

multiple parameters, including tip-sample interactions, sample stratification, and excitation frequency; however, 
the spatial resolution cannot be better than twice the pixel size.  

 

RESULTS AND DISCUSSION 

Since preliminary investigation had revealed the presence of metal soaps,14 paint samples were obtained to iden-

tify the pigments and the distribution of original paint components and alteration products. A cross-section sample 
(sample 1) and a paint scraping from the deteriorated green overpaint (sample 2) were obtained from the marked 

locations (X and O, respectively) at the top left-hand corner of the painting (Error! Reference source not found.a). 

Visible and backscatter electron (BSE) images in Error! Reference source not found.b, c show that the paint cross 

section consists of thirteen layers. A description of the sample stratigraphy is given in Figure S1 and Table S1 of 
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the supporting information.  Here, we focus only on the topmost layer containing the metal soaps (layer 13) to 
identify and map original materials and alteration products. 

 

A BSE image of layer 13 (Error! Reference source not found.a) shows rounded particles (≈ 2 µm to ≈ 5 µm 

diameter) intermingled with smaller (1 µm long) particles with higher atomic weight (brighter features). The mor-

phology and EDX spectra from sample 1 thin section (Error! Reference source not found.) show that the small, 

high-atomic-weight particles are lead white. The larger particles predominantly consist of Zn and O, with additional 
Co, Mg and Al. These are cobalt green, nominally Zn1-xCoxO, and match an historical pigment from the Forbes 

Pigment collection 9.05.05, “Cobalt Green Light” (see Error! Reference source not found.b). Hereafter, “Cobalt 

Green Light” is used to denote this historical pigment. Previous SEM-EDX analyses of this painting and “Cobalt 
Green Light” revealed cobalt blue (CoAl2O4) impurities are the source of Al. Since the SEM-EDX maps of Mg and 

Zn for sample 2 (Figure S2) are for the most part overlapped, and Mg can form solid solutions with ZnO15 and even 

ZnCoO16, it is likely that Mg is mostly present in low concentration within the cobalt green particles. However, a 

few Mg-rich particles are also detected (Figure S2c) and are tentatively assigned to a hydroxy magnesium carbonate 
phase (see SI). BSE images in Figure 1c and 2) show that many cobalt green particles are surrounded by a low 

atomic weight (dark in the BSE images, e.g., site III) phase. EDX analysis indicates this phase contains mainly C, 

O, Zn, and Mg (Error! Reference source not found.c). 

To determine the composition of this phase we employed 3 IR microscopy techniques. Representative µ-FTIR 

spectra (Figure 3a) from a ≈ 6 µm thick cross section containing a cobalt green particle were obtained at the marked 
positions (see inset), nominally, on the cobalt green particle (2), close to its boundary (1 and 3) and far from it (4). 

The spectra are all similar. Characteristic bands of oil: 1743 cm-1 (νa(C=O) ester), 1467 cm-1 (δ(CH2), δ(CH3)), 

1413 cm-1 (ω(CH2) in (CH2–COO) deformation), 1378 cm-1 (ω(CH2) in methyl chain) are observed in all four spec-
tra. A shoulder at 1711 cm-1 on the ester carbonyl band indicates free carboxylic acids are present, meaning that not 

all carboxylic groups are converted to carboxylates. This observation is corroborated by the high-resolution O-

PTIR and PTIR spectra (see below). While thermodynamics drive the reaction between free carboxylic groups and 
ionic species, the kinetics of this process can be affected by the local water content and site accessibility, which is 

likely impeded in some locations. A prominent broad band at ≈ 1590 cm-1 common to all spectra is attributed to 

νas(COO-) of the zinc carboxylate species frequently seen in 19th and 20th century ZnO-containing paint.17-20 In our 

previous work,3 we referred to this peak as “zinc carboxylate” which was also observed in model paint films of 
cobalt green in linseed oil (1593 cm-1).5 This peak was previously ascribed to a ionomeric phase17 and later shown 

to comprise contributions from a few tetrahedral Zn-carboxylate species with relative IR intensities affected by the 

water content.21 Here, we refer to this complex peak as disordered tetrahedral Zn-carboxylates (d-t-Zn-soap). 

The characteristic peaks of saturated or mono-unsaturated fatty acid zinc soaps are present but relatively weak, 

making the distinction between soaps such as zinc stearate/palmitate (νas (COO-) ≈ 1540 cm-1) or zinc oleate (νas 
(COO-) ≈ 1549 cm-1 and 1527 cm-1),22,23, 24 and disordered lead soaps (broad band at ≈ 1530 cm-1) challenging. 

Since the narrow band of νas (COO-) of lead stearate at 1513 cm-1 is not observed and the BSE images do not suggest 

the presence of lead soaps, we conclude that soaps in this sample are primarily Zn soaps and not Pb soaps. 

The integrated FTIR absorption intensity maps show similar (i.e., overlapping) distributions for crystalline zinc 

carboxylates (1530 cm-1 to 1558 cm-1 Figure 3b) and d-t-Zn-soap (1580 cm-1 to 1630 cm-1, Figure 3c) phases, con-
sistent with the small spectra variation. This is not surprising since the cobalt green particles (≈ 2 µm to ≈ 5 µm) 

are smaller than both the sample thickness (≈ 6 µm) and μ-FTIR resolution (≈ 6 µm).  Spectrum 2, for example, is 

an average of the cobalt green particle (that, if unaltered, does not have any IR absorption features above 1200 cm-

1) and the surrounding areas containing both oil and the zinc soaps. Therefore, assessment of the distribution of 

metal soaps in these samples requires a higher IR spatial resolution.  

O-PTIR is an emerging contactless technique that overcomes the diffraction-limited spatial resolution of tradi-

tional IR microscopy providing submicron (≈ 500 nm) resolution. O-PTIR uses a pulsed IR laser to induce a pho-

tothermal response of the sample (thermally-induced change of the refractive index/reflectivity). This response is 
detected by monitoring the intensity of a diffraction-limited collinear visible laser. Although the O-PTIR spectra 

are recorded here in reflection, the photothermal effect ensures that the O-PTIR spectra are intrinsically dependent 

on the imaginary part of the refractive index and therefore are directly comparable with spectra in traditional trans-

mission FTIR databases. This characteristic aids spectral interpretation and material identification, thus addressing 
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challenges unmet by conventional IR microscopy in many applications, such as life sciences,25, 26 polymer compo-
sites,27 and  microplastics28 In cultural heritage applications, O-PTIR was recently used to reveal the stratigraphy 

of very small paint cross sections.11 In this study, we take advantage of a recently introduced QCL laser that covers 

the C–H stretching and the finger print spectral regions. 

Figure 4a shows a selection of the most diverse and distinct O-PTIR spectra obtained from a ≈ 400 nm thick 

cross section in proximity of a cobalt green particle. Compared to µ-FTIR (Figure 3), the O-PTIR spectra (Figure 
4a) reveal an astonishingly heterogeneous chemical composition at the ≈ 500 nm scale. For the thin samples studied 

here, O-PTIR probes the composition of the entire sample thickness, thus the heterogeneity observed is not confined 

to interfacial boundaries or the paint-air interface. Since the volume of the sample probed by O-PTIR (≈ 0.5 × 0.5 
× 0.4 µm3) is approximately 2000-fold smaller than the volume probed by µ-FTIR (≈ 6 × 6 × 6 µm3), O-PTIR 

spectra reveals species that are locally (≈ 0.1 µm3 scale) more abundant than in the average composition at the scale 

probed by synchrotron µ-FTIR (≈ 200 µm3). This is particularly useful to identify metal soaps that tend to phase 
separate at micro- and nanoscales3 (see below) and typically have distinct but spectrally close IR absorption fre-

quencies.23 The O-PTIR spectra show both crystalline zinc carboxylate phases (1530–1558 cm-1, sharp peaks) and 

disordered Zn-soap phases (1550–1660 cm-1, broad peaks) coexisting within the 0.1 µm3 volume probed. We ob-

serve the characteristic peaks of zinc stearate (1539 cm-1, ZnSt2), zinc oleate (1550 cm-1, 1527 cm-1, ZnOl2) and 
possibly zinc azelate (1550 cm-1, 1532 cm-1, ZnAz2). The ZnSt2 peak at 1539 cm-1 is often dominant among the 

crystalline carboxylate phases (see Figure S3). The characteristic peak of magnesium stearate (≈ 1572 cm-1, 

MgSt2)
29 is absent. The broad peak centered around 1590 cm-1, typically associated with Zn carboxylates3 or an 

ionomeric phase,17 shows large variations in central frequency, shape, and full width at half maximum (Figure 4a), 

suggesting it is associated with significant chemical heterogeneity. Spectra in Figure 4 show broad features in this 

range with slightly resolved peaks at 1654 cm-1, 1623 cm-1, 1587 cm-1, and 1554 cm-1. The spectral shifts and dif-

ferences in peak shape are likely due to variations in the local coordination environment and/or water content and 
are attributed to a tetrahedral Zn soap phase21 (see discussion below). Importantly, the classification of the crystal-

line Zn carboxylate phases, based on sharp peaks between 1530 cm-1 and 1558 cm-1, and disordered tetrahedral Zn-

soap phases, with broad peaks between 1550 cm-1 and 1660 cm-1 correlates well with the CH2 stretching frequencies 
(Figure 4b). It is well known that the frequencies of the CH2 symmetric and antisymmetric stretching of aliphatic 

chains strongly depend on the chains’ intramolecular conformation.30, 31 When the characteristic sharp peaks of 

crystalline Zn soaps are most prominent in the spectra, the νas(CH2) frequency is lowest (≈ 2918 cm-1), but it in-
creases substantially (up to ≈ 2932 cm-1) when only peaks from disordered Zn soaps are observed in the spectra 

(spectra 5, 7, 8, 9 in Figure 4b). When evidence for ordered and disordered metal soap phases coexists in the spectra, 

both low and high frequency νas
 (CH2) contributions are observed (see light spectrum 3 in Figure 4b). O-PTIR maps 

of a particle in layer 13 were measured at 1741 cm-1 and at 1541 cm-1 (Zn(St)2) and ratioed (Figure 4d). Given the 
100 nm step size, ≈ 500 nm lateral resolution, ≈ 0.1 µm3 probed volume, the relative IR intensities of metal soap 

species in our sample change abruptly (see Figure S3) suggesting that phase separation in the sample occurs on 

length scales shorter than 500 nm. O-PTIR maps display some contrast between ZnSt2 rich areas (blue) and oil-
rich areas (orange) at this scale but the resolution is insufficient to clearly identify of boundaries (see Figure 4d and 

Figure S3).  

By transducing the photothermal expansion of the sample with an AFM probe tip, PTIR yields absorption spectra 

with 10 nm to 20 nm spatial resolution,8, 10 which, critically, are not limited by heat diffusion.32, 33 Since PTIR is a 

photothermal method, its signal is proportional to the sample absorption coefficient34, 35 thus enabling identification 
of materials3, 36 by comparison with IR spectral databases. Generally, PTIR is not a surface-selective technique and 

has been shown to probe sample compositions at depths exceeding 1 µm,37 and even underneath a ≈ 200 nm thick 

material when operating in contact mode.38 Here, however, we use the recently introduced tapping-mode PTIR 

measurement paradigm3 that probes the sample composition ≈ 50 nm deep39 by exploiting the tip enhancement and 
the non-linear tip-sample mechanical interactions during the tapping cycle to generate the heterodyned signal.  

Therefore, we estimate that the sample volume probed in the tapping PTIR experiments is ≈ 10 × 10 × 50 nm3 (i.e., 

≈ 5000 nm3) which permits revealing compositional details much smaller than the sample thickness.  

The PTIR spectra in resemble the O-PTIR spectra in Figure 4. The characteristic peaks of oil: 1741 cm-1 (νa 

(C=O) ester), 1464 cm-1 (δ (CH2), δ (CH3)), 1413 cm-1 (ω (CH2)), 1380 cm-1 show a location-dependent relative 
intensities, better visualized in the PTIR map at 1740 cm-1 in Figure 5d; The shoulder at ≈ 1710 cm-1 on the ester 

carbonyl band suggests that free carboxylic acids are also present. The reconstructed image of ester carbonyl (red) 
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and carboxylic acid (blue) absorptions (Figure 5e) show that, except for a very small area with no carboxylic groups, 
these two phases coexist at the nanoscale in slightly varying proportions (purple).  

The PTIR spectra (Figure 5a, Figure S5a and Figure S6a) indicate the presence of crystalline (1530 cm-1 to 

1558 cm-1) and disordered tetrahedral Zn (1570 cm-1 to 1660 cm-1) metal soaps in relative abundances that are 

location dependent. We attribute the peaks at 1538 cm-1 and at 1549 cm-1 to Zn(St)2 and Zn(Ol)2, respectively, as 

for O-PTIR spectra (Figure 5a). The broad peak at ≈ 1596 cm-1 (Figure 5a) displays different peak shapes with 
shoulders at 1615 cm-1 and 1623 cm-1. The distribution of ZnSt2 and d-t-Zn-soap are shown in Figure 5b and 5c 

respectively. The disordered tetrahedral Zn carboxylate phase is widespread, and its spatial distribution (green) 

together with ZnSt2 (red) and ZnOl2 (blue) is displayed in Figure 5f. ZnSt2 and ZnOl2 are associated closely but not 
overlapping (Figure 5f).  

The d-t-Zn-soap band (≈ 1596 cm-1), commonly observed in paint samples,4 was previously attributed to a iono-
meric phase.17 This broad peak presents location-dependent spectral maxima at 1654 cm-1, 1623 cm-1, 1554 cm-1 

(Figure 4a) 1623 cm-1 and 1615 cm-1 (Figure 5a) 1643 cm-1, 1615 cm-1, 1600 cm-1 and 1583 cm-1 (Figure S6a), 

1628 cm-1, 1615 cm-1, 1598 cm-1 and possibly 1577 cm-1 (Figure S5a). Such a complex band raises the question 
whether it stems from the convolution of widely different chemical species that incidentally have overlapping or 

partially overlapping absorption peaks, or by just one or a few chemical moieties that are characterized by slightly 

different arrangements or local environment due to variations in density, water content, intermolecular interactions 

or other conditions. Metal oxalates,40 for example, have peaks in the 1610 cm-1 to 1665 cm-1 spectral range. How-
ever, the diagnostic, but somewhat weaker, metal oxalate doublet (i.e., 1364 cm-1 and 1320 cm-1 for zinc oxalate) 

is not observed in either PTIR or O-PTIR spectra, making the assignment to metal oxalates unlikely. Some mixed-

metal carboxylate phases, such as ZnNa2St4 and ZnK2St4 have peaks in this region (1608 cm-1 to 1620 cm-1).41, 42 
Error! Reference source not found. shows that Mg and Zn are present in the region surrounding the cobalt green 

particles. Conceivably, a mixed Mg-Zn carboxylate phase with peaks in this region could exist, but we are unable 

to confirm it. No evidence of a characteristic peak at 1577 cm-1 for MgSt2
 29 was obtained. Figure S2 shows that 

Mg is a minor constituent of the cobalt green particles but we cannot confirm it from the IR spectra since Zn1-xMgxO, 

x < 0.4915 peaks at ≈ 1400 cm-1 and ≈ 1600 cm-1,43 and the associated water absorption at ≈ 1630 cm-1 overlap with 

Zn-carboxylate and oil peaks. The few Mg-rich particles identified in Figure S2 are tentatively attributed to hydro-

magnesite, Mg5(CO3)4(OH)2.4H2O that has a strong absorption at ≈ 1480 cm-1 (see spectrum 7 in Figure 4). 

Attenuated total reflection (ATR) FTIR spectra on a model paint have convincingly shown that the broad ≈ 
1590 cm-1 peak can be attributed to the superposition of at least three distinct, broad peaks (1625 cm-1, 1595 cm-1 

and 1555 cm-1) due to tetrahedrally coordinated Zn carboxylates21 that are better resolved in dry samples. Peaks at 

1625 cm-1 and at 1555 cm-1 were attributed to tetrahedral Zn chain-like complexes and a peak at 1595 cm-1 to a 

tetrahedral Zn oxo-complex cluster within an ionomeric phase. A tetrahedral Zn oxo cluster is commonly observed 
in Zn-based metal-organic frameworks (MOFs) that, however, are not stable in humid environments.44 45 For ex-

ample, the asymmetric carboxylate stretch of prototypical Zn-based MOF-5 shifts from ≈ 1602 cm-1 to ≈ 1595 cm-

1 in ATR-FTIR spectra44 when exposed to moisture due to partial hydrolysis of the Zn-oxide clusters.45 Therefore, 
it is not surprising that the characteristics of the peak at ≈ 1595 cm-1 depend strongly on the water content in the 

paint.21 While the degradation of crystalline Zn MOFs is typically irreversible, the spectral characteristics of the 

model paint were recovered upon hydration.21 Since, with respect to a dry sample, the relative intensity of the 1595 
cm-1 peak was shown to increase under normal humid conditions but the Zn oxo cluster of MOFs is unstable in 

humid conditions,44, 45 spectral changes in this region are more likely linked to similar and probably heterogeneous 

assemblies of tetrahedral Zn carboxylate species with relative proportions that are a function of the water content 

within the disordered or ionomeric phase.21 Ionomers are polymers with neutral and ionized pendant chemical 
moieties (typically carboxylic acids/carboxylates) covalently bonded to the polymer backbone. In ionomers, 

< 15 % of the pendant groups are ionized leading to ≈ 1 nm to 5 nm 46-49 ionic-rich hydrophilic domains that upon 

water absorption can become interconnected via small (< 1 nm) secondary domains. Ionomers typically have small 
(< 5 nm) randomly distributed (semi)crystalline domains often lacking long-range order embedded within an amor-

phous ionomeric matrix.46-49 Therefore, ionomer domains (≈ 5 nm3 to 500 nm3) are much smaller than the volume 

probed by O-PTIR (≈ 108 nm3), yet O-PTIR spectra show significant heterogeneity for this Zn soap band in our 

sample (Figure 4a). The sample volume (≈ 5000 nm3) probed by PTIR is also too large to resolve the chemical 
heterogeneities of a typical ionomeric phase if present. Careful observation of the distribution of 1591 cm-1 and 

1610 cm-1 absorption features (Figure S4g and S5b, i.e., within the broad d-t-Zn-soap peak) reveals only partial 
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overlap and some heterogeneous regions with dimensions up to ≈ 100 nm (Figure S4g) and up to ≈ 500 nm (Figure 
S5b), much larger than the heterogeneities typical of ionomers (1 nm to 5 nm).46 The observation of tetrahedrally 

coordinated Zn carboxylates peaks that emerge as a function of the water content in model paint 50 make it tempting 

to attribute the heterogeneities in Figure S4g and S5b to tetrahedrally coordinated Zn carboxylates that are partially 
hydrolyzed to different extents.  

The PTIR map at 1408 cm-1 (Figure S4a, f, h) shows lead white particles that appear ellipsoidal in the two-
dimensional PTIR absorption maps (see SI for details).  Although not the focus of this work, the ability to map 

inorganic phases with a lower thermal expansion coefficient than the surrounding, embedding phase could be ben-

eficial for studying complex mixtures such as paint. Analysis of a smoother cross section at even higher spatial 
resolution (Figure S6) shows an example where ZnSt2 (1539 cm-1, Figure S6c) and d-t-Zn-soap (1613 cm-1, Figure 

S6d) phases are closely intermingled, but clearly separated at the nanoscale (see the reconstructed image overlay 

in Figure S6e). Figure S7 shows a map with < 4 nm spatial resolution, possibly the highest ever reported for PTIR,10 
and reveals features smaller than 15 nm.  

 

CONCLUSIONS 

In this work, high resolution, chemically sensitive methods (SEM-EDX, µ-FTIR, O-PTIR, PTIR) are used to 

study the distribution of chemical species and metal soaps in the top paint layer of a French 19th century painting. 

O-PTIR and PTIR probe volumes that are ≈ 2000 × and ≈ 107 × smaller than the volumes probed by synchrotron 
µ-FTIR, yielding compositional information at the scales required to advance our knowledge of the chemical pro-

cesses occurring in paints. Improvements in sample preparation protocols to yield thinner and smoother cross-

sections will further facilitate PTIR and O-PTIR investigations on paint and other complex mixtures.   

Assuming the same spectral acquisition time for each of the three techniques, µ-FTIR chemical imaging through-

put is at least 3 and 6 to 7 orders of magnitude higher than O-PTIR and PTIR, respectively, due to the much bigger 
pixel sizes. Therefore, these methods are most advantageous when used in concert. PTIR provides the highest 

spatial resolution and enables assessing the fine distribution of separated phases in paint, although at slow pace. 

O-PTIR enables the rapid identification of species that are locally more abundant than in the average paint compo-
sition and strikes an excellent balance between spatial resolution, throughput, and information content. The lower 

resolution and higher throughput of µ-FTIR enables measurement of entire paint sections and is most useful for 

assessing chemical gradients and dynamic changes in paint.1, 3 51 

The paint samples analyzed here are mixtures comprising pigments, cured oil, crystalline metal soaps with char-

acteristic narrow IR peaks (≈ 1530 cm-1 to 1558 cm-1) and a heterogeneous, disordered, water-permeable partially 
hydrolyzed, metal soap phase with characteristic broad IR peaks (≈ 1570 cm-1 to 1660 cm-1) which was previously 

assigned to an ionomeric phase. The PTIR and O-PTIR data reported here appear incompatible with a strict inter-

pretation of the typical ionomer structure (i.e., polymers, with less than 15 % of ionized pendant chemical moieties 
that form very small, ≈ 5 nm3 to 500 nm3, heterogeneous domains). However, we believe that some ionomer-like 

properties at a longer scale (e.g., matrix with ionized pendant groups with hydrophilic  pathways and morphology) 

are useful to describe this complex phase. This can be rationalized by the fact that the polymerized paint network 

is not copolymerized by a few monomeric species but likely by a greater variety of species that result in a range of 
locally ionized group densities and domain sizes. This interpretation is further supported by the observation of free 

carboxylic acid groups (≈ 1710 cm-1) through the paint network across all the scales probe here.  

Here, we show that the polymeric paint network associated with a broad and complex peak at ≈ 1596 cm-1 has a 

high degree of conformational disorder (gauche defects), indicated by the νas (CH2) stretching frequencies (Figure 

4). Spectra obtained with nanoscale spatial resolution reveal several overlapping spectral features contributing to 
the broad band that we assign principally to partially hydrolyzed tetrahedral Zn carboxylates that have different 

structural arrangements and/or water content. High-resolution IR maps show that the crystalline metal soap phases 

(ZnSt2, ZnOl2) in our samples are closely intermingled with the disordered tetrahedral Zn-soap phases but clearly 
separated from them, in agreement with previous observations.3 

This work highlights the potential of using IR spectroscopy techniques operating at different length scales to 
probe the evolution of alteration products in chemically complex systems, which is necessary to understand the 

chemistry of paints. We believe that this work will stimulate robust work to determine the nanoscale composition 

of oil paints and foster the development of art preservation and conservation practices.  
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Figure 1. (a) Jean -Baptiste-Camille Corot, Gypsy Woman with Mandolin, c. 1870 (courtesy National Gallery of 

Art, Washington, D.C.). (b) OM image of cross section (sample 1) obtained using dark field reflected visible light 
illumination.; (c) BSE image of the area inside the white rectangle in (b). 
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Figure 2. (a)   BSE detail of layer 13 in sample 1; (b) BSE image of “Cobalt Green Light.” (c) EDX spectra of 

cobalt green particles in sample 1 from area I and from area IV in “Cobalt Green Light” pigment. (d) EDX spectra 

of areas II and III in panel a. 

 

 

Figure 3. (a) µ-FTIR spectra of a ≈ 6 µm thick sample 1 cross section obtained at the marked locations (see inset). 

Corresponding µ-FTIR intensity maps integrated between (b) 1530 cm-1 – 1558 cm-1, and (c) 1580 cm-1 – 1630 
cm-1. 
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Figure 4. (a, b) O-PTIR spectra from a 400 nm thick section of layer 13 obtained at the color-coded locations in 

panel c and d in the proximity of a cobalt green particle roughly delineated by the dotted circles. (c) Optical mi-
croscopy image. (d) O-PTIR intensity ratio map obtained by pixel-wise division of the intensity at 1741 cm-1 (oil) 

by the intensity at 1541 cm-1 (Zn(St)2). 
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Figure 5. (a) PTIR spectra from a ≈ 400 nm thick cross section, obtained at the color-coded locations in panels b-

d. PTIR absorption maps at: (b) 1541 cm-1 (ZnSt2), (c) 1591 cm-1 (tetrahedral Zn-carboxylate) and (d) 1740 cm-1 

(oil). (e) Reconstructed qualitative color-coded map of PTIR absorption at: 1740 cm-1 (red, ester carbonyl) and 

1705 cm-1 (blue, carboxylic acid). (f) Reconstructed qualitative color-coded map of PTIR absorption displaying 
ZnSt2 (1540 cm-1, red), tetrahedral Zn-carboxylate (1591 cm-1, green), and ZnOl2/ZnAz2 (1552 cm-1, blue). Inset: 

magnified view of the area delimited by the red rectangle in f. Colors in panels e, f, are not displayed on a common 

intensity scale. PTIR images were acquired with a pixel size of 12.6 nm and 49.2 nm in the horizontal and vertical 
directions, respectively.  
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SUPPLEMENTAL EXPERIMENTAL DETAILS 

Optical microscopy (OM) 

All samples were examined using an upright bright field/fluorescence microscope equipped with 10×, 20×, 50× objectives 

with numerical aperture of 0.25, 0.45 and 0.85, respectively. Photomicrographs were acquired using a digital single-lens reflex 

camera.  

 

Scanning electron microscope (SEM) and energy dispersive X-ray analysis (EDX)  

Morphological and elemental analyses of the samples were performed using a scanning electron microscope with a tungsten 
filament and variable pressure capability, equipped with an 80 mm2 silicon drift detector and an energy-dispersive X-ray spec-
trometer. A carbon coating was applied to the samples to improve electrical conductivity. Secondary electron (SE) and back 
scattered electron (BSE) imaging was performed in high vacuum. EDX spectra and maps of characteristic X-ray photon emis-
sion energies from the samples were acquired using 20 kV accelerating voltage. 
 

 

SUPPLEMENTAL SAMPLE DESCRIPTION 

The cross-section sample has 13 discrete layers. Within this complex stratigraphy, there are four varnish layers (layer 4, 

layer 7, layer 10 and layer 12), evident from the luminescence under UV illumination and the lack of pigments determined 

using SEM-EDX. This suggests that only layers 1–3 are original, and that the painting has undergone at least four distinct 

interventions in the past, some perhaps by Corot himself. 

 

Table S1. Description and identification of layers of cross-section sample 1. The specified layer numbers correspond to 

the labels used in Figure 1b.  

Layer No. Description and identification of the pigments 

1 ≈ 20–50 μm, ground layer: lead white and a small amount of barium sulfate 

2 ≈ 5–12 μm, iron earth and umber 

3 ≈ 5–10 μm, lead white and carbon black 

4 ≈ 22–25 μm, varnish layer 

5 ≈ 30 μm, lead white, gypsum and iron earth 

6 ≈ 6 μm, lead white 

7 ≈ 3 μm, varnish layer 

8 ≈ 6 μm, lead white, chalk and blue (unidentified) 

9 ≈ 15–33 μm, lead white and bone black 

10 ≈ 3–5 μm, organic 

11 ≈ 17–25 μm, iron earth and zinc white 

12 ≈ 3–18 μm, varnish layer 

13 ≈ 18–50 μm, lead white, cobalt green, a small amount of cobalt blue (CoAl2O4) and barite 
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Figure S1. BSE image of the polished cross section and EDX element maps showing the distribution of C, O, Al, Si, Fe, Mg, 

Zn, Co, Ca, S, Ba, P and Pb within the sample based on the measured intensity for each of the indicated characteristic X-ray 

emission lines. (The electron accelerating voltage was 20 kV.) 
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Figure S2. SEM-EDX of scraping sample 2. a) BSE image, arrows point to some of the typical cobalt green particles which 
have a rounded shape and appear mid-gray.; b) Map of Zn characteristic Kα. c) Map of Mg characteristic Kα showing some 

particles with high magnesium content (bright spots) that are not cobalt green particles. All panels at same magnification. 

The spatial resolution of EDX maps of the paint cross section is lower than the BSE spatial resolution and since the cobalt 

green particles are irregularly shaped, it is not possible to accurately map Mg/Zn ratios due to heterogeneities of the sample 

volume of analysis. Nonetheless, it is clear that Mg and Zn are generally co-located but few Mg-rich particles stand out (bright 

green in Fig. S2c). Since only Mg, C, and O are major elements, in those location there are likely a carbonate. The IR spectra 

do not suggest they are magnesium carbonate, which has a strong absorbance at 1450 cm-1, but they may be a hydroxy mag-

nesium carbonate, such as hydromagnesite, Mg5(CO3)4(OH)2∙4H2O which has strongest absorbance peaks at 1483 cm-1, 
1428 cm-1, 1120 cm-1, 884 cm-1, 853 cm-1, and 786 cm-1. The EDX maps do not show the distribution of zinc stearate, identified 

using IR spectroscopy, since the aggregates are smaller than the interaction volume of the EDX analysis. 
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Figure S3. (a) Optical image of a ≈ 400 nm thick cross section sample. (b) O-PTIR intensity map at 1541 cm-1 (characteristic 

of Zn(St)2) obtained from the area delimited by the yellow rectangle in panel a. (c) Reconstructed qualitative color-coded 

image of O-PTIR absorption intensity: ZnSt2 (red), “zinc carboxylate” (green) and oil (blue) obtained from the area delimited 
by the red rectangle in panel a. Colors are not displayed on a common intensity scale. (d) and (e) O-PTIR spectra obtained in 

the color-coded position in panel b. 
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Figure S4. PTIR absorption images from a ≈ 400 nm thick cross section measured at: (a) 1408 cm-1 (lead white); 

(b) 1540 cm-1 (ZnSt2); (c) 1591 cm-1 (tetrahedral Zn-carboxylate); (d) 1610 cm-1 (tetrahedral Zn-carboxylate); (e) 1740 cm-1 

(oil); (f) reconstructed qualitative color-coded map of PTIR absorption displaying ZnSt2 (1540 cm-1, red), tetrahedral Zn-

carboxylate (1591 cm-1, green), and lead white (1408 cm-1, blue); (g) reconstructed qualitative color-coded map of PTIR ab-

sorption at: 1591 cm-1 (blue) and 1610 cm-1 (red) revealing the distribution of disordered tetrahedral zinc carboxylate species; 
(h) reconstructed qualitative color-coded map of PTIR absorption at: 1740 cm-1 (red, ester carbonyl) and 1408 cm-1 (blue, lead 

white). Colors in panels f, g, and h are not displayed on a common intensity scale. Pixel sizes of all images are about 13.2 nm 

and 47.7 nm in the horizontal and vertical directions, respectively. 

From the map in Figure S4a, we estimate a length of 989 nm ± 224 nm and a diameter of 344 nm ± 63 nm, i.e., an aspect 

ratio 2.88 ± 0.45 for the lead white particles. The uncertainties in the particle size correspond to a single standard deviation of 

the particle sizes measured from PTIR absorption maps and it is mainly determined by the intrinsic distribution of particle 

sizes convoluted with the orientation of the particles in the paint layer. To minimize the uncertainty in the particle size estimates 

that result from orientational variability, only 30 particles with clear elliptical profiles were measured. 
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Figure S5. (a) PTIR spectra from a ≈ 400 nm thick cross section, obtained at the color-coded locations in panels c–g; (b) 

reconstructed qualitative color-coded map of PTIR absorption at: 1591 cm-1 (red) and 1610 cm-1 (blue) revealing the distribu-

tion of disordered tetrahedral zinc carboxylate species. PTIR absorption images at: (c) 1408 cm-1 (lead white); (d) 1540 cm-1 
(ZnSt2); (e) 1591 cm-1 (tetrahedral Zn-carboxylate); (f) 1610 cm-1 (tetrahedral Zn-carboxylate); (g) 1740 cm-1 (oil). Color levels 

are not displayed on a common intensity scale. Pixel sizes in all images are about 17.3 nm and 6.6 nm in the horizontal and 

vertical directions, respectively. 
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Figure S6. (a) PTIR spectra from a ≈ 400 nm thick cross section sample, obtained at the color-coded locations shown in panels 

b–d. (b) AFM topography map. (c) PTIR absorption map at 1541 cm-1 (ZnSt2). (d) PTIR absorption map at 1610 cm-1 (tetra-

hedral Zn carboxylates). (e) Reconstructed qualitative color-coded map of PTIR absorption intensity obtained from panels b 

and c: ZnSt2 (1541 cm-1, blue), tetrahedral Zn carboxylates (1610 cm-1, red). Colors in reconstructed images are not displayed 

on a common intensity scale. PTIR images were acquired with a pixel sizes of 1.47 nm and 5.86 nm in the horizontal and 

vertical directions, respectively. 
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Figure S7. a) High-resolution PTIR absorption profile at 1540 cm-1 (ZnSt2) extracted from the marked location in the PTIR 
map of the inset (pixel size of 1.68 nm and 3.95 nm in the horizontal and vertical directions, respectively). 

b) Corresponding AFM topography profile. 

 

 




