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Article

The Identification of Multiple
Crystalline Zinc Soap Structures
Using Infrared Spectroscopy

Joen Hermans1,2 and Kate Helwig3

Abstract

The formation of crystalline zinc soaps (zinc salts of fatty acids) in oil paint layers is a common sign of paint degradation.

In this study, we have used infrared spectroscopy to systematically identify differences in structure and composition of

crystalline zinc soap phases, and report data analysis methods for structure attribution in challenging oil paint samples.

Supported by reported crystal structures, it was possible to distinguish two distinct types of zinc soap geometry: a highly

symmetrical packing for long-chain saturated soaps (type B) and an alternating packing for zinc soaps with short, unsat-

urated, or dicarboxylic chains (type A). These two types of packing can be identified by a single or split asymmetric COO

stretch vibration band. With this new information, we studied the structure and composition of zinc soaps formed in a zinc

white model paint and in a cross-section from the painting Equations in Space by Lawren Harris. Using non-negative matrix

factorization, band integration and band position maps, it was possible to clearly identify zinc azelate in the model paint and

map its spatial distribution. The same methods showed that the paint cross-section contained both types of zinc soap

structure within the same paint layer, with the less symmetrical structure appearing only at the interface with the ground

layer. The results give valuable information on the internal chemistry of oil paint layers, and the demonstrated methods can

find widespread application for in-depth analysis of infrared microscopy data.
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Introduction

Zinc complexes of fatty acids are a class of compounds with

interesting structural properties. These so-called zinc soaps

find application as fillers/plasticizers in polymers,1–4 as sta-

bilizers in polyvinyl chloride (PVC),5 and as precursors for

nanoparticle synthesis.6,7 However, in the last decade, zinc

soaps have also been studied extensively8–14 as a degrad-

ation product in oil paintings that contain zinc white (ZnO)

pigment, one of the most common white pigments used by

artists in the late 19th and 20th centuries.15 Forming as a

result of chemical reactions that break down the ZnO pig-

ment and the oil binder,16 zinc soaps have been associated

with many undesirable changes in the appearance and struc-

tural integrity of oil paintings, including increased paint

transparency and delamination of paint layers.17 As part

of ongoing research to investigate the reaction pathways

that lead to paint degradation18 and possible strategies to

minimize future changes,19 it is important to have the ability

to distinguish between different crystalline zinc soap phases

and to identify the specific fatty acids involved in zinc soap

crystallization. In a typical drying oil used for oil paint, both

carboxylic acids with saturated and unsaturated alkyl chains

can be present, having one or two carboxylic acid end-

groups.20

Fourier transform infrared (FT-IR) spectroscopy and

microscopy have proven to be very practical techniques

to detect zinc soaps in a polymer matrix and to study

their molecular structure. The series of progression

bands in the infrared (IR) spectrum, caused by coupled

CH2 vibrations in all-trans methylene chains, is
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characteristic of the length of the hydrocarbon chain of the

fatty acid molecules.21 Furthermore, the strong asymmetric

stretch vibration of the carboxylate group (na COO) is

particularly sensitive to subtle changes in coordination

geometry. Recently, this useful feature in IR spectra of

zinc carboxylates was successfully employed to resolve

the water-sensitive structures of non-crystalline zinc soap

complexes.22 For crystalline zinc soaps, however, some

ambiguity remains. While the na COO vibration shows a

single band around 1538 cm�1 for zinc soaps of long-chain

saturated fatty acids, the band has been described as a

doublet for zinc soaps with unsaturated chains,9,10 suggest-

ing that there are at least two different coordination geo-

metries possible. In oil paint samples, both the single and

the double band types are regularly detected,9,13,23 but a

clear interpretation of these spectral differences in terms of

crystal structure and fatty acid type has so far remained

challenging.

In this paper, we use attenuated total reflection FT-IR

spectroscopy (ATR FT-IR) in combination with reported

reference crystal structures to definitively match IR spec-

tral features to coordination geometries and fatty acid

types for crystalline zinc soaps. Moreover, we demonstrate

the usefulness of non-negative matrix factorization

(NMF) and data visualizations other than band integral

maps for the interpretation of FT-IR microscopy data and

the distinction between chemical species in model and real

paint samples.

Experimental

Preparation of Materials

Zinc soap reference materials (zinc caproate, caprylate,

caprate, laurate, myristate, palmitate, stearate, azelate,

and oleate) were synthesized by precipitation from an

alkaline solution of zinc nitrate and fatty acid, as previ-

ously described.24 All materials were thoroughly dried

prior to analysis.

The zinc oxide model paint film was prepared by grind-

ing ZnO (Sigma-Aldrich, nano-powder<100 nm) together

with linseed oil (Kremer, untreated cold-pressed) in a 1:1

weight ratio. The paint mixture was spread on a glass slide

with a draw-down bar to a wet thickness of 60 lm, after

which the slide was placed in a sealed container at 60 �C for

38 days with a water reservoir to achieve 99% relative

humidity (RH). These ageing conditions were chosen to

promote extensive oil network oxidation and hydrolysis,

and ultimately the formation of zinc soaps. The paint film

was extremely brittle and difficult to handle after ageing.

A paint cross-section sample from the painting Equations

in Space was mounted in polyester resin, and subsequently

ground and polished using standard petrographic tech-

niques. An additional sample was taken of a waxy zinc

soap protrusion for transmission FT-IR spectroscopy.

Analytical Methods

ATR FT-IR spectra of bulk samples were collected on a

Frontier spectrometer (Perkin-Elmer) equipped with a hea-

table diamond GladiATR module (Pike Technologies).

Spectra were collected with four scans and 4 cm�1 reso-

lution. ATR FT-IR microscopy experiments were carried

out on a Spotlight 400 system (Perkin-Elmer) equipped

with a 16-pixel mercury cadmium telluride (MCT) array

detector and a germanium crystal ATR sample holder

(600 lm diameter footprint). These spectra were also aver-

aged over four scans and acquired at 4 cm�1 spectral reso-

lution. While the maps were acquired at a pixel step size of

1.56 lm, the achieved spatial resolution, which is dependent

on many other optical factors,25,26 was not determined in

this study. The isolated paint protrusion was mounted in a

low-pressure diamond anvil microsample cell and analyzed

using a Hyperion 2000 microscope (Bruker) with an MCT

detector interfaced to a Tensor 27 spectrometer. The

sample was measured in transmission mode by co-adding

200 scans and using a 4 cm�1 resolution.

Powder X-ray diffraction (XRD) analysis was carried

out with a Miniflex II desktop X-ray diffractometer

(Rigaku) with Cu Ka radiation (k¼ 1.54180 Å) at 30 kV

and 15 mA. Diffractograms were recorded in a 2y¼ 1–

40� range (5�/min scan rate and 0.05� step size).

Contribution of the Cu Ka2 line was subtracted before

analysis. Samples were prepared by manually pressing

finely ground powder in a glass sample holder.

Data Analysis

For ATR FT-IR spectra of bulk samples, baseline correction,

normalization, and integration were carried out with custom

scripts written in Wolfram Mathematica software. These

scripts are available from the authors upon reasonable request.

The spectra were shifted by subtracting the lowest absorbance

value in the spectrum and normalized on the total area of the

na COO bands (integration between 1480 and 1600 cm�1).

All FT-IR microscopy data were analyzed using the ROI

Imaging tool of the free and open-source PyMCA software

package (v. 5.5.4).27 While originally written for analysis of

X-ray fluorescence data, the software provides many tools

for correction, integration, visualization, and statistical ana-

lysis of datacubes of any sort.

For band integration maps, a statistics-sensitive nonlinear

iterative peak-clipping (SNIP) background was subtracted to

account for baseline shifts, considering only the 750–

1800 cm�1 spectral range and using a width of 60 cm�1.

For NMF, a gradient descent constrained least-squares

algorithm was used, and the data were limited to the ranges

750–1800 cm�1 and 2800–3050 cm�1 to minimize the influ-

ence of parts of the spectra that carry little information,

unless noted otherwise. Briefly, the NMF algorithm approxi-

mates the original dataset by a multiplication of two positive

matrices: one containing a chosen small number of base

1506 Applied Spectroscopy 74(12)



spectra, the other listing for each pixel the weight factors

required in a linear combination of the base spectra to

approximate the original data in that pixel. Ideally, these

base spectra or components match the spectrum of a pure

compound in the sample. In practice, however, the concen-

trations of compounds within a sample are rarely completely

independent, so an NMF component may contain contribu-

tions of one or more (partially) correlated pure compounds.

Moreover, most NMF algorithms are initialized with a random

component matrix, which means that multiple local minimum

solutions may be found for different runs of the algorithm.

Nevertheless, for IR datasets with considerable spectral vari-

ation, NMF can give fast and reliable insight in the spatial

distribution of species, even when spectra are strongly con-

gested. In this work, NMF runs were repeated at least 10

times to verify the robustness of the NMF weight factor

map and the results of the components.

All conclusions based on ATR FT-IR microscopy data

were cross-checked by comparing large numbers of spectra

from different regions in each map. More detailed informa-

tion on the stepwise application of PyMCA tools for the

analyses described in this paper is available from the

authors upon reasonable request.

Results and Discussion

Infrared Spectra of Pure Zinc Soaps

To make a link between the crystal structures of zinc soaps

and their spectral features, we started by investigating a

series of ATR FT-IR spectra of synthesized zinc soaps.

Figure 1 shows the FT-IR spectra of zinc oleate (cis-octade-

cenoate), zinc azelate (nonanedioic acid), and a series of

saturated zinc soaps with chain lengths increasing from 6

to 18 carbons. Oleic, azelaic, palmitic, and stearic acid are

all routinely found in aged oil paint binders.20 The positions

of the main characteristic bands are listed in Table S1,

Supplemental Material.

Within the series of zinc soaps with monocarboxylic

saturated chains, from caproate to stearate, a transition

in structure can be observed between C8 and C10.

While there is slight variation in the exact band positions,

the zinc soaps with short alkyl chains all show at least three

asymmetric carboxylate stretch vibration bands around

1527, 1547, and 1592 cm�1, possibly with a fourth band

around 1500 cm�1. The long-chain zinc soaps show only

one na COO band around 1537 cm�1. The symmetric

COO stretch vibration around 1400 cm�1 shows a similar

transition from split to single bands. The transition in this

zinc soap series suggests that the crystal structure in the

long-chain zinc soaps is more symmetric than the short-

chain soaps. As a consequence of increasing alkyl chain

length, there are also clear increasing trends in the total

intensity of the CH2 and CH3 stretch vibrations (see Figure

S1, Supplemental Material), the relative intensities of the

CH2 bands (2846 and 2915 cm�1) and the CH3 bands

(2866 and 2950 cm�1), and the number of progression

bands in the region 1180–1380 cm�1 caused by coupled

CH2 vibrations in all-trans methylene chains.21

Interestingly, the IR spectra of zinc oleate (C18:1) and
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Figure 1. ATR FT-IR spectra of zinc soap complexes with oleate (C18:1) and azelate (di-C9) chains, and a series with saturated alkyl

chains increasing from six to 18 carbon atoms long. All spectra were baseline-corrected, normalized on the total area of the na COO

bands (integration between 1480 and 1600 cm�1), and shifted vertically for clarity. A table with the positions of all relevant bands can be

found in the Supplemental Material.
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zinc azelate (di-C9) also show a split carboxylate band

structure, similar to the short-chain zinc soaps.

Reference Zinc Soap Structures

The distinction between two types of zinc soap crystal

structure is supported by XRD studies reported in the lit-

erature. Lacouture et al. carried out single-crystal XRD on

zinc octanoate,28 which adopts the structure typical for

metal soaps where sheets of coordinated zinc ions are

separated by extended alkyl chains (Figs. 2a to 2c). In this

zinc soap structure of type A, each zinc ion is tetrahedrally

coordinated by oxygen atoms from four different carboxyl-

ate groups. Figures 2b and 2c show clearly that each con-

secutive layer in the plane of Fig. 2b is rotated by 180�,

resulting in crossed alkyl chains. This rotation means that

the ZnO4 tetrahedra in the zinc sheet are alternating in

orientation moving down the plane of Fig. 2b and that the

transition dipole moments of the na COO vibrations

(pointing from one carboxylate oxygen to the other) are

not aligned. In turn, this lack of alignment gives rise to

multiple bands corresponding to in-phase and out-of-

phase vibrational modes. Despite the presence of two

carboxylate headgroups per alkyl chain in azelaic acid, the

crystal structure of zinc azelate reported by Tamames-

Tabar et al. contains sheets of ZnO4 tetrahedra with the

same alternating orientation as zinc octanoate,29 which

explains the similarity of their FT-IR spectra.

In contrast, the structure reported by Mesbah et al.30 of

zinc dodecanoate, based on Rietveld refinement of powder

XRD data, is more symmetric (Figs. 2d to 2f). In this struc-

ture of type B, the chains on either side of the zinc sheet

are different only by rotation. Moreover, all chains on the

same side of the zinc sheet are identically oriented, which

means that all ZnO4 tetrahedra also have identical orienta-

tion. This high degree of symmetry explains why the FT-IR

spectrum of zinc soaps with this geometry shows a single na

COO band: on both sides of the zinc sheet all carboxylate

transition dipole moments are aligned to give rise to one

strong in-phase vibration and both sides of the zinc sheet

Figure 2. A comparison of crystal structure along the three axes of the unit cell of the two types of zinc soap geometry, one favored

by zinc carboxylate coordination (a–c, type A) and one governed by Van der Waals interactions of the alkyl chains (d–f, type B). Zinc ions

are indicated as blue spheres, oxygen is red, and carbon is gray. Hydrogens are omitted, and in (c,f) only the first carbon atom in the

chain is depicted, for clarity. Images are based on the single-crystal XRD structure of zinc octanoate28 and the crystal structure derived

from powder XRD data of zinc dodecanoate.30
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are structurally identical. Interestingly, the transition from

type A to type B structure causes only a very small differ-

ence in the spacing between the zinc sheets,24,31 which is an

easily measured metric derived from the series of long

spacing peaks in powder XRD experiments that is often

used to characterize metal soaps.

Powder XRD analysis of the zinc soap samples corres-

ponding to the FT-IR spectra shown in Fig. 1 confirmed that

these zinc soaps match the reported type A and type B

crystal structures (Figure S2, Supplemental Material).

The most likely explanation for the existence of two

types of crystalline zinc soaps lies in the balance between

optimizing the coordination geometry around the zinc ions

and maximizing the Van der Waals interactions of the alkyl

chains. For short alkyl chains, zinc carboxylate coordination

dominates and a structure of type A geometry is the opti-

mal, lowest energy configuration. Type B geometry has

non-ideal zinc coordination and only occurs when zinc

soap structure is dominated by the interaction between

the alkyl chains. As the alkyl chain length increases, the

zinc soap structure can be optimized by switching from

square to hexagonal alkyl chain packing (Figure S3,

Supplemental Material), leading to the chain-dominated

type B structure. At intermediate chain length, the energy

difference between type A and type B structures is so

small that both types seem to co-exist, as reported by

Mesbah and François for C11 chains.31 This transition

from optimal coordination to optimal chain packing is

highly similar to the structural transition reported for

lead soaps,32,33 where the lead ions switch from hemidir-

ected to holodirected coordination around an alkyl chain

length of nine carbons.

In conclusion, whenever the alkyl chains in zinc soaps

have the potential for a large gain in Van der Waals inter-

action energy, the symmetric packing type B is adopted.

When this gain is not possible because the alkyl chains

are short, the asymmetric packing of type A with optimized

zinc coordination is favored. The spectroscopic evidence
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suggests that zinc oleate also adopts type A zinc carboxyl-

ate coordination, probably because the cis double bond in

oleic acid complicates neat packing of the chains. In light of

this, perhaps type A coordination can also occur with long-

chain saturated fatty acids if the zinc soaps are forming

inside a densely cross-linked polymer matrix such as aged

oil paint. When metal soap crystallization occurs in such a

matrix, molecular movement may be restricted, which

might lower the degree of order in alkyl chain packing

and thereby cause type A zinc carboxylate coordination.

In support of this idea, transmission electron microscopy

experiments have shown that zinc soap material formed in

ZnO model paint is indeed very irregular, with crystalline

domain sizes in the order of tens of nanometers.12

Moreover, FT-IR spectra of zinc palmitate recrystallized

from linseed oil have been reported that showed some

signs of na COO band splitting.34

Identification of Zinc Soaps in a Model Oil Paint

Understanding the relation between zinc soap structures

and their FT-IR spectra allows us to investigate the struc-

ture of zinc soaps formed in a model oil paint sample. A

150� 150 lm map of FT-IR spectra was acquired on the top

surface of a strongly aged film of ZnO pigment in linseed oil

using ATR FT-IR microscopy.

Several strategies for the analysis of IR microscopy data

are illustrated in Fig. 3 to establish the identity of the crys-

talline zinc soaps formed in the paint. Figure 3a shows a

map of integrated absorbance in the range of the na COO

band of zinc soaps (1490–1560 cm�1) after baseline sub-

traction. The map clearly shows a number of regions that

contain a high concentration of crystalline zinc soaps.

However, because of the large extent of overlap of the na

COO bands of type A and type B zinc soap structures, it is

challenging to map possible differences in structure by band

integration. Interestingly, such a distinction can be visualized

easily when we consider the differences in position of the

most intense na COO bands for type A and type B zinc

soap structures (1525–1530 and 1535–1538 cm�1, respect-

ively). In Fig. 3b, the colors indicate the wavenumber at

which maximum absorbance is measured within the range

1524–1560 cm�1. This map yields a clear view on the dom-

inant band within a certain wavenumber range. In this case,

we see that most of the areas with high integrated absorb-

ance in Fig. 3a correspond to zinc soaps of type A, while

some regions with lower intensity signal in between those

areas are dominated by zinc soaps of type B. Since the type

B structure can only be formed with long-chain saturated

fatty acids, we can conclude that a relatively minor fraction

of the total crystalline zinc soap concentration within this

region of the sample corresponds to zinc stearate and zinc

palmitate or their mixtures.9

To investigate the identity of the crystalline zinc soaps in

more detail, we applied NMF to the IR datacube. Figure 3c

shows an NMF map with the distribution of two distinct

zinc soap species. Whereas the band position map (Fig. 3b)

shows only where, if any, both types of zinc soap structure

are dominant, the NMF map is directly correlated to the

concentration of each species. The NMF components asso-

ciated to the map are shown in Fig. 3d, along with averaged

IR spectra from two regions rich in either species. By com-

paring the NMF components and the averaged IR spectra, it

is immediately obvious that the green and red regions in the

NMF map correspond to the zinc soap structures of type A

and type B, confirming the conclusion of the band position

map. It is interesting to note that the NMF components

contain less contribution of other species in the sample,

such as the ester band at 1740 cm�1 from the oil polymer

and the broad non-crystalline zinc carboxylate band22 cen-

tered around 1600 cm�1. Because the NMF components

are relatively pure, in this case it is easier to analyze the

splitting of the na COO band and the relative intensities of

other bands with NMF components than with extracted FT-

IR spectra.

The spectra of type A show interesting details that allow

us to identify not only the coordination geometry but also

the identity of the fatty acid in the zinc soap. The CH2

stretch vibrations in the type A spectra seem to be much

less intense than those in the type B spectra, which suggests

that the alkyl chain in these type A zinc soaps is shorter.

Moreover, we can distinguish a clear set of CH2 progression

bands at 1354, 1285, 1243, and 1200 cm�1, which match very

well only with those observed for zinc azelate (Figure 1 and

Table S1, Supplemental Material). To completely exclude the

possibility that these type A zinc soaps are long-chain zinc

soaps with only a short section of their alkyl chains neatly

packed and extended, a different sample of the paint film was

heated to 150�C while recording ATR FT-IR spectra (Figure

S4, Supplemental Material). At this temperature, which is

between the melting point of zinc stearate (131 �C)34 and

the melting/decomposition temperature of zinc azelate

(>300 �C),35 the FT-IR spectrum still showed the split na

COO band of type A zinc soaps, proving that a large fraction

of the zinc soaps formed in this sample is zinc azelate. The

detection of such a high concentration of azelaic acid salts

supports previous observations that ageing under high-

humidity/temperature conditions promotes oxidation and

chain scission of the unsaturated fatty acid chains in drying

oils.20,36

Identification of Zinc Soaps in a Cross-Section
Sample from an Oil Painting

The painting Equations in Space by Lawren Harris (1936,

National Gallery of Canada) exhibits cracking and lifting

paint as well as disfiguring zinc soap protrusions at the

surface. The source of the zinc soaps responsible for

the cracking and lifting are the lowest paint layers of the

composition.9,13
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Figure 4 shows the transmission FT-IR spectrum of an iso-

lated paint protrusion composed mostly of zinc soaps. The

spectrum shows clear features of a type A zinc soap structure

with na COO band maxima at 1531, 1549, and 1593 cm�1.

There is no C¼C–H stretch vibration band visible around

3005 cm�1, which rules out the presence of a substantial

amount of zinc oleate or other unsaturated fatty acids.

Moreover, there is a clear set of CH2 progression bands

which match very well with those of zinc palmitate (see

Table S1, Supplemental Material), with a likely minor contri-

bution of stearate. Indeed, gas chromatography–mass spec-

trometry (GC-MS) measurements carried out previously

confirm that palmitate and stearate are the main fatty acids

present in the zinc soap sample, with only a minor concentra-

tion of azelate and oleate.9 Based on the CH2 progression

bands and GC-MS results, we conclude that the zinc soaps

in this isolated sample are zinc soaps of long-chain saturated

fatty acids that have (partially) crystallized in a type A geom-

etry, even though it is not their most stable form.

To investigate the formation of these type A zinc soaps

in more detail, we measured a cross-section sample from

the painting with ATR FT-IR microscopy. Compared to

model oil paints, samples from real paintings are usually

more challenging to analyze. Typically, multiple paint layers

are present, each containing several pigments, additives,

and/or fillers. Additionally, the volume of sample material

from valuable artworks is obviously limited. The paint

sample was embedded in a polymerized resin block, after

which polishing revealed the stratigraphy of the painting.

Figure 5a shows a visible light microscopy image of a

cross-section taken next to a loss (Fig. 5a). NMF analysis

of an ATR FT-IR microscopy dataset collected on that

sample allowed easy distinction among three blue layers

and showed that the zinc soaps were concentrated in the

lowest blue layer (Fig. 5b). Selected ranges of the corres-

ponding NMF components show clear features consistent

with lead carbonate in the top layer (1390 cm�1), lead sul-

fate in the middle layer (1045 cm�1), and crystalline zinc

soaps in the bottom layer (1536 cm�1). However, it

proved very difficult to make a distinction between different

zinc soap structures within the bottom layer with NMF.

Restricting the data to a section of the bottom paint

layer, thereby reducing the number of individual chemical

species within the dataset did not result in a clear distinc-

tion between type A and type B zinc soap structures.

The map of integrated na COO band intensity shows

that there is a gradient in the concentration of crystalline

zinc soaps in the sample (Fig. 5c). While there are zinc

soaps present in the entire lower blue layer, the concen-

tration is highest in a thin band along the lower edge where

it is in contact with the ground layer. Looking at the pos-

ition of the na COO band in this paint layer (Fig. 5d), we can

see a stark contrast between the bottom edge of the paint

layer, dominated by type A zinc soaps, and the bulk of the

layer, containing more zinc soaps of type B. This clear dis-

tinction is confirmed by looking at averaged spectra from

the two regions indicated in Fig. 5a. Region 1 shows a split

na COO band of type A (Fig. 5e), while region 2 shows a

single type B band (Fig. 5f). The significance of the type A

split COO band feature was confirmed by comparing 10

randomly selected spectra from region 1 with their average,

which showed that the split band clearly persists after aver-

aging while the overall noise level was greatly reduced

(Figure S5, Supplemental Material). Interestingly, with the

knowledge that both zinc soap types are present within

this sample, we succeeded in tweaking the analysis param-

eters to visualize the same result both with a band integra-

tion map and with NMF (see Figure S6, Supplemental

Material).

Due to a lack of discernible CH2 progression bands in

the spectra in Figs. 5e and 5f, it is not possible to identify

the fatty acid composition of the type A zinc soaps at the

bottom edge of the blue paint layer with certainty.

However, we consider it unlikely that these zinc soaps

have a very different fatty acid composition than the iso-

lated zinc soap protrusion sample, which contained only

minor fractions of oleate and azelate. Therefore, we

hypothesize that zinc soaps of long-chain saturated fatty

acids have adopted a type A coordination geometry along

the bottom edge of the blue paint layer.

There are many possible explanations for this interesting

finding. The FT-IR spectra in Figs. 5e and 5f show that the

ester carbonyl stretch vibration band is much more intense

along the bottom edge than in the bulk of the paint layer.

Other FT-IR bands typical for the polymerized oil binder

were also more intense along the bottom edge. This obser-

vation could mean that during drying and ageing, there has

been migration of oil medium in the blue paint layer to the
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lower interface where it is in contact with the lean, crumbly

ground. In addition, it could be that the binding medium

along the bottom edge is less hydrolyzed and thus less

fragmented than the bulk. Both a higher binder concentra-

tion and a more intact polymer network near the interface

may hinder chain alignment in the zinc soap crystals, produ-

cing type A coordination, while the zinc soaps in the bulk of

the paint layer crystallized in the preferred type B

coordination.

Alternatively, the formation of type A or B crystalline

geometries could be related to the crystallization rate. If

the type A structure is a metastable polymorph of the

lowest-energy type B geometry for zinc soaps of long-

chain saturated fatty acids, one would expect slower crystal

growth rates to cause formation of stable type B zinc soaps,

while rapid crystallization could lead to the appearance of

the metastable type A intermediate.

The presence of gradients in polymerization degree or

binder concentration and their potential effects on zinc

soap crystallization rate remain unclear at this moment.

Careful study of a wider range of paint samples and

model systems with the techniques described above

could help to answer these questions, and is currently

underway.

(a)

1
9

3
 μ

m
 

(c)

(b)

1.6

1.2

0.8

0.4

0

in
te

g
ra

te
d

 a
b

so
rb

a
n

ce

(d)

1520

1525

1530

1535

1540

1545 p
o

sitio
n

 o
f m

a
xim

u
m

 a
b

so
rb

a
n

ce
 (cm

-1)

Type B

Type A

None

1000 1200 1400 1600

wavenumber (cm -1)

1490-1560 cm-1

NMF

1100 1300 1500 1700

wavenumber (cm -1)

a
b

so
rb

a
n

ce

1100 1300 1500 1700

wavenumber (cm-1)

a
b

so
rb

a
n

ce

1

2

region 1 region 2

(e) (f)ν
a 

COO

1590 cm -1

1546 cm -1

1529 cm -1

ν
s 

COO

1396 cm -1

1407 cm -1

ν
a 

COO

1537 cm -1

ν
s 

COO

1396 cm -1

1409 cm -1

None

•

°
•

•

°

°

•

°

•

°

•

Figure 5. (a) Optical microscopy image of a paint sample from Equations in Space by Lawren Harris (1936, National Gallery of Canada).

This cross-section shows four blue paint layers and fragments of a white ground layer at the bottom where delamination has taken place.

Dashed lines indicate the regions averaged to yield the spectra in (e) and (f). (b) NMF map showing the weight factors corresponding to

three components dominant in each paint layer. (c) Map of integrated absorbance in the range 1490–1560 cm�1, after subtraction of the

area under a straight line between the limits of the wavenumber range. The signal in the dashed oval is caused by contamination with
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Conclusion

The study of ATR FT-IR spectra of a range of zinc soaps

and comparison with known crystal structures has allowed

the distinction between two geometry types for crystalline

zinc soaps. The splitting of the asymmetric COO stretch

vibration band in FT-IR spectra is a key feature that allows

distinction between these two types of zinc soap struc-

ture. Moreover, careful study of the CH2 progression

bands, the C¼C–H stretching band, and the relative inten-

sities of alkyl and carboxylate bands can support a defini-

tive identification of the fatty acids involved in zinc soap

formation.

The acquired knowledge was successfully applied to the

study of model paint samples and a cross-section sample

from a real painting. Using a combination of band integra-

tion, NMF analysis and band position maps, clear distinc-

tions could be made between different zinc soaps such as

zinc palmitate, zinc azelate, and zinc oleate. In turn, these

differences can give interesting information about the local

chemical conditions in an artwork. For instance, the

detection of zinc azelate indicates that there was exten-

sive oxidation of the binding medium at the time when

hydrolysis reactions became significant. The demonstrated

methods can find widespread application during routine

analysis of samples of oil paints or other materials with

FT-IR microscopy.
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