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ARTICLE INFO ABSTRACT

Keywords: Degradation processes of paintings, frescos, illuminations, and painted decorations represent a relevant challenge
Mala_Chite in the cultural heritage field for both conservators and scientists dealing with the causes of these processes. It is
Azurite very important understanding the molecular origin of colour changes, like fading, yellowing, blackening, as well
g:)/al]i:e;R as the molecular origin of damages due to degradation, like cracking and fall of pictorial layers. Metal complexes,

often indicated as “metal soaps”, when referred to metal carboxylates, play a relevant role in degradation.
However, their identification is not easy, and the involvement of the metal ions in the degradation mechanisms is
often not clear. Continuous Wave Electron Paramagnetic Resonance (CW-EPR) spectroscopy is a very sensitive
tool towards paramagnetic species (e.g., transition metal ions like Fe(III), Cu(Il), Mn(Il), radicals, etc.), providing
relevant information on these species, not always well-characterized with other methods. In this paper, we use
CW-EPR to study the formation of Cu(Il)-binder complexes in natural malachite and azurite pigments mixed with
several organic binders. We show that CW-EPR technique is able to detect easily Cu(II) complexes with organic
ligands, and can additionally provide information on the pigments themselves. In particular, the first coordi-
nation sphere of the Cu(Il) complexes is characterized by applying the Peisach-Blumberg method. Moreover, CW-

Metal soaps
Pictorial mixtures

EPR shows that binders can affect the structure of the raw pigments.

1. Introduction

The art of making pigments, treating them, creating mixtures, and
the techniques for painting, remained orally handed down for many
centuries. Around the end of the 14th century and the beginning of the
15th, Cennino Cennini decided to report this information into a mono-
graphic manuscript [1], allowing us to have a hint on the manufacture
processes exploited by artists in the ancient centuries. One of the most
relevant pieces of knowledge reported in “The Book of Art” concerns the
materials used to produce artifacts, the inorganic pigments, and their
production methods. Natural pigments were usually excavated from
readily available sources like rocks, clays, etc [1]. Then, the selected
material was simply ground, washed, and sieved. Among the natural
inorganic pigments, azurite (Cuz(OH)2(COs)2) and malachite
(CupCO3(0OH),) are copper-based inorganic pigments widely used for
their nice blue and green tones, respectively. Malachite was probably
the oldest known green pigment, and it is abundant all over the world
[2]. Large ore deposits are present in the Ural Mountains and Hungary
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and probably the one in Hungary was the main ore deposit in medieval
times. Even some Chinese and Japanese pieces of art were colored with
malachite. Cennini reports that malachite can be also artificially pro-
duced from another similar pigment: azurite [1].Azurite is commonly
found in the malachite ores, as they are chemically similar. This pigment
was for many centuries the most important light blue pigment, together
with lapis lazuli. In fact, very often suppliers passed off azurite as ul-
tramarine blue, which was a more expensive pigment. Malachite and
azurite share the same chemical nature, but the crystal structure is quite
different [3,4]. In particular, in the azurite structure the Cu?* cations are
placed in two sites, one with square planar arrangement and the other
with square pyramidal environment. In the malachite structure, the
copper atoms are located into two slightly distorted octahedral sites.
When azurite is exposed to air and humidity, conversion of azurite into
malachite is a possible process, according to the following reaction
[3,4]:

2[2CuC0;-Cu(OH), | + H,0—3[CuCO;3-Cu(OH), | + CO,
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e conversion becomes apparent thanks to the color change from blue to
green, typical of malachite pigment. However, when azurite is combined
with tempera and oil it is quite stable and does not turn into malachite
[3,4], but both azurite and malachite can change their color and optical
properties when combined with organic binders [5]. This is due to the
coordination change of Cu?* cations. It has been shown that linseed oil is
able to “extract” the copper ions from the inorganic moiety of the
mixture and create new complexes with different optical properties,
leading to a color change in the pictorial mixture [5]. These complexes
are often indicated with the generic term of “copper soaps”’. Among the
spectroscopic tools useful to characterize copper complexes, Electron
Paramagnetic Resonance spectroscopy (EPR) has recently emerged as a
powerful and versatile technique [6-9]. EPR spectroscopy is a non-
destructive technique capable of detecting paramagnetic species (at
least one unpaired electron) such as organic radicals, electronic defects
in solids and transition metals (e.g., Fe(III), Mn(II) and Cu(Il)) [10,11].
EPR has been applied in the field of the cultural heritage for many years
[12-14], but only in the last ten years an increasing interest in applying
this technique to study pigment-ligand interactions has emerged
[8,9,15].

In this study, we use CW-EPR to investigate the interaction between
azurite and malachite pigments with several organic binders, selected
for their relevance in the field of art, i.e., linseed oil, egg tempera (egg
white and yolk), Arabic gum, and rabbit glue (collagen).

2. Research aim

In this study, the interaction of malachite and azurite with several
organic binders has been studied through Continuous Wave - Electron
Paramagnetic Resonance (CW-EPR) spectroscopy. The binders were the
ones commonly used in ancient times, i.e., linseed oil, Arabic gum, egg
tempera (yolk and white), and rabbit glue. Main purpose of the work is
the detection and characterization through CW-EPR of the Cu(II)-binder
complexes produced in the pigment-binder mixtures. On the raw natural
pigments, a crossed CW-EPR and XRF investigation allowed the detec-
tion and identification of minor paramagnetic species and super-
paramagnetic species. On one side, these species could be potentially
useful to distinguish malachite and azurite from different natural ores,
on the other, these “impurities” could play a role in degradation
patterns.

3. Materials and methods

Several types of mixtures were prepared by mixing the pigments and
the binder with two different pigment mass percentages for each
selected binder. Each mixture is labelled Pnr, where P, the pigment, is
ML (malachite) or AZ (azurite), while n, the binder, is EW (egg white), Y
(yolk), AG (Arabic gum), EY (egg white and yolk), LO (linseed oil), or C
(“collagen”, from rabbit glue), and r, the weight ratio, takes the value 75
(75 % w/w pigment mass percentage) and 5 (5 % w/w pigment mass
percentage). E.g., MLEW75 indicates the mixture malachite and egg
white, with a 75 % pigment in the mixture. Before the binders were
mixed with the pigments, they were differently prepared. The Arabic
gum was supplied by Winsor&Newton and no further treatments were
done. Chicken eggs were used to obtain the different egg temperas. The
egg white was separated from the yolk and filtered with filter paper until
the density was optimal according to Cennino Cennini’s traditional
recipe (Cennini XIV-XV century). Since the yolk is protected by a
phospholipid membrane, the latter was removed piercing it and the yolk
was squeezed out. A few drops of ethanol were added to the egg white
and to the yolk to avoid molding, getting the final binders EW and Y. To
obtain the EY binder, the EW and Y moieties were simply mixed after
their preparation. The rabbit glue was provided by Zecchi as rigid tab-
lets. They were broken into small pieces and then completely immersed
in water for 48 h. After this procedure, the glue absorbed the water and
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swelled. Then, it was heated for about 30 min at 60 °C, getting the final
binder C, a slightly opalescent solution. Finally, the linseed oil, supplied
by Zecchi, was exposed to light for at least a day, according to Cennini’s
recipe. The pigments were firstly ground in an agate mortar, and then
mixed with the binders. Mixtures were spread on a piece of filter paper
and dried at room temperature for at least 5 days. For the Yn75 samples,
the dried films were scraped obtaining powders. These powders were
analyzed by CW-EPR. For the Yn5 samples, it was not possible to scrape
the dried films. Therefore, a piece of the filter paper on which the
mixture was spread and dried was cut and analyzed by EPR spectroscopy
(the paper alone did not show any EPR signal). The CW-EPR measure-
ments of the mixtures were performed at room temperature, 250, 210,
180 and 150 K with a Bruker ECS 106 spectrometer equipped with a
Bruker resonator 4108 TMH at X-Band (~9.5 GHz) and an external
nitrogen-based cooling system. A 100 KHz modulation of the magnetic
field was applied for the continuous wave experiments. The CW spectra
were simulated with the software Easy Spin [16]. XRF experiments were
performed with a Bruker ARTAX™ 200. A Coolidge X-Ray tube with Mo
anode was used. Voltage was set to 45 kV and tube current 0.705 mA,
with 3 min. scan for each measurement.

4. Results and discussion
4.1. CW-EPR: Raw pigments (ML and AZ)

The CW-EPR spectrum at room temperature of ML sample is dis-
played in Fig. 1. The assignation of the signals is complicated, and the
spectrum appears quite crowded. However, some of the main features
could be assigned. The two signals marked with the blue asterisks,
centered at 80 mT a and at 166 mT respectively, could be related to the
presence of either Fe(Ill) or Mn(II) species [17]. However, the XRF
spectrum of the ML sample does not show any manganese-related signal
(Figure S1). Only a very low-intense peak of Fe appears. Therefore, those
signals are likely assignable to Fe(III) species. The signal centered at 340
mT could be related to both Cu(II) and Fe(IIl) species. Probably, the
signal arises from the superimposition of the two EPR-active species. The
wiggles at 380 mT indicate this superimposition. In the spectral region
between 180 and 330 mT, many interesting features are present in the
spectrum. These are probably due to the presence of superparamagnetic
species e.g., very small particles of iron oxide, copper oxide, etc [18,19].
The superparamagnetic behavior of some compounds comes from the
coupling of several paramagnetic species. These coupling mixes the
spins state of the species, generating new spin states with higher or
lower spin numbers depending on the nature of the coupling (i.e., an-
tiferromagnetic or ferromagnetic). When the ferromagnetic systems are
smaller than a single Weiss domain, a “superparamagnetic” behavior
emerges. It is reported in literature that the line width, the shape, and
the resonance field (g-factor) of the EPR signal of superparamagnetic
species change strongly with the temperature [18,19]. In order to
establish if the EPR signals in ML were related to superparamagnetic
species, we collected the EPR spectra of ML at different temperatures, i.
e., 250 K, 210 K, 180 K and 150 K. What emerges from the temperature
scanning is that the signals change their shape, line width and resonant
field, in agreement with the hypothesis of superparamagnetic species.
However, it is very difficult following the evolution with temperature of
each signal because of spectral crowdedness (Fig. 2).

Similarly, the azurite shows features like those found for malachite
(Fig. 3 and Figure S2). However, the nature of the superparamagnetic
species seems to be different according to position, intensity and shape
of the peaks (Figure S3). The temperature-sweep for raw azurite is dis-
played in Figure S4. In this context, it is even more challenging to
attempt an assignment to specific compounds for the features. According
to the crystal structure of malachite and azurite, it could be possible that
copper atoms, inside the pigment crystal structure, couple magnetically
to each other [20,21]. However, in order to achieve a super-
paramagnetic arrangement, another mandatory condition must be
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Fig. 1. Raw malachite (ML) CW-EPR spectrum at X-band collected at room temperature. The blue asterisks indicate the Fe(Ill) signals, while the red circles are
related to superparamagnetic species signals (e.g. copper oxide, iron oxides, etc.). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. Raw malachite (ML) CW-EPR spectra at X-band collected at 250 K (red line), 210 K (purple line), 180 K (dark blue line) and 150 K (light blue line). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

fulfilled: the pigment particles must have very fine size (i.e. 3-50 nm)
[22]. As shown by CW-EPR spectra, both of the two conditions were
achieved in the raw pigments.

4.2. CW-EPR: MLnr pictorial mixtures

The EPR spectra of the MLn75 mixtures are displayed in Figure S5. It
is evident that the spectra of the mixtures are always different than the
pure pigment, indicating that the binders generate new coordination
compounds with the paramagnetic species present in the pigment. It can
be noticed that the signal at 330 mT becomes slightly broader than in the
spectrum of raw malachite. This could suggest, also considering the
modification of the other spectral features (e.g., the signal at 150 mT and
the superparamagnetic features), that the binder can change the coor-
dination of Fe3" cations, present in the pigment as natural impurities. A
clear emerging of features related to Cu(II)-binder complexes cannot be

seen. For this reason, we analyzed samples with a higher relative
quantity of binders. In Figure S6, the EPR spectra of MLn5 mixtures are
shown: for MLAG5, MLY5, MLEYS5 the pattern of a paramagnetic Cu(II)
complex is observed. The pattern is characterized by a single strong line
at about 330 mT (due to the x and y component of the g-tensor) and a
quartet of lines at lower field (component z of the g-tensor). The distance
between two close lines of the quartet is the hyperfine constant A,,
(component z of the hyperfine tensor), which is strongly dependent on
the type of Cu(Il) complex [6]. Two main aspects can be noticed. Firstly,
it seems that the arabic gum (MLAGS5), the yolk (MLY5), the egg tempera
(MLEY5) are the most suitable binders to form specific copper com-
plexes. Collagen (MLC5) seems to be efficient in generating copper
complexes, but the absence of a clear quartet pattern at low field sug-
gests that many different types of complexes are formed (non-specific
binding), overlapping such a way to cancel out the quartet pattern. On
the other hand, in the MLLO5 spectrum signals due to Cu(II)-binder
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Fig. 3. Raw azurite (AZ) CW-EPR spectrum at X-band collected at room temperature. The blue asterisks indicate the Fe(III) signals, while the red circles are related to
superparamagnetic species signals (e.g., copper oxide, iron oxides, etc.). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

complexes emerge, but some residual signal related to the original raw
malachite is still present. Although copper can easily bind proteins, the
MLEW5 mixture seems unexpectedly similar to the raw pigment
(Figure S7). In addition, new signals in the 180-300 mT spectral region
emerge. These changes could suggest a different superparamagnetic
arrangement due to the interaction with the binder (e.g. particles size).
This is likely related to the solubility of the pigment in the different
binders.

The MLn5 mixtures were studied by CW-EPR at 150 K to resolve
better the Cu(Il)-binder signals (Fig. 4a), quenching the super-
paramagnetic signals thanks to broadening and shifting of the spectral
features. Due to the paramagnetic nature of the “copper soaps”, the
signal at 330 mT becomes more intense at lower temperature and it is
possible to simulate it obtaining the main magnetic quantities (i.e., g-
tensor and hyperfine coupling tensor).

The MLAG5, MLC5, MLY5 and MLEY5 spectra were simulated
(Fig. 4b), and the parameters are collected in Table 1. Three species were
necessary to get a suitable simulation. By plotting the hyperfine
component Az, vs. the g-tensor component g, in the diagrams of Peisach
and Blumberg [23], it is possible to assign roughly the atoms in the first
coordination sphere of the copper nuclei. The g and A parameters of
MLAGS are in the range for a copper atom with a four-oxygen (40)
coordination sphere (g,, roughly between 2.27 and 2.43), as expected
from a polysaccharide-based binder: specifically, the dominant species
2, with g,; = 2.35 and A,; = 470 MHz, matches well with a neutral
species. A similar consideration holds for the species 3, whereas the
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species 1 corresponds likely to a negatively charged complex (higher A,,
value and lower g, value). On the other hand, the parameters for the
species 1 and 2 in the MLY5 and MLEY5 samples are indicative of a first-
coordination sphere with at least one nitrogen atom (whose g,, values
are less than 2.7, ruling out a 40 coordination), suggesting that the
proteins can extract copper atoms from the pigment. The species 3 in
MLY5 and MLEYS5 has a g-value (2.29) which could fit both a 40 com-
plex, with a —2 negative charge, or a neutral complex with configuration
1N30 or 2N20. A 1N30 or 2N20 configuration is more likely, due to the
hydrophobic environment in the yolk binder, making less favorable the
presence of a charges. The species 1 and 2 of MLEY5 and MLY5 match
well neutral complexes with 2N20 configuration. It is worth noting that
the experimental EPR spectra of MLY5 and MLEY5 are substantially
equal, resulting in a simulation with three species with the same mag-
netic parameters. Considering that the MLEW5 sample does not show
clearly the presence of copper complexes similar to those obtained with
the other two egg-based mixtures, this suggests that the protein in the
fatty moiety of the egg (yolk) are more suitable to form complexes with
Cu(II) cations for the pigment malachite. As aforementioned, this could
be related to the different solubility of the malachite in the two different
matrices. It is interesting to note that for MLC5, at 150 K, a specific
binding for Cu(Il) is obtained, with at least three main species, according
to the simulation. Plotting the parameters of MLC5 in the Peisach-
Blumberg diagrams, one can infer that the copper has more likely a
1N30 coordination, with the species 1 negatively charged, the species 2
neutral, and the species 3 neutral or positively charged. The collagen
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Fig. 4. a) cw-epr spectra at x-band of ml-binder mixtures, with a 5 % pigment, at 150 K and b) CW-EPR spectra (black line) at X-band of ML-binder mixtures with a 5
% pigment, acquired at 150 K, and overlapped simulations (red line) (LO = linseed oil, AG = Arabic gum, Y = yolk, EW = egg white, EY = egg white and yolk, and C
= collagen). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Microchemical Journal 200 (2024) 110303

Simulation parameters of MLn5 spectra at X-band collected at 150 K. The “weight” parameter is an absolute value that takes into account the amount of the single
species. The parameters g, gyy and g, are the g-tensor main components. The parameters A, Ayy and A, are the hyperfine tensor main components. In the last
column are reported the suggested first coordination spheres based on Peisach-Blumberg diagram assignation (N = nitrogen atom, and O = oxygen atom).

Sample Species 8xx Zyy 82z Ayx (MHz) Ayy (MHz) A,, (MHz) Weight Suggested first coordination sphere
MLY5 150 K 1 2.068 2.05 2.25 10 10 560 0.6 1N30 - 2N20
MLY5 150 K 2 2.07 2.05 2.27 10 10 530 0.1 1N30 - 2N20
MLY5 150 K 3 2.07 2.05 2.29 10 10 510 0.3 IN30 - 2N20
MLEYS 150 K 1 2.068 2.05 2.25 10 10 560 0.6 IN30 - 2N20
MLEY5 150 K 2 2.07 2.05 2.27 10 10 530 0.1 1N30 - 2N20
MLEY5 150 K 3 2.07 2.05 2.29 10 10 510 0.3 1N30 - 2N20
MLC5 150 K 1 2.062 2.047 2.275 10 10 490 0.5 IN30

MLC5 150 K 2 2.062 2.047 2. 303 10 10 460 0.4 1N30

MLC5 150 K 3 2.062 2.047 2.32 10 10 440 0.1 1IN30

MLAGS5 150 K 1 2.075 2.06 2.288 10 10 540 0.25 40

MLAG5 150 K 2 2.075 2.06 2.35 10 10 470 0.55 40

MLAG5 150 K 3 2.075 2.06 2.37 10 10 460 0.2 40

contains water, and it is easier to have free charges in this polar matrix,
while the yolk and the egg white-yolk mixtures have a more apolar
environment. It is not unexpected that protein binders can form easily
copper complexes, extracting copper ions from the pigment, due to the
ability of nitrogen atoms to bind Cu(II) ions. It is interesting to note that
also non-protein binders, like linseed oil and Arabic gum, can do it. For
this latter binder, considering the neutral complexes, it is likely that two
oxygen atoms comes either from —OH groups of mono-saccharide units
(e.g. arabinose, galactose, rhamnose), and the other two could be related
to water molecules, or two bi-dentate glucuronic acid units (COO-
groups) [2]. On the contrary, the negative and the positive species arise
by the coordination of several different oxygen-donors. This suggest that
the copper atoms are embedded in the polysaccharide matrix in several,
different ways, and this probably could lead to a faster curing of the
pictorial layer.

4.3. CW-EPR: AZnr pictorial mixtures

Similarly, the azurite pigment shows some spectral differences when
combined with the binders. The AZn75 mixtures show different features
depending on the binder (Figure S8). In particular, the AZY75 and
AZC75 show the appearance of a quite intense feature at 150 mT related
to a Fe(IlI) ion in a rhombic site. In general, the spectra are completely
different with all the binders compared to the azurite one, suggesting
that the interaction between the pigment and the binder induced some
modifications in the structure of the former (e.g., complexes formation,
solubilization and re-precipitation, changing in the pigment particles
size, etc.). However, it is very difficult following all the changes by CW-
EPR spectroscopy. In order to highlight the emerging of copper com-
plexes, the AZn5 mixtures were prepared and analyzed (Figure S9). In all
the samples, clearly emerges the presence of Cu(Il)-binder complexes, as
observed for malachite. However, in some cases the signal is likely
superimposed to the one of Fe(Ill) in octahedral site. The linewidth
suggest the presence of several Fe(III) complexes, indicating once again
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that the binder can modify the coordination of these ions, that are
present in the pigment as natural impurities. In order to enhance the
intensity of the paramagnetic signal of copper complexes, the CW-EPR
spectra of the samples were collected at 150 K (Fig. 5a). What
emerges is that the features not related to the copper complexes are
quenched, and the typical quartet signal emerges in all the samples.
However, the majority of the spectra shows strong distortion due to
residual signals of Fe>* species. It was possible to simulate the spectrum
in just one case: the AZY5 sample (Fig. 5b). Looking at the simulation
parameters (Table 2) and comparing them with those obtained for the
malachite samples, it emerges that are equal to those of MLY5 sample
(and therefore, similar considerations hold). This suggest that in the two
cases the proteins of the yolk coordinate the copper atoms in the same
way. However, the line broadening prevents a more precise assignation.

5. Conclusion

This study highlights the effectiveness of the CW-EPR spectroscopy
in characterizing the magnetic nature of the pigments (natural malachite
and natural azurite), and identifying the interaction products between
the pigments and the binders, which are challenging to be assessed using
other spectroscopic methods. These products, commonly called as
“metal soaps”, are suspected to be related to the degradation of many
historical artifacts. Herein, we have demonstrated that the nature of
these copper complexes can significantly vary depending on the organic
binder used and that different binders exhibit variable affinities towards
copper ions. Therefore, the EPR technique can serve as both an identi-
fication tool for use in artifacts and as a “sensor” for monitoring the
formation of detrimental metal soaps (with paramagnetic transition
metals). Finally, the findings presented in this study pave the way for the
application of advanced EPR experiments such as ESEEM (Electron Spin
Echo Envelope Modulation), ENDOR (Electron Nuclear Double Reso-
nance), and others, which could offer a deep insight into the properties
of the copper complexes.

AZY5 150K (Exp)

EPR Si'gnal (a.u.)

200 220 240 260 280 300 320 340 B0 380

Magnetic Field (mT)

Fig. 5. a) cw-epr spectra at x-band of az-binder mixtures, with a 5 % pigment, at 150 K, and b) CW-EPR spectrum at X-band of AZY5 sample at 150 K (black line) and
the corresponding simulated spectrum (red line) (LO = linseed oil, AG = Arabic gum, Y = yolk, EW = egg white, EY = egg white and yolk, and C = collagen). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Simulation parameters of AZY5 spectrum at X-band collected at 150 K. The “weight” parameter is an absolute value that takes into account the amount of the single
species. The parameters gy gy, and g, are the g-tensor main components. The parameters A, A,y and A,, are the hyperfine tensor main components. In the last

column are reported the suggested first coordination spheres based on Peisach-Blumberg diagram assignation (N = nitrogen atom, and O = oxygen atom).

Sample Species 8xx 8yy 82z Ayx (MHz) Ayy (MHz) A,, (MHz) Weight Suggested first coordination sphere
AZY5 150 K 1 2.068 2.05 2.25 10 10 560 0.6 1N30 - 2N20
AZY5 150 K 2 2.068 2.05 2.27 10 10 530 0.2 1N30 - 2N20
AZY5 150 K 3 2.068 2.05 2.29 10 10 510 0.2 1N30 - 2N20
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