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Introduction

Our cultural heritage is an integral part of our society and must be preserved
for current and future generations. Conservation and restoration concerns have
recently become a moral duty and a full scientific research field referred to as ar-
chaeometry. Archaeometry is the application of the physical and biological sciences
to archaeology and the history of art, as defined in the website of the eponymous
research journal [1|. Archaeometry deals in particular with artifact studies, dat-
ing methods, use and development of non-invasive and non-destructive techniques,
and conservation science. In the latter case, studying the degradation mechanisms
occurring in cultural heritage objects is essential to guide restorers and conser-
vators in making the right decision on how to best preserve these objects with
respect to the initial artist’s intention.

A beautiful and controversial example that illustrates the importance of under-
standing alteration processes in painting is the conservation issue arising from the
world-wide famous La Joconde, painted by Leonardo da Vinci in ca. 1503-1506.
The painting is exhibited in Le Louvre in Paris, France, and shows a yellowish
aspect, which some qualify as golden, see Figure la. This was not intended by
da Vinci, but is rather a consequence of the ageing of the varnish layer. A few
years ago a group of French scientists [2][3] studied the so-called sfumato tech-
nique used by da Vinci to paint flesh tint. After a virtual removal of the varnish,
they discovered the characteristics of the glaze technique, which was developed
by the Flemish primitives and was not in use in Italy at the time of da Vinci [2].
The numerical representation shown in Figure 1b is much closer to what da Vinci
painted in the sixteenth century. Although it is clear that the varnish distorts our
perception of the masterpiece, the relevance of a possible intervention on the real
painting is still debated.

The necessity of understanding degradation and alteration processes in a paint-
ing’s materials is well established for preservation and art history issues. The task
is however complex because of the highly heterogeneous character of a paint layer,
which consists of a mixture of pigments and a binder on a support. All compo-
nents interact and influence the ageing process of the paint layer. This thesis will
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(a) (b)

Figure 1 La Joconde, Leonardo da Vinci, 1503-1506. Oil on poplar. Musée du Louvre,
Paris. Representations of the painting, a, in its current state and b, after a virtual removal
of the varnish [2].

focus on a particular pigment, Prussian blue. Prussian blue is a synthetic modern
pigment, discovered in 1704 in Berlin. It had been widely used by artists until
the end of the twentieth century. However, reports of discoloration had already
appeared in eighteenth and nineteenth century books. To date, little attention has
been devoted to the understanding of the degradation processes of Prussian blue
in paint layers. The popularity of Prussian blue and its discoloration issue, whose
mechanisms remain unclear, guided my choice of this research topic.

The popularity of Prussian blue is easily understood when considering the
other blue pigments available at the beginning of the eighteenth century [4]. The
most common blue pigments were indigo, blue ashes, azurite, and ultramarine.
The first two were known to be unstable, there was a shortage of azurite in the
market, and ultramarine was very expensive. Because of its low cost and its high
tinting strength, Prussian blue was immediately adopted by artists. Although
doubts about its permanence had already appeared in the mid-eighteenth century,
its popularity did not decrease until the 1970’s when Prussian blue was finally



supplanted by phthalocyanine blue. Numerous mentions in eighteenth and nine-
teenth century books warned against the use of Prussian blue in paintings. It is
sometimes considered as very permanent and sometimes as very light fast with
a tendency to fade or to turn green in the light. The eighteenth and nineteenth
century literature is contradictory and even confused. To date no complete ex-
planation of the degradation has been proposed. A better understanding of the
mechanisms associated with this degradation will help in the preventive conserva-
tion and restoration of paintings in which Prussian blue was used.

Although this topic, i.e., the discoloration of Prussian blue in paintings, seems
to belong to art history, we tackle the problem from a scientific point of view and
we propose to study the pigment at the molecular and atomic scale. Although
the art historical aspect has not been excluded from this research, it should be
emphasized that this thesis does not present all the historical art considerations
related to the subject.

This thesis is divided in four main chapters. In Chapter 1 the state of the
art is given, with a general description of Prussian blue and its relevant properties
for our research. The following three chapters deal specifically with the fading of
Prussian blue. The discoloration of the pigment is undoubtedly to some extent
correlated with the composition of the paint layers. However, paintings are highly
heterogeneous and diversified. Therefore, in order to have a global overview of
the fading we decided to first study our own synthetic samples before studying
genuine paintings with Prussian blue. This choice is also guided by a practical
problem: because of conservation ethics, it is quite difficult to obtain curator’s
authorization for analyzing and sampling works of art.

The preparation methods of Prussian blue were recognized as a contributory
factor in the fading of the pigment. Empirical recipes have evolved through cen-
turies to standardized syntheses. In Chapter 2 we reproduce these ancient and
modern preparation methods and extensively characterize the final products, with
a particular emphasis on the structure of the pigment because of unresolved ques-
tions still found in the present literature.

Chapter 3 is devoted to the degradation mechanisms of Prussian blue. Paint
layers were thus prepared from the laboratory-synthesized as well as commercially
available Prussian blues. Different binders, additive pigments, and supports have
been used in order to best mimic artistic reality. Then degradations were induced
by accelerated ageing. Aged and non-aged paint layers were then analyzed in or-
der to identify differences due to the ageing. Finally a model is proposed for the
degradation mechanisms of Prussian blue.
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We should not conclude this study without connecting our results to reality.
In Chapter 4, we analyze various art objects containing Prussian blue. Some
exhibit a fading, others do not. We discuss the results, on the basis of the conclu-
sions drawn from our synthetic samples.

The choice of analytical methods are undoubtedly crucial to this work. We
combined both laboratory and synchrotron radiation-based techniques. Because
of its high flux, tunable wavelength, and low divergence, synchrotron radiation
used in various techniques provides invaluable information that is not accessible
in the laboratory. For example, synchrotron radiation allows one to investigate
the crystal structure and local order of Prussian blue by using X-ray radiation
with a much smaller wavelength than is available from laboratory X-ray sources.
Then it becomes possible to record the total scattering signal and carry out a pair
distribution function analysis to describe the short-range order in Prussian blue
samples. In order to study the change of oxidation state and the local environ-
ment of the iron ions, we performed iron K-edge X-ray absorption spectroscopy.
This technique also requires synchrotron radiation because a monochromatic beam
with low divergence is needed to probe the absorption edge of iron. High-energy
X-ray diffraction and X-ray absorption spectrosocpy were both performed at the
European Synchrotron Research Facility, Grenoble, France.

In this thesis we have used various methods in order to describe as completely
as possible our samples. For the determination of the elemental composition of
the Prussian blues, we performed particle induced X-ray emission studies, PIXE,
atomic absorption/emission and thermogravimetric analysis, TGA. The structure
of the pigments has been investigated by X-ray powder diffraction and by high-
energy X-ray diffraction. In order to identify the degradation mechanisms, we fo-
cussed on the color-producing intervalence charge transfer in the Fel'l -N—C—Fell
bonding pathway, a pathway that we studied with various spectroscopic tech-
niques, namely UV-visible, iron K-edge X-ray absorption, iron-57 Maossbauer,
Fourier transform infrared, and Raman spectroscopy. Optical microscopy and
scanning electron microscopy were used as imaging techniques. Table 1 summa-
rizes the analytical methods used in this thesis.

Particular attention must be paid to the impact of a measurement on the sam-
ple itself, the technique must not induce further degradation than that caused by
the visible light exposure of the pigment. Moreover, when studying paint layers,
the analysis depth must be taken into account because measurement by transmis-
sion gives an average of the surface and bulk information. These subtleties have
their importance when interpreting the results.

In this thesis we decided to highlight the results and their interpretation rather



Table 1 Analytical methods used in this study

Techniques Abbreviation Information
Particle induced X-ray emission PIXE Elemental composition
Atomic absorption - Fe and K contents
Thermogravimetric analysis TGA H50 content
X-ray powder diffraction XRD Crystal structure
High-energy X-ray diffraction HE-XRD Short-range order
and microdeformations
UV-visible spectroscopy — Color
X-ray absorption spectroscopy XAS Local environment of iron,
nearest neighbors
Mossbauer spectroscopy - Local environment of iron,
Fe(IIT) /Fe(II) ratio
Fourier transform infrared spectroscopy FTIR Molecular vibrations
Raman spectroscopy - Molecular vibrations
Optical microscopy - Imaging down to 200 nm
Scanning electron microscopy SEM Topography down to 10 nm,

electronic density

than the experimental aspect related to the techniques. Descriptions of the ana-
lytical methods, with the required theoretical background, and the experimental
details are therefore not included in the body of this thesis but rather are given
in Appendix B.






Chapter 1

State of the Art

Summary. This chapter is devoted to the scientific knowledge of Prussian
blue, from its invention until the present time. Prussian blue was acci-
dentally discovered in Berlin in 1704. It was eventually shown to contain
a hydrated iron(Il1) hexacyanoferrate(Il) anion, { Fe[Fe!' (CN)s]-xH, O},
with varying values of x up to 16, and various cations, such as K", NHy"
or Na. Its intense blue color arises from an intervalence charge transfer
between the iron(1l) and iron(I111) ions when light is absorbed at ca. 700 nm.
Prussian blue used as a pigment in paintings shows a tendency to either fade
i the light or to turn green. The fading of Prussian blue in paint layers is
commonly attributed to its electrochromic character, i.e., its capability of
switching electrochemically between different colors.

Contents

1.1 Prussian blue, a challenging material for scientists .. 8
1.1.1 A mysterious compound . . . . . ... ...
1.1.2 Prussian blue, a metal cyanide complex . . . ... ... 10
1.1.3 Prussian blue, the prototype of mixed valence compounds 20
1.1.4 Prussian blue, an inorganic sponge . . . . . . .. .. .. 22
1.1.5 Magnetic Prussian blue and its analogues . . . . .. .. 22

1.2 Prussian blue as an artist’s pigment . ... ... .. .. 23
1.2.1 Historyofuse . . . ... ... ... ... ... 23
1.2.2 Reports and occurrences of faded Prussian blue . . . . . 27
1.2.3 Hypotheses for the discoloration of Prussian blue . . . . 30




8 1. STATE OF THE ART

1.1 Prussian blue, a challenging material for scientists

Prussian blue has been widely studied since its discovery, as is indicated by the
2 310 000 items that appear on Google with the keyword Prussian blue pigment®
[5]. Scientific publications about Prussian blue are abundant: 7978 articles are
found on ScienceDirect [6] and 4844 on the Web of Knowledge [7]. Such a great
interest is explained by the various properties that Prussian blue presents, e.g.,
electrochromism, magnetism at low temperature, zeolitic character, and semicon-
ductor behavior. This chapter deals with the different properties of Prussian blue
with a special emphasis on those that are expected to influence the light fading of
the pigment. First, Prussian blue is placed in its historical context, when chem-
istry was in its infancy. The knowledge of the compound progressively increases
with the development of the modern science. Second, Prussian blue is presented
as a modern material with known properties.

1.1.1 A mysterious compound

The discovery of Prussian blue is shrouded in mystery. The year 1704 is often
given as the most likely date of the first synthesis. Bartoll et al. have recently
published a chronology of the early years of Prussian blue [§8]. The invention
is generally attributed to a Berlin colormaker, Johann Jacob Diesbach. Initially
Diesbach wanted to produce a crimson lake. Therefore he needed to precipitate
an aqueous solution of the cochineal dye containing alum and iron sulfate with
a basic product, e.g., potash, which is potassium carbonate, in order to produce
metal hydroxides [4]. Diesbach purchased the potash from a local alchemist, Jo-
hann Konrad Dippel, who provided a potash contaminated with animal oil. When
Diesbach tried to prepare the desired red lake, he surprisingly obtained an intense
blue product. Once Dippel discovered this accidental result, he decided to benefit
from it and to perfect the synthesis in order to commercialize the blue product.
These events mark the beginning of the success story of Prussian blue.

Because of our present scientific knowledge we can now explain why Diesbach
obtained a blue product instead of a red lake. Prussian blue is an iron(III) hexa-
cyanoferrate(Il) complex and results from the precipitation of an iron salt and a
hexacyanoferrate complex. Dippel’s potash was contaminated with animal oil and
thus contained, among other things, alkyl cyanides, which derive from the ther-
mal degradation of molecules with C-N bonds, such as hemoglobin. By reacting
the potash containing the mandatory cyanides with iron sulfate, Diesbach formed
Prussian blue [9)].

If the term pigment is not specified in the keywords, a portion of the records concern a white
nationalist pop American teenagers duo.
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Figure 1.1 Structure of soluble Prussian blue, KFe!'![Fe!!(CN)g|, elaborated by Keggin
and Miles in 1936. Reproduced from [11].

The analytical composition of Prussian blue and its crystal structure have been
questioned for a long time. The difficulty comes from the colloidal character of
Prussian blue: it frequently adsorbs impurities such as alkali cations or organic sol-
vents into its extremely fine particles. At this time, Prussian blue is known to con-
tain a hydrated iron(III) hexacyanoferrate(II) anion, {Fe!![Fell(CN)g|-2H,0}~,
with varying values of z up to 16, and various cations, such as K+, NH4" or
Na®. An alkali-free Prussian blue Fe}''[Fe!!(CN)g|3-2H20, which must have an
increased amount of iron(IIl) in order to maintain charge balance, is commonly
referred to as an insoluble Prussian blue, whereas those with alkali cations are
referred to as soluble Prussian blues. Although all Prussian blues are highly in-
soluble,? the soluble appellation refers to the ease with which a soluble Prussian
blue is dispersed in an aqueous solution to form a colloidal suspension. Though
these soluble and insoluble terms are inappropriate, we will use them hereafter
to distinguish Prussian blue containing alkali cations or NHI cations from those
without these cations.

In 1936 Keggin and Miles determined a structure for soluble and insoluble
compounds by X-ray powder diffraction analysis [11]. For the soluble variety, they
proposed a cubic lattice with @ = 10.2 A, with an alternate arrangement of ferrous
and ferric iron ions bound by the CN anions, see Figure 1.1. The alkali ions occupy
the centres of some of the lattice cavities. Water molecules could also be located in-
side the lattice. The structure of the alkali-free Prussian blue, Fe!'l;|Fe!l(CN)g]s,
is very similar, except that additional iron ions replace the alkali metal cations in
the cavities.

The structural model of insoluble Prussian blue was finally completely re-

2The solubility product of Prussian blue equals 3.3 10™*! [10].
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solved in the 1970’s, with the work of Buser, Ludi, and coworkers [12]. In order
to avoid the colloidal character of Prussian blue that misleads analytical data,
they developed a method for growing single-crystals. The analytical composi-
tion of such crystals was close to the ideal formula with 15 water molecules,
Felll[Fe!l (CN)g]3-15H20. From X-ray single crystal diffraction, they developed
a model consisting of a cubic Fe'-CN-Fe!'l framework where a certain number
of [Fe'!(CN)g|*~ sites are vacant, see Figure 1.2. In single crystals, the vacan-
cies do not occur at random and the cubic cell is thus primitive, with the space
group Pm3m. However Prussian blue used as a pigment is commonly produced
in the form of a fine precipitate. In this case the structure is best approximated
with the face-centered cubic F'm3m space group because vacancies are statisti-
cally distributed. A few years later, Herren et al. [13] refined the Buser and Ludi
structure by studying insoluble Prussian blue by powder neutron diffraction. They
distinguished two crystallographically different kinds of water molecules: six are
coordinated to iron(III) at empty nitrogen positions whereas approximately eight
additional water molecules occupy the center of the unit cell octants or are linked
by hydrogen bonds to the coordinated water.

At present the structure of insoluble Prussian blue determined by Buser and
Ludi and later refined by Herren et al. is commonly accepted. In contrast, the
structural model for soluble Prussian blue is still debated. The commonly ac-
cepted model of Keggin and Miles has been recently revisited by Bueno et al. [14].
The latter claimed that the alkali cations are not inserted in the lattice cavities
but are located in the [Fe!!(CN)g]*~ vacancies, similarly to the coordinated water
molecules. We thoroughly study and discuss the crystal structure of insoluble and
soluble Prussian blues in Chapter 2.

1.1.2 Prussian blue, a metal cyanide complex

With increasing chemical knowledge the synthesis of Prussian blue has become bet-
ter understood. In 1749 Macquer [15]| discovered potassium hexacyanoferrate by
testing the chemical reactivity of Prussian blue. Hydrogen cyanide and cyanogen
were first identified by Scheele in 1782 [4] and then throroughly studied by Gay-
Lussac in 1815 [16]. The term cyanogen is directly correlated with Prussian blue
as cyanogen came from the Greek kuanos-gennao which means blue-generating.
The cyanogen discovery lead to modern transition metal cyanide chemistry.

In the periodic table, transition metals are the elements of the d-block, from
group B in columns 3 to 12. They are characterized by an electronic configuration
in the ground state with an incomplete d orbital occupancy. For example, the
electronic configuration of iron is [Ar](4s23d®). Nearly all transition metals form
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Figure 1.2 The unit cell of Prussian blue in space group Pm3m. The open and solid
symbols indicate different crystallographic positions. More details about this structural
model are given in Section 2.2.2. Reproduced from [12].
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cyanides or complex cyanides [17]. Historically the term complex was given to com-
pounds that seemed to defy the usual rules of valency. Now a complex is described
as a polyatomic compound built from a central atom or cation that is bound to
molecules or ions called ligands. The complex is characterized by its coordination
number, i.e., the number of ligands coordinated to the cation. Three major the-
ories have successively tried to explain the nature of the bonding in coordination
compounds: valence bond theory, crystal field theory, and ligand field molecular
orbital theory. In 1962, Robin [18] applied this latter theory® to Prussian blue in
order to explain its intense color. The following paragraphs progressively develop
the concepts required to understand the type of interactions occurring in Prussian
blue.

According to Pauling’s valence bond theory, a complex arises from the re-
action between the ligands and the metal or metallic ion, accompanied by the
formation of a coordinate-covalent bond. In cyanide complexes, the cyanide ion is
obviously the ligand. The carbon and nitrogen atoms are triply bonded, with one
o- and two m-bonds, and each atom has unshared pairs of electrons. Bonding in
cyanide complexes implies the hybridization between (n — 1)d, ns, np, and nd or-
bitals of the transition metal ion. For example, the ion [Fe(CN)g|3~ is octahedral,
with the hybrid orbital d®sp®. The cyanides supply the bonding electron pairs.
This theory predicts the magnetic properties of the complex. The [Fe(CN)g]?~ ion
is paramagnetic because it has one unpaired electron, see Figure 1.3. However, the
valence bond theory can not explain the color of complexes. Moreover, because
the ligands donate electrons to the metal cation, there is a formal negative charge

3In fact, Robin used the ligand field theory, which can be seen as being a special case of the
most general molecular orbital theory.
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Figure 1.3 Hybridization of [Fe(CN)g|3~.

accumulation on the cation. This is contradictory to the principle of electroneu-
trality. The theory that has supplanted the valence bond theory is the crystal
field theory, first developed in 1929 by Bethe in solid-state physics and then
applied in the 1950’s to the study of transition metal complexes [19].

Crystal field theory is based on the electrostatic interaction between a metal-
lic ion and its ligands. The latter are considered as negative point charges whereas
the central metal ion is positively charged. An isolated transition ion has five
degenerate d-orbitals, i.e., five d orbitals with the same energy, see Figure 1.4,
orbitals that remain degenerate when they are placed in an electrostatic field cre-
ated by a spherical distribution of six electrons. The energies of the orbitals are
uniformely increased because of the repulsion between the negative charge of the
metal ion electrons and the spherical distribution of the six electrons. Because
of the differing symmetry of the five metal ion d-orbitals, see Figure 1.5, their
degeneracy will be removed when the six electrons are localized at the apexes of
an octahedron. The crystal field effect thus depends upon both the symmetry of
the d-orbitals and the symmetry of the coordinated ligands. We will now restrict
the explanation to the case of Prussian blue, which has an octahedral symmetry.

N
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Pt (Spherical field) Tl v __,
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Figure 1.4 Splitting of the five orbitals in an octahedral field. Adapted from [19].
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Figure 1.5 Spatial geometry of the five d-orbitals. Adapted from [19].

Figure 1.6 The d orbitals in an octahedral field generated by six ligands. The torus of
the d,2 orbital has not been represented. The ¢y, orbitals are in white and the e, orbitals
in grey [19].
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The spatial geometry of the five d-orbitals is shown in Figure 1.5. It is clear
from Figure 1.6 that in a complex with octahedral symmetry with six ligands sur-
rounding a metal ion, the relative energies of the d,2 and d,2_,2 orbitals, which
point directly towards the negative ligands, are increased more than those of the
dyy, dz-, and d,, orbitals, which are spatially oriented between the negative lig-
ands. The degeneracy of the five d-orbitals is thus removed and two groups of
orbitals result, the triply degenerate dgy, d;., and d,, orbitals, referred to as the
the t9, orbitals, and the doubly degenerate d.2 and d,2_,2 orbitals, referred to as
the eg4 orbitals.*

The energy splitting between the e, and t9, orbitals is referred to as the crys-
tal field splitting and is designated by A,, where the o subscript stands for an
octahedral crystal field. Because the octahedral field does not change the average
energy of the five d-orbitals the gravity center or barycenter of the orbitals remains
unchanged. In order to fulfill this condition for all octahedral complexes, the e,
orbitals are increased in energy by 0.6 A, above the barycenter, whereas the three
ta4 orbitals are lowered in energy by 0.4 A, below the barycenter, see Figure 1.4.

The reduction in energy of the three o, orbitals in comparison with the
barycenter is referred to as the crystal field stabilization energy, CFSE . The CFSE
depends upon the electron occupancy of the d-orbitals and in octahedral symme-
try, it can be calculated from [20]:

CFSE = (—0.4z + 0.6y)A,

where z is the number of electrons in the ¢, orbitals and y is the number of elec-
trons in the e, orbitals.

For a d® ion, such as iron(III), the fourth and fifth electrons can occupy either
the higher energy e, orbitals or be paired with two electrons in the ?9, orbitals.
The actual configuration will be that with the lowest energy and is a function of
the crystal field splitting, A,, and the electron mean pairing energy, P, required to
pair two electrons in the same orbital. If A, < P the energy to pair two electrons
is larger than the crystal field splitting and the iron(III) ion is high-spin in a weak
crystal field. Inversely, if A, > P, the crystal field splitting is larger than the elec-
tron mean pairing energy, and the iron(III) ion is low-spin in a strong crystal field.
Because the energy required to pair electrons in a 3d® configuration is rather high,
in other words, P > A,, iron(IIl) 3d° ions in octahedral complexes are usually

4This notation comes from the irreducible representations arising from the symmery elements
of the d-orbitals in octahedral symmetry; lower case letters are used to designate orbitals. The g
and u subscripts stand for gerade and ungerade, i.e., even and odd, and indicate that orbitals have
either symmetric wave functions or antisymmetric wave functions, respectively. In octahedral
complexes all the d-orbitals are gerade because of the presence of an inversion symmetry element.
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high-spin, with the t%’geg electronic configuration, see Figure 1.7a. In contrast,
iron(IT) 3d° ions experience a strong octahedral crystal field in the presence of
six cyanide ligands and in this case, typically adopt the tgg low-spin electronic
configuration. This configuration results because it is more favorable in terms of
energy to pair electrons in the ¢34 orbitals than to place them in the higher energy
eq orbitals [19], see Figure 1.7b. Thus the values of A, and P determine the elec-
tronic configuration of the iron ion in these complexes. Usually these parameters
are empirically determined by electronic spectroscopy. The energy splitting, A,,
is influenced by many factors, such as the oxidation state and the nature of the
metal ion, the number and the coordination geometry, and the nature of the lig-
ands. The spectrochemical series orders the ligands depending on the strength of
the crystal field splitting they produce. In this series, with the exception of CO,
the CN™ ligand produces the largest contribution to the crystal field.

Based on crystal field theory the color of transition metal complexes can be
explained as arising from a d — d electronic transition.” Because of the non-
degeneracy of d-orbitals electrons can undergo a transition from one d orbital to
another when they absorb light. If the frequency of the absorbed light is in the
visible region of the spectrum, the complex has a color that is complementary to
the colors absorbed [20].

Although crystal field theory effectively explains many important properties
of transition metal complexes, such as their color and their magnetic behavior,
the assumption of a purely electrostatic interaction between the ligands and the
central metal cation is not realistic. A new theory has thus been developed in
order to take into account the covalent character in the bonding interaction, this
is the molecular orbital theory.

Molecular orbital theory considers the overlap between metal and ligand
orbitals. This overlap depends on the symmetry of the complex. In octahedral
first-row transition metal complexes, the metallic ion has nine valence® orbitals,
the 3d, 4s, and 4p orbitals. Based on group theory, a purely octahedral complex
is characterized by an O symmetry. Based on the corresponding symmetry of
the orbitals, the s orbital becomes an a4 orbital, the three p orbitals become the

5 According to selection rules for electronic transitions, d—d transitions in perfectly octahedral
complexes are symmetry forbidden. Indeed, the first selection rule, Laporte rule, states that only
transitions with a change of parity are allowed. Thus, g — u or u — ¢ transitions are allowed
whereas u© — w or g — g transitions are forbidden. However this rule is not perfect and can be
overridden by reduction in symmetry. In purely octahedral complexes, where all d-orbitals are
symmetric, d — d transitions can be observed because of asymmetric vibrations that temporarily
destroy the octahedral center of symmetry.

5The atomic orbitals that describe the core electrons are not considered in the construction
of the molecular orbitals of a complex.
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Figure 1.7 Electronic configurations of, a, a high-spin d® ion in an octahedral weak field
and b, a low-spin d° ion in an octahedral strong field. Reproduced from [19].

t1, orbitals, and the five d orbitals are divided into two groups, two e, d-orbitals
resulting from the d,2_,2 and d,» orbitals, and three t5, orbitals resulting from
the dyy, dy-, and d, . orbitals. The removal of the degeneracy of the five d orbitals
is similar to that obtained by crystal field theory.

The molecular orbitals result from two types of interactions, the o interac-
tions, which consists of azial orbital overlap and the 7 interactions, which consist
of lateral or sideways orbital overlap. The overlap requires that the overlapping
ligand and metal orbitals have the same parity. So, in octahedral complexes, the
o bonding is formed by the overlap of the metal and ligand orbitals with ayg,
t1u, and e, symmetry. In contrast, the m bonding involves the orbitals that are
perpendicular to the bonding axis, i.e., the o4, t14, t2,, and 14 orbitals. Because
the axial o overlap is more efficient than sideways m overlap, ¢ interactions are
stronger than 7 interactions.

Let us now consider the molecular orbital scheme for Prussian blue. The
molecular orbitals of the cyanide ion, CN~, are shown in Figure 1.8. The highest
occupied molecular orbital (HOMO) is a o orbital, which is the donor orbital used
by CN~ for the formation of o-bonds in Prussian blue. The lowest unoccupied
molecular orbitals (LUMO) are the two 7* orbitals that will interact with the
metal d-orbitals to form 7-bonds [21].
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Figure 1.8 Cyanide anion molecular orbitals, reproduced from [21].

The difficulty in drawing the molecular orbital scheme for Prussian blue results
from the presence of two different iron oxidation states. This mized valency will be
more thoroughly discussed in the Section 1.1.3. Thus we must first consider the
iron(III) and iron(II) ions separately. Their qualitative molecular orbital diagrams
are shown in Figure 1.9. It should be emphasized that there is a 7 interaction be-
tween the unoccupied antibonding 7* ligand orbitals and the ?5, metal orbitals,
as is evidenced by the two black solid lines in Figure 1.9, a m bonding that affects
the crystal stabilization energy, A,. In [Fe(CN)g]*~, this 7 bonding from metal
to ligand stabilizes the ¢, orbitals, lowers their energy relative to the e, orbitals,
and increases A,. Thus the iron(II) ion coordinated to six carbons is consequently
in a strong ligand field and is low-spin. In contrast, the iron(III) ion coordinated
to six nitrogens in [Fe(CN)g]?>~, is high-spin because its ta, and e, orbitals are
destabilized by the same amount and the iron(III) ion is consequently in a weak
ligand field and is high-spin.

The molecular orbitals of Prussian blue correspond to linear combinations of
all six iron(III) and iron(II) ¢o, orbitals. Let us now consider the distribution of
the eleven 3d valence electrons of the iron(III) and iron(II) ions. Each iron ion
has at least five d electrons but the localization of the eleventh is unclear, it can
be in either a molecular orbital of predominantly carbon or nitrogen character.
Robin removed this ambiguity in 1962 by assigning each band in the absorption
spectrum of Prussian blue to a transition in the molecular orbital diagram [18§].
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Figure 1.10 The electronic absorption spectrum of soluble Prussian blue, as a colloidal
dispersion in water. The numbers from 1 to 4 indicate the absorption bands assigned to
the numbered transitions in Figure 1.9. Adapted from [22].

The absorption spectrum of Prussian blue consists of four absorption bands,
as is evidenced by the numbers in Figure 1.10. The blue color of Prussian blue
corresponds to the 14 100 cm™! transition labeled 1 in Figure 1.9, a transition
that is at a wavelength of ca. 700 nm, and arises from the transfer of an electron
from the tgg predominantly carbon-iron(II) ion molecular orbital to the t%g pre-
dominantly nitrogen iron(III) ion molecular orbital. This electron density tranfer
between the iron ions bridged by a ligand is called intervalence charge transfer.

The weak transition located at about 24 000 cm™!, labeled 2 in Figure 1.9,
corresponds to the transition of an electron from the ty, orbitals of iron(II) to the
ey orbital of iron(III). The strong absorption at 50 000 cm™1, labeled 4 in Figure
1.9, is assigned to the iron(II) ion tog — CNT 7" 11y, to, transitions occurring
in the d° iron(II) hexacyanide ions. Finally, Robin assigned the broad 33 000 to
37 000 cm™! absorption, labeled 3 in Figure 1.9, to the CN™ 7 t1, to Fe3T tag
transition.

In summary, the color of Prussian blue is produced by an intervalence charge
transfer between the two iron ions in different environments. If the two iron ion
sites were identical, there would not be any color-producing absorptions because
there would be no energy difference between the two 3d orbitals associated with
the two iron ions. This is the reason why ferrous ferrocyanide, KoFe!![Fe!l(CN)g],
is colorless and ferric ferricyanide, Fe!'![Fe!™(CN)g], is pale yellow [24]. The next
section discusses the mixed valence character of Prussian blue and its resulting
properties.
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1.1.3 Prussian blue, the prototype of mixed valence compounds

Besides its cyanide ligands, Prussian blue has the unusual property of contain-
ing iron ions in two different oxidation states.” For this reason, Prussian blue is
considered as the prototype of mixed-valence compounds. Mixed valency defines
tmorganic or metal-organic compounds in which an element is present in more than
one ozidation state |25].

For a long time, Prussian blue prepared from an iron(III) salt solution and a
potassium ferrocyanide solution was thought to be different from Turnbull’s blue,
which is prepared from an iron(II) salt and a potassium ferricyanide solution.
Prussian blue was referred to as a ferric ferrocyanide, whereas Turnbull’s blue was
referred to as a ferrous ferricyanide. Because both exhibit the same Mossbauer
spectrum and X-ray powder diffraction pattern [26][27] it was eventually recog-
nized that Turnbull’s blue was not different from Prussian blue and that both
compounds were ferric ferrocyanide or iron(III) hexacyanoferrate(II).

According to the classification of mixed valence compounds proposed by Day
and Robin [25], Prussian blue belongs to class 2, because the crystallographically
different iron(I1) and iron(III) sites are rather similar.® In fact, the similarity or
difference between the two crystallographic iron sites of different valence deter-
mines the properties of a mixed-valence compound. In Prussian blue the energy
for transferring an electron from the iron(II) to the iron(III) ion sites is only a
few electron volts and gives raise to an optical transition in the visible portion of
the spectrum, as explained in Section 1.1.2. In view of this intervalence charge
transfer, one can wonder to what extent the oxidation states of iron ions in Prus-
sian blue are mixed, or, in other words, whether the electrons associated with the
optical transition are localized or delocalized. The extent of any delocalization
can be estimated by the so-called mized valence coefficient or valence delocaliza-
tion coefficient, . From the intensity of the intervalence band observed at 14 100
cm~! in Figure 1.10, Robin determined a value of o of 0.10. This value indicates
that the electrons associated with the optical transition are 99% localized on the
iron(II) bonded to the carbon in Prussian blue, i.e., only 1 % of the iron(II) elec-
trons are delocalized and involved in intervalence charge transfer. Thus the origin
of the blue color cannot be explained as an oscillation of valence or a resonance
between the configurations

[Fe''(CN)gFe!!l]~ « [Fell'(CN)gFell]~.

"The term ozidation state describes the effective number of electrons associated with a given
atom in a molecule or a solid.

8(Class 1 consists of mixed-valence compounds in which the two oxidation states of the metal
occupy very different crystallographic sites. Class 3 contains compounds in which the two oxida-
tion states occupy crystallographically equivalent sites and, hence, exhibit a non-integral valence.
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Because of the weak iron ion-iron ion interaction, Prussian blue exhibits semi-
conductor behavior. The electronic conductivity strongly depends on the extent
of hydration and the method of preparation of Prussian blue and varies from 1076
to 107 (€2 em)~!. The band gap is estimated to be 0.5 eV. Electron and ionic
conduction in Prussian blue was not of particular interest until the discovery of
its electrochemical activity. In 1978, Neff et al. [28] achieved the growth of
Prussian blue thin films adhering to a platinum foil electrode by electrochemical
deposition from a ferric ferricyanide solution. They then realized that the thin
film had electrochromic properties: a change of color accompanies the electro-
chemical reduction or oxidation of the Prussian blue thin film [29].

The electrode with the electrodeposited Prussian blue thin film can undergo
potential cycling in a KT-containing supporting electrolyte. Electrochemical oxi-
dation of Prussian blue yields either Berlin green, or in the case of a particularly
pure form of Prussian blue, Prussian yellow, the fully oxidized form of Prussian
blue:

Kt + [Fe!Fe!l(CN)g] ™ —{KFe!!'TFell(CN)g } o {Fe! ' Fe'l (CN)g } 1 + (1 —x)e”
or
[Fe!'TFe!l(CN)g]~ — [Fe!!'Fe!'l(CN)g| + €.

Alternatively, Prussian blue can be electrochemically reduced to form ferrous
ferrocyanide, referred to as Berlin white or Everitt’s salt [30], a reduction which
gives a transparent appearance to the thin film:

[FeIIIFeII(CN)G]— Te — [FGHFGH(CN)(s]Q_'

It should be noted that both the oxidized and reduced forms of Prussian blue
are unstable under normal conditions because of air-sensitivity and rapidly revert
to Prussian blue. All these redox reactions require electron and ion transport;
in an aqueous solution of KT, the mobile K* ijons must provide the appropri-
ate charge balance during reduction to the colorless Berlin white and oxidation
to Prussian yellow. However many questions about these electrochromic oxida-
tion/reduction mechanisms remain unanswered and new models have recently been
proposed [14][31][32]. The electrochemistry of Prussian blue has also been inves-
tigated in the solid state, on Prussian blue powder pressed between conducting
electrodes [33|[34].

The ability of Prussian blue to undergo redox reactions that are accompanied
by a color change has been exploited in many applications. Electrochromic devices
consisting of a Prussian blue film sandwiched between electrodes of various mate-
rials, such as TiOy, SrTiOs, or organic compounds, have been designed [29][35].
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Moreover, Prussian blue electrochemically synthesized on electrodes can be used
in biochemical and chemical sensors, for the amperometric detection of hydrogen
peroxide [36], glucose [37], or other reductants [38].

In paintings the electrochromic activity of Prussian blue is expected to play a
role in the fading of the pigment. This hypothesis will be thoroughly discussed in
Section 1.2.3.

1.1.4 Prussian blue, an inorganic sponge

Another property of Prussian blue that can influence its permanence is its zeolytic
character, i.e., its capability of trapping molecules inside its structure. Prussian
blue can host molecules such as water or monovalent cations in the cubic voids of
its structure and can thus be used as a molecular sieve or an ion exchange complex
with channel diameters of about 3.2 A [9][22].

As an ion exchange complex, Prussian blue is very useful in cases of thallium,
rubidium, or cesium poisoning [39|[40]. Soluble Prussian blue can exchange its
cations, such as potassium, ammonium, or sodium cations, from its lattice for the
radionuclide ions in the gastrointestinal tract. Prussian blue with the trapped ions
is then removed by the fecal route. The process of cesium or thallium ion binding
by insoluble Prussian blue is not completely elucidated. It is believed that the
radionuclide ion is exchanged with either a hydrogen ion, H*, or hydronium ion,
H30™, bound in the crystal lattice. Physical adsorption resulting from electro-
static forces and mechanical trapping in the crystal lattice are also considered as
possible mechanisms of ionic exchange [41][42]. Because the cyanide ion is found in
a hexacyanoferrate ion in Prussian blue [17], Prussian blue is completely non-toxic
and can be given orally to humans.

1.1.5 Magnetic Prussian blue and its analogues

This section concludes with a discussion of the magnetic behavior of Prussian blue,
although it is expected to play little role in fading of color. Prussian blue contains
paramagnetic high-spin iron(III) ions and diamagnetic low-spin iron(II) ions. The
effective spin-only magnetic moment, expressed in Bohr magneton, pug , is given by
tei = y/n(n + 2) where n is the number of unpaired electrons [19]|. For Prussian
blue, the theoretical effective spin-only magnetic moment of 5.92 pug for n = 5
agrees well with the experimental value of 5.98(2) up obtained between 10 and
300 K. Prussian blue exhibits ferromagnetic behavior below a Curie temperature
of 5.5(5) K [26]. Ferromagnetism implies a long range order of the iron(III) mag-
netic moments through a possible superexchange mechanism along the sequence
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Fe(I11)-NC-Fe(IT)-CN-Fe(III).

In the 1990’s, a modulation of the Curie temperature by changing the nature
of the ions in Prussian blue was discovered. These so-called Prussian blue ana-
logues are defined as cubic systems with the C,,Ap|B(CN)g|q-2H20 stoichiometry,
where C is a monovalent cation inserted into some unit cell octants, A is located
at the corners and centers of the cubic faces and the |[B(CN)g| anions occupy
the octahedral sites [43]. Numerous Prussian blue analogues have been synthe-
sized, that have interesting and diverse properties. These analogues can be high
Curie temperature molecule-based magnets, such as V|Cr(CN)g]o.86:2.8H20 with
a Curie temperature above room temperature [44], photomagnetic compounds,
such as C;Coy|Fe(CN)gl, where C is an alkali cation [45], or high-spin molecules
[43]. Prussian blue analogues have been also used in inorganic/organic compos-
ite materials in order to combine unusual magnetic and optical properties [46][47].
Over the past few years interest in single molecule magnets has grown continuously
and attempts have been made to tune their magnetic properties by controlling the
morphology of Prussian blue analog nanoparticles [48][49][50].

1.2 Prussian blue as an artist’s pigment

Prussian blue has attracted not only scientists but also artists, dyers, and printers.
Prussian blue as a pigment or dye? has been widely used from the early 1710’s
to date, even though it is now often replaced by new synthetic pigments. This
popularity is surprising because soon after its discovery, Prussian blue was known
to have a poor light fastness. In this section a brief history of use of Prussian blue is
presented. Next the degradation problems discussed in eighteenth and nineteenth
century books are summarized and, finally, the current hypotheses that have been
proposed to explain the fading of the Prussian blue pigment are presented.

1.2.1 History of use

The discovery of Prussian blue by Diesbach in 1704 suddenly changed the artist’s
vision of blue. For the first time blue became an affordable color, both commer-
cially and artistically. At the beginning of the eighteenth century the other blue
pigments, such as ultramarine, azurite, indigo, and blue ashes, were either very
expensive, scarce, or unstable [4].

9The term pigment refers to an insoluble substance whereas a dye is soluble in water [51].
Strictly speaking Prussian blue is thus a pigment because it is not soluble in water.
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It is noteworthy that Prussian blue has had many names. Some, such as Berlin
blue, Paris blue or Antwerp blue, suggest the place of manufacture. Others, such
as Milori blue or Turnbull’s blue,'? refer to the inventor or producer. Others de-
scribe the shade of the blue pigment with names such as bronze blue, celestial
blue, or iron blue. These appellations are related to the manufacturing process
that determines the composition of the pigment and, in some cases, the possible
presence of extenders!! or mixtures. For example, Antwerp blue was known to
contain a mixture of Prussian blue, alumina, magnesia, and zinc oxide. Charron
blue was a Prussian blue mixed with barium sulfate [53]. Synthesis of Prussian
blue and the influence of such extenders on the light fastness of the pigment will
be discussed in Chapter 2 and Chapter 3.

The very first occurrences of Prussian blue in paintings have recently been re-
ported by Bartoll and Jackish [8]. The earliest example is a painting by Pieter van
der Wertf, Entombment of Christ, a painting that is dated 1709. Next Prussian
blue has been identified in paintings by Antoine Watteau, whose earliest painting is
La mariée du village, dated by art historians to the beginning of the 1710s. From
the 1720s the use of Prussian blue quickly spread throughout Europe and even
reached America. The blue pigment has also been found in several eighteenth cen-
tury art works, namely in Italian paintings by Giovanni Antonio Canal, known as
Canaletto (1697-1768) and by Giovanni Battista Tiepolo (1696-1770), in French
paintings by Jean-Baptiste Perronneau (17157-1783), and in English paintings
by William Hogarth (1697-1764), Richard Wilson (1713/1714-1782), and Thomas
Gainsborough (1727-1788) [54].

In the nineteenth century, Prussian blue was used by numerous artists for easel
paintings, watercolors, or pastels. Edgar Degas (1834-1917), Claude Monet (1840-
1926), and Vincent van Gogh (1853-1890) were among the artists who employed
the blue pigment in their art. Prussian blue has also been found in Asia, on
nineteenth century Japanese paintings and in the false patina on Chinese bronzes.
The popularity of Prussian blue did not decrease at the beginning of the twentieth
century and Prussian blue is found in paintings by Pablo Picasso (1881-1973) and
in contemporary art by Anish Kapoor (1954) [54].

Figure 1.11 shows some of the works of art of the above-mentioned painters,
where Prussian blue has been identified.

Prussian blue has enjoyed great popularity worldwide. It was used not only

OTyurnbull’s blue was long considered to be a ferrous ferricyanide but was eventually shown to
be similar to Prussian blue, i.e., a ferric ferrocyanide. Cf. Section 1.1.2.

1 An extender or filler is added to a pigment in order to modify its chemical or physical
properties or increase its bulk volume. Extenders are usually white or lightly colored [52].
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Figure 1.11 1. Entombment of Christ, P. van der Weerf, 1709, Sanssouci Gallery,
Berlin. 2. Portrait of Angel Fernandez de Soto, P. Picasso, 1903, Private collection.
3. The Graham Children, William Hogarth, 1742, The National Gallery, London. 4.
A Flower, A Drama Like Death, A. Kapoor, 1986, The Museum of Modern Art, New
York. 5. The Wave, K. Hokusai, 1831, Metropolitan Museum of Art, New York. 6.
Bathers at La Grenouillére, C. Monet, 1869, National Gallery, London.
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in paintings, but also in house paint and wallpaper as well as in textile dyeing.
In the beginning of the nineteenth century the importation of indigo from Amer-
ica by France was halted because of a maritime blockade imposed by England.
Thus another dye had to be found to replace the indigo commonly used to dye
the uniforms worn by French soldiers [4]. In 1811 the chemist Raymond published
an efficient method to dye silk with Prussian blue [55]. This method consists of
impregnating the silk with iron and then dipping the fibres in an acidic solution
of potassic iron cyanide. A final bath in ammoniacal water darkened the color. A
few years later, Raymond’s son proposed an industrial method to dye wool. These
discoveries lead to the development of a dyeing industry that used the so-called
Raymond blue. Beginning in about 1860 new synthetic dyes appeared on the mar-
ket and progressively supplanted the Raymond blue.

In the nineteenth century Prussian blue was found to be useful by the early
pioneers of photography. In 1842 Sir John Herschel invented the cyanotype pro-
cess, a photographic contact-printing process that used Prussian blue, see Figure
1.12. Herschel used a photosensitive coating composed of a mixture of ammonium
iron(III) citrate and potassium ferricyanide. When exposed to the light, the coat-
ing undergoes a redox reaction: the iron(III) is reduced to iron(II) and the citrate
is oxidized to acetone dicarboxylic acid|9][56]:

2 Fe3t (aq) + C(OH)COOH(CH2,COOH); (aq ) — 2 Fe?t (aq) +
CO(CH,COOH)s (aq) |+ COs (g) + 2 HF (aq).

Next the iron(II) reacts with the ferricyanide to produce Prussian blue:
Fe?t (aq) + [Fe''(CN)g]?~ (aq) — [Fe!''Fell(CN)g]~ (s).

After removing the unreacted chemicals with water, a tonally graduated, negative
photograh in Prussian blue is obtained. The cyanotype method lead to the devel-
opment of the commercial reprographic blue print process.

In the 1980’s 50 000 tons of Prussian blue were annually used in Western na-
tions [54]|. In 2006 the world production was about 12 000 tons [4]. The use of
Prussian blue in art works represents only 10 weight percent of the total consump-
tion. From the 1970’s phtalocyanine blue often replaces Prussian blue. Currently
70 weight percent of the production is employed in the manufacture of printing
inks and carbon paper. Prussian blue, when dissolved in oxalic acid, can serve as
an ink. Because its color is close to that of cyan, the Prussian blue pigment is an
appropriate ink, even though its use has tended to decrease since the introduction
of aniline dyes. Prussian blue is also used to color paper: the pigment is ground
with a water-soluble material and then applied to the paper. Finally the remaining



Prussian blue as an artist’s pigment 27

Figure 1.12 Sir John Herschel, a cyanotype made in 1842 of an engraving of Mrs.
Leicester Stanhope, done by Charles Rolls (1836) [56].

20 weight percent is used in agriculture to add color to fungicides.!?

This brief history of use of Prussian blue illustrates the popularity of this pig-
ment. However the permanence of Prussian blue had already been questioned by
the mid-eighteenth century. Prussian blue used either in paintings, in dyeing, or
in cyanotypes, tends to discolor with time as was reported in many eighteenth and
nineteenth century books.

1.2.2 Reports and occurrences of faded Prussian blue

There are numerous reports dealing with the durability of Prussian blue as a
pigment in artist’s books as well as scientific studies dating from the eighteenth
and nineteenth centuries. It would not be particularly relevant to present an ex-
haustive list of all these citations herein. Nevertheless some of them are given in
Appendix A. Moreover, in 1994, Kirby extensively examined the early reports
of fading and color change of Prussian blue [57]. The following are some of the
conclusions drawn from this investigation.

According to the documentary sources of the period, Prussian blue was gener-
ally not considered to be a very durable pigment. First, Prussian blue is sensitive
to alkali and therefore cannot be used in fresco paintings. Second, Prussian blue

12These fungicides are used by vine growers and are colored blue for historical reason. Until
1930 the traditional fungicide used in vineyards was copper sulfate, which is naturally blue.
Because of its toxic nature, it has been replaced by colorless manganese or zinc ethylene-bis-
dithiocarbamates colored with Prussian blue in order to respect the tradition.
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shows a tendency to fade upon exposure to light and eventually to become green-
ish or grayish. Prussian blue is also described as a fluctuating pigment because
when discolored by the light, it tends to regain its color in the dark. Because pure
Prussian blue has such a deep color it was rarely used in pure form but rather
diluted with some white pigment. However, the admixture of a white pigment
or the presence of an extender introduced during the synthesis of Prussian blue
are said to increase the discoloration. The ancient methods of preparation were
thus recognized as a contributory factor in the fading, because they may introduce
impurities or extenders such as alumina or barium sulfate to the pigment.

Recent studies concerning the discoloration of Prussian blue confirmed these
observations that dated from the eighteenth and nineteenth centuries [58] [59].
The light fastness of Prussian blue strongly decreases with the amount of extender
or white pigment mixed with Prussian blue. The nature of the white pigment
seems to play little role in the degree of fading. The reversible change in color
mentioned above is only observed for relatively short light exposure periods before
dark storage. After a long exposure time an irreversible color change appears.

Although Prussian blue has been widely used in paintings, only a few examples
of faded Prussian blue in art works have been reported. Kirby [57] specifically
points out the fading of some paintings from the National Gallery in London,
namely in paintings by Gainsborough, in two paintings by Richard Wilson, and
in Italian School paintings, such as in An Allegory with Venus and Time, painted
by Tiepolo in ca. 1754. In the latter painting the fading is easily observed in
cross-sections of paint from the lightest area of Time’s blue drapery, see Figure
1.13. The paint layer consists of lead white mixed with a little Prussian blue and
shows a discoloration near the surface. In contrast, a cross-section from a darker
Prussian blue area does not exhibit such surface fading. Faded Prussian blue was
also observed in paintings by Watteau, such as La mariée du village, ca. 1710-1712

8].

The homogeneous discoloration of Prussian blue makes the detection of faded
areas difficult, unless a comparison with unexposed areas, such as those covered
by the frame, is possible. For example, in Die Hiilsenbeckschen Kinder painted in
1805 by Philipp Otto Runge (1777-1810), the fading of the sky was only discovered
when the painting was unframed for restoration, see Figure 1.14.

What are the mechanisms that are involved in the discoloration of Prussian
blue? Since the eighteenth century scientists have tried to explain the curious
behavior of Prussian blue under light exposure. Several hypotheses have been
proposed but, to date none of the hypotheses has been firmly confirmed as ac-
counting for the color change of Prussian blue in paint layers.
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Figure 1.13 An Allegory with Venus and Time, G. B. Tiepolo, ca 1754. National

Gallery, London. At right: Photomicrographs of paint cross-sections taken from the

palest tint and the darker tone of Time’s drapery. Only the palest tint exhibits a fading

at the surface of the paint layer, a layer that contains both lead white and Prussian blue
[57].

Figure 1.14 Die Hiilsenbeckschen Kinder, P. O. Runge, 1805. Kunsthalle, Hamburg.
At right: detail of the painting. The sky painted with both Prussian blue and lead white
pigments is faded in comparison with the areas covered by the frame.
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1.2.3 Hypotheses for the discoloration of Prussian blue

In the nineteenth century, the observation that discolored Prussian blue could
regain its color in the dark fascinated several scientists. Field studied the perma-
nence of pigments and observed a discoloration in Prussian blue paint layers when
exposed to strong light. The paint layers regained their color when stored in the
dark. He attributed the change in color to "the action and reaction by which it
(the color) acquires or relinquishes oxygen alternately." According to Field, the
tendency of Prussian blue to turn green results from the formation of an iron oxide
[60].

Chevreul extensively studied the degradation of Prussian blue on dyed fab-
rics exposed to light [61]. In vacuum darkly dyed fabrics loose their color and
become brown, whereas lightly dyed fabrics turn yellow-gray.'®> However, both
fabrics regain their color when placed in contact with oxygen. Similarly dyed
fabrics exposed to sunlight in an ambient atmosphere loose their color and then
regain it after storage in the dark. According to the chemical knowledge of the
time, Prussian blue contained four atoms of iron percyanide, three atoms of iron
protocyanide, and a certain amount of water. When exposed to the light, either
in vacuum or in the atmosphere, Prussian blue was reduced in cyanogen and iron
protocyanide. In contact with oxygen iron protocyanide was partially reoxidized
in iron percyanide to yield Prussian blue.

The observations of Chevreul on fabrics dyed with Prussian blue do not com-
pletely apply to paint layers containing Prussian blue. Paint layers are indeed
highly heterogeneous, consisting of a mixture of one or several pigments with an
organic binder, painted on various substrates, e.g., paper, wood, or canvas, sub-
strates that could have been previously primed with a white preparation layer.

Today it is well understood that the intense blue of Prussian blue is produced
by an intervalence charge transfer between the iron(II) and iron(III) ions when
light is absorbed at ca. 700 nm. Thus, any color fading or color change corre-
sponds to a disruption in the electron transfer pathways in Prussian blue, i.e., the
Fell _N—C—Fel! bonding pathways. In view of the known properties of Prussian
blue, four mechanisms may typically affect this disruption in paint layers. These
include (1) the reduction of Prussian blue, (2) the oxidation of Prussian blue, (3)
ion exchange within the Prussian blue, and (4) substitution reactions within the
Prussian blue.

The fading of Prussian blue in a paint layer could result from the electrochromic
character of the pigment. As previously explained, Prussian blue can be either elec-

13Chevreul described the color as gris nankin.
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trochemically oxidized to form an iron(III) ferricyanide, known as Prussian yellow,
or reduced to form an iron(II) ferrocyanide, known as Berlin white or Everitt’s salt.
Thus the discoloration of a Prussian blue pigment could be due to a partial re-
duction of iron(III) to iron(II), in which some of the Fel'' -N—C—Fe!! pathways
would then become Fell -N—C—Fell pathways and, thus, reduce the probability
for intervalence charge transfer. Alternatively, the discoloration of the Prussian
blue pigment could be due to a partial oxidation of iron(II) to iron(III) and sim-
ilarly, the resulting Fe'l -N—C—Felll pathway would also reduce the probability
for intervalence charge transfer. These redox reactions have been extensively stud-
ied in electrochemically synthesized Prussian blue films both in the presence of an
electrolyte and in the solid state.

However, the situation in paint layers is dramatically different and conclusions
deduced from electrochemical studies are not directly applicable to Prussian blue
pigments found in paintings. First, Prussian blue used as a pigment is not elec-
trochemically prepared but usually results from a precipitation reaction between
aqueous solutions of an iron(II) salt and a hexacyanoferrate(II) complex. As em-
phasized by Ellis et al. [62], the electrochromic behavior of Prussian blue is highly
dependent upon its chemical preparation. Second, there must be a driving force to
induce either the reduction or the oxidation, a driving force that does not involve
the application of a voltage. The redox-reactions could be photo-induced. Pho-
tooxidation and photoreduction have been reported in nanoparticles containing
both Prussian blue and a photoresponsive material, e.g., the photoconductive CdS
semiconductor or photochromic azobenzene molecules [46][63]. Such compounds
can supply electrons upon UV /visible irradiation and induce redox processes in
Prussian blue. However, such reactions in Prussian blue films or nanoparticles are
reversible, whereas in paint layers a reversible fading is only observed in the short
term; after a long exposure to light an irreversible color change occurs in paintings
[58]. Moreover it is difficult to identify a compound in the paint layer that could
play the role of the photoresponsive material.

Any ion exchange occurring in Prussian blue could also modify the probability
for intervalence charge transfer. According to Ware [9][56], the color of cyanotypes
can be tuned by insertion of metal cations in the lattice cavities of Prussian blue.
For example the incorporation of nickel(II) ions slightly shifts the color to blue-
green, whereas insertion of lead(II) ions, in the form of a solution of lead(II)
acetate, shifts the color to violet-blue. For the latter lead is most likely incorpo-
rated as Pb(OH)2. However such insertion of metal cations in cyanotypes occurs
in aqueous solution and is probably less easily achieved in paint layers. Moreover,
such a process leads to a subtle variation in the blue color, not to a discoloration.
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Finally, the intervalence charge transfer could be disrupted due to a substi-
tution reaction. In particular the substitution reaction of the weakly bonded
nitrogen-coordinated iron(III) ions by other metal ions has been observed during
the electrochemical oxidation of Prussian blue in aqueous solutions [64]. Another
possible reaction would be the substitution of a CN~ ion by a water molecule, HyO,
leading to the formation of ferric aquapentacyanoferrate, Fe''I[Fe!!(CN)5(Ho0)].
The formation of this compound has been observed during the photolysis of aque-
ous Fe(CN)g~ solutions:

HyO + [Fel'(CN)gl™ 2% [Fel (CN)s(H,0)[3~ + CN-.

The substitution is accompanied by a release of CN~ ions and an increase in the
pH of the solution. This reaction is reversible if the aqueous FeH(CN)é_ solutions
are exposed to irradiation for a short time. A prolonged time of irradiation results
in the formation of either Fe(OH)3 in aerated basic solutions or Prussian blue in
aerated acidic solutions [65][66].

In paint layers, because Fe!'![Fell(CN)5(H,0)] is green, secondary reactions,
such as other ligand substitutions or redox reactions, must occur in order to lead to
a loss of color [58]. Electrochemical reduction of ferric aquapentacyanoferrate has
been reported in a KCI solution and is described by the reversible redox reaction

[67]:
Fe!l[Fe!l(CN)5(H20)] + KT + e= == KFe!l[Fe!l(CN)5(H20)].

Such redox reactions have not been investigated in the solid state and are
expected to be less easily achieved in paint layers because of their poor ionic con-
duction.

None of the above hypotheses is fully satisfactory in explaining the discol-
oration processes of Prussian blue in paint layers. The main objective of this
thesis is thus to clearly identify the mechanism or mechanisms involved in the
fading of the Prussian blue pigment in paintings.



Chapter 2

Evolution of the Preparative
Methods for Prussian Blue

Summary. Prussian blue pigments were prepared according to modern syntheses,
which are based on the precipitation reaction between an iron salt and a hexacyano-
ferrate complex, and to ancient syntheses, which involved the calcination of dried
blood for producing the hexacyanoferrate complexr. The pigment particle size and
the degree of ordering of the [Fe(CN)g)*~
were identified as the two parameters that strongly vary with the type of modern
syntheses. The Prussian blue pigments prepared according to the rather empirical
ancient syntheses often contain an undesirable iron containing reaction product,

identified as nanocrystalline ferrihydrite.
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2.1 Historical overview

The original recipe for producing Prussian blue was published in London in 1724
in the Philosophical Transactions by Woodward [68]. Dried cattle blood was calci-
nated with potassium hydrogen tartrate, alum, and vitriol. The resulting solution
was then diluted in boiling water and treated with Spiritus Salis, i.e., hydrochloric
acid. After washing with water and filtration a deep blue pigment was obtained.
At that time neither the chemical composition of Prussian blue nor the presence
in blood of hexacyanoferrate and cyano groups, essential for the synthesis of the
pigment, were known. It was thus very difficult to control the synthesis and
the underlying chemical reaction. The proportions of reagents, the nature of the
starting materials, and the temperature were among the many parameters which
color makers could vary to produce a variety of hues and handling properties! of
Prussian blue. The numerous alternative preparative methods explain the rich
terminology of Prussian blues named sometimes according to the producer’s name
and at other times according to the place of manufacture.

In the mid nineteenth century it became possible to produce in bulk the potas-
sium hexacyanoferrate complex from gas purification products [69]. Consequently,
Prussian blue could be prepared by a completely inorganic manufacturing process,
that we will now call modern methods, in contrast to the ancient methods that
used an organic starting material. The modern methods are based on the precip-
itation reaction between an iron salt and a hexacyanoferrate complex and are of
two types, direct and indirect, see Figure 2.1.

The direct method is a one-step process and consists of mixing a solution of
an iron(III) salt with a solution of a hexacyanoferrate(II) salt. The deep blue
precipitate is filtered and carefully washed with distilled water. Alternatively, a
mixture of solutions of an iron(II) salt and a hexacyanoferrate(III) salt produces
the so-called Turnbull blue considered to be a ferrous ferricyanide. In the 1960’s
Mossbauer spectroscopy and X-ray diffraction revealed that both reactions yield
the same compound, i.e., iron(III) hexacyanoferrate(Il), cf. Section 1.1.3. If the
iron salt is present in excess the precipitate is the insoluble variety of the pigment
whereas, if the reagents are mixed in a 1:1 molar ratio or with the hexacyanofer-
rate present in excess, the soluble variety of Prussian blue is obtained.

The indirect method is the most commonly used process in the pigment indus-
try. It is a two-step process based on the reaction between an iron(II) salt and
a hexacyanoferrate(II) salt. From the solution precipitates the so-called Berlin

'Besides its coloring properties, a pigment is characterized by its chemical composition, mois-
ture content, particle size, density, and hardness. These characteristics influence the handling
properties of the pigment, such as its compatibility and dispersibility in a binder.
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white, the ferrous ferrocyanide, KoFel'Fell(CN)g, which is treated with a powerful
oxidizing agent such as hydrogen peroxide, or an alkali metal chlorate or chromate,
to give Prussian blue. Depending on the starting reagent that is in excess, the
soluble or insoluble Prussian blue is obtained.

I have synthesized Prussian blue according to modern and ancient preparative
methods. Because the modern methods are expected to yield a purer Prussian
blue than the ancient methods, I first describe the former and then the latter.
As previously discussed, the degradation of Prussian blue is correlated with the
preparative method. The main objective of Sections 2.2 and 2.3 is thus to
identify the original spectral and physical parameters that vary with the type of
synthesis and that could influence the permanence of Prussian blue in paint layers.

Direct method

Iron(III) salt + hexacyanoferrate(Il) complex
or
Iron(II) salt -+ hexacyanoferrate(IIl) complex

Iron salt
in excess

Insoluble Soluble Prussian

Blue

Iron salt
in excess

Berlin White

Iron(II) salt + hexacyanoferrate(II) complex

Indirect method

Figure 2.1 Schematic representation of the direct and indirect modern methods used to
produce Prussian blue.
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2.2 Modern syntheses

In this section the different types of modern syntheses that have been reproduced
herein are presented. Next, the thorough characterization of both the so-obtained
and commercial Prussian blues is described.

2.2.1 Preparative methods

I distinguish three types of modern syntheses, the synthesis of bulk Prussian blue
reported in scientific papers, the synthesis used by the pigment industry and de-
scribed in patents, and the synthesis of well-crystallized Prussian blue. Unless
otherwise stated, all reagents used herein for the synthesis of Prussian blue were
of reagent grade quality and obtained from Sigma-Aldrich, Steinheim, Germany.

Numerous scientific papers report the synthesis of bulk Prussian blue. Most of
them date back to the 1960’s and 1970’s, before the interest in both electrochem-
ically synthesized thin films of Prussian blue and Prussian blue monodispersed
nanoparticles with specific magnetic, optical, and electric properties, grew. These
types of syntheses are not considered herein because Prussian blue in powder is
required to prepare paint layers. The usual method for synthesizing bulk Prussian
blue is the direct method, consisting of mixing aqueous solutions of an iron(II) or
iron(III) salt and hexacyanoferrate(I1I) or hexacyanoferrate(II) salts. The iron salt
can be iron(II) or iron(III) chloride |70], sometimes prepared either by dissolving
standard iron wire in hot concentrated HClIO4 [18] or by adding iron powder in
hydrochloric acid [26]. The use of iron(II) or iron(III) sulfate was also reported [27].

The iron(II) or iron(III) cyanide complexes are either K4Fe(CN)g-3H20O or
K3Fe(CN)g-3H20, respectively, depending on the iron salt used. Some authors
recommend mixing the reagents by shaking before sprinkling them into water [70]
in order to increase the particle size of Prussian blue, whereas others authors [26]
proposed slowing the reaction by using an indirect method. Iron(II) chloride and
ferrocyanide solutions were mixed to yield Berlin white. The precipitate was then
rapidly oxidized by boiling the solution in air. Whatever the type of synthesis, i.e.,
direct or indirect, the Prussian blue is thoroughly washed after precipitation with
deionized water and possibly with ethanol, and then separated by centrifugation
or by filtration. Atmospheric conditions and temperature during the synthesis are
generally not specified; the synthesis was therefore assumed to occur in an ambient
atmosphere at room temperature.

Other syntheses are described in patents for the pigment, printing ink, and
paint industries. The first patents on the synthesis of Prussian blue date from
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the 1850’s, when the bulk production of potassium ferrocyanide became feasible
[69]. From the following years to the present numerous patents have been pub-
lished; a Google Patent search finds about 6700 patents, containing the key words
iron blue and/or Prussian blue that have been issued since 1880 [71|, whereas the
United State Patent Office registered about 5600 patents, issued after 1976, with
the same search criteria [72]. The industrial process leads to the production of an
inexpensive high quality pigment, i.e., a pigment with a pure color shade and good
handling properties. These processes are usually based on the indirect method and
consist of three essential steps [73], (1) the precipitation of Berlin white through
the reaction of an iron(II) salt with an alkali hexacyanoferrate(II) complex, (2)
the ageing or digestion of the Berlin white, and (3) the oxidation of Berlin white
with an oxidizing agent to yield Prussian blue.

The synthesis generally occurs under an inert atmosphere or under a nitrogen
stream in order to reduce the pre-oxidation of Berlin white [74]|. The precipitate is,
however, never strictly white but rather is light blue because a partial premature
oxidation into Prussian blue is unavoidable [73|. The starting reagents are diverse.
Iron(II) sulfate, as the iron salt, and potassium or sodium ferrocyanide, as the hex-
acyanoferrate(II) complex, were usually preferred because of their availability [75].
The precipitation reaction typically occurs at a temperature between 20 and 60°C.
Berlin white is aged at the boiling temperature of water for a sufficiently long
period, typically 90 to 120 minutes [76]. The pH of the slurry is adjusted to be
between 1 to 6 by adding hydrochloric acid. Berlin white is then oxidized at a
lower temperature, between 30 and 50°C, with sodium chlorate, sodium chromate,
hydrogen peroxide, or potassium chlorate [77][78][79]. In order to decrease the
production cost, potassium ferrocyanide has been partially or completely replaced
by the less expensive ammonium salt or sodium salt. The latter is however said to
yield a lower quality of Prussian blue shade of color [77]|. Prussian blue can also
be prepared with a calcium hexacyanoferrate, the blue precipitate is then washed
with water to remove the calcium ions and finally, sodium, potassium, or am-
monium cyanide is added to the pigment in order to improve its color properties
[80][81].

From the literature and from patents, the parameters that apparently influence
the properties of a Prussian blue pigment, such as its apparent solubility, color
shade, or particle size, have been identified. They are the nature of the start-
ing reagents, the relative proportion of the starting reagents, the atmosphere, the
intermediate formation of Berlin white, and the ageing of the precipitate before
oxidation. Syntheses of Prussian blue were thus carried out by varying these pa-
rameters. The general procedure is detailed below. The syntheses under a nitrogen
atmosphere were carried out at the Laboratory of Macromolecular Chemistry and
Organic Materials, in the Chemistry Department at the University of Liége, with
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the help of Dr. B. Grignard. A blue precipitate was successfully obtained in all
attempted syntheses. Table 2.1 summarizes the syntheses and the labeling of the
samples.

The starting reagents were dissolved in deionized water in the appropriate rel-
ative concentration. They were mixed together under magnetic stirring. In case
of an indirect process, Berlin white was formed and aged for two hours at 90
°C. Before oxidation the solution was acidified by adding hydrochloric acid. An
excess of hydrogen peroxide was added to accelerate and complete the oxidation
of Berlin white into Prussian blue. Filtration was difficult to achieve because of
the tendency of Prussian blue to form colloidal solutions and thus centrifugation
was preferred. The precipitate was thoroughly washed with deionized water and
collected by centrifugation. The pigment was oven dried at approximately 55 °C
for one hour and then ground into a fine powder.

The syntheses detailed in Table 2.1 produce Prussian blue as a fine precipitate.
The colloidal character of Prussian blue has been the major difficulty in determin-
ing the exact composition and crystal structure of Prussian blue. In 1977 Buser
et al. succeeded in growing Prussian blue single-crystals [12]. They prepared a
solution of iron(IT) and [Fe'!(CN)g]*~ in concentrated hydrochloric acid and let
the crystals grow by very slow diffusion of water vapor into the solution. After
eight weeks they collected cubic crystals as large as 0.15 mm on a side.

The crystal structure of Prussian blue is notoriously complex because of lat-
tice defects and its various degrees of hydration. A new model has recently been
proposed for the crystal structure of soluble Prussian blue [14|. Because uncer-
tainties remain and because trapped ions or molecules in the cavities of the open
framework of Prussian blue may play a role in its fading, I decided to reproduce
the Buser synthesis and adapt it in order to produce a soluble well-crystallized
Prussian blue. The procedure is described below.

Insoluble crystallized Prussian blue was prepared by separately dissolving 7.5
mmol of FeClp-4H20O and 2.5 mmol of K4Fe(CN)g-3H20 in 35 mL of deionized
water. The two solutions were added to 430 mL of HCI (36 %) in order to obtain
500 mL of a solution containing 10 mol/L of HCl. The beaker containing this
solution and another beaker containing approximately 500 mL of water were both
placed in a vacuum desiccator whose stopcock was left open. The diffusion of air
into the solution slowly oxidizes the iron(II) ions. After eight weeks in the dark,
cubic crystals were collected by filtration. They were thoroughly washed with 2
M HCI, 0.1 M HCI, and finally with deionized water until the absence of turbidity
was observed upon addition of AgNO3. The sample is labelled A80.
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The procedure used to prepare soluble well crystallized Prussian blue contain-
ing K™ ion is identical to that for insoluble Prussian blue, except for the proportion
of starting reagents. Equimolar quantities, namely 5.0 mmol of FeCls-4H50O and
5.0 mmol of K4Fe(CN)g-3H20 were used. The ageing time was reduced to three
weeks. The label of the sample is A74. Similarly soluble well crystallized Prussian
blue containing NHI was synthesized by using 5.0 mmol of FeCly-4H2O and 5.0
mmol of (NHy4)4Fe(CN)g-xH20, obtained from Fluka with a purity of > 85 %.
The ageing time was three weeks. The sample is labeled A76.

Commercial Prussian blues were obtained in order to compare their properties
with those of the laboratory-synthesized Prussian blues, see Table 2.2. Insolu-
ble Prussian blue and soluble Prussian blue were purchased from Sigma Aldrich,
Steinheim, Germany. Prussian blues, sold for artistic purpose, were obtained from
two artist materials suppliers, Winsor & Newton, Harrow, Middlesex, England,
and Blockx SA, Nandrin, Belgium. The origin of the Prussian blue obtained from
Winsor & Newton could not be identified, whereas the Prussian blue obtained from
Blockx is a microcrystalline ammonium iron(I1T) hexacyanoferrate(II) designed for
use in the coloration of fungicides and sold by Degussa, Frankfurt, Germany, under
the registration VOSSEN-BLAU® 750 LS. Finally, a Prussian blue stored since
1948 in the inventories of the Royal Institute for Cultural Heritage, Brussels, Bel-
gium, and manufactured by Winsor & Newton, was obtained.

Table 2.2 Labels of commercially available Prussian blues

Synthesis® Origin Expected composition

Co1 Winsor & Newton Fey[Fe(CN)g|3-2H20

C02 From the KIK-IRPA inventories unknown
From Winsor & Newton

Co3 Sigma-Aldrich Fe4|Fe(CN)g|3-2H2O

Co4 Provided by Blockx NH,Fe[Fe(CN)g]-2H2O
Produced by Degussa

C05 Sigma-Aldrich (Fluka) KFe[Fe(CN)g]-2H20

2C stands for commercial. The numbering is arbitrary.

In total twenty-one laboratory-synthesized Prussian blues, including three well-
crystallized Prussian blues, and five commercial Prussian blues were at my disposal
for analysis. In order to help the reader, I used a color code to distinguish the
varieties of Prussian blue. In plots, insoluble Prussian blues are displayed in blue,
soluble Prussian blues containing potassium ions in , soluble Prussian blues
containing ammonium ions in purple, and finally soluble Prussian blues contain-
ing sodium ions in pink. In addition to the label, some parameters relative to
the synthesis for laboratory-synthesized Prussian blues are also given as DM or
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IM, for the direct method or the indirect method, air or N, for the atmosphere
under which the synthesis occurred, no ageing or 2 h ageing for the ageing time
of the precipitate. The following subsections are devoted to the characterization
of these samples. The goal is to identify the role that the various parameters in
the synthesis play in determining the properties of Prussian blue.

2.2.2 Analytical characterization

Although each attempted synthesis has led to the formation of a blue precipitate,
the composition of this blue precipitate as well as the absence of any other unde-
sirable reaction products must be verified. In particular the following questions
must be answered before any further analysis. (1) Is the blue precipitate Prussian
blue, i.e., a ferric ferrocyanide complex? (2) Which variety — soluble or insoluble
— of Prussian blue is the precipitate? (3) What is the degree of hydration? (4)
Are there any impurities present in the sample?

Iron-57 transmission Mossbauer spectroscopy is the technique of choice to un-
doubtedly identify a ferric ferrocyanide complex as well as to determine if other
possible iron compounds are present. Mossbauer spectroscopy is an iron selective
non-destructive technique that does not require a complex sample preparation.
The Mossbauer spectrum provides bulk information and is relatively easy to in-
terpret on the basis of published data on Prussian blue. Because of the sensitivity
of the Mossbauer spectrum to the iron oxidation state, the distinction between
the soluble and insoluble forms of Prussian blue, based on the iron(II) to iron(III)
ratio should be possible. However a Mdssbauer spectrum does not provide a quan-
titative elemental composition and therefore atomic absorption and flame emission
spectroscopy were used to measure the exact iron and potassium weight percent in
selected Prussian blues. The degree of hydration was evaluated by thermogravi-
metric analysis. Then particle induced X-ray emission analysis was performed to
detect any impurities present in the samples.

Identification

Mossbauer spectroscopy was used as a screening technique to confirm the forma-
tion of Prussian blue and identify its variety. The physical concepts of the method,
the description of the spectrometer, and relevant experimental details are given in
Appendix B.2.3.

The Mossbauer spectra obtained at 295 K are shown in Figures 2.2 and 2.3.
All spectra were fitted with two Lorentzian components, either two singlets or
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one singlet and one doublet. Two singlets were used when fits with doublets lead
to quadrupole splittings that were smaller than the experimental line width or
even smaller than the minimum natural line width of 0.195 mm/s. The resulting
spectral parameters, i.e., two isomer shifts, 81 and §'!, two full line widths at

half-maximum, I'™" and '™ one quadrupole splitting, AEgI, and one percent

area, A, with A™ =100 — AY, are given in Table 2.3.

The isomer shift is the shift of the center of the spectral component from zero
velocity, defined as the center of absorption of a-iron powder. The isomer shift? re-
sults from the overlap of the non-point iron-57 nuclear charge distribution and the
s-electron density at the nucleus. The isomer shift is proportional to the difference
between the s-electron density at the nucleus in the absorber and in the standard.
Iron(IT) and iron(III) ions with formal 3d® and 3d° electronic configurations exhibit
different isomer shifts not because of a difference in their ns-electronic populations
but because the additional 3d electron in iron(II) provides additional screening of
the s-electron density at the nucleus. As a general rule, the typical room tem-
perature iron(II) and iron(III) isomer shifts are as follows. High-spin iron(II) ions
exhibit isomer shifts between 0.8 and 1.2 mm/s, whereas low-spin iron(II) ions
exhibit isomer shifts between 0.0 and 0.3 mm/s. High-spin and low-spin iron(III)
ions both exhibit isomer shifts between 0.0 and 0.5 mm/s. A comparison of these
shifts with the natural line width of 0.195 mm/s indicates that the identifica-
tion of high-spin iron(II) ions is very easy and the distinction between the other
ionic forms is more difficult. The identification becomes even more difficult in
the presence of covalent metal-ligand bonding. For example, [Fell(CN)g]*~ and
[Fe!'l(CN)g]3~ exhibit very similar isomer shifts ranges of —0.05 to 0.00 and +0.05
to +0.08 mm /s, respectively [82]. Both ions have quasi-identical charge states be-
cause the cyanide ligands, which are strongly bond to the iron nucleus, shield
the nonbonding to, electrons [27]. The observation that interelectronic repulsion
is lower in complexes than in free ions is called nephelauzetic or cloud-expanding
effect [19].

Because Prussian blue is a ferric ferrocyanide complex, the two components in
its Mossbauer spectrum can be assigned as follows. The singlet with an isomer
shift of approximately 0.1 mm/s is assigned to the low-spin iron(II) ion and the
singlet or doublet with an isomer shift of approximately 0.4 mm/s is assigned to
the high-spin iron(III) ion.

?Mathematical expressions for the isomer shift and the quadrupole splitting are given in
Appendix B.2.3.



Modern syntheses

43

Commercial Prussian blues

Laboratory-synthesized Prussian blues

Well-crystallized Prussian blues

Insoluble Prussian blues

Percent transmission

1 2 3

Velocity, mm/s

-2

-1 0 1

Velocity, mm/s

w

B148
M, Ny,

2 h ageing.

B139,
DM, N,,

no ageing.

100 bbb
A39,
98k DM, air,
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96 -

-2 -1 0 1 2
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Figure 2.2 The 295 K Mossbauer spectra of commercial and laboratory-synthesized
well-crystallized and insoluble Prussian blues. The green and red solid lines represent the
iron(IT) and iron(III) spectral components, respectively.
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Laboratory-synthesized soluble Prussian blues

Prussian blues with Na or NH, cations

1001

B146
b, N,

2 h ageing.

B140,
DM, N,

l no ageing.

Percent transmission

DM, N,,

l no ageing.

Velocity, mm/s Velocity, mm/s

A43,
IM, air,

no ageing.

98

96 -

94‘ n 1 n 1 n 1 n 1 n 1
Velocity, mm/s
Figure 2.3 The 295 K Madssbauer spectra of soluble laboratory-synthesized Prussian

blues. The green and red solid lines represent the iron(II) and iron(III) spectral compo-
nents, respectively.
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The high-spin iron(III) component is a doublet, with a quadrupole splitting
of 0.25 to 0.62 mm/s. The quadrupole splitting results from the interaction be-
tween the iron-57 excited state nuclear quadrupole moment and the electric field
gradient created at the nucleus by the non-spherical charge distribution in its envi-
ronment. The quadrupole splitting can be qualitatively interpreted as a measure
of the charge asphericity in the iron nuclear environment. In Prussian blue as
in other cyanide complexes, the electric field gradient has two contributions, the
lattice contribution from the ionic charges of the iron neighboring ions and the
valence electronic contribution from the 3d electrons of the iron ion. Because of
the symmetry around the low-spin iron(II) ion, the lattice contribution is zero and,
because the ty4 orbitals are each fully occupied by two electrons with antiparallel
spins, the valence electronic contribution is also zero. Hence, a singlet is observed
for the low-spin iron(IT) component. Because in the high-spin iron(III) ion the five
3d orbitals are all equally occupied with one electron, the electronic contribution
is zero and there is only a small lattice contribution to the electric field gradient.
Hence, a doublet with a small quadrupole splitting is observed for the high-spin
iron(IIT) component.

The values in Table 2.3 and the line shape profiles in Figures 2.2 and 2.3
clearly show that the iron(III) quadrupole splitting shows a strong dependency
upon the preparative method, a dependency that is emphasized in Figure 2.4. The
laboratory-synthesized Prussian blues whose synthesis included an ageing time of
Berlin white of two hours, i.e., B148, B149, A148, A180, B147, B145, and B146,
have a smaller than 0.3 mm /s iron(III) quadrupole splitting. These small values are
comparable to those observed for the commercial Prussian blues. Well-crystallized
Prussian blues, i.e., A74, A76, and A80, exhibit a large quadrupole splitting, that
may be attributed to the ordering of vacancies in the crystal structure. At this
point of the discussion it is not clear why the other laboratory-synthesized Prus-
sian blues, i.e., B139, A39, B63, A147, B137, B138, A65, B140, B141, and A43
have a relatively large quadrupole splitting in comparison with the commercial
Prussian blues.

Another interesting spectral parameter is the iron(II) percent area, A'l, be-
cause the iron(III) to iron(II) ratio is different for soluble and insoluble Prussian
blues, i.e., one for the soluble and 4/3 for the insoluble form, see Figure 2.5. The
experimental ratio are, however, quite different from the expected values, for both
commercial and laboratory-synthesized Prussian blues.

It should be emphasized that spectral parameters are temperature dependent.
Therefore, the spectra have been recorded at low temperature for some Prussian
blues and the temperature dependence of their spectral parameters has been stud-
ied, see Figure 2.6. As the temperature decreases from 295 to 85 K, both isomer
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Figure 2.4 The quadrupole splitting AEq of iron(III) for all Prussian blues. The AESI
strongly varies according to the method of preparation. The error bars on the values are
smaller than the size of the data points.
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Figure 2.5 The iron(III) to iron(II) ratio for all Prussian blues. The orange and blue

dotted lines indicate the expected values of 1.0 for the soluble, and 4/3 for the insoluble
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Figure 2.6 The temperature dependence of the spectral parameters for the commercial

Prussian blue, C02. Except for the line width of iron(IIT), the error bars are smaller than

the size of the data points. The dashed lines correspond to a linear best fit for the line
width.

shifts become more positive as a result of the second-order Doppler shift. In con-
trast, the line widths are essentially temperature independent and the iron(III)
quadrupole splitting remains zero at all temperatures. Below 5 K Prussian blue
becomes ferromagnetic, see Section 1.1.5, resulting in a complex, magnetically
split, Mdssbauer spectrum. This splitting results from the interaction between the
nuclear magnetic moment and the magnetic field generated by the electrons. This
magnetic behavior at low temperature will not be discussed herein.

In conclusion, the Mossbauer spectra show that ferric ferrocyanide complexes
have been synthesized. However their observed iron(III) to iron(II) ratio does not
always correspond to the expected value based on the chemical formulae of insol-
uble and soluble Prussian blues. Quantitative chemical analyses are required to
understand these differences, see below. Moreover large variations in the iron(III)
quadrupole splitting are observed depending on the sample preparative method.
Because the quadrupole splitting depends upon the symmetry of the charge distri-
bution around the iron(III) nucleus, both the crystal structure and local ordering
must be studied, as is discussed in Sections 2.2.3 and 2.2.4.

Elemental composition

The expected iron, potassium, and water weight % contents in the insoluble,
Fe4[Fe(CN)gl3-2H20, and the soluble, KFe[Fe(CN)g]-2H20, and NH4Fe[Fe(CN)g]-2H2O,
Prussian blues are given in Table 2.4. The observed weight % iron and potassium
contents in the commercial and laboratory-synthesized Prussian blues were deter-
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Table 2.4 Iron, potassium, and water weight % contents calculated from the theoretical
chemical formulae of insoluble and soluble Prussian blues, as a function of hydration, z.

Theoretical formulae Fe, wt % K, wt % H0, wt %
KFe[Fe(CN)6]-$H20
=1 34.39 12.04 5.54
r=05 28.15 9.85 22.68

NH4F€[F€(CN)6]3'{EH20
r=1 36.78 - 5.93
=95 29.73 - 23.96

Fe4[Fe(CN)6]3~:EH20
z=14 35.18 - 22.68
=16 34.08 - 25.11

mined by atomic absorption and flame emission spectroscopy with an accuracy of
0.01 weight %, respectively. The measurements were carried out by B. Belot and J.
Otten, in the Geology Department at the University of Liége. A brief description
of the techniques and experimental details are given in Appendix B.2.1. The
results for some selected Prussian blues are shown in Figure 2.7. The observed
iron and potassium weight % contents are compared with the expected contents,
calculated from the chemical formulae of the insoluble and soluble Prussian blues.

Almost all Prussian blues, except A180 and B63, have a slightly higher iron
weight % content than is expected from the theoretical chemical formula. In con-
trast, the potassium weight % content is lower than expected. The C02 Prussian
blue obtained from the Royal Institute of Cultural Heritage, Brussels, contains a
non-negligible amount of potassium and thus belongs to the soluble variety. Fi-
nally, it should be noted that C05, a soluble Prussian blue purchased from Sigma
Aldrich, does not contain any potassium. Because CO05 is very easily dispersed in
water, it seems to be soluble and presumably contains another type of alkali, the
nature of which was not determined herein.

Thermogravimetric analyses and differential scanning calorimetry were used to
estimate the weight % water content in selected samples. The measurements were
performed with a Netzsch instrument in the Chemistry Department at the Univer-
sity of Liége. The samples were placed in an alumina crucible and a heating rate
of 2°C/min was applied. Figure 2.8 shows the thermogravimetric and differential
scanning calorimetry curves recorded between room temperature and 1000°C for
commercial insoluble, C03, and soluble, C02, Prussian blues.
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Figure 2.7 The iron and potassium weight % contents, black rectangles, determined

respectively by atomic absorption and flame emission spectroscopy in Prussian blues. The

colored bars correspond to the values calculated from the theoretical chemical formulae

as reported in Table 2.4, in gray for the iron cations and in orange for the potassium
cations.

The first weight loss of 7.7 and 4.4 % for insoluble and soluble Prussian blues,
respectively, presumably correspond to the loss of water molecules. Two types
of water molecules are found in Prussian blue, the water molecules coordinated
to the iron(III) ions and those located in the lattice cavities of the crystal struc-
ture [13]. Among the uncoordinated water molecules a further distinction can
be made between the zeolitic water molecules adsorbed in the cavities and the
water molecules that are hydrogen bonded to the coordinated water molecules.
In particular hydration conditions of the Prussian blue sample — several cycles of
heating followed by air rehydration — these three kinds of water molecules can be
distinguished by thermogravimetric analyses because they evaporate at a different
temperature, at 65, 95, and 125°C for zeolitic, hydrogen-bond, and coordinated
water molecules, respectively [83][84]. Ganguli et al. [83] noted that the degree of
hydration in Prussian blue strongly depends upon the period of air exposure and
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Figure 2.8 Thermogravimetric analysis, solid line, and the differential scanning calorime-
try, dashed line, of commercial insoluble, C03, and soluble, C02, Prussian blues.

the ambient humidity.

In 1999 Imanishi et al. reviewed the thermogravimetric behavior of insoluble
Prussian blue [85]. An insoluble Prussian blue sample was prepared according
to the direct modern method and dried in air at 40°C for one week before the
thermogravimetric analysis. The authors reported the loss of the zeolitic water
molecules at temperatures up to 200°C. On the basis of the weight of the sample
at 200°C the stable phase composition was calculated as Fes|Fe(CN)g|3-5.89 H2O.
The remaining six water molecules at 200°C were considered to be coordinated
to the iron(IIl) ions and were removed by further heating the sample to 250°C,
leading to a lattice collapse. According to the latter study, the weight loss from
room temperature to ca. 175°C in both commercial insoluble, C03, and soluble,
C02, Prussian blues, can be assigned to the loss of uncoordinated water molecules
located in the lattice cavities of the crystal structure. Consequently, the second
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Figure 2.9 Thermogravimetric analysis of laboratory-synthesized potassium cation con-
taining soluble Prussian blues prepared as described in the legend. The dashed curve for
the commercial soluble Prussian blue, C02, is included for comparison.

weight loss of 4.0 % for insoluble Prussian blue, which occurs from ca. 175 to
250°C, corresponds to the loss of the remaining coordinated water molecules. In
soluble C02 Prussian blue, the second weight loss of 1.4 % is difficult to assign
and could result from the loss of the potassium cation located in the lattice cavities.

The strong exothermic process in the differential scanning calorimetry curve
at 260 and 278°C for insoluble and soluble Prussian blues, respectively, is assigned
to the loss of the cyanide anions [86]. No further significant weight loss occurs
above 350°C in the insoluble C03 Prussian blue. The residual product at 1000°C
is dark brown and consists of a mixture of iron oxides, a mixture that has been
used as a brown pigment in the eighteenth and nineteenth centuries [55](87|. The
weight loss of 7.0 % at ca. 600°C accompanied by a continuous exothermic process,
that is observed in the soluble C02 sample could correspond to a crystallographic
rearrangement in these iron oxides with the loss of oxygen ions.

Because the goal of the thermogravimetric analyses and differential scanning
calorimetry was the determination of the water content in the Prussian blues, it
was decided to restrict the temperature range to 300°C in order to decrease the
measurement time. The results for the laboratory-synthesized soluble Prussian
blues containing potassium are shown in Figure 2.9. Clearly, the thermal behavior
of C02 and A148 are very similar. Sample A148 has been prepared according to a
preparative method described in patents, i.e., the indirect process occurring under
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Figure 2.10 A graphical representation of both the number and weight percent of the

ions and water molecules present per mole of insoluble and soluble Prussian blues. The

values have been obtained with the assumption of charge neutrality, the presence of only

iron and potassium cations and cyanide anions, and water; the presence of any impurities
has been assumed to be negligible.

nitrogen and including an ageing time of Berlin white of two hours. Presumably,
C02 was similarly prepared.

From both the weight % content of iron, potassium, and water and the iron(III)
to iron(II) ratio obtained from Méssbauer spectroscopy, the number of cyanide
anions and iron and potassium cations per mole found in a Prussian blue can be
determined. A similar calculation for ammonium or sodium containing soluble
Prussian blues has not been carried out because of the lack of data concerning the
NH4" or Na*t cationic content. Charge neutrality requires the presence of the cor-
rect number of iron and potassium cations and cyanide anions and the absence of
any other ionic components. The theoretical composition of insoluble and soluble
Prussian blues, as well as those of several laboratory-synthesized and commercial
samples, is shown graphically in Figure 2.10.

For each of the laboratory synthesized Prussian blues, the number of potassium
cations is lower and the number of iron cations is higher than expected, see Figure
2.10. The same is observed for the commercial, C02, soluble Prussian blue and,
further, the water content is relatively small in all of these cases. These observa-
tions suggest that the theoretical formula KFe!'l[Fell(CN)g]-2H20 is not exactly
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Table 2.5 Composition of starting reagents and commercial Prussian blues determined
by particle induced X-ray emission analysis.

Element, wt %

Compound Fe K Cl Na Al Si P S
Sarting reagents

FeCla 43.5(4) - 54.2(3) 0.8(1) 0.8(1) - - -

FeCly-4H20O 42.3(4) - 54.6(3) 1.2(2) 1.3(1) - -

FeCl3-6H20 33.2(3) - 62.7(3) 1.2(2) 1.7(1) - - -

K4[Fe(CN)g] 15.0(2) 41.6(2) 0.4(1) - - - 0.5(1) -
-3H20

(NHy)4[Fe(CN)g] 24.1(2) 1.0(1) 7.1(1) - - - - -
-yH20

Laboratory-synthesized Prussian blues
35.8(3) 11.8(1) 2.0(1) - - - - -
A39 40.8(3) - 1.9(6) - - - - -
A43 41.5(3) - - - - - - -

Well-crystallized Prussian blues
37.4(4) 4.1(1) 5.3(1) - - - -
A80 39.7(3) 1.4(1) 2.9(1) - - - - -
AT6 38.9(3) - 4.3(1) - - 1.9(1) - -

Commercial Prussian blues

Co1 40.0(3) - 0.1(1) 3.0(2) - - 0.5(1)  0.2(1)
37.5(3) 8.3(1) 0.6(1) 0.4(1) - - - -

C03 40.2(3) - 0.1(1) 2.3(2) - 0.3(1)  0.4(1)  0.3(1)

Co4b 40.6(3) 0.2(1) - 0.7(1) - - - 1.0(1)

%The values given in parentheses are the errors evaluated from the statistical error and the fit error given
by Gupixwin. °The commercial ammonium containing Prussian blue is the only compound that also
contains a small amount of calcium, i.e., 0.14(2) weight %.

valid. In Section 2.2.4 this model, which dates back to the 1930’s is revised
by using Rietveld refinement of X-ray powder diffraction patterns. The composi-
tion of insoluble commercial Prussian blue, C03, is more complex because of the
presence of vacancies in the lattice. Theoretically a quarter of the [Fell(CN)g]*~
cationic groups is missing and their absence leads to an iron(III) to iron(II) ratio
that is close to 4/3, a value that is larger than the value obtained from Mdssbauer
spectroscopy, see Figure 2.5. This apparent discrepancy will be revisited when
the local order in Prussian blue is studied by X-ray absorption spectroscopy, see
Section 2.2.5.

The assumption that Prussian blue contains only iron and potassium cations,
cyanide anions, and water molecules is not completely valid. Some contamination
arising from the starting reagents is possible. To complete the elemental charac-
terization of the Prussian blue samples, the presence of impurities was checked by
particle induced X-ray emission studies. The observed composition of the starting
reagents used in the laboratory syntheses reported herein and in several Prussian
blues is given in Table 2.5. For the cyanide complexes the elemental composition
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takes into account the presence of cyanide anions, anions which are not detected
by particle induced X-ray emission studies. The resulting values are believed to
be valid because the iron weight % is close to either that measured by atomic ab-
sorption spectroscopy or to that estimated from the theoretical chemical formulae.

The contamination of the laboratory-synthesized Prussian blues necessarily
results from the purity grade of the starting reagents. Some undesirable cations,
such as sodium and aluminum cations, were detected in the starting reagents, but
always in a concentration lower than 1.7 weight %. None of these elements were
found in the laboratory-synthesized Prussian blues. In contrast, there is often
contamination by chloride ions, a contamination that does not exceed two weight
%. In the well-crystallized Prussian blues, the percentage of chloride ions is even
higher, with up to five weight %, because the crystals were grown in concentrated
hydrochloric acid. The contamination in commercial Prussian blues is distributed
over several elements but the total impurity content does not exceed four weight %.

2.2.3 Color, spectral reflectance, and absorbance

Because Prussian blue is used as a pigment, its color must be evaluated. In Figure
2.11 different Prussian blues in powder mixed with gum arabic have been painted
in a pure state or mixed in a 1:100 dilution ratio with titanium white, TiO9, a
modern white pigment that has been purchased from Kremer Pigmente Gmbh &
Co KG, Alchstetten, Germany.

Although the commercial and laboratory-synthesized Prussian blues are all
qualitatively blue in color, it is visually obvious in Figure 2.11 that the color is
not identical for all Prussian blues, painted either pure or mixed with the white
pigment.

The color® of a pigmented paint layer is defined by three parameters. First, the
hue or shade, i.e., the property of a color that differentiates it from an achromatic
color like grey or black [88]. Second, the tinting strength which is defined as the
ability of a pigment to color a white mixture [88]. Third, the hiding power, a
parameter that refers to the ability of a pigment to scatter light to the maximum
extent possible [52].

Several of the laboratory-synhthesized Prussian blues, namely A39, A43, A80,
and A147 to a lesser extent, are characterized by a duller shade, a lower tinting
strength, and a smaller hiding power than the C01 to C05 commercial Prussian

3For a general definition of color, see Appendix D.
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Figure 2.11 Paint layers of Prussian blue powder mixed with gum arabic, painted pure,

left, and mixed with titanium white in a 1:100 dilution ratio, right. The first row cor-

responds to the commercial Prussian blues whereas the second one displays some of the
laboratory-synthesized samples.

blues or the laboratory-synthesized A148 Prussian blue. These tinctorial proper-
ties are intimately bound to the absorption and scattering power of the pigments,
the refractive indices of pigments and medium, the particle size and shape, and
their distribution.

Hue

The hue of a pigment is influenced by the absorption of light by the pigment, i.e.,
by the possible electronic transitions within the molecules. As discussed in Sec-
tion 1.1.2 the color of Prussian blue results from an intervalence charge transfer
absorption band at ca. 700 nm that corresponds to the transfer of an electron from
an iron(II) to an iron(III) ion when light is absorbed. UV-visible absorption spec-
troscopic studies of aqueous dispersions of Prussian blues confirm this absorption
of light, see Figure 2.12. Furthermore, the strong absorbance in the near-infrared
region, from 700 to 900 nm, permits an easy detection of Prussian blue by infrared
photography because the pigment appears dark in infrared photographs. The po-
sition of the maximum absorbance shifts from a minimum wavelength of 682 nm
for sample A180 to a maximum of 693 nm for the A148 Prussian blue.
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Figure 2.12 UV-visible absorption spectra of the indicated laboratory-synthesized sol-
uble Prussian blues. The dashed vertical lines indicate the position of the maximum
absorbance for the A148 and A180 Prussian blues.

The disadvantage of using UV-visible absorption spectroscopy is the necessity
of dispersing the pigment in water. Attempts to characterize the pure color of
Prussian blue with UV-visible reflectance spectroscopy were unsuccessful because
the reflectance was too low as a result of the darkness of the pigment. In contrast,
the spectral reflectance was easily measured on paint layers containing Prussian
blue and titanium white, see Figure 2.13. Except for A148, the maximum in
reflectance of the laboratory-synthesized A39 and A43 Prussian blues is shifted
toward longer wavelengths. Such a change in shade may be caused by a smaller
pigment particle size [88]. Indeed a decrease in average particle size leads to a
shift of shade or absorption towards longer wavelengths. This phenomenon can
be explained by the Mie theory [51][89]. The German physicist Gustav Mie found
a solution of Maxwell’s field equations that could be applied to a model in which
a plane wave strikes optically isotropic spheres. Details for the Mie and other
scattering theories and the absorption law are given in Appendix C. Although
pigments are not composed of spherical particles of uniform size, as assumed by
the Mie theory, the model has been shown to be valid for pigments and can be
used to interpret the optical behavior of pigmented layers [90]. In summary the
Mie theory states that the absorption power — as well as the scattering power
of a particle — depends both on its size and on wavelength. When light strikes
pigment particles, the radiation at the maximum absorption wavelength is mainly
absorbed at the surface of the particles. In contrast the radiation at wavelengths
other than the maximum absorption wavelength is weakly absorbed at the surface
and can penetrate into the core of a particle. Small particles have a larger specific
area than large particles and thus absorb more efficiently at wavelengths other
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Figure 2.13 UV-visible reflectance spectra of commercial insoluble Prussian blue and
soluble laboratory-synthesized Prussian blue powders painted from gum arabic with tita-
nium white, TiOs, in a 1:100 dilution ratio.

than the maximum absorption wavelength. This more efficient absorption causes
a deviation in shade.

The particle size of powdered Prussian blues has been investigated by scanning
electron microscopy and the smallest particle size was observed for the laboratory-
synthesized A147 and A180 Prussian blues, see Figure 2.14. At high magnification,
the primary particles of the pigment, defined as the smallest entities that can be
distinguished by physical methods, can be identified, some of them are circled
to guide the eye in the micrographs on the right in Figure 2.14. In the well-
crystallized A80 Prussian blue the primary particles are cubic crystals of ca. 5 um
length. In other Prussian blues, the primary particles are most often composed
of several crystallites. When the primary particles are attached together at their
surfaces, they formed aggregates. Finally, agglomerates result from coalescence of
primary particles and aggregates as a result of van der Waals or coulombic forces.
All Prussian blues synthesized as a fine precipitate exhibit rather shapeless ag-
glomerates, except for the commercial CO3 Prussian blue, whose agglomerates are
spherical. The commercial CO1 and C05 Prussian blues, not shown in Figure 2.14,
also comnsist of spherical agglomerates. The method for obtaining such uniform
size, spherical, and lightly agglomerated particles is described in several patents
[91]. This method requires the simultaneous and very slow introduction of the
aqueous solutions of ferrocyanide and ferrous solutions into a container and an op-
timum mixing during the precipitation. The Berlin white precipitate is then aged
at temperatures between 80 and 120°C, at a pressure of one to two atmospheres.
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Figure 2.14 Scanning electron micrographs of several commercial and laboratory-
synthesized Prussian blue samples obtained with 15 keV secondary electrons.
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A quantitative analysis of the color properties as a function of particle size
requires an investigation of the granulometry and the particle size distribution
by techniques other than scanning electron microscopy. This has not been
studied in detail in this thesis and the color properties are thus only qualitatively
discussed hereafter. However, the specific surface area of the commercial CO1
and C04 Prussian blues and the laboratory-synthesized A39 Prussian blue has
been measured by nitrogen adsorption-desorption. The commercial C01 and C03
Prussian blues have a very similar specific surface area, of 55 and 61 m? /g whereas
the laboratory-synthesized A39 Prussian blue has a specific surface area of 201
m?/g. Because nitrogen molecules cannot penetrate into the lattice cavities of
Prussian blue, this specific surface area corresponds to the total particle surface.
Thus, the specific surface area measurements confirm the smaller particle size
characteristic of the laboratory-synthesized Prussian blues that have not been
prepared in a nitrogen atmosphere.

In comparison with the commercial Prussian blues and the laboratory-
synthesized A148 Prussian blue, which consists of spherical or amorphous
agglomerates, the A147 and A180 Prussian blues are composed of finely dispersed
agglomerates. The slight shift of the maximum in absorbance or reflectance
observed in the UV-visible spectra can be explained by the presence of small
particles that favor absorption in wavelength regions other than that of the
maximum absorption observed at ca. 700 nm for Prussian blues.

The alkali metal ions present in the soluble Prussian blues also affect the hue of
the pigment [92], i.e., a sodium cation containing Prussian blue is slightly green-
ish whereas an ammonium cation containing Prussian blue is red-tinged. This
variation in color is caused by the spectral lines of the alkali ion; a sodium ion is
characterized by yellow spectral lines, a potassium ion by violet, and an ammo-
nium cation by intense violet lines.

The shift in shade is not the most striking feature in Figure 2.11. The commer-
cial Prussian blues and the laboratory-synthesized A148 Prussian blue, are much
more efficient in coloring titanium white than the others laboratory-synthesized
Prussian blues. The ability of a pigment to confer color to a light-scattering ma-
terial is called the tinting strength.

Tinting strength

The tinting strength of a pigment depends primarily on its absorption properties.
In Prussian blue the tinting strength results from the intervalence charge transfer
between the iron(II) and iron(III) ions when light is absorbed at ca. 700 nm.
In practice the determination of the tinting strength is based on the measure of
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the reflectance corrected by the Kubelka-Munk theory.* This theory takes into
account both absorption and scattering of light and is, thus, very suitable for de-
scribing the interaction of light with a heterogeneous media, such as a paint layer
that strongly diffuses light. The tinting strength is measured by the K/S value,
1.€., the ratio between the absorption coefficient, K, and the scattering coefficient,
S. In agreement with the Mie theory both coefficients depend on the particle size
and the wavelength of the light. No attempt to quantify the tinting strength was
made but a qualitative discussion based on theoretical considerations is proposed.

According to Mie there is an optimum particle size for the absorption of light.
Commercial Prussian blues and the laboratory-synthesized A148 Prussian blue
have a very high tinting strength; only one weight % of Prussian blue is sufficient to
color titanium white. This high tinting strength partially explains the popularity of
Prussian blue as an artist pigment. In contrast, the well-crystallized A80 Prussian
blue has an extremely low tinting strength as a result of the presence of much larger
primary particles, of ca. 5 um length, see Figure 2.14. These larger particles are
not easily penetrated by the light and their cores remain ineffective for absorption.
Normally reduction in particle size is expected to increase the tinting strength
because additional pigment volume is accessible for absorption. However, in case
of the other laboratory-synthesized Prussian blues, the smaller particle size does
not enhance the tinting strength. In Figure 2.13 the low tinting strength of the
A39 and A43 Prussian blues results in a reflectance that is almost constant over
the entire spectral range studied. Their UV-visible spectra are similar to that of
titanium white. This low tinting strength indicates that the size of the primary
particles is smaller than the optimum size such that the light passes through the
particles without absorption.

Hiding power

The hiding power? is related to both the absorption and scattering coefficients and
the refractive indices of the pigment and the medium. The refractive index, n,
is defined as the ratio of the velocity, ¢, of light in vacuum to the velocity, v, of
light in a medium or n(A\) = ¢/v(X). The refractive index, n, of the pigments and
binders that have been used herein is given in Table 2.6. The hiding power is also
influenced by the surface rouhgness and optical discontinuity in the paint layer.

In paint layers the larger the difference in refractive index between the pig-

4See Appendix C for details.

5Strictly speaking the hiding power of a pigment is an inappropriate term because it is the
pigment coating and not the pigment itself that hides the substrate. For the sake of conve-
nience herein, the hiding power is nevertheless assigned to the pigment itself, provided that its
determination is carried out under identical conditions of coating.
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Table 2.6 The refractive index, n, of Prussian blue, several white pigments, and the
binders used herein

Material n

Prussian blue 1.56
Titanium white (rutile), TiO4 2.71
Lead white, (PbCO3)2Pb(OH), 2.04
Zinc white , ZnO 2.01
Water 1.33
Gum arabic solution 10% 1.334
Linseed oil 1.478

“Mean refractive index calculated for uniaxial and biaxial crystals [93].

500 pm

Figure 2.15 Optical photomicrograph of laboratory-synthesized A148 Prussian blue,
obtained with reflected visible light, dark field illumination by using a Hirox optical
microscope.

ment and the binder,% the higher is the hiding power because light scattering is
enhanced by this large difference. The light scattering is described as the sec-
ondary radiation emitted by the oscillating dipole induced in each particle by the
primary radiation. Hence, interference between this secondary radiation and the
surrounding wave field occurs. When the difference in the refractive indices be-
tween the pigment and the medium is large, a substantial fraction of the light
scattering is not extinguished. Pigments with a large refractive index thus have a
larger hiding power than those with a small refractive index. With its very large
refractive index and consequently, its large scattering coefficient, titanium white is

5In the case of a paint layer painted from an aqueous binder, such as gum arabic, the refractive
index of the binder is taken as as 1, i.e., the refactive index of air, because the water molecules
are evaporated when the binder is dried.
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Figure 2.16 Schematic representation of the scattering power as a function of particle
diameter at constant wavelength and given refractive indices of pigment and medium.
Adapted from [88].

more hiding than Prussian blue, which can be considered as a transparent pigment
because of its small refractive index.

It is well known that the refractive index is not constant over the entire visible
spectral range because the velocity of light through matter depends on wavelength.
In non-chromatic substances the refractive index continuously decreases with in-
creasing wavelength. In coloring material, such as pigments, the refractive index
is increased in the spectral range of strong absorption, whereas it follows a normal
dispersion curve in the neighboring spectral regions. This phenomenon is called
anomalous dispersion. In Prussian blue the refractive index thus has a larger value
at the red end of the spectrum. This increased refractive index may cause a bronz-
ing effect, i.e., the perception of a bronze tone at near-glancing angles in Prussian
blue powder and in paint layers containing Prussian blue [54]. This bronzing effect
gives a metallic aspect to the pigment particles observed under an optical micro-
scope, see Figure 2.15.

As was the case for absorption, there is an optimum particle size for scattering,
see Figure 2.16. Unfortunately, for a given wavelength, the optimum particle size
for scattering does not correspond to the optimum particle size for absorption.
The scattering power reaches a maximum when the particle diameter is ca. one-
half the wavelength of the incident light.

Because the commercial Prussian blues and laboratory-synthesized A148 Prus-
sian blue are composed of particles of ca. 60 to 80 nm in diameter, their particle
size lies below the optimum size for scattering, i.e., in region I in Figure 2.16.
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These pigments thus have a relatively low scattering power. The other laboratory-
synthesized Prussian blues, such as A39, A43, and A147, are characterized by a
particle size of ca. 20 to 30 nm.” Their scattering power is even smaller than
that of the commercial Prussian blues and laboratory-synthesized A148 Prussian
blue. As a pure shade they thus appear more transparent because of their small
scattering power and, consequently, their poor hiding power, see Figure 2.11. The
variation in particle size explains the difference in color perception of the different
Prussian blues samples.

2.2.4 Crystal structure

In order to investigate the structure of Prussian blue, the commercial and laboratory-
synthesized Prussian blue pigments were studied by X-ray powder diffraction, by
using a PANalytical PW-3710 diffractometer. The radiation was provided by an
iron anod, producing iron K, radiation of 1.9373 A wavelength.® The diffraction
patterns were recorded over a 260 angle range from 5° to 75°, with a time per step
of one second. The measurements were carried out by F. Hatert, in the Geology
Department at the University of Liége.

The diffraction patterns of the commercial and laboratory-synthesized Prus-
sian blues as well as two crystallographic standards, i.e., lanthanum hexaboride,
LaBg, and NasCagAlsFy4, NAC, are shown in Figure 2.17. The spectra were nor-
malized to the intensity of the most intense peak to make easier a comparison
between the diffraction patterns. Three features in the powder diffraction pattern
are of major interest, the positions of the peaks, their intensities, and the peak
profiles.

The positions of the peaks are given by Bragg’s relation,”

thkl . Sinehkl =n: )\, (2.1)

where dp; is the spacing between the hkl planes'” in the crystal lattice, 0y is
the angle of diffraction, n is the diffraction order, and A is the wavelength of the
X-ray radiation, i.e., 1.9373 A

"In fact, for particles much smaller than the wavelength of incident light, the scattering power
is better described by Rayleigh scattering than by Mie scattering, see Appendix C for details.

8Using the iron radiation instead of the copper radiation allows reducing the fluorescence of
the sample, because iron is the main constituent of Prussian blue.

9For more details, see Appendix B.2.10.

0The hkl indices are the Miller indices. For a cubic system with a lattice parameter, a, dni

is defined as dpp = —2——.
Vh2+E2+412
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Figure 2.17 The X-ray powder diffraction patterns of laboratory-synthesized and com-
mercial Prussian blues, obtained by using iron K,, radiation with A = 1.9373 A. Diffraction
patterns of LaBg and NAC, or NayCagAlyF14, standards are also shown.
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Figure 2.18 Peak assignments for commercial soluble C02 and insoluble C03 Prussian

blues and well-crystallized insoluble A80 Prussian blue. The diffraction patterns have

been obtained by using iron K, radiation with A = 1.9373 A. Primitive reflections are
visible in the well-crystallized Prussian blue and are indicated by gray arrows.

All Prussian blues crystallize in the F'm3m space group, as is expected for
Prussian blue in powder and powder diffraction peaks can be indexed accord-
ingly.!! In the well-crystallized Prussian blues additional reflections are observed.
Figure 2.18 shows the diffraction patterns of commercial insoluble C03 and soluble
C02 Prussian blues as well as the well-crystallized insoluble A80 Prussian blue,
obtained between 10 and 100° with an increased time per step of fifteen seconds.
Clearly the well-crystallized A80 Prussian blue exhibits primitive reflections, in-
dexed in gray in Figure 2.18. The observation of these non-face-centered reflections
is assigned to the partial ordering of the [Fe'!(CN)g]*~ vacancies [12]. Commer-
cial soluble C02 Prussian blue shows some additional face-centered reflections as
compared to the commercial insoluble C03 sample. Moreover the peak intensities

11n a face-centered cubic structure the hkl indices must be all even or all odd.
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also differ, indicating a slightly different crystal structure. The crystal structure
of both insoluble and soluble Prussian blues will be refined by Rietveld refinement,
as is discussed below.

Besides differences in the positions and intensities of the peaks the patterns
of the various samples also show large differences in peak broadening, see Figure
2.17. The laboratory-synthesized Prussian blues that were not aged, i.e., A147,
B63, A43, and A39, show broader peaks than the soluble A148 Prussian blue
whose preparative method includes an ageing of Berlin white of two hours. The
latter Prussian blues exhibit less sharp reflections than the three well-crystallized
Prussian blues, A74, A76, and A80.

From the analysis of the peak broadening it is possible to obtain the average
crystallite size and the strain present in each Prussian blue sample, by applying
the Scherrer formula and the Williamson-Hall method.

Size effect and strain

The broadening of a diffraction line can be defined by its integral width, i.e., the
ratio between the line integral and its maximum intensity [94],

[ 1(26)de
C Lnae(20)

The integral width results from two contributions, that of the sample itself,
and that of the diffractometer. The sample induces a specific broadening in the
diffraction peak because of both the finite size of the crystals and the strain present
in the crystals.

(2.2)

In the case of small'? particles the hypothesis of an infinite diffracting crystal
is no longer valid. In 1917 Scherrer [94] derived a relation between the integral
width and the average size of the diffracting crystals,

=
cos
where the average size, L, is defined in one particular crystallographic direction.
One should note that the average size, L, is the coherence length or crystallite size
and may not correspond to the primary particles, as observed at high magnifica-
tion in scanning electron micrographs.

(2.3)

12For laboratory diffractometers a line broadening due to size effect typically appears for
particles smaller than ca. 100 nm.
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The strain in a crystal results from a displacement of atoms or ions from their
positions in a perfect crystal. These local deformations can be relatively important
but do not affect the lattice parameters. However, they induce a line broadening
equal to,

B =ntanb, (2.4)
where 7 is the strain, as defined by Stokes and Wilson [95].

In 1953 Williamson and Hall [96] developed a method to distinguish in the
peak broadening the contribution due to the particle size and that due to the
strain. They assumed that both contributions could be described with a Lorentzian
function. Hence the convolution product of these two functions is also a Lorentzian
function. Thus, if 8% and P are the broadening due to the size effect and the
strain effect, respectively, the total broadening is

B=p"+p5", (2.5)

where
g = A + ntand (2.6)
= Leosg ' TARY '

and

Beos® 1 sin 6

) 77

(2.7)

Equation 2.7 corresponds to a linear relationship, y = b+ ax, where y is fcos6/A
and z is sin #/\. The intercept of the straight line is thus the inverse of the crystal
size, L, and the slope is the strain, 7.

Usually the Williamson-Hall plot is found in the form,
L n
= — 4 =d" 2.8
gt =1 +5d, (2:8)

where §* is fcosf/\ and d* is 2sin /).

The integral width, 3, in equations 2.5 to 2.7 is the pure integral width, i.e.,
the integral width due to the sample itself, without any instrumental contribution.
The experimental profile, h(z), of a diffraction line is the convolution product of
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the pure profile, f(x), with the instrumental profile, g(z),
“+o0o
hz) = f(z) ® g(z) = fy)g(x —y)dy. (2.9)

The instrumental profile arises both from any distribution in wavelength of the
incident radiation and from the intrinsic characteristics of the diffractometer. It
is usually evaluated from the diffraction pattern of a standard that is considered
to be a perfect crystal. The only standard that is recognized by the international
community is lanthanum hexaboride, LaBg, which is available from the National
Institute of Standards and Technologies. The standard NAC, NagCagAlsF14, is
also appropriate for determining the instrumental line profile. The diffraction
patterns of both standards are shown in Figure 2.17. The instrument resolution
profile for the PANalytical diffractometer was determined from the NAC standard
by Rietveld refinement.

The pure profile is extracted by deconvolution from the experimental profile,
by assuming an a priori knowledge of the profile shape function. Herein this profile
shape function was taken as a pseudo-Voigt profile, i.e., an approximation of the
normalized Voigt profile, which is the convolution product of a Lorentzian func-
tion and a Gaussian function. Details about the instrument resolution profile and
the procedure used to deconvoluate the pure profile, f(x), from the experimental
profile, h(x), are given in Appendix B.2.10.

The deconvolution of the X-ray powder diffraction patterns with a pseudo-
Voigt profile function was carried out with the Peakoc software developed by
Masson [97]. The adjustments were optimized with the Levenberg-Marquardt
algorithm. Individual adjustment of each peak is suitable for the Prussian blues
because the X-ray diffraction lines do not overlap. The Scherrer relation and the
Williamson-Hall method were finally applied to extract from the line broadening
the average particle size and the strain. Figure 2.19 shows the Williamson-Hall
plot for the laboratory-synthesized and commercial Prussian blue powders.

No errors bars have been estimated on the absolute values reported in the
Williamson-Hall plot because the method is rather more qualitative than quanti-
tative. The main assumption of the method, i.e., that the size and strain effects
induce a line broadening that can be fully described by Lorentzian functions, is

!31n this expression the noise, e(z), and the brehmsstrahlung radiation, b(z), are not taken into
account. The profile of the diffraction line should be written as

e = ([ it - D) +ele) +blo).
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Figure 2.19 Williamson-Hall plot obtained from the X-ray diffraction patterns of the
laboratory-synthesized and commercial Prussian blue powders shown in Figure 2.17. The
dashed lines correspond to a linear best fit for the three (h00) reflections.
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usually not realistic.'* However, in the study of many powder diffraction pat-
terns of the same chemical compound, but synthesized under different conditions,
as is the case for the commercial and laboratory-synthesized Prussian blues, the
Williamson-Hall plot might reveal trends in crystallite size and strain, trends that
in turn can be related to the properties of the product.

The Williamson-Hall plot provides information about the particle size in the
sample to the extent that the pure integral width, 5;}, is larger than the instru-
mental contribution, ;. This condition is not fulfilled for the well-crystallized
laboratory-synthesized A80 sample because the intercept of the linear regression
tends to zero. The crystallites in the well-crystallized A80 Prussian blue are conse-
quently too large to induce any size-effect broadening. This is consistent with the
scanning electron microscopy results, which showed micrometrical crystals of ca.
5 pm size, see Figure 2.14. For the other laboratory-synthesized and commercial
Prussian blue samples, the particle sizes in a specific crystallographic direction can
be determined either by the Williamson-Hall method or by the Scherrer relation,
see Table 2.7. The number of reflections in the Williamson-Hall plots is relatively
small and the values given in Table 2.7 are more qualitative than quantitative.
Not surprisingly the Scherrer relation gives smaller values for particle size because
the line broadening due to the strain effect is not taken into account.

The direct preparation method leads to the smallest particle size, as evidenced
in the sample A39. An ageing step of two hours in an ambient atmosphere does not
significantly increase the particle size as shown by the sample A180 that does not
contain larger particles than samples A147 and B63. In contrast, the commercial
Prussian blues and the laboratory-synthesized A148 Prussian blue are composed of
larger particles. All of these samples were prepared according to methods described
in patents, methods that take place under a nitrogen atmosphere and include an
ageing step of the Berlin white compound prior to the oxidation to form Prussian
blue. The particle sizes of the commercial C03 and C02 and laboratory-synthesized
Prussian blues were determined by scanning electron microscopy to be between 60
and 80 nm, see Figure 2.14. However it is difficult to know whether the particle
size measured in the scanning electron micrographs corresponds to the crystallite
size, i.e., the coherence length obtained from a microstructural diffraction analysis.
For some Prussian blues, such as the commercial C02 and C03 or the laboratory-
synthesized A147 sample, the particle size in the (hh0) crystallographic direction
slightly differs from that determined from the (h00) reflexions, indicating a slight
anisotropic size effect.

1 Other methods for the microstructural analysis of diffraction line broadening exist, such as
the methods based on the line profile analysis by Fourier series. These methods are not considered
herein.
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Table 2.7 Particle size determined from the (h00) and (hh0) reflections by the Scherrer
formula and the Williamson-Hall method.

Sample Particle size, nm*
Scherrer Williamson-Hall
h00 hh0 h00 hh0
C02 54 43 96 84
Co03 44 38 65 81
Co4 36 33 48 50
A39 7 6 6 6
A43 9 8 11 10
B63 13 11 22 15
A180 16 13 22 21
A147 14 12 27 18
A148 39 34 43 44
Average particle size determined by Rietveld refinement?°
Co03 85(1)
C02 84(1)

@Average particle size. *The Rietveld refinement was performed on the diffraction pat-
terns recorded on the CRISTAL beamline at SOLEIL, Paris, France. “The two values in
parentheses are the standard deviations calculated by using the different reciprocal lattice
directions. Hence, they indicate the degree of anisotropy, not the estimated error.

The Williamson-Hall method gives a qualitative estimate of the strain due to
the presence of lattice defects in the crystallites. While the line broadening due to
the size effect is independent of the reflection order, i.e., independent of d*, the line
broadening due to the strain effect is dependent of this order. The larger the slope
on the linear regression in a given crystallographic direction in the Williamson-
Hall plot, the larger is the strain. All the commercial and laboratory-synthesized
Prussian blues, as well as the well-crystallized A80 sample, exhibit strain, see Ta-
ble 2.8, strain that can be related to the iron(III) quadrupole splitting previously
observed by iron-57 Mossbauer spectroscopy, see Figure 2.20. A large strain is ac-

Table 2.8 Strain in the crystallographic direction (h00) obtained with the Williamson-
Hall method for the laboratory-synthesized and commercial Prussian blues.

Strain, %
C02 Co03 C04 A80 A43 A39 B63 Al180 A147  Al48
0.45 0.40 0.35 1.48 0.64 1.19 1.62 0.83 1.91 0.11

0.309(1)*  0.451(1)*

%These values correspond to the average apparent strain determined from the Rietveld
refinement using the Fullprof software. See footnote ¢ of Table 2.7 concerning the values
in parentheses.
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Figure 2.20 Strain determined from the Williamson-Hall plot wversus the iron(III)

quadrupole splitting, AE({QI T of the laboratory-synthesized and commercial Prussian blue

powders. The error bars on the iron(III) quadrupole splitting are smaller than the size of
the data points.

companied by a large quadrupole splitting, which is a measure of the asymmetry
in the iron(III) environment. The relation is well verified for all the Prussian blue
samples, except for the laboratory-synthesized A147 Prussian blue that exhibits
a rather large value of strain for a relatively small iron(III) quadrupole splitting.
The large value of the strain may result from the inaccuracy in determining the
integral width of diffraction peaks at large 26 angle because of the weak scattering
in the diffraction pattern.

The microstructural parameters, such as size and strain, can be directly ex-
tracted from a Rietveld refinement, see below for details. The Fullprof software
automatically deconvolutes the diffraction lines by using the instrumental resolu-
tion profile that has been previously determined on a standard. The procedure
of deconvolution is similar to that presented in Appendix B.2.10. The pow-
der diffraction patterns of the commercial C03 and C02 Prussian blues have been
measured with high-energy X-rays on the CRISTAL beamline at SOLEIL, Paris,
France. The Rietveld refinement was performed on both diffraction patterns, as
will be explained below. The size and strain values determined for both commer-
cial C03 and C02 Prussian blues from the Rietveld refinement are also given in
Tables 2.7 and 2.8. The average particle size is obtained from the Scherrer for-
mula. The average strain is calculated from equation 2.4, where the parameter,
n, is the apparent strain as defined by Stokes and Wilson [98].1> The crystallite

15The strain value given by the Fullprof software corresponds to the so-called maximum strain,
€, which equals /4. In order to permit a comparison with the strain values determined by the
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size of the commercial C02 and C03 Prussian blues obtained with both the labora-
tory PANanalytical diffractomer and the instruement at the CRISTAL beamline
are very similar. Similarly, the strains for the commercial C02 and C03 Prussian
blues determined by the Rietveld refinement are close to those extracted from the
Williamson-Hall plot. The slightly larger strain of 0.451(1) % found for the C03
sample may explain the non-zero iron(III) quadrupole splitting observed in its
Mossbauer spectrum, see Figure 2.20.

The line broadening analysis of the Prussian blue X-ray diffraction patterns
supports the presence of nanometer size particles in the commercial and the
laboratory-synthesized Prussian blues. The particle size depends upon the type
of synthesis. Furthermore the Prussian blue powders exhibit a strain that may
be related to the electric field gradient at the iron(III) ions. The strain results
from local distortions, such as lattice defects or vacancies. The presence of vacan-
cies in Prussian blue is well known. However little research has been carried out
on the distribution of these vacancies and the understanding of the local struc-
ture in Prussian blue powders. To overcome the lack of knowledge about the
local structural arrangement and the intervalence charge transfer pathway, the
Prussian blue samples were studied by pair distribution analysis and iron-K edge
X-ray absorption spectroscopy. The fit and interpretation of the data obtained by
both techniques are based on the known structure of Prussian blue. Although the
crystal structure of insoluble Prussian blue is well known, that of soluble Prussian
blue is still debated. In the next section, a new model for the structure of soluble
Prussian blue, based on a difference Fourier synthesis and a Rietveld refinement
of the commercial soluble C02 X-ray diffraction pattern, is presented.

Rietveld refinement

The Rietveld refinement yields a global structural refinement of the diffraction
pattern. Instead of a simulation peak by peak, this method, first introduced by
Rietveld in 1967 [99] for neutron diffraction, deals with the entire pattern and
refines a theoretical structural model to fit the experimental data. The refined
parameters are instrumental, structural — lattice parameters, atomic positional
parameters, site occupancies, and thermal parameters — and microstructural —
size and strain in crystallites. The Rietveld method consists of minimizing the
residual, 7.e., the difference between the observed intensity, yg’bs, and the calculated

intensity, yfalc, at a point ¢, by a least squares approach,

R="7 wi(yf™ — i), (2.10)

Williamson-Hall method the strain reported in Table 2.8 is the apparent strain, 7.
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where w; is a coefficient that depends on the count rate.
The intensity yfalc may result from the contribution of several Bragg peaks and
also contains the background due to the instrument and the sample. Therefore

the intensity y®!° at a point i is described by,

(2

k=n

v =yl + ) Gy, (2.11)
k=1

where yf’ is the intensity of the background, Gy is the line profile function, and
k =1,...,n are the indices of the reflections that contribute to the intensity at
point 4.

The quality of the agreement between the observed and calculated profile is
evaluated by means of several conventional agreement factors, such as the profile
factor, R,, the weighted profile factor, R, the expected profile factor, Resp,
the goodness of fit, x2, and the Bragg factor, Rpragg, defined respectively by the
following expressions,

> 1yt — yste|
1

Z w; (ypbs _ y(;alc)2
Rup= |2 s (2.13)
(2.14)
(2.15)
and
S I — yge]
(2.16)

k
Rpragg = T )
k

where N is the number of points in the pattern, P is the number of refined param-
eters, and C' is the number of constraint functions. The sum N — P + C' represents
the number of degrees of freedom.
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If the calculated pattern is in good agreement with the observed data, the
reliability factor Ry, tends towards R.;,. The weighted profile factor, R, as-
signs to each point y; a weight, w;, that is inversely proportional to the intensity
measured at that point. Therefore points with weak and strong intensities are
equally considered and the R, factor gives a good indication of the refinement
quality of the base of the diffraction lines. The Rprage factor is the most suitable
factor to characterize the quality of the agreement between the structural model
and the observed intensities. For the Rietveld refinements presented in this thesis,
the agreement factors R, Ryp, x?, and Rpragg will be reported.

Refining a diffraction pattern by the Rietveld method implies a prior knowl-
edge of the composition and the structure of the sample. The previous analyses
have revealed that the laboratory-synthesized and commercial samples were hy-
drated ferric ferrocyanide complexes, with a low content of impurities. The X-ray
powder diffraction patterns confirmed the presence of a single crystal phase. The
choice of the structural model is crucial. The crystal structure of Prussian blue is
notoriously complex because of the colloidal character of the compound and the
presence of vacancies in the lattice. The structure of insoluble Prussian blue is best
approximated by the Fm3m space group, where a quarter of the [Fe!l(CN)g]4~
sites are vacant and replaced by water molecules [13]. Additional water molecules
can either occupy zeolitic positions or be bound by hydrogen bonds to coordi-
nated water. Accordingly the chemical formula is Fe}'[Fe!l(CN)g]3-2H20 where
x is between 14 and 16, i.e., 6 coordinated water molecules and 8 to 10 zeolitic or
hydrogen-bond water molecules.

The Fm3m space group implies a statistically random distribution of the
vacancies. In contrast, in single crystals the [Fell(CN)g]*~ vacancies are not
randomly distributed. In this particular case the structure corresponds to the
lower symmetry Pm3m space group [12]. In the cubic primitive model Buser et
al. [12] introduced an occupancy parameter, p, that is the probability that the
[Fel'(CN)g]*~ site in the center of the unit cell is occupied, see Table 2.9. When
p is zero the structure is completely ordered and all occupancies are integers. A
p value of 3/4 means that 1/4 of the [Fe!l(CN)g]*~ sites are vacant; this situa-
tion corresponds to the cubic face-centered F'm3m model previously described [12].

The structure of insoluble Prussian blue is now well established and the model
developed by Buser and Herren [13] can be used as a starting model for the Ri-
etveld refinement of the structure of the commercial insoluble C03 Prussian blue.
By using the Pm3m space group and an occupancy parameter p, any possible non-
random distribution of vacancies is taken into account. In contrast, the structure
of soluble Prussian blue remains controversial. The model developed by Keggin
and Miles in 1936 is usually taken as viable [11]. It consists of a perfect cubic Fe!l-
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Table 2.9 Atom distribution in the unit cell of Prussian blue and the occupancies in the
space groups F'm3m and Pm3m.

Fm3m Pm3m

Atom Pos® Occ Pos? Occ
4 Felll 4a 1 la 1

3c 1
3 Fell 4b 3/4 1b P

3d 1-p/3
18 C 24e 3/4 6e 1-p/3

6f p

12h 1—p/3
18 N 24e 3/4 6e 1-p/3

6f p

12h 1—-p/3
60O 24e 1/4 Ge p/3

6f 1—p

12h p/3
8O 8c 1 8¢g 1

6 f 1

“Wickoff positions.

CN-Fell framework with no vacancies. The alkali cations and the water molecules
are localized in the center of the lattice cavities, at zeolitic positions. Recently
this model for soluble potassium cation containing Prussian blue has been revisited
by Bueno et al. [14] who studied electrochemically synthesized potassium cation
containing ferric ferrocyanide by X-ray synchrotron radiation powder diffraction.
They concluded that about 25 % of the [Fell(CN)g]*~ sites were vacant. More-
over they claimed that the potassium cations were part of the water crystalline
substructure and occupied positions comparable to those of the coordinated water
in the Buser model. They proposed a new chemical formula to describe the struc-
ture as Fej " [Fe?™ (CN)gls-[K; -OH; -mH,0]. The charge balance is ensured by the
presence of OH™ anions, which compensate the positive charge of the potassium
cations.

Rietveld refinements have been performed for commercial insoluble C03 and
soluble C02 Prussian blues. Because the diffraction data previously shown in
Figure 2.17 were of low quality because of low instrumental resolution and limited
data, the X-ray diffraction patterns of commercial insoluble C03 and soluble C02
Prussian blues were obtained at 295 K at high-energy with 0.442930 A synchrotron
radiation on the CRISTAL beamline at Soleil, Paris, France. The measurements
were carried out by Dr. Pauline Martinetto and Dr. Pierre Bordet, Department
MCMF, Institut Néel, Grenoble, France.
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Table 2.10 Results of the Rietveld refinement of commercial insoluble and soluble Prus-
sian blues in the Pm3m space group.®

Insoluble, C03 Soluble, C02

FezllnFezlgl_oo(z)(CN)ls.O(l) K0.83(7)Fe}1HFegoo(2)(CN)ls.oo(g)

-11.20(7)H20 -(0.83(7)OH~ + 9.9(16)H20)
site T Occ U, A2 x Occ U, A?

Fe(IIl) 1la | O 1 0.0096(1) | O 1 0.0113(1)
3c 0 1 0.0096(1) | 0 1 0.0113(1)
Fe(IT) 1b 0.5 0.609(11)  0.0096(1) | 0.5 0.724(12)  0.0113(1)
3d |05 0.799(4) 0.0096(1) | 0.5 0.759(4) 0.0113(1)
C 6e 0.3207(3)  0.7989(18) 0.0096(1) | 0.2980(3)  0.7589(19) 0.0113(1)
6f | 0.3207(3)  0.6046(18) 0.0096(1) | 0.2980(3)  0.7237(19) 0.0113(1)
12h | 0.1788(3)  0.7989(9)  0.0096(1) | 0.1799(3)  0.7590(10) 0.0113(1)
N Ge 0.2074(2)  0.7989(18) 0.0096(1) | 0.1953(3)  0.7589(19) 0.0113(1)
6f | 0.2074(2)  0.6046(18) 0.0096(1) | 0.1953(3)  0.7237(19) 0.0113(1)
12h | 0.2971(2)  0.7989(9)  0.0096(1) | 0.3047(3)  0.7590(10) 0.0113(1)

O Ge 0.2248(7)  0.2021(18) 0.225(8) | 0.2202(12) 0.2412(19) 0.295(9)

6f | 0.2248(7)  0.3964(18) 0.225(8) | 0.2202(12) 0.2764(19) 0.295(9)

12h | 0.2752(7)  0.2016(9)  0.225(8) | 0.2991(12) 0.2412(10) 0.295(9)

8g | 0.2469(16) 0.649(5) 0.110(3) | 0.23051 0.597(16)  0.046(3)

K 8g | — - - 0.28714 0.104(9) 0.087(4)

@The values given in parentheses are the estimated standard deviations. The absence of

such a value indicates the parameter was constrained to the value given.

The primitive cubic model reported by Buser et al. [12] with an occupancy
parameter, p, was used as a starting structural model for both the soluble and in-
soluble samples. The adjustment and the refinement of the model for both types
of Prussian blue were carried out in collaboration with Dr. Pauline Martinetto
and used the Fullprof software [100]. The structural parameters of C, N, and O on
the 6e, 6f, and 12h positions were coupled by constraints. The anisotropic ther-
mal parameter was constrained to the same value for all the atoms. The isotropic
thermal parameter was constrained to zero for the iron and cyanide ions, to the
same non-zero value for all the water oxygen 6e, 6f, and 12h sites, and to an inde-
pendent value for the water oxygen 8¢ site. The total thermal parameter results
from the sum of both the isotropic and anisotropic thermal parameter. The Ri-
etveld refinement for commercial insoluble C03 and soluble C02 Prussian blues are
shown in Figure 2.21a and 2.21b. The positional, occupancy, and thermal parame-
ters are given in Table 2.10. The refined lattice parameters are given in Table 2.11.

The Rietveld refinement for the commercial insoluble C03 Prussian blue re-
veals an occupancy parameter p of 0.61(1) for the iron(II) 1b site, indicating that
the central [Fe'l(CN)g]*~ site is vacant with a 39 % probability. The occupancy
parameter is thus lower than expected in the F'm3m model, which is characterized
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Figure 2.21 Rietveld refinement of the diffraction pattern obtained by using a wavelength
of 0.442930 A of, a, the insoluble commercial Prussian blue C03 with R, = 183 %,
Ryp = 19.6 %, x? = 0.962, and Rprage = 5.03; and b, the soluble commercial Prussian
blue C02 containing K cations, with R, = 15.1 %, Ry, = 154 %, x* = 1.021, and

Rprage = 3.43.
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Table 2.11 Lattice parameter and average interatomic distances.

Distance, A This work® Buser Herren Bueno
Co3 C02 et al. [12] et al. [13]° et al. [14]°
a 10.2178(1)  10.2059(1)  10.166 10.155(4) 10.1783(3)
Fe(I)-C 1.830(4) 1.949(4) 1.923(8) 1.92(1) 1.86(6)
Fe(III)-N 2.096(2) 1.993(4) 2.029(6) 2.01(1) 2.00(7)
C-N 1.183(4) 1.161(6) 1.131(6) 1.148 1.17(4)
Fe(II)-O 2.297(10) 2.149(17) 2.138(19) 1.96 2.00(7)

“The standard deviations in parentheses were calculated from /og, ¢, + 07, Where o is

the estimated standard deviation for a crystallographic position. °Refinement from the
Fm3m model.

by an occupancy parameter of 0.75 that indicates a random distribution of vacan-
cies. The commercial insoluble C03 Prussian blue with a p value of less than 0.75
thus has a relatively high degree of ordering of the [Fe!l(CN)g]4~ vacancies. The
resulting lattice parameter and the bond distances are compared with those previ-
ously published in the literature [12][13]|[14] in Table 2.11. The lattice parameter
is slightly larger than expected. Lattice expansion has been reported in case of
sodium ion intercalation [101] and ammonium ion insertion [64] into the Prussian
blue lattice. Similarly lattice contraction has been observed in partially dehy-
drated Prussian blues [13]. The lattice parameter of 10.2178(1) A determined for
the commercial insoluble C03 Prussian blue can thus result from the insertion into
the lattice cavities of the sodium, silicon, phosphor, and sulphur ions detected in
the particle induced X-ray emission analysis, see Table 2.5. The presence of these
ions may also explain the differences observed between the interatomic distances
reported in this thesis and in the literature. Furthermore, a recent study [102]
concerning the structure of iron(II) hexacyanometallates(IIT) complexes reported
a Fe(ITI)-O interatomic distance of 2.53 A as determined by a Rietveld refinement
using the Pm3m Buser model, a distance that is much larger than that reported
earlier by Buser et al.[12].

The insoluble model yields approximately eleven water molecules, six of which
are coordinated to iron(III). The water content of 7.7 weight % determined by
thermogravimetric analyses, see Section 2.2.2; thus corresponds to the five un-
coordinated water molecules that occupy the zeolitic positions. The six remaining
coordinated water molecules; which are bound to iron(III), escape the lattice at
a higher temperature of ca. 250°C. However the weight loss observed before the
loss of the cyanide ions at 260°C is only 4.0 weight % instead of the approximately
10 weight % expected. Because the residual product is an iron oxide some coor-
dinated oxygen ions may remain in the Prussian blue to form the iron oxide. In
order to confirm this hypothesis, an analysis by neutron powder diffraction should
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Figure 2.22 The Fourier map differences obtained on the soluble structure when the
potassium cations are removed, a, in which all the layers from z = 0 to 1, with an
increment of 0.02, are surimposed, and b, at z/a = 0.28, with a = 10.2056(1) A, the
lattice parameter. Electron density in red corresponds to an excess of electron density,
whereas electron density in blue corresponds to missing electron density.

be carried out in order to refine the location and the bond distances of the water
molecules in Prussian blue.

The Rietveld refinement of soluble potassium cation containing Prussian blue
yields interesting results. First, it appears that the cubic primitive Pm3m model
used herein for refining the insoluble Prussian blue is also suitable for the soluble
variety. The occupancy parameter, p, refines to a value of 0.72(1), close to the
0.75 value expected for the F'm3m model, and the vacancies are rather randomly
distributed in the commercial soluble Prussian blue. Furthermore, the successful
refinement in the Pm3m space group invalidates the previously presumed soluble
KFe!''Fell(CN)g-wH20 structure, where the lattice does not contain any vacan-
cies. The lattice parameter and average bond distances are reported in Table 2.11
and agree rather well with previously published results. The model yields 0.83(7)
potassium cations, which is relatively consistent with the potassium content of 7.5
%, i.e., approximately two cations per unit cell, as determined by flame emission
spectroscopy. The potassium cation occupies the center of the cell octants, as is
clearly evidenced by Fourier maps obtained on the structure without the potas-
sium cations, see Figure 2.22. An excess of electron density appears in red in the
zeolitic positions. The potassium cation location disagrees with the model pro-
posed by Bueno et al [14], in which the potassium cations are part of the crystalline
substructure, but agrees with the first model described by Keggin and Miles [11].
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The Pm3m model yields 5.17(3) coordinated water molecules, 0.83(7) OH™
anions, and 4.8(1) water molecules located at the 8¢ zeolitic positions inside the
lattice cavities. The number of water molecules corresponds to 17.9 weight %, a
higher water weight content than the value of 4.4 weight % determined by ther-
mogravimetric analysis of the soluble C02 sample, see Figure 2.8. Moreover the
loss of the coordinated water molecules is difficult to identify in this thermogravi-
metric analysis. Some coordinated oxygen ions may remain in the sample and be
combined with the iron ions at high temperature to form the residual iron oxide
product. However, the degree of hydration of Prussian blue is known to vary upon
air exposure or humidity [83|[84]. Some zeolitic water molecules may have escaped
the Prussian blue lattice prior to the thermogravimetric measurement. As for the
insoluble C03 sample, neutron powder diffraction studies of the soluble C02 Prus-
sian blue may help to explain this discrepancy in water weight content.

The structure of soluble Prussian blue thus appears to be very similar to that
of insoluble Prussian blue. It can be described by the formula K, FelI[Fe!l (CN)g]3-
[yOH™-zH20|. The presence of the OH™ anions ensures the charge balance of the
potassium cations. The crystallographic position of the OH™, either coordinated
to iron(III) or inserted in the lattice cavities, is, however, not precisely known but
could be resolved by neutron diffraction experiments.

In conclusion, the structural model [11] of soluble potassium cation containing
Prussian blue has been revised by using high quality X-ray diffraction data ob-
tained with synchrotron radiation. This model can now be used for interpreting the
pair distribution function and X-ray absorption spectra of soluble Prussian blue.
The knowledge of the soluble potassium cation containing Prussian blue structure
is not only important for these interpretations, but also for the electrochromic and
electroanalytical applications, which exploit the redox reactions occurring in Prus-
sian blue.'® The location of the water molecules and potassium cations influences
the conduction mechanisms and the shape of voltammetric curves in Prussian blue
films [103]. In addition, the presence of vacancies in the lattice leads to a defect
structure, which is believed to influence the ionic conductivity and, hence, the
electrochemistry of Prussian blue [64]. The knowledge of the soluble structure
is therefore essential for understanding their redox processes and ionic exchange
mechanisms.

165ee Section 1.1.3 for details.
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2.2.5 Short-range order

In order to study the local structural configuration of the Prussian blue sam-
ples high-energy X-ray powder diffraction and iron K-edge X-ray absorption spec-
troscopy were carried out at the ID11 and BM26 beamlines at the European Syn-
chrotron Research Facility, Grenoble, France.

The pair distribution function can be extracted by Fourier transform from
the high-energy X-ray powder diffraction data. This function contains all the
interatomic distances between nearest neighbors up to 10 nm. Iron K-edge X-ray
absorption spectroscopy probes the electronic and structural environment of only
iron, by measuring the X-ray absorption coefficient as a function of energy.

Pair distribution function analysis

Whereas the Bragg scattering provides average structural information, the diffuse
scattering corresponds to two-body correlations and is related to the chemical
short-range order and local distortions. The pair distribution function, PDF, is
obtained by a Fourier transform of the total X-ray or neutron diffraction scattering
pattern [104]'7

G(r) = tmrlplr) ~ ol = 2 [T QIS(@ - sn(@naQ (217

where p(r) is the microscopic pair density, pg is the average number density, S(Q)
is the total structure function, i.e., the normalized scattering intensity, and @ is
the magnitude of the scattering vector. In case of elastic scattering, ) is defined
as

Q = 4msin(0)/\ = 27 /d. (2.18)

The Fourier transform in equation 2.17 implies recording diffraction data at an
infinitely large @. In practice, the range of @ is limited to a maximum @ value,
Qnaz- The value of Q4. should be as high as possible in order to maximize the
window of the Fourier transform and limit truncation errors. Moreover, both good
counting statistics at high @) and a low instrument background are required. These
are the reasons why the PDF is best extracted from diffraction data recorded with
the synchrotron radiation using high-energy X-rays.

The PDF gives the probability of finding an atom or ion at a distance r from
a given atom or ion. The broadening of the peaks in the PDF depends on the dis-
tance distribution around the average value, that results from thermal vibrations
or disorder. Originally the PDF analysis was used to study amorphous materials,

17See Appendix B.3.2 for details.
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where there is no periodicity or symmetry at long distances but where a local or-
der exists due to atomic interactions. Since the 1990’s the PDF analysis has been
successfully applied to nanocrystalline compounds [105]|[106].

The total scattering signal of the commercial and laboratory-synthesized Prus-
sian blues were recorded on beamline ID11 at the European Synchrotron Research
Facility, Grenoble, France. The energy was 99.428 keV, with a wavelength of
0.124698 A. A few milligrams of a Prussian blue powder were studied in glass
capillaries of 0.3 mm diameter. The beam has a width of ca. 100 pm.

The Fit2D software [107] was used both to integrate the two-dimensional im-
age in a linear diagram and to calibrate the sample-detector distance. Next, the
PDF was extracted with the PDFgetX2 software [108|. Details about this extrac-
tion are given in Appendix B.3.2. Finally the PDF was fitted with the PDFGui
software [109] that provides a graphical environment for PDF fitting. The PDFs of
commercial insoluble, C03, and soluble, C02, Prussian blues are shown in Figure
2.23. The insoluble C03 Prussian blue exhibits slightly narrower peaks in its PDF
than does the soluble C02 sample. This indicates a higher degree of ordering in the
insoluble C03 Prussian blue. This is consistent with the values of the occupancy p
determined by Rietveld refinement as 0.61(1) for the insoluble C03 Prussian blue,
and 0.72(1) for the soluble C02 Prussian blue.

The quality of a PDF refinement is given by two agreement factors, R,, de-
fined by equation 2.13 and a reduced x?, which is equivalent to the y? defined
in equation 2.15 divided by the number of degrees of freedom. Nevertheless the
absolute value of these statistical factors are not completely relevant because most
of the observed and refined parameters are not independent in the PDF profile
refinement [110].

The PDFgui software used for the PDF fitting is based on an approach sim-
ilar to that for Rietveld refinement. It consists of a least squares minimization
in direct space of the experimental PDF with a structural periodic model. The
scale factor, atomic positions, crystallite size, and thermal factors are among the
parameters that can be refined to best reproduce the experimental data. The ex-
perimental resolution was determined with a LaBg standard. The pair distribution
function was first fitted for the commercial soluble and insoluble Prussian blues,
C03 and C02, respectively, and then the same model has been applied to selected
laboratory-synthesized Prussian blue powders.

As evidenced by the Rietveld refinement, the insoluble C03 Prussian blue has a
Pm3m structure with an occupancy parameter p of 0.61(1), indicating a probabil-
ity of 39% of having the central [Fe!l(CN)g]*~ site vacant. This model is believed
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Figure 2.23 The pair distribution functions of insoluble C03 and soluble C02 commercial
Prussian blues obtained with a Gaussian damping of 20 A~! width and a Q,q,0/30 A~
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Table 2.12 Distribution of the ordered substructures for Fey[Fe(CN)gls5-14H2O Prussian

blue [13]
Substructure No. of vacant iron(II) Probability
A 0 0.316
B 1 0.422
C 2 0.211
D 3 0.047
E 4 0.004

to be suitable to describe the long-range ordering. In contrast, it fails to describe
the local order on a length-scale shorter than or comparable to the lattice param-
eter, ¢.e., up to 10.2 A, see Figure 2.24a.

The difficulty in refining the crystal structure of Prussian blue is caused by the
inherent structural disorder, due to the presence of vacancies. This is, however,
characteristic of the entire class of cubic polynuclear transition metal-cyanides
complexes [111]. As Herren et al. [13] proposed, the structure of insoluble Prus-
sian blue can be considered as a sum of ordered substructures containing 0 to 4
[Fe!l(CN)g]4~ vacancies [13]. The distribution of these ordered substructures can
be calculated by a binomial distribution. The probability Pg(x;n,q) for observing
x of the n items to be in a given state with probability ¢ is equal to [112]

n!

Pp(x;n,q) = Chg"(1 — )" = G-t (219)

z!(n —z)!

In the case of Prussian blue ¢ is the probability of having an iron(II) ion in
positions 1b and/or 3d considering that four iron(III) ions occupy positions la and
3c, and is equal to an average of 0.75. The variable = is the number of iron(II)
vacancies and can be either 0, 1, 2, 3, or 4; n is thus equal to 4. The probabilities of
the substitutions are given in Table 2.12. The occupancy parameter, p, which was
used in the Rietveld refinement, gives the probability of having a central iron(II)
ion, i.e., on position 1b, whereas the parameter ¢ in equation 2.19 gives an equiv-
alent probability of having an iron(II) ion on positions 1b and/or 3d. A p value of
0.61 indicates that the [Fe!'(CN)g]*~ ions are vacant on the other positions with
a p/3 ~ 20 % probability.

The PDF data for the insoluble C03 Prussian blue was refined by combining
the three substructures with the highest probability, namely substructures A, B,
and C of Table 2.12. The atomic occupancies were all set to 1. The scale factor,
the lattice parameter, the atomic positions, and the thermal parameters were re-
fined for each substructure. The refinement of the PDF is much better with this
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Figure 2.24 Refinement of the pair distribution function obtained for commercial in-

soluble Prussian blue C03 from 1 to 10.5 A by using, a, the average structure Pm3m

with an occupancy parameter p of 0.61, R, = 33.3 %, reduced x? = 0.581, and b, the

three different substructures containing 0, 1, or 2 vacancies, Ry, = 17.1 %, reduced x>

= 0.153. The refinement is much more convincing at short distance with the modelling
of the distribution of vacancies.
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Table 2.13 Lattice parameter and average interatomic distances.

Label Distance, A

a Fe(I1)-C Fe(IIT)-N C-N Fe(I11)-O
C03 10.17(1) 1.92(5) 2.03(4) 1.13(6) 2.5(1)
C02 10.18(1) 1.96(9) 1.99(6) 1.18(6) 2.3(2)

@ The values in parentheses correspond to the standard deviation of a given interatomic
distance taken over the three substructures.

model, see Figure 2.24. The lattice parameter and bond distances are almost con-
sistent within the statistical error with those presented in the previous paragraph,
see Tables 2.11 and 2.13. The agreement between the observed and calculated
PDF is, however, not perfect. First, only oxygen atoms and not water molecules
or OH™ anions are considered in the model. This can explain the relatively high
Fe(II1)-O distance reported in Table 2.13. Second, impurities, such as sodium ions
located in the lattice cavities of the insoluble Prussian blue, are not included in
the fitting model. Finally, the oxidation state of the iron ions is not taken into
account and can influence the normalization of the PDF by means of the form
factor. These approximations may explain the remaining discrepancies between
the experimental data and the fit shown Figure 2.24b. The model corresponds
to a relative phase content in term of one unit cell of 16(3), 34(3), and 50(3) %
for substructures A, B, and C, respectively. These values are different from those
reported in Table 2.12, indicating that the probability, ¢, of having an iron(II)
ions in positions 1b and/or 3d is lower than the average probability of 0.75 used
in equation 2.19. This is consistent with the occupancy parameter, p, of 0.61 de-
termined by Rietveld refinement.

A similar refinement procedure was applied to the commercial soluble, C02,
Prussian blue. The resulting refinements are shown in Figure 2.25. The agreement
between the calculated and observed PDF is better with the model including the
three different substructures than the average Pm3m model with an occupancy
parameter of 0.72. The short range order clearly differs from the long range order
because of non-random distribution of the [Fe!!(CN)g]*~ vacancies. The lattice pa-
rameter and interatomic bond distances are given in Table 2.13. The substructures
in the commercial soluble C02 Prussian blue are distributed in terms of a unit cell
with a relative phase content of 13(5), 37(5), and 50(5) % for substructure A, B,
and C, respectively. This distribution confirms the presence of structural vacancies
in the soluble Prussian blue that are similar to those in the insoluble Prussian blue.

The local order in Prussian blue is better described by considering several or-
dered substructures than with an average structure, which is only adequate for
describing the long range order. Previous analyses have shown that the commer-
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Figure 2.25 Refinement of the pair distribution function obtained for commercial soluble
Prussian blue C02 from 1 to 10.5 A using, a, the average structure Pm3m with an
occupancy parameter p of 0.72, Ry, = 41.6 %, reduced x? = 0.351, and b, three different

substructures containing 0, 1, or 2 vacancies, Ry, = 22.5 %, reduced x? = 0.103.
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cial Prussian blues and the laboratory-synthesized Prussian blues, whose synthesis
included an ageing step of two hours under nitrogen atmosphere, were compara-
ble in the sense that they exhibit similar Mdssbauer spectra and X-ray powder
diffraction patterns. In contrast, all the other laboratory-synthesized Prussian
blues, except the well-crystallized Prussian blues, are characterized by a larger
iron(III) quadrupole splitting and broader diffraction lines. Are these features re-
lated to the inherent disorder at local order? In other words, does the distribution
of the ordered substructures containing zero, one, or two vacancies, significantly
change with the type of synthesis?

The PDF refinement was therefore performed on three laboratory-synthesized
potassium containing Prussian blues in order to determine the relative substruc-
ture distribution for each sample. The PDF of the laboratory-synthesized soluble
A65, A147, and A148 Prussian blues are shown in Figure 2.26. The broadening
of the PDF peaks, which is related to the disorder, clearly differs in these sam-
ples. The laboratory-synthesized A65 Prussian blue was prepared according to
the direct method, without any ageing step, and is expected to be highly dis-
ordered. The degree of disorder can be related to the substructure distribution,
see Table 2.14. Whereas the laboratory-synthesized soluble A148 Prussian blue
has a substructure distribution similar to that of commercial Prussian blues, the
A147 and A65 samples are characterized by a large relative percentage of the sub-
structure C, corresponding to two vacancies. Attempts to fit the observed PDF
for A65 with the three substructures lead to a negative relative content of sub-
structure A. The A147 and A65 samples thus contain more iron(II) site vacancies
than the A148 sample. The presence of numerous lattice defects can explain the
higher strain evidenced by the Williamson-Hall method and the larger iron(III)
quadrupole splitting observed for these samples. However, the number of vacancies
present in the Prussian blue can not be directly calculated from the substructure
distribution because the nearby unit cells share lattice edges. The final number of
vacancies depends on the unit cell repartition and their tendency to group. The
structural refinement of a well crystallized Prussian blue, such as the A80 sample,
may help to better understand the lattice vacancy distribution in Prussian blue.
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Figure 2.26 The observed pair distribution function of laboratory synthesized soluble
A65, A147, and A148 Prussian blues from 1 to 10.5 A obtained with a similar Gaussian
damping width of 15 A1 and a Qs of 30 AL,

Table 2.14 Distribution of ordered substructures for commercial Prussian blues and
laboratory-synthesized potassium containing Prussian blues.

Label Substructures® R, %
A, no vacancy B, 1 vacancy C, 2 vacancies
Commercial Prussian blues
C02 13(5) 37(5) 50(5) 22.5
Co03 16(3) 34(3) 50(3) 17.1
Soluble Prussian blues containing potassium cations
A65 0 39(1) 61(1) 29.7
Al47 4(3) 37(3) 59(3) 26.0
A148 10(2) 41(2) 49(2) 24.4

%Relative phase content in terms of a unit cell.
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X-ray absorption spectroscopy

X-ray absorption spectroscopy is based on the measurement of the absorption co-
efficient, u(E), as a function of X-ray energy, E, near the absorption edge of a
given element, or ion, herein iron(IT) and iron(III). This technique probes the local
structure around iron ions on the atomic and molecular scale. An X-ray absorp-
tion spectrum is typically divided in two parts, which are treated separately, first,
the X-ray near edge absorption spectrum, XANES, which provides information up
to 50 eV above the absorption edge and second, the extended X-ray absorption
fine structure, EXAFS, which deals with the oscillations of the X-ray absorption
coefficient, u(E), that occur at higher energies. Basic principles, experimental
details, and data reduction are detailed in Appendix B.3.3.

The XANES spectra of several Prussian blues obtained in transmission mode
are shown in Figure 2.27. Two major features are worthy of comment, the main
edge and the pre-edge.

Physically the main K-edge position corresponds to the energy threshold, Ey,
i.e., the lowest energy required for electrons to leave their binding site and for
their associated wave to travel and be scattered in the material. The edge jump
is used to normalize the full X-ray absorption spectrum and is often taken as the
first inflection point on the edge. For all Prussian blues, the iron K-edge absorp-
tion edge occurs at the same energy, 7129.30 eV. The accuracy on this position
is approximately 0.26 eV, half the energy step of 0.52 eV per data point used
herein. The edge position can be correlated to the formal charge state, i.e., to
the oxidation state of the ion. This can be easily understood by considering the
following. For two ions, the ion with the larger positive charge, i.e., the higher
oxidation state, will more strongly interact with all electrons present, increasing
their binding energy. Thus a higher X-ray photon energy is required to remove
additional electrons from the ion and the X-ray absorption edge shifts to higher
energy. An illustration of the correlation between oxidation state and edge posi-
tion may be seen in hexacyanoferrate(II) and (III) complexes, see Figure 2.27. In
ammonium ferrocyanide, (NHy4),Fe!'(CN)g-3H30, the iron(IT) K-edge position is
shifted towards lower energy, at 7128.79 eV, whereas the contrary occurs for the
iron(IIT) K-edge in potassium ferricyanide, KzFelll(CN)g, whose edge position
is at 7129.82 eV. However, the correlation between the oxidation state and the
edge shift is not always linear because other parameters influence this shift such
as the symmetry, the neighboring atoms, or the metallic character of the sample.
For example, K4Fe!!(CN)g-3H,0 has an edge position of 7129.30 eV and does not
exhibit any shift in comparison with Prussian blue. The intensity of its mean
edge peak, the principal mazimum, is shifted toward lower energy. The sharpness
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Figure 2.27 Iron K-edge XANES spectra of commercial and laboratory-

synthesized Prussian blues as well as the reference compounds, K,Fe!l!(CN)g-3H,O0,

(NH4)4Fe!'(CN)g-3H20, and K3Fe!''(CN)g. The arrows indicate the different trends in
the absorption just above the K-edge absorption.
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of the band is related to the confinement of the final states and core-hole lifetime.1®

The pre-edge is the feature located just below the energy of the K-edge. These
transitions are related to the local site symmetry and orbital occupancy [113] and
involve linear combinations of molecular orbitals with specific symmetry proper-
ties. Strong pre-edge transitions are associated with a breaking of the inversion
symmetry. In the case of centrosymmetric molecules, such as Prussian blue, the
pre-edge transition strength is very weak and results rather from quadrupole tran-
sitions.

Let us now compare the XANES spectra of Prussian blues and note that they
all look rather similar, there is no significant difference between the soluble and
insoluble Prussian blues. The feature that can be pointed out is the slope of p(E)
above the main absorption K-edge band, as indicated by the arrows in Figure 2.27.
For some samples, such as A39, A43, and A80, the slope is almost zero. This fea-
ture could be related to a specific vacancy distribution, as evidenced by the pair
distribution function analysis. Some authors have explained this feature in terms
of a distorted Fell -C—N—Fell -N—C—Fe!l arrangement and its deviation from
linearity [101].

The EXAFS spectra of commercial insoluble, C03, and soluble, C02, Prussian
blues both in k-space and in R-space are shown in Figure 2.28. The general
expression for EXAF'S oscillations gives the contribution of each coordination shell,
j, i.e., the atoms or ions of the same type situated at approximately the same

relative distance, R;, from the absorbing atom or ion,
shells
X(k) = > Aj(k)sin2kR; + ¢, ()], (2.20)
j=1

where ¢;(k) is the phase function and A;(k) is the scattering amplitude, an am-
plitude that takes into account a damping factor, the scattering power, and any
disorder.

In Figure 2.28, the x(k) function is weighted by k? in order to balance the
damping of x(k) at high k due to the decrease in the scattering amplitude. Both
soluble and insoluble Prussian blues exhibit similar EXAFS spectra. This suggests
that the incorporation of alkali cations does not seem to alter significantly the co-
ordination environment of the iron ions and supports the new structural model for

8Due to the Heisenberg uncertainty principle the finite lifetime produces a broadening of the
energy. The K core-hole full width at half maximum for the iron ion is ca. 1 €V [113].
Y5ee Appendix B.3.3 for details
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Figure 2.28 Iron K-edge x(k)-k? and FT[x(k)-k?| spectra with Ak ~ 5.3 —13.9 A1 for
insoluble C03 and commercial Prussian blues.

soluble Prussian blue determined by Rietveld refinement in Section 2.2.5.

Structural parameters, such as coordination number, average bond distance,
and structural disorder can be obtained by fitting the EXAFS data. The starting
fit model that was applied to all the Prussian blues has been elaborated by Dr.
Geert Silversmit, from the Ghent University [114]. There was no significant differ-
ence in the EXAFS spectra between insoluble and soluble Prussian blues, therefore
all the Prussian blues, whatever their source or preparation, were fit with the same
starting coordination environment. Details concerning this fitting model are given
in Appendix B.3.3. The experimental data and the fit of the EXAFS spectrum
for soluble commercial C02 Prussian blue agree perfectly, see Figure 2.29.

According to equation 2.20, the small R; distances contribute to oscillations
with a long period in k-space, whereas the long Ry distances or path lengths con-
tribute to oscillations with a short period in k-space. The separate contribution
of each shell in k-space are evident in Figure 2.30. Further, it can be shown that
the scattering amplitude for low Z elements decreases faster with k than that for
high Z elements.

The commercial and laboratory-synthesized Prussian blues were fit with the
same model in the k-range of ca. 5.3 to 13.9 A~!. Bond distances, coordina-
tion numbers, Debye-Waller factors, and inner potential corrections are reported
in Table 2.15. The errors on the fit parameters were estimated from the stan-
dard deviations of the fit values obtained on six Prussian blue reference samples.?"

208ee Appendix B.3.3 for details.



1.0
0.4+ A5 /N
N /N /N
N AR F N
0.5Hh M4 A - A~ I\ ;i
AT N A A A T
1 \/ | = AN |
i AV | ACA % W/ 7T i
o AR A R AN AN B NV | N
= | A N I L O O N O O A R A = AN VI W AT 1T M
= 0.0 —1— | .""":"l\\""l\\// Z 0.0 ———1 1 'll'l L A\ ! |.ll\:
= [ AN RYAYRY WY x —\\,\,"llil ’V,\\\I|||",_
~ || 1 YR YERY| \/ = v o\a | / =/ |1 I
1 1 Vi VoY v v = AN RN \ by
TR ANIRY S
W1 1 Y \ Vi |
0.5+ i N T Sy W\ \\il'
Vi ] \ N/
i 1 \J v/
\/ \ 0.4 4 \ / _
v -
10 1 ' 1 1 1 1 1 1 1
6 8 10 12 1 2 3 4 5
k, At R, A

Figure 2.29 x(k)-k? and FT[x(k)-k?| spectra with Ak ~ 5.3 to 13.9 A~' and AR = 1.0
to 5.2 A for soluble C02 commercial Prussian blue. The experimental data, solid line,
and fit, dotted line, agree well.
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Figure 2.30 y(k)-k? spectra of a, the first Fe(II)-C shell, green solid line, and the second
Fe(II)-N, orange solid line, and, b, the third shell, Fe(II)-Fe(III). The third shell, which
has the longer path length, contributes to the short period oscillations in k-space. All
spectra and fits are obtained with Ak ~ 5.3 — 13.9 A~ for soluble C02 commercial
Prussian blue. Experimental data and fit are in solid and dotted lines, respectively.
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These quantities are indeed representative of the fit accuracy, if one considers
the data quality, the fit routine, and the systematic errors due to differences in
background subtraction and data reduction. The errors determined from the EX-
AFS spectra of Prussian blue reference samples are thus applicable to the other
transmission EXAFS spectra of similar data quality. The Debye-Waller factor, o2,
as well as the inner potential, Eg, are relative to the K4Fe(CN)g structure, used
as a reference compound, and are therefore referred as Ac? and AFEy, respectively.

All commercial and laboratory-synthesized Prussian blues, independent of their
method of preparation, exhibit very similar bond distances. In contrast the sam-
ples differ quite significantly in their coordination numbers, IV, and especially in
the iron(II)-iron(III) coordination number, see Figure 2.31. Commercial Prussian
blues and laboratory-synthesized soluble A148 Prussian blue have an iron(II)-
iron(III) coordination number of approximately 6, as theoretically expected. The
preparation method of sample A148 was based on the synthesis of Prussian blue
described in patents and includes an ageing time of Berlin white under nitrogen.
The laboratory-synthesized A148 Prussian blue is thus supposed to be comparable
with commercial pigments as is observed. The other laboratory-synthesized Prus-
sian blues were either synthesized at ambient atmosphere or without any ageing.
They are characterized by a smaller iron(II)-iron(III) coordination number. This
is undoubtedly correlated with the presence of vacancies in the lattice with some
local order, as previously observed in the pair distribution function analysis. This
point is further developed in the discussion, in Section 2.2.7. The characteriza-
tion of the modern Prussian blue samples was completed by a vibrational analysis
with Raman spectroscopy.

7.0 T T T T T T T T T T T T

(I11)
[=2]
(=)
T T
HH
HH
e

Pt Ty

N Fe(II)-Fe

3.0 1 1 1 1 1 1 1 1 1 1 1 1
- N »m X O @ ®» Ik o ™ 1 o
o 5 9 o X ®»M F F B B © F
O 0O LU O « <« ::‘ :C‘ 2 m < <

Figure 2.31 Iron(II)-iron(III) coordination number, N.
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Table 2.15 Bond distances, R, coordination numbers, N, Debye-Waller factors, Ac?,

and inner potential corrections, AEjy, for the EXAFS fit of the Prussian blues

Sample Absorber-scatterer Ao?, A2 AEy, eV
Co1 Fe(I)-C 0.0008(2) 1.4(3)
Fe(III)-N 0.0008(2) -0.3(5)
Fe(IT)-N 0.0008(2) 1.3(5)
Fe(I11)-C 0.0008(2)  5.2(6)
Fe(L1)-Fe(ILI) 0.0004(2)  -4.9(3)
Fe(II)-C 0.0000(2) -3.9(3)
Fe(I11)-N 0.0000(2) 2.6(5)
Fe(II)-N 0.0000(2) 2.1(5)
Fe(I11)-C 0.00002)  5.1(6)
Fe(11)-Fe(ILI) 0.0006(2)  -4.5(3)
€03 Fe(I1)-C 0.0005(2)  3.6(3)
Fe(I11)-N 0.0005(2) 0.8(5)
Fe(ID)-N 0.0005(2) 1.2(5)
Fe(II1)-C 0.0005(2)  5.1(6)
Fe(11)-Fe(ILI) 0.0005(2)  -4.5(3)
Co4 Fe(I1)-C 0.0006(2) 1.9(3)
Fe(II1)-N 0.0006(2) 2.6(5)
Fe(II)-N 0.0006(2)  2.4(5)
Fe(IIT)-C 0.0006(2)  5.7(6)
Fe(11)-Fe(ILI) 0.0007(2)  -4.8(3)
A80 Fe(II)-C 0.0005(2) 1.9(3)
Crystals Fe(III)-N 0.0005(2) 5.2(5)
IM, HCI Fe(IT)-N 0.0005(2) 2.9(5)
Fo(I11)-C 0.0005(2)  6.9(6)
Fe(11)-Fe(ILI) 0.0007(2) 4.7(3)
A39 Fe(11)-C 0.0009(2) 0.2(3)
DM, air Fe(I11)-N 0.0009(2) 3.5(5)
No ageing Fe(I)-N 0.0009(2) 0.9(5)
Fe(I11)-C 0.0009(2)  5.9(6)
Fe(L1)-Fe(ILI) 0.0004(2)  -4.5(3)
Fe(II)-C 0.0000(2)  -3.8(3)
IM, N, Fe(I1T)-N 0.0000(2) 2.1(5)
2 h ageing Fe(I)-N 0.0000(2) 1.2(5)
Fe(I11)-C 0.00002)  5.8(6)

continued on next page
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Sample

Absorber-scatterer

Ao?, A?

IM, Ny
No ageing

IM, air
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IM, air
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Fe(
Fe(
Fe(
Fe(
Fe(
Fe(
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Fe(
Fe(
Fe(
Fe(
Fe(
Fe(
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Fe(II)-Fe(I1I)

11)-C
I11)-N
IT)-N
111)-C
IT)-Fe(III)
11)-C
I11)-N
IT)-N
111)-C
IT)-Fe(IIT)
11)-C
I11)-N
I1)-N
111)-C
IT)-Fe(IIT)
11)-C
I11)-N
I1)-N
I11)-C
IT)-Fe(IIT)

I11)-N
)-N

I11)-C

IT)-Fe(IIT)

11)-C
11

-0.0008(2)
0.0007(2)
0.0007(2)
0.0007(2)
0.0007(2)
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0.0000(2)
0.0000(2)
0.0000(2)
0.0000(2)
-0.0004(2)
0.0010(2)
0.0010(2)
0.0010(2)
0.0010(2)

-0.0003(2)
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2.2.6 Vibrational analysis

The vibrational analysis of modern Prussian blue samples was carried out with
the help of Pr. B. Gilbert and the measurements were performed in the Chemistry
Department at the University of Liége.

The Raman spectra of selected commercial and laboratory-synthesized Prus-
sian blues, as well as potassium ferrocyanide, K4Fe!''(CN)g-3H20, and potassium
ferricyanide, K3Fe!'!(CN)g, are shown in Figure 2.32.

As cyanide complexes, Prussian blue, potassium ferrocyanide and ferricyanide
exhibit sharp CN~ stretching bands, v(CN), in the 2000 to 2200 cm~! region of
the spectrum [115]. In aqueous solution the stretching mode for free CN~ oc-
curs at 2080 cm™!, whereas the v(CN) frequency increases upon coordination to
a metal ion. Indeed, the CN™ ligand acts both as a o-donor and a m accep-
tor,?! removing electrons from the ligand’s weakly antibonding o-orbital tends to
increase the v(CN) whereas the m-back-bonding leads to a decrease in v(CN) be-
cause electrons from the 7m-bonding metal ion are delocalized to the antibonding
2pm* ligand orbital. As CN~ is a better o-donor than a m-acceptor, the energy
of the ¥(CN) band in complexes is slightly increased in comparison with the free
CN~. Thus, the position of the ¥(CN) bands depends on the strength of the bond
with the central metal cation, which itself is influenced by the electronegativity,
the oxidation state, and the coordination number of the metal ion. For example,
the v(CN) bands are higher in K3Fe!'!(CN)g, at 2135 and 2130 cm™!, than in
K Fe!'(CN)g-3H20, where they are at 2082 and 2066 cm~!. This results because
the higher is the oxidation state, the stronger is the o-bonding.

Prussian blue, potassium ferrocyanide and ferricyanide crystallize with Oy
symmetry and thus have a center of symmetry. Selection rules require that only
vibrations that are symmetric with respect to the center of symmetry, i.e., g vi-
brations, are active in a Raman spectrum [115][116]. Therefore the two CN™
stretching bands are assigned to the A;, and E, modes; only the Fy, mode is
infrared active, as is stated by the mutual exclusion rule, see Appendix B.2 for
more details. According to recent studies on the vibrational spectra of the cyanide
ligand in Prussian blue analogs, the totally symmetric A1, Raman mode often has
both the larger energy and the higher intensity [117][118].

The Prussian blue bands in the low-frequency spectral region correspond to
the stretching and bending modes, v(FeC) at 600 to 350 cm~!, §(FeCN) at 500 to
350 cm ™!, and 6(CFeC) at 130 to 60 cm~! [115][119]. However, the assignement
of each specific low-frequency band has not been reported in the literature.

21For details about the ligand-metal bonding in complexes, see Section 1.1.2.
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Figure 2.32 Raman spectra of Prussian blues. Each spectrum is normalized to the
intensity of its most intense absorption band.

Is there any characteristic feature observed in the Raman spectra shown in
Figure 2.32 that is correlated with the Prussian blue preparation method? Visu-
ally all the Raman spectra look very similar, see Figure 2.32. Taking into account
the experimental error on the wavenumber estimated to +2 cm ™!, the position of
the A1y mode at 2154 cm~ 1 and the E,; mode at 2090 cm~! are identical in all
Prussian blues and agree with the data previously published in the literature. It is
noteworthy that the v(CN) bands are broader than the two sharp bands in potas-
sium ferrocyanide and ferricyanide. This sharpness probably arises form their
excellent crystallinity. The peak broadening varies slightly among the Prussian
blues. For example, the laboratory-synthesized soluble B63 and A147 Prussian
blues, which were prepared without any ageing of Berlin white, exhibit broader
peaks and a less well resolved E; mode. This could be due to poor crystallinity
and local disorder, as is evidenced by the previous studies. This could also suggest
the presence of some [Fell!(CN)g]>~ ions [62], because the characteristic v(CN)
bands of K3Fel'l(CN)g are at 2135 and 2130 cm 1.



102 2. PREPARATIVE METHODS FOR PRUSSIAN BLUE

2.2.7 Discussion

The objective of this section has been the identification of the various spectral
and physical properties that vary with the type of synthesis and that could, thus,
influence the fading of a Prussian blue pigment in paint layers. From the thorough
characterization of the modern Prussian blue samples two major features appear
to be strongly dependent on the preparative methods, the particle size and the
local disorder.

Commercial Prussian blues and laboratory-synthesized Prussian blues that
were prepared according to the indirect method under a nitrogen atmosphere,
with an ageing of the Berlin white, exhibit larger pigment particles of ca. 50 to
80 nm diameter, than do the other laboratory-synthesized Prussian blues, which
consist of particles smaller than 15 nm. The particle size in the Prussian blue
samples has been directly determined by scanning electron microscopy and the
crystallite size, i.e., the coherence length, has been indirectly derived from the
peak broadening of X-ray powder diffraction data. Although the primary particle
size does not necessarily correspond to the crystallite size, both crystallites and
particles seem to have similar dimensions in the Prussian blues.

The ageing step and the atmosphere were identified as the parameters that
affect the particle size. It is well known that an ageing step can help a system to
tend toward or to reach stability. Thermodynamic stability implies a minimization
of the surface area of the precipitate. Therefore an ageing of colloidal suspension
usually tends to increase the particle size [120]. As is evidenced by X-ray pow-
der diffraction, Prussian blues that have been aged during synthesis are indeed
more crystalline and exhibit sharper diffraction lines. Crystal growth and ageing
time are thus intimately correlated. However, the crystal growth is less significant
when the ageing step occurs in the ambient atmosphere, as was the case for the
laboratory-synthesized A180 Prussian blue. Oxygen from the air rapidly oxidizes
the Berlin white precipitate into Prussian blue and no further growth then seems
to occur.

Results obtained by iron K-edge X-ray absorption spectroscopy, pair distri-
bution function analysis, and iron-57 Mossbauer spectroscopy indicate a local
disorder in all Prussian blue samples. This inherent structural disorder, which
is representative of the entire class of cubic polynuclear transition-metal cyanide
complexes, is well known [111]. This is the reason why the structure of Prussian
blue and other transition-metal cyanides is usually approximated by the Fm3m
space group. However, the Rietveld refinement of X-ray powder diffraction data
using a cubic primitive Pm3m model permits an evaluation of the degree of or-
dering by means of the occupancy parameter, p. The soluble potassium cation
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containing Prussian blue structure has been revisited. It can be described with
the Pm3m space group where approximately one quarter of the [Fe!l(CN)g]4~
sites are vacant. The structural similarity between the insoluble and soluble Prus-
sian blues may explain why the iron-57 Mossbauer spectra and the iron K-edge
absorption spectra of both varieties of Prussian blue are not significantly different.

The local short range disorder studied in Prussian blue by pair distribution
function analysis can be quantified by considering three different ordered sub-
structures. The probability of having a unit cell containing more than one vacancy
increases for the poorly crystallized Prussian blue samples. As a result, the iron-
iron coordination number, which has been determined by iron K-edge EXAFS
analysis, is smaller for these samples. The well-crystallized A80 Prussian blue is
also characterized by a small iron-iron coordination number, but, in this particular
case, this small number results from a high degree of ordering in the crystals. A
higher vacancy content and a small particle size are thus correlated. Because the
small particle size results from a rapid crystallization, the presence of additional
defects in the lattice is also expected.

Particle size and local disorder are certainly among the parameters that can
influence the fading of Prussian blue. It has been shown that the particle size
directly affects the color of the pigment [51]. Moreover, small pigment particles
tend to fade more rapidly upon light exposure than larger particles because of their
increased surface area. The presence of additional [Fell(CN)g]*~ vacancies reduces
the probability of intervalence charge transfer. However the smallest particle size
and the largest extent of disorder were observed for the laboratory-synthesized
Prussian blues that were not prepared according to methods recommended by the
pigment industry. The latter methods are expected to be optimized in order to
ensure the highest pigment stability. Therefore, the particle size and the local
disorder in the commercial Prussian blues or the laboratory-synthesized Prussian
blues that are prepared according to syntheses described in patents, such as the
soluble A148 sample, may not be that critical for the fading of Prussian blue.
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2.3 Ancient syntheses

The composition and quality of Prussian blue pigments synthesized according to
the ancient methods were much more variable because of the rather empirical
character of the process. Ingredients and their proportions used in the ancient
recipes have been studied and indexed in details by Kirby et al. [58] and Asai
[121]. However, the underlying chemical reactions have not been clearly identified
nor have the factors that, in the eighteenth century syntheses, influenced the light
fastness of Prussian blue. In the following subsections the ancient syntheses and
their preparation are presented. Next, the so-obtained pigments are analyzed with
the techniques previously used for the characterization of modern Prussian blues.
Finally, the results are discussed and compared with those obtained on modern
Prussian blue samples.

2.3.1 Eighteenth century recipes

Only two reagents are essential to produce Prussian blue by precipitation, an iron
salt and an alkali hexacyanoferrate. However, the latter product was unknown in
the eighteenth century. At that time potassium hexacyanoferrate was indirectly
obtained from the calcination of animal matter and an alkali. The residue of this
calcination was thrown in boiling water and a pale-yellow solution resulted that
presumably contained potassium hexacyanoferrate. This solution was then mixed
with a solution of an iron(II) salt and alum, leading to the formation of a pale
greenish precipitate. This was filtered and, finally, treated with hydrochloric acid
to yield Prussian blue.

For a long time color pigment makers believed Prussian blue to be a lake as it
was prepared from organic material. The term lake referred to an organic pigment
obtained from the precipitation of a soluble organic dye which is absorbed onto a
mineral support, such as alumina hydrate, i.e., aluminum hydroxide [122]. This
erroneous belief explains why alum was used as a starting reagent, although Mac-
quer had already observed in 1752 that alum was not required for the precipitation
of Prussian blue [15].

Reproduction of two eighteenth century syntheses

Two eighteenth century syntheses were reproduced herein, one preparative method
based on the recipe developed by R. Dossie in 1758 [123] and a second synthesis
based on the preparation described by M. Le Pileur d’Apligny in 1779 [124]. The
original text of both recipes is reproduced in Appendix D. The major difference
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Table 2.16 Reagent proportions for the two selected eighteenth century recipes

Synthesis Reagent proportions in parts
Dried blood Alkali Iron salt Alum Acid
K2C03 FeSO4-7H20 KA](SO4)2~12H20 HCI
Dossie 3 1 1 2 4
Le Pileur 8 8 3 4 4
d’Apligny

between the two methods is the proportion of the ingredients, see Table 2.16.

Most of the designations for the ingredients cited in both recipes are no longer
in use. For example, green wvitriol/vitriol de Mars or copperas refers to iron(II)
sulfate, FeSO4. The terms spirit of salt or acide marin correspond to hydrochloric
acid. By pearl-ashes one should understand potassium carbonate, KoCO3. The
term potasse used in Le Pileur d’Apligny’s recipe is confusing and could be either
potassium hydroxide, KOH, or potassium carbonate; the latter was finally chosen
as the starting reagent, as has been suggested by Kirby and Saunders [58].

Dried blood used as garden fertilizer was taken as the organic matter. All other
reagents used herein for the syntheses of ancient Prussian blue were of reagent
grade quality and obtained form Sigma-Aldrich, Steinheim, Germany. Appropri-
ate amounts of dried blood and potassium carbonate, KoCOj3, were mixed in a
crucible and progressively heated in a Nabertherm furnace. The temperature was
allowed to increase from room temperature to 650°C in two hours. The mixture
initially burned with an orange flame. At 450°C the contents were remove from the
furnace and stirred. At a temperature of 650°C, no combustion was taking place
and the contents of the crucible were reddish. The crucible was then removed from
the furnace and the contents were dropped into approximately 300 mL of boiling
deionized water and the mixture was boiled for 45 minutes. After filtration, a pale
yellow filtrate was collected and mixed with an aqueous solution of iron sulfate,
FeSO,4-7H50 and alum, KA1(SOy4)2-12H20 previously dissolved in deionized water.
A pale-greenish precipitate immediately formed and was collected by filtration. A
prolonged delay of several hours between the formation and the filtration of the
greenish precipitate leads to the formation of an orange compound at the surface
of the sediment.

Because two shades of Prussian blue were reported in the eighteenth century, a
pale one and a dark one, the collected precipitate was divided in two fractions. The
first part was treated with hydrochloric acid in order to eliminate the aluminum
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Figure 2.33 Important steps in the eighteenth century recipe for producing Prussian blue.

1. Calcination of a mixture of dried blood and alkali; 2. Extraction of a yellow filtrate

from the calcined residue dropped into boiling water; 3. Mixture of iron(II) sulfate and

alum; 4. Precipitation of both solutions; 5. Filtration and washing with water; Optional
6. Addition of hydrochloric acid.

compound presumably hydroxide, and then thoroughly washed with deionized wa-
ter. The product was finally air-dried and ground into a dark blue powder. The
second part was only washed with deionised water so that the aluminum com-
pound remains in the pigment as an extender. After air-drying and grinding a
pale green-blue powder was obtained. The important steps of the eighteenth cen-
tury recipes are illustrated in Figure 2.33.

Both syntheses were reproduced several times, first to determine the miss-
ing parameters in the recipes, such as the maximum calcination temperature and
duration of the calcination and, second, to evaluate the reproducibility of the syn-
theses. A calcination temperature of at least 600°C was necessary to obtain a
complete combustion of the dried blood. The duration seems to be less critical
but must be long enough to combust all of the animal matter between room tem-
perature and 600°C. The liquor that is collected after filtration of the aqueous
solution containing the residue of the calcination, presumably contains potassium
ferrocyanide. The yield of the synthesis is extremely small; although 30 g of
dried blood was used for Dossie’s synthesis, less than 1g of Prussian blue was col-
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lected. The same occurs for Le Pileur d’Apligny’s recipe. The limiting reagent is
most likely the hexacyanoferrate(II) complex, presumably formed by calcination
of blood and potassium carbonate.

Although the synthesis is expected to be better controlled due to modern lab-
oratory conditions in comparison with the situation in the eighteenth century,
the reproducibility of the eighteenth century recipes is problematic and the at-
tempts were not always successful. The critical step appears to be the filtration
of the greenish precipitate followed by its washing with water. Before treatment
with hydrochloric acid the precipitate should be light blue, presumably containing
Prussian blue and aluminum hydroxide. However it was often rather light-green.
Moreover, when the precipitate is not treated with acid in order to preserve the
aluminum compound as an extender, the precipitate could turn completely brown,
spoiling the pigment. It was already mentioned in eighteenth and nineteenth cen-
tury books that the washing of the pigment was critical in order to obtain an
intense blue color.

Five samples from successful syntheses, as well as one sample from an unsuc-
cessful synthesis, which led to the production of a brown powder, were selected for
further analyses, see Table 2.17. The color of each powder, which was mixed with
gum arabic and painted in a pure state on watercolor paper, was evaluated by UV-
visible reflectance, see Figure 2.34. The final pigments obtained were of variable
color quality after treatment with hydrochloric acid, ranging from intense blue
for B64 and B61b to blue-gray for B42a. B46b and B6la were not treated with
hydrochloric acid and contain an aluminum compound, presumably aluminum hy-
droxide, as an extender. Consequently, they show a higher reflectance due to their
paler shade. B61la has a greenish tint; the position of its reflectance extents from
a shoulder at 450 nm to a maximum at 514 nm, see Figure 2.34. B42b was also
not treated with hydrochloric acid and contain an aluminum compound, but, in
contrast to B46b and B61a, which are light blue, B42b turns completely brown.
The UV-visible reflectance spectrum of B42b is not shown in Figure 2.34.

The following subsections concern the characterization of these laboratory-
synthesized eighteenth century samples, i.e., their analytical composition and vi-
brational and structural configurations, in order to identify the parameters that
could play a role in their fading.
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Table 2.17 Description and labels of the eighteenth century laboratory-synthesized Prus-

sian blues
Synthesis Labels Color appreciation

Dossie Treated with acid B61b Dark blue

No acid treatment, B6la Light blue-green

+ Al compound B46b Light blue

. - . . B42a Dark blue-gray

Le Pileur d’Apligny  Treated with acid { B64 Intense dark blue

No acid treatment, B42b Brown

-+ Al compound

30

Dossie + extender, B61;

20

Reflectance, %

Le Pileur, B42a A
Dossie, B61b
Le Pileur, B64 |

10

0 I I I I 1 I I I I 1 I I I I 1 1

400 500 600 700 800
Wavelength, nm
Figure 2.34 UV-visible spectra of laboratory-synthesized Prussian blues prepared ac-

cording to the eighteenth century recipes, mixed with gum arabic, and painted onto
watercolor paper.
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2.3.2 Elemental composition
Identification

As previously reported for the modern Prussian blue samples, iron-57 Mdssbauer
spectroscopy was used to confirm the formation of ferric ferrocyanide. The M&oss-
bauer spectra at 295 K of the laboratory-synthesized eighteenth century samples
are shown in Figure 2.35. The spectra of B61b and B64 were fit similarly to
the spectra of modern Prussian blues, i.e., with two Lorentzian components, one
iron(II) singlet and one iron(III) doublet, see Table 2.18. In contrast samples B42a
and the samples containing an extender, B42b, B61la, and B46b, exhibit rather
different Mossbauer spectra.

100 it

: i
- B61b,
98 - Dossie,
| +HCl

Dossie,
| no HC1

96 |-

100 i AR 1000 b
| B46b,

©
oo

99.8

Percent transmission, %

+ Le Pileur, | Dossic,

W +HCI 4 996} noHCI ]

o 4 994b ]
100 Hngithobied 100

| B42a,

Le Pileur, - 98

98 Le Pileur,
+HC1 oL 1O HCI ]
96 | . 94 L i
1 1 1 1 1 L | | | 1 1
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Velocity, mm/s Velocity, mm /s

Figure 2.35 The 295 K M&ssbauer spectra of laboratory-synthesized eighteenth century

Prussian blues. The green and red solid lines represent the iron(II) and iron(III) com-

ponents of Prussian blue, respectively. The blue solid line corresponds to a ferrihydrite
quadrupole doublet.
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Table 2.18 The 295 K Mdssbauer spectral parameters of laboratory-synthesized eigh-
teenth century Prussian blues

Labels Synthesis o1t J Al oIt rm AEgI
mm /s® mm/s®  %° mm,/s® mm/s® mm/s
B61b  Dossie, +HCI -0.146(3) 0.37(1) 47(2) 0.42(1) 0.48(2) 0.42(1)

B64  Le Pileur, +HCl -0.139(2) 0.32(1) 41(1) 0.407(5) 0.59(2) -

aThe isomer shift, §, is referred to a-iron at 295 K. ®I" is the full line width at half-maximum. Al =
100 — AL,

The Mossbauer spectrum of the brown powder, B42b, resembles that of ferri-
hydrite, Fh. Ferrihydrite is a poorly-ordered hydrous iron(III) oxide, composed of
spherical particles of 2 to 7 nm diameter and described by the chemical formula
FesHOg-4H20 [125]. However, because of the nanocrystallinity of ferrihydrite, the
determination of an accurate stoichiometry and structure is difficult and is still
questioned [126]. The iron-57 Mossbauer spectrum of ferrihydrite consists of a
doublet with an isomer shift of ca. 0.35 mm/s and an average quadrupole split-
ting of 0.70 mm/s [125][127]. The value of the quadrupole splitting is correlated
with the crystallinity of the ferrihydrite; the poorer the crystallinity, the higher
is the quadrupole splitting, which can increase up to 0.8 mm/s. Ferrihydrite is
formed by the rapid oxidation of iron-containing solutions [125]. The possibility
that ferrihydrite could be produced during the ancient synthesis of Prussian blue
is reasonable. B42a, B61a, and B46b, which exhibit a blue shade, are thus believed
to contain ferrihydrite as well as a small amount of Prussian blue.

The Mossbauer spectra of B42a, B6la and B46b were fit with three com-
ponents, the iron(II) singlet and the iron(III) doublet characteristic of Prussian
blue and a third doublet with the spectral parameters of ferrihydrite. The isomer
shifts of the iron(II) singlet and the iron(III) quadrupole doublet were fixed to
an average value of -0.145 mm/s and 0.400 mm/s, respectively. The line width
I'"1 was set to 0.350 mm/s. The percent areas of both Prussian blue compo-
nents were constrained to be equal, i.e., ATl = A The isomer shift, §7", the

quadrupole splitting, AEE" the full line widths at half-maximum, I'*" and I''I,

the quadrupole splitting, AECIQH, and the percent area of Prussian blue, A, were

adjusted, and the results are given in Table 2.19.
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Table 2.19 The 295 K Maossbauer spectral parameters of laboratory-synthesized eigh-
teenth century Prussian blues containing an extender

Labels Synthesis Comp. 5, mm/s® I', mm/s’ AFEg, mm/s A, %

B42b Dossie Fh 0.352(3) 0.48(1) 0.76(1) 100
no HCl
B42a Le Pileur,  Fe(II) -0.1457 0.33(2) - 9.3(5)
no HCI Fe(IlI)  0.400¢ 0.3504 0.46(3) 9.3(5)
Fh 0.388(2) 0.46(1) 0.709(4) 81(1)
Bbla Dossie Fe(II) -0.1457 0.3(1) - 5(1)
no HCI Fe(IlI)  0.400¢ 0.350¢ 0.5(2) 5(1)
Fh 0.359(5) 0.50(1) 0.75(2) 91(2)
B46b Dossie, Fe(1I) -0.1457 0.32(3) - 11(1)
no HCI1 Fe(Ill)  0.400¢ 0.3504 0.56(6) 11(1)
Fh 0.34(1) 0.75(3) 0,76(2) 78(3)

2The isomer shift, §, is referred to a-iron at 295 K. ®I" is the full line width at half-maximum. €Al = Al
and 100 = AFh 4 AT 4 A dConstrained parameter; cf. text.

Among the iron ions in B42a and B46b, only ca. 20 % are found in Prussian
blue. For the powder B61a this proportion decreases to 10 %. The large amount
of ferrihydrite, which is orange-colored, as are other iron oxides, could explain the
color shift from blue to dark blue-gray for B42a, and from light blue to light green,
for B61la. B46b contains somewhat more Prussian blue than B6la, and appears
bluer, see Figure 2.34. Particles of ferrihydrite can be easily identified in optical
micrographs, see Figure 2.36. The dominant blue in these three powders highlights
the very high tinting strength of Prussian blue. The relatively high ferrihydrite
quadrupole splitting suggests a poor crystallinity of ferrihydrite in the powders.

(b)

Figure 2.36 Optical micrographs of laboratory-synthesized eighteenth century Prussian

blues containing an extender, a, B46b and b, B6la. The micrographs have been ob-

tained with reflected visible light and dark field illumination. The orange particles are
ferrihydrite.
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Elemental analysis

The powders were analyzed by proton induced X-ray emission studies in order
to determine their elemental composition. The results are reported in Table 2.20.
The elemental composition was calculated by taking into account the undetectable
elements present in the sample, such as the H, C, N, and O found in the CN~
and OH™ present; the water was not considered in the elemental composition. As
expected, the samples that were not treated with hydrochloric acid contains a rel-
atively large aluminum content. The iron content in the B64 and B61b pigments
is in agreement with the previous analytical results obtained on modern Prussian
blues, see Section 2.2.2. B64 contains potassium cations whereas B61b does
not. One should note the relatively high phosphorus and sulphur content present
in all samples; it most likely comes from the dried blood used as a starting reagent.

Table 2.20 Composition of laboratory-synthesized eighteenth century Prussian blues and
the dried blood used as starting reagent determined by PIXE

Element, wt %%

Label Na Al Si P S Cl K Ca Fe

B64° - 02(1) 0.2(1) 1.1(1) 09(1) o0.1(1) 7.4(0) - 37.2(2)
B61b? - - 0.4(1) 0.2(1) 07(1) 05(1) 0.7(1)  0.1(1)  40.0(3)
B42a¢ - 3.6(2) 0.6(1) 14.6(2) 1.5(1) - 0.7(1) - 49.2(4)
B61ad - 24.0(3) - 1.3(1)  8.5(2) - 0.2(1) - 13.5(2)
B46b¢ - 28.9(5) 0.3(1) 1.0(1) 8.0(2) - 0.1(1) - 19.6(7)
B42b 0.3(1) 12.7(2) 0.5(1) 0.6(1)  2.0(1) - 0.7(1) - 30.7(2)
Compound Na Mg Si P S Cl K Ca Fe

Dried blood ~ 7.4(7)  3.4(4) - 7.8(3) 12.8(4) 13.8(4) 29.7(6) 16.2(6)  3.1(3)

®The values given in parentheses are the errors evaluated from the statistical error and the fit error
given by Gupixwin. The elemental concentration is calculated by taking into account the undetectable
elements, H, C, N, and O elements, as *Fe(CN)g, “FeOOH, and “FeOOH and Al(OH)s3.

2.3.3 Structural configurations and short-range order

The structural configurations in the laboratory-synthesized eighteenth century
Prussian blues were studied by X-ray powder diffraction, high-energy X-ray pow-
der diffraction in order to obtain the pair distribution function, and, finally, by
iron K-edge X-ray absorption spectroscopy.

Crystal structure

X-ray laboratory powder diffraction patterns are shown in Figure 2.37. The Prus-
sian blue B64 and B61b samples exhibit a diffraction pattern that is similar to
that of commercial Prussian blue. The diffraction lines are however broadened,
indicating the presence of nanoparticles and strain. Particle size and strain were
estimated by the Williamson-Hall method, see Figure 2.38. B64 contains particles
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Figure 2.37 X-ray powder diffraction patterns of laboratory-synthesized eighteenth cen-
tury Prussian blues obtained by using iron-K, radiation with A\ = 1.9373 A.

of approximately 60 nm diameter whereas B61b is characterized by particles of 18
nm diameter, in the (h00) crystallographic direction. The strain in both samples
is evaluated from the slope of the linear regression and is equal to 0.37 and 0.89 %
in B64 and B61b, respectively. Not surprisingly B61b, which exhibits an iron(IIT)
quadrupole splitting of 0.42(1) mm/s whereas B64 does not, is characterized by a
higher amount of strain.

B42a which contains a large amount of ferrihydrite, exhibits highly broadened
diffraction peaks and a high amorphous background. Similarly, powders that were
not treated with acid, B46b, B61a, and the brown powder B42b, show an amor-
phous diffraction pattern. X-ray powder diffraction does not provide suitable data
for structural investigations of the latter samples because all the Bragg peaks are
strongly broadened or inexistent.

Therefore the ancient Prussian blue samples were analyzed by high-energy X-
ray diffraction at beamline ID11 at the European Synchrotron Research Facility,
Grenoble, France. The measurements were carried out under the same conditions
as used for the modern Prussian blues, see Section 2.2.5 and Appendix B.3.2.



114 2. PREPARATIVE METHODS FOR PRUSSIAN BLUE

T T T T T T ’ , . | .
L =2 D 4@ = o @ o o
=S N = A s 2 g 3 3
10 = B61b, Dossie — — = = = T NI
m
| m B64, Le Pileur n ]
— r - = -|
. . _m_
= | PR : _
S ]
1—1 5 : — |
< _
n - m
I - [ ] o m]
L (h0O) . _ - —— . — —yg— — |
0 1 1 1 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
d* A

Figure 2.38 The Williamson-Hall plot of laboratory-synthesized eighteenth-century
Prussian blue powders. The dashed lines correspond to a linear best fit for the three
(h00) reflections.

Pair distribution function analysis

The pair distribution function of the laboratory-synthesized eighteenth century
powders are shown in Figure 2.39. The PDF of soluble commercial C02 Prussian
blue is added as a reference.

The PDF of the B42a, B42b, and B61a ancient Prussian blues are dramatically
different from the PDF of the modern Prussian blues. The strong signal attenu-
ation above 10 A, suggests nanocrystalline powders. The structure of the brown
powder B42b can be fully described by using the model of nanocrystalline alumina
hydrate, tohdite, Al1gO14(OH)2, see Figure 2.40a. The name tohdite refers to the
synthetic alumina hydrate phase, whereas akdalaite is the natural form of alumina
hydrate [128]|. Both compounds were eventually shown to have the same structure
and composition and are described by the hexagonal P63mc space group with
a = 5.58(1) and ¢ = 8.86(2) A [129]. In 2007 Michel et al. determined through
PDF analysis a similar structure and composition for nanocrystalline ferrihydrite,
Fe19O14(OH)g, with lattice parameters a ~ 5.95 and ¢ ~ 9.06 A [126]. Ferrihydrite
and alumina hydrate exhibit a very similar PDF because they are isostructural.
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Figure 2.39 The pair distribution function for the laboratory-synthesized eighteenth
century powders and commercial soluble Prussian blue.
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Figure 2.40 Refinement of the PDF obtained on laboratory-synthesized eighteenth cen-
tury powder samples, a, B42b, R,,= 21.8 %; reduced x? = 0.090; b, B6la, R,,,= 31.8 %
; reduced x? = 0.061; ¢, B42a, R,,— 25.7 %; reduced x? = 0.102; d, B61b, R,,= 29.6;
reduced x? = 0.196; e, B64, R.p= 24.8 %; reduced x? = 0.100. Experimental data and

fit are shown in open colored circles and a solid line, respectively.
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The average crystallite size?? in B42b is 15 A and the unit cell dimensions are
a = 5.96(2) and ¢ = 8.64(3) A. On the basis of Mdssbauer spectroscopy and PIXE
analysis, one can conclude that B42b contains nanocrystalline alumina hydrate as
well as nanocrystalline ferrihydrite. The brown hue of B42b is additional proof of
the presence of an orange iron oxide, as white alumina hydrate would not color
the powder.

As is indicated by the PIXE analysis B6la is expected to contain a large
amount of alumina hydrate, ferrihydrite, and a small amount of Prussian blue.
On the basis of the structural composition of B42b, the PDF of B61a was refined
by using the structural phase of nanocrystalline alumina hydrate, see Figure 2.40b.
Attempts to fit the PDF with additional phases in order to take into account the
presence of ferrihydrite and Prussian blue in B61a result either in negative rela-
tive phase contents or unlikely lattice parameters. The discrepancy between the
observed data and the calculated PDF can be attributed to the particularly large
amount of impurity in B61la, i.e., phosphorus and sulphur contents of 1.3 and 8.5
weight %, respectively.

The B42a, B61b, and B64 samples were treated with hydrochloric acid in order
to eliminate the extender, i.e., alumina hydrate. According to Méssbauer spectral
results, the B42a sample is mainly composed of ferrihydrite whereas the samples
B61b and B64 are rather pure Prussian blues. Therefore the PDF of B42a was fit
by combining the structural models of ferrihydrite and Prussian blue. Because of
the restricted data range and, in order to avoid overfitting the PDF, the structural
model for Prussian blue was restricted to the most probable ordered substructure,
i.e., the substructure containing one vacancy. The model with the three ordered
substructures of soluble Prussian blue was used to fit the PDF of B61b and B64.
The refinements are shown in Figures 2.40c, 2.40d, and 2.40e.

The PDF refinement parameters for B42a revealed a relative phase content
in terms of one unit cell of 92(1) and 8(1) % for ferrihydrite and Prussian blue,
respectively. These values agree with the Mossbauer spectral results. The refine-
ment quality is in general poorer for the B64 and B61b Prussian blues than for
the modern Prussian blues. Because of the empirical character of the recipes for
their preparation, these samples contain more impurities, as is evidenced by the
PIXE analysis. These impurities are probably localized in the lattice cavities of
the pigment but they were not taken into account in the structural model. Be-

22 In order to determine the crystallite size from the PDF, the resolution damping factor,
(Qdamp, must be taken into account. This factor evaluates how the experimental resolution affects
the PDF and was determined as a value of 0.05 from the LaBg standard PDF analysis. This
value was used in the remaining PDF fits as the data were recorded under similar experimental
conditions.
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cause the peaks are broader?® in the B61b PDF than in the B64 PDF, the latter is
expected to be more ordered. Effectively, B64 is characterized by a relative phase
content in terms of one unit cell of 15(4), 40(4), and 45(4) % for substructures
with zero, one, and two vacancies, respectively. In B61b, the one unit cell content
of the substructure A, with zero vacancies, is virtually zero whereas the one unit
cell % content of the substructures B and C, with one and two vacancies, are 50(3)
and 49(3) %, respectively. Thus, B61b is more disordered than B64 because more
vacancies are present. This higher disorder also increases its thermal factors.

X-ray absorption spectroscopy

The ancient Prussian blues were analyzed by iron K-edge X-ray absorption spec-
troscopy on beamline BM26 at the European Synchrotron Research Facility, Greno-
ble, France. The XANES spectra are shown in Figure 2.41. B64 and B61b visually
exhibit the typical XANES spectrum of Prussian blue. In contrast, the XANES
spectra of the samples containing ferrihydrite, as evidenced by Mossbauer spec-
troscopy, are close to that of goethite, a-FeOOH, which is the most common of the
ferric oxyhydroxides. Like ferrihydrite, the goethite structure can be considered
as a hexagonal close-packed array of oxygens and hydroxyls with the iron(IIT) ions
occupying the octahedral positions. In goethite these octahedral positions are ar-
ranged in double rows along [001]. In ferrihydrite some of the iron positions are
vacant [130]. According to Wilke et al. the XANES spectra at the iron K-edge of
goethite and ferrihydrite are very similar [131].

The B64 and B61b Prussian blue samples, as well as commercial C02 Prussian
blue, are characterized by comparable iron ionic environments, as is evidenced by
the EXAFS spectra shown in Figure 2.42. The two laboratory synthesized eigh-
teenth century Prussian blues were fit similarly to modern Prussian blues. Bond
distances, coordination numbers, Debye-Waller factors, and inner potential cor-
rections for the B61b and B64 laboratory-synthesized eighteenth century Prussian
blues are given in Table 2.21. The procedure for fitting and for the estimation of
errors are explained in Section 2.2.5 and Appendix B.3.

The EXAFS spectra of B42a and goethite are shown in Figure 2.43. At very
short range, both compounds exhibit a similar iron ion environment. According to
Mikutta et al. the FT[x(k)-k?| spectrum of goethite results from the contribution
of three shells: one corresponding to the Fe-O coordination, with a bond distance

ZThe broadening of the peaks can also be caused by the damping of F(Q). For B61b, the
damping width is 10 A~" whereas a damping of 20 A~! width was applied to the PDF of B64.
The damping consists of multiplying F'(Q) by a Gaussian function of adjustable width, centered
about zero. It reduceds the statistical noise at high-Q on the PDF obtained from the Fourier
transform of F(Q).
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Figure 2.41 Iron K-edge XANES spectra of laboratory-synthesized eighteenth century
Prussian blues, modern commercial C02 Prussian blue and goethite, a-FeOOH. XANES
spectra of samples B42a and B46b are very similar to that of goethite, FeOOH.

of 1.97(1) A | and two Fe-Fe shells, at 3.04(4) and 3.44(4) A [127]. Mossbauer
spectral results have shown that B42a is mainly composed of ferrihydrite and that
only 19(1)% of the iron ions were part of the Prussian blue. The FT[x(k)-k?%]
spectrum of B42a is mostly dominated by the Fe-O coordination shell, at ca. 2
A. The strong attenuation of the EXAFS oscillations of the B42a sample above 4
A probably masks the coordination shells characteristic of a Prussian blue. The
damping of the signal indicates an extremely small particle size, as is also observed
in the PDF analysis.

Table 2.21 Bond distances, R, coordination numbers, N, Debye-Waller factors, Ac?,
and inner potential corrections, AFy, for the EXAFS fits obtained for two laboratory-
synthesized eighteenth century Prussian blues.

Sample Absorber-scatterer R, A N Ao?, A2 AFEy, eV

B64 Fe(IT)-C 190(1)  27(1)  0.0030(2) 3.6(3)
Fe(I11)-N 210(1)  3.0(1)  0.0030(2) -0.9(5)
Fe(I1)-N 3.06(1)  20(1)  0.0030(2) 2.5(5)
Fe(ITT)-C 311(1)  2.0(2)  0.0030(2) 5.8(6)
Fe(IT)-Fe(I1I) 510(1)  5.0(2)  -0.0002(2)  -5.1(3)

B61b Fe(I1)-C 191(1)  3.3(1)  0.0020(2) 3.2(3)
Fe(I11)-N 211(1)  29(1)  0.0020(2) -3.8(5)
Fe(IT)-N 3.06(1)  2.1(1)  0.0020(2) -0.3(5)
Fe(I11)-C 3.12(1)  22(2)  0.0020(2) 3.5(6)
Fe(IT)-Fe(I11) 5.08(1)  4.1(2)  -0.0003(2)  -4.3(3)
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Figure 2.42 x(k)-k* and FT|x(k)-k?] spectra with Ak ~ 5.3 to 13.9 A~ for laboratory-
synthesized Prussian blues prepared according to an eighteenth century recipe and a
commercial soluble reference Prussian blue.
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Figure 2.43 x(k)-k* and FT|x(k)-k?] spectra with Ak ~ 5.3 to 13.9 A~! for laboratory-
synthesized Prussian blues prepared according to an eighteenth century recipe that also
yields ferrihydrite. The spectra for goethite, a-FeOOH, are shown for comparison.
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Vibrational analysis

Finally the ancient Prussian blues were analyzed by Raman spectroscopy. The
Raman spectra of selected laboratory-synthesized powders are shown in Figure
2.44. The spectra do not significantly differ from those of modern Prussian blues
presented in Figure 2.32 in Section 2.2.6. The two strong vibrational bands at
ca. 2150 and 2088 cm™!, visible in all samples, correspond to the stretching vi-
bration of CN™ and confirm the presence of Prussian blue. The shoulder peak at
2120 cm~! may indicate the presence of a coprecipitated ferricyanide ion [62][132].
Lower-frequency bands arise from iron to ligand vibrations, such as v(Fe-C), ¢ (Fe-
CN), and ¢(C-Fe-C)[115][119]. B64 and the commercial soluble C02 Prussian blue
show a very similar Raman spectrum, with sharp vibration bands, whereas broader
peaks characterize B42a and B46b, broadening that is most likely caused by the
presence of nanoparticles in the pigment. The very broad peaks in the 600 to
1800 cm~! region in B42a and B46b can be attributed to either nanocrystalline
ferrihydrite or alumina hydrate.
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Figure 2.44 Raman spectra of Prussian blues synthesized according to eighteenth century

recipes and commercial C02 Prussian blue. All spectra are normalized according to the

intensity of their most intense absorption band. All pigments exhibit a v¥(CN) band at
2150 cm ™!, a band that is characteristic of ferrocyanide complexes.
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2.3.4 Discussion

The Le Pileur d’Apligny and Dossie recipes lead to the formation of a Prussian
blue that may be of similar quality to the modern commercial pigments. Samples
B64 and B61b support this assertion. However, these recipes can also result in
the production of blue-colored pigments that cannot be considered to be Prussian
blue, as is evidenced by the blue-gray color of B42a, which mainly consists of
nanocrystalline ferrihydrite. Similarly, B46 and B61a, which correspond to a pale
variety of Prussian blue because they were not treated with hydrochloric acid, are
largely composed of poorly ordered hydrous iron oxide.

The formation of the undesirable hydrous iron oxide, identified as nanocrys-
talline ferrihydrite, occurs during the synthesis and, most likely, forms before the
filtration of the pale blue-green precipitate. This precipitate results from the reac-
tion between the potassium hexacyanoferrate and iron(II) sulfate. The chemical
compound that is immediately formed is ferrous ferrocyanide, also known as Berlin
white or Everitt’s salt, [FellFel!(CN)g]2~, formed by the reaction,

Fell (aq) + [Fel'(CN)g]*~(aq) — [Fe'lFell(CN)g)?~(s).

Ferrous ferrocyanide is rapidly oxidized in air to yield Prussian blue. The pre-
cipitate retains a pale color because of the presence of a large amount of a white
aluminum compound. The latter product has been identified as alumina hydrate,
Al1pO14(OH)2 by the PDF analysis and is formed by the hydrolysis of the trivalent
AIBT cation arising from alum, KA1(SOy4)2-12Hs, used as a starting reagent.

According to the above chemical reaction, the formation of ferrous ferrocyanide
requires a stoichiometric amount of iron(II) and [Fe'!(CN)g]*~. The iron(II) ions
are provided by the iron(II) sulfate solution, used as a starting reagent whereas
the [Fe!l(CN)g]*~ ions are derived from the blood calcination with potassium car-
bonate; the hexacyanoferrate(Il) anion is most likely the limiting reagent. Conse-
quently, iron(II) ions from iron(II) sulfate remain in excess in the aqueous solution
after precipitation of ferrous ferrocyanide. However iron(II) ions are easily oxidized
to iron(III) ions; the latter can then hydrolyze to produce an iron oxide, such as
ferrihydrite, which is known to be formed by rapid oxidation of iron-containing
solutions. A rapid filtration that immediately follows the precipitation, as was the
case for B64 and B61b, avoids the formation of the orange hydrous iron oxide on
the surface of the blue-green precipitate and, thus, preserves the color and nature
of Prussian blue.

The presence of a certain amount of iron oxide in the ancient Prussian blue
pigments is expected to play a role in the fading of Prussian blue containing paint
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layers. Because this undesirable iron oxide is orange, it could explain why numer-
ous authors of eighteenth and nineteenth century books?* warned artists about
the tendency of Prussian blue to turn green in light. In order to confirm this
hypothesis, the light fastness of modern and ancient Prussian blue pigments was
evaluated by accelerated ageing experiments in order to induce degradations in the
paint layers upon exposure to light. This work will be discussed in the following
chapter.

24Gee Section 1.2.2 and Appendix A.






Chapter 3

A Study of the Degradation of
Prussian Blue in Paint Layers

Summary. The fading of laboratory-synthesized and commercial Prussian blues
mn paint layers during exposure to light has been investigated. The Prussian blue
pigments were painted with linseed oil, gum arabic, or casein, as either a pure pig-
ment or mized with lead white, (PbC'O3)aPb(OH )o, zinc white, ZnO, or titanium
white, T1Oq, pigment. The samples were subjected to accelerated ageing of up to
800 hours. Pure Prussian blue painted in dark shade is extremely light fast whereas
it fades in pale shade and when mixed with a white pigment, especially with lead
white and zinc white. The painted samples were studied by UV-visible, iron K-edge
X-ray absorption, iron-57 transmission Mdssbauer, attenuated total reflectance in-
frared, and Raman spectroscopy. The results revealed an iron ion partial oxidation,
with an increased amount of [Fe'''(CN)g|>~ ions, prior to the ageing in the entire
bulk layer. Upon exposure to light, iron(III) ions at the surface of the paint layer
of Prussian blue are reduced.
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The permanence of Prussian blue had already been questioned by the mid-
eighteenth century. The preparative methods were recognized as contributory
factors in the impermanence of Prussian blue and have, therefore, been reproduced
in order to identify the parameters that could play a role in the fading, as has been
thoroughly detailed in Chapter 2. The next step in this research is to evaluate
the light fastness of the so-obtained pigments and identify the changes in local
electronic and structural configurations of the iron(II) and iron(III) ions in aged
paint layers, in order to understand the degradation mechanisms of Prussian blue.

3.1 Sample preparation

Paint layers were prepared with commercial pigments and laboratory-synthesized
Prussian blues, whose synthesis was described in Chapter 2. Because of the large
number of laboratory-synthesized pigments, a selection was necessary. The most
representative pigments are listed in Table 3.1. The laboratory synthesized A147
and A148 Prussian blues differ by their crystallite size, which is approximately two
times smaller for A147, and by their inherent disorder, which is higher for A147 be-
cause of a larger [Fe!'(CN)g]*~ vacancy content. Most of the samples synthesized
according to eighteenth century recipes were selected because they are expected
to have a poorer light fastness than modern Prussian blues. The light fastness of
soluble sodium ion containing modern Prussian blues was not studied because this
cation is much less frequently used in the preparative methods of Prussian blue
than are the potassium and ammonium cations. The commercial Prussian blues,
such as the C01 sample, are still used as artist pigment and have already been
rated for their permanence by artist suppliers. Their permanence rating will be
compared with those determined by the accelerated ageing experiments that are
carried out in this thesis.

For clarity in the description of sample preparation, the paint layers for accel-
erated ageing were classified according to the type of support, i.e., canvas, paper,
or glass slides. Supports, binders, diluents, and pencils were purchased at the
artist materials supplier Schleiper SA, Liége, Belgium.

3.1.1 Paint layers on canvas

Canvas, as a painting support, has been widely used since Antiquity; fragments
of painted linen canvas have been found in Egypt and have been dated from the
twelfth dynasty, 2000 to 1785 BC [55]. The canvas consists of a cotton or linen
fabric stretched over a wooden frame to ensure stability. The canvas is usually
prepared with an application of size. Size is a diluted glue, typically made from
animal skins, that prevents the absorption and penetration of the binder and vehi-
cles present in the paint layers into the support. The sized canvas is next covered
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Table 3.1 Selected Prussian blues for the preparation of paint layers

Label Description Composition

Modern laboratory-synthesized Prussian blues
A148 Indirect method under N2, 2 hours ageing Potassium containing Prussian blue
A147 Indirect method under N2, no ageing Potassium containing Prussian blue

Prussian blues synthesized according to eighteenth century recipes

B64 Recipe of Le Pileur d’Apligny, 1779 Potassium containing Prussian blue
B42a Recipe of Le Pileur d’Apligny, 1779 Insoluble Prussian blue
+ ferrihydrite

B46a Recipe of Le Pileur d’Apligny, 1779 Insoluble Prussian blue

No HCI treatment + ferrihydrite 4+ alumina hydrate
B61b Recipe of R. Dossie, 1758 Insoluble Prussian blue
B6la Recipe of R. Dossie, 1758 Insoluble Prussian blue

No HCI treatment + ferrihydrite 4+ alumina hydrate

Commercial Prussian blues

Co01 Winsor & Newton provenance Insoluble Prussian blue

C02 Winsor & Newton provenance Potassium containing Prussian blue
IRPA archives

Co03 Sigma-Aldrich product Insoluble Prussian blue

C04 Degussa product Ammonium containing Prussian blue

Provided by Blockx

by a coating or ground layer for an optimum isolation between the support and
the paint layers. To date, the ground layer is a white preparation layer containing
a binder of acrylic polymer [93]. For the preparation of Prussian blue containing
paint layers, a universally primed 100% linen canvas was used.

The preparation of the paint layers on canvas for the accelerated ageing is
detailed below. The powders were mixed with boiled linseed oil and painted in
thin layers onto a 2 cm? universally primed 100 % linen canvas. Linseed oil was
chosen as a binder because it is the most common oil binder and is widely used in
oil paint. The boiling treatment ensures a more rapid drying process. Turpentine
was used as a vehicle.! Because pure Prussian blue has such a deep color it was
rarely used by artists in the pure form. Thus the samples were also diluted with
white pigments obtained from Kremer Pigmente GmbH & Co KG, Alchstetten,
Germany. The specific white pigments used were, first, lead white or basic lead
carbonate, the most popular white pigment, used in the eighteenth and nineteenth
centuries, which can have a somewhat variable composition but is typically close
to (PbCO3)2Pb(OH)2; second, zinc oxide, ZnO, introduced as a pigment in the
mid-nineteenth century and still in use; third, titanium diozide, TiO9, in the ru-

LA wehicle or diluent is a substance that is compatible with the binder and that allows the
paint to be spread more easily [93].
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tile? form, the most popular white pigment since 1945.

Samples containing weight to weight dilution ratio of Prussian blue pigment
to white pigment of 1:1, 1:10, and 1:100 were prepared. The amount of linseed oil
needed for each mixture was determined by considering the oil absorption indices
of Prussian blue, lead white, zinc white, and titanium white, which are 100, 8 to
12, 13 to 22, and 15 to 20 wt %, respectively [133|. The density of Prussian blue
painted with lead white in 1:1, 1:10, and 1:100 dilution ratios are approximately
1.6, 0.7, and 0.04 mg cm™?2, respectively. Paint layers prepared with zinc white
and titanium white in a 1:10 dilution ratio contain a density of Prussian blue of
ca. 0.7 mg cm™2. In order to evaluate the light fastness of the white pigments

used, paint layers containing only white pigments have also been prepared.

Laboratory-synthesized Prussian blues prepared according to eighteenth cen-
tury recipes were only studied in dilution with lead white because the other white
pigments, zinc white and titanium white, were not used during that period.

Paint layers from commercial Prussian blue and lead white ready-to-use oil
colors were also prepared. The Prussian blue oil color was purchased from the
artist materials supplier Winsor & Newton, Harrow, Middlesex, England. The
lead white oil color, which is no longer commercially produced because of its tox-
icity, was part of a private collection of artist’s materials and was manufactured
by the artist materials supplier Blockx SA., Nandrin, Belgium. Prussian blue was
diluted with lead white, in eight different blue pigment to white weight to weight
dilution ratios, namely 1:1, 1:5, 1:10, 1:20, 1:50, 1:100, 1:200, and 1:400. Layers
containing pure Prussian blue and pure lead white were also prepared. Figure 3.1
gives a schematic overview of the prepared samples on canvas.

3.1.2 Paint layers on paper

Besides oil painting, Prussian blue was widely used in watercolor painting. The
pigment powder is mixed with a plant gum, the most commonly used is gum ara-
bic, which is produced by a particular variety of the acacia shrublike tree [93].
The watercolor technique has probably been known since antiquity but became
really popular and widely used only from the eighteenth century [55]. Watercolor
paints are usually used on paper. The powders from Table 3.1 were mixed with a

2Titanium(IV) dioxide, TiOz, exists in three different crystallographic forms, rutile, the high
temperature tetragonal polymorph, anatase, the low temperature tegragonal polymorph, and
brookite, the orthorhombic polymorph. The industrial production of synthetic titanium(IV)
dioxide in the rutile type since the early twentieth century has largely contributed to the massive
use of titanium dioxide as a white pigment [87][133].
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Figure 3.1 Schematic overview of the prepared paint layers on canvas, a, pure and diluted

modern commercial and laboratory-synthesized Prussian blues and white pigments, b,

eighteenth-century laboratory-synthesized Prussian blues diluted with lead white, and c,

pure and diluted Prussian blue and lead white ready-to-use oil colors. PB is Prussian

blue, PbW is lead white, (PbCOs3)2Pb(OH)s, TiW is titanium white, TiOq, and ZnW is
zinc white, ZnQO.
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Figure 3.2 Schematic overview of the prepared paint layers on watercolor paper. Dark

shade, in gray, and light shade, in white, of watercolor paint layers of a, pure mod-

ern commercial and laboratory-synthesized Prussian blues and, b, eighteenth-century
laboratory-synthesized Prussian blues.

10 % gum arabic containing aqueous solution in a pigment to binder 1:2 weight-
to-weight ratio. The mixtures were painted onto a 2 cm? 100 % cotton watercolor
paper. In watercolor painting white pigments are rarely employed because the
white of the paper is usually used in transparency to lighten the color. Therefore
the samples were not diluted with a white pigment but were rather painted in a
light shade, by decreasing the pigment concentration. Water was used as a vehi-
cle. Figure 3.2 shows a schematic overview of the prepared watercolor paint layers.

3.1.3 Paint layers on glass slides

Glass has the advantage of being relatively inert and, hence, any contribution from
the support can be eliminated. The paint layers on 75 X 25 mm microscope glass
slides were prepared to systematically study the effect of the binder and the ad-
mixture of a white pigment upon the Prussian blue fading. Three types of binders
were used, boiled linseed oil, gum arabic in a 10 % water dilution, and casein in a
10 % water dilution. Casein refers to a mixture of proteins that can be separated
from milk and, when diluted in water, produces a brilliant, opaque paint film.
This organic binder is related to tempera paint and is slightly basic, in contrast
to linseed oil or gum arabic. The commercial insoluble C03 Prussian blue was
mixed with each binder, pure or diluted, with one of the above mentioned white
pigments in a weight to weight ratio of Prussian blue pigment to white pigment
of 1:1, 1:10, and 1:100.

In order to clearly identify the contribution of Prussian blue in the fading,
paint layers containing, weight to weight ratio of phtalocyanine blue to each of the
above mentioned white pigments 1:100 dilution, were prepared in both a boiled
linseed oil and a gum arabic medium. Two glass slides were prepared for each type
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of paint layers shown in Figure 3.3, one to be aged, and the second one to serve
as a reference.

Prussian blue:white pigment Prussian blue:white pigment
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Figure 3.3 Schematic overview of the prepared paint layers on microscope glass slides.
PB is Prussian blue, Phtalo is phtalocyanine blue, PbW is lead white, (PbCO3)2Pb(OH),,
TiW is titanium white, TiOs, and ZnW is zinc white, ZnO.

3.2 Accelerated ageing

The light stability of pigmented systems is defined as the resistance of coatings
towards changes caused by the action of global radiation, possibly in the presence
of moisture |52]. The International Organization for Standardization has set stan-
dards to test the resistance to light of pigments and extenders. It recommends the
exposure of the samples under glass to either natural light or to direct artificial
light [134]. For the latter, the ageing tests are carried out in a weathering instru-
ment which simulates exposure to daylight. Radiation from a xenon arc lamp is
usually used because it satisfactorily simulates solar spectral irradiance according
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Figure 3.4 Comparison between the solar spectral irradiance according to CIE 85:1989,
in yellow solid line, and the irradiance of a xenon lamp used in SUNTEST weathering
instruments, in dark red solid line [136].

to the CIE 85:1989 recommendations for solar spectral irradiance,? see Figure 3.4.

The samples were subjected to accelerated ageing of up to 800 hours, or al-
most five weeks, by using a SUNTEST CPS+ weathering chamber equipped with
a xenon lamp; a window glass filter that removed UV radiation below 320 nm was
used to simulate indoor ageing, as is recommended in the ISO 787-15 standard.
The reflectance spectrum of the xenon lamp equipped with the window glass filter
was measured by UV /visible spectroscopy at the level of the sample tray, see Fig-
ure 3.5. The shape of the reflectance curve is comparable to that shown in Figure
3.4. A ventilation system was used to cool the ageing chamber to a constant black
standard temperature of ca. 35°C. The luminance at the surface of the sample was
ca. 90 000 lux. Because of the limited 560 cm? surface area of the sample tray, the
ageing experiments were carried out in three steps. During the ageing process half
of the painted canvas or paper surface area was covered with aluminum to serve
as a reference after ageing. The glass slides used as references were placed under
the plate exposed to light, where the temperature is approximately the same as in
the chamber. In order to quantify the permanence of the pigments, the samples
were aged together with blue wool light fastness reference standards as specified
in ISO 105-B04, standards that are used by the pigment industry for determining
the resistance of color to the action of artificial light.

The modern Prussian blue samples, see Figure 3.1a and 3.2a were subjected
to accelerated ageing of up to 800 hours. During the first 400 hours of weathering

3Irradiance at a point of a surface is defined as the ratio of the radiant power or flux emitted
by an infinitesimal surface element containing the point, to the area of that surface element [135].
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Figure 3.5 The UV /visible spectrum of the xenon lamp equipped with the window glass
filter used in the SUNTEST CPS+ weathering chamber.

the samples were removed from the weathering chamber every 50 hours for ca. 1
hour in order to perform colorimetric measurements which could not be carried
out in the chamber. After 400 hours of light exposure, the samples were removed
from the chamber and kept in the dark for one week in order to determine whether
there was a return of the original color of the samples after dark storage, a phe-
nomenon that has been reported earlier [57]. After one week in the dark, the
ageing experiment was continued under the same conditions as described above
with colorimetric measurements every 100 to 150 hours. The other samples were
subjected to accelerated ageing over 400 hours, without any interruption, except
to perform periodic colorimetric measurements.

3.3 Color change

Figures 3.6 and 3.7 show pictures of the paint layers prepared on canvas and wa-
tercolor paper, respectively, after the accelerated ageing experiment. The half of
the painted surface area that was covered with aluminum during the ageing indi-
cates the degree of fading. On the basis of Figures 3.6 and 3.7, the color change
of Prussian blue can be qualitatively discussed.

Pure modern Prussian blue pigments are light fast because no significative
discoloration appeared after 800 hours of light exposure, see Figure 3.6a. This is
consistent with the permanence rating determined for modern commercial Prus-
sian blue by pigment suppliers. According to the Winsor & Newton rating, which
scales the pigment light fastness between extremely permanent, permanent, mod-
erately durable, or fugitive, Prussian blue is considered as a permanent pigment
[137]. In the American Society for Testing and Materials, ASTM, system, the
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Figure 3.6 Pictures of the prepared paint layers that were subjected to accelerated

ageing, a, pure and diluted modern commercial and laboratory-synthesized Prussian blues

and white pigments, b, eighteenth-century laboratory-synthesized Prussian blues diluted

with lead white, and c, pure and diluted Prussian blue and lead white ready-to-use oil

colors. PbW is lead white, (PbCOs3)2Pb(OH),, TiW is titanium white, TiOg, and ZnW
is zinc white, ZnO.
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Figure 3.7 Pictures of the prepared paint layers on watercolor paper. Dark shade and

light shade of watercolor paint layers of a, pure modern commercial and laboratory-

synthesized Prussian blues and b, eighteenth-century laboratory-synthesized Prussian
blues.

Prussian blue light fastness is rated I on a scale from I to IV, I being the highest
light fastness available.* In contrast, Prussian blues mixed with lead white, zinc
white, and titanium white, to a lesser extent, are faded upon light exposure, see
Figure 3.6. A color change is also noticeable in the pure white pigment containing
paint layers, the covered unfaded part of these paint layers has a yellowish tint
in comparison with the exposed portion. This phenomenon is well known and
results from the yellowing of the linseed oil when it is kept in the dark [55]. The
light fastness of the white pigments will be further discussed below on basis of
colorimetric measurements. The degree of fading seems to increase with the white
pigment dilution, see Figures 3.6b and 3.6¢, for example.

The presence of potassium or ammonium cations does not seem to influence
the fading because the potassium cation containing C02, the ammonium cations
containing C04, and the insoluble commercial C03 Prussian blues all exhibit a
similar fading behavior. The soluble laboratory-synthesized A147 sample differs
in hue from the other modern Prussian blues. It has a grayish tint, which is more
noticeable when mixed with a white pigment. This difference in color was previ-
ously discussed in Section 2.2.3 and can be attributed to a smaller particle size.
This duller grayish hue is also characteristic of the laboratory-synthesized ancient
Prussian blue B61b and, to a lesser extent, B64. These Prussian blues, synthesized
according to the eighteenth century recipes, also exhibit a fading when mixed with
lead white, see Figure 3.6b.

UV-visible spectroscopy has been performed on commercial soluble Prussian

4 In the ASTM system, the light fastness of a pigment is determined on paint layers containing
the pigment and titanium white, in order to reduce the reflectance to a level of 40 %. The light
fastness is tested under both sunlight and artificially accelerated conditions [137].



136 3. DEGRADATION OF PRUSSIAN BLUE IN PAINT LAYERS

| —— Dilution 1:10

L2 _ _ Dilution 1:100 §
SR p— Lead White
208
5
2
<04

— 4
00 ' I .............. P e issssasaiis Josssssiaiisipeiiasisiiid gy sssgssims | Mty
300 400 500 600 700 800

Wavelength, nm

Figure 3.8 UV-visible spectra of a commercial soluble Prussian blue mixed with lead
white, (PbCO3)2Pb(OH)s, at 1:10 and 1:100 dilution ratios and of pure lead white,
painted from linseed oil. The lighter curves correspond to the faded portion of the sample.

blue diluted with lead white and a loss of absorbance is clearly observed upon age-
ing, see Figure 3.8. There is also a small shift in absorbance of ca. 50 nm towards
lower energy, i.e., longer wavelength, upon increasing the dilution ratio from 1:10
to 1:100 in both the unaged and aged samples. The UV-visible spectrum of pure
lead white painted from linseed oil exhibits virtually no change upon ageing; as
expected, above 400 nm the absorbance of lead white is very small.

Another characteristic feature of the aged oil paint layers is the loss of gloss.
Gloss is related to the fraction of the incident radiation that is reflected by the
surface of the paint layer. In the case of a perfectly smooth surface, specular re-
flection occurs and the paint layer is highly glossy. In contrast, if the surface is
rough, the light is scattered or diffused and a matt or semi-glossy surface appear-
ance results [88]. Surface gloss is best achieved by a homogeneous dispersion of
pigment particles in the binder. The loss of gloss that appears upon light exposure
in pigmented layers is quite common and results from a breakdown of the binder,
that leads to a rougher paint layer surface [52].

Pure modern Prussian blues mixed with gum arabic and painted in dark shade
do not exhibit any discoloration upon light exposure. In contrast, a very slight
fading can be observed for the lighter shades, i.e., for lower concentration of Prus-
sian blue pigment, especially for the laboratory-synthesized A147 Prussian blue,
see Figure 3.7a. It is well known that the concentration of the pigments influ-
ences the degree of fading [122][138]. Watercolor paint layers containing Prussian
blues synthesized according to the eighteenth century methods do not exhibit a
similar fading behavior upon light exposure. The samples that contain a fraction
of ferrihydrite, such as B42a, or an extender, such as B6la and B46b, fade more
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Figure 3.9 Reflectance UV-visible spectra of eighteenth century synthesized Prussian
blues mixed with gum arabic and painted in light shade on watercolor paper. The gray
curves correspond to the faded portion of the paint layer.

strongly than B64 and B61b. Furthermore, they show a tendency to turn green,
as is evidenced by the reflectance spectra obtained by UV-visible spectroscopy, see
Figure 3.9.> The maximum in the reflectance for the B42a, B46b, and B61a sam-
ples is clearly shifted upon ageing towards longer wavelengths, a shift that results
in a greenish appearance of the aged paint layers. In contrast, B64 does not ex-
hibit such a shift but, rather exhibits a slightly higher reflectance after ageing, see
Figure 3.9d. The tendency of Prussian blue to turn green and the importance of
the preparative method have already been reported in eighteenth and nineteenth
centuries books, see Appendix A.

The evolution of the fading of Prussian blue was quantitatively evaluated by
colorimetric measurements. The light fastness of the Prussian blue samples ranges

5The UV-visible spectra of the unaged laboratory-synthesized Prussian blues prepared ac-
cording to eighteenth century recipes were previously discussed in Section 2.3.1.
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Figure 3.10 Color changes with light exposure time in the laboratory-synthesized, a,
the commercial soluble, b, the commercial insoluble, ¢, Prussian blues painted on canvas
in linseed oil medium, and d, the blue wool, BW1 to 8, standard samples. PbW is lead
white, (PbCO3)2Pb(OH),, TiW is titanium white, TiOq, and ZnW is zinc white, ZnO.

from zero, for very poor or fugitive, to eight for extremely good light fastness as
determined by a comparison with the light fastness of the blue wool standards.
The evolution of the color change with light exposure for the modern laboratory-
synthesized soluble A148 Prussian blue and the commercial soluble C02 and in-
soluble C03 Prussian blues, painted from linseed oil in different white pigment
dilutions, as shown in Figure 3.6a; and the blue wool standards are shown in Fig-
ure 3.10.

After 800 hours, or almost 5 weeks, of light exposure no discoloration or fad-
ing was observed for the pure soluble Prussian blue samples and, thus, one can
conclude that pure Prussian blue is as light fast as the blue wool standards 7 and
8. In contrast, soluble Prussian blue mixed with white pigments exhibited ex-
tensive fading. In mixtures with lead white, (PbCO3)2Pb(OH)s, it is noteworthy
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that discoloration increased with dilution. In this case, the paint layer containing
Prussian blue and lead white in a 1:100 ratio was so extensively faded that the
ageing experiments were discontinued after 400 hours. The rating of light fastness
of Prussian blue mixed with lead white progressively decreases as the proportion
of white pigment increases. The paint layer prepared in a 1:1 dilution ratio is
as light fast as the blue wool standard 6 whereas the light fastness of the 1:100
dilution ratio is comparable with blue wool standards 3 or 4. However, it should
be noted that the Prussian blue concentration also decreased with higher dilution
ratio. Among the samples with a 1:10 dilution ratio, all of which contained the
same amount of Prussian blue for the three white pigments used, the 1:10 Prussian
blue zinc white mixture exhibits the strongest sensitivity to irradiation, with a fair
light fastness that is comparable with blue wool standard 4. In contrast, the 1:10
dilution with titanium white shows a very good light fastness that is comparable
with blue wool standard 6.

No significant regain of color was observed in the samples placed in dark storage
after 400 hours of light exposure. Thus the color loss appears irreversible in all the
samples painted from linseed oil. Evidence of reversible fading has been reported
in films exposed for relatively short periods before dark storage [56][57][58]. The
sensitivity of the samples to irradiation is more pronounced at the beginning of
the exposure, as is clearly observed for the zinc white mixtures. This may explain
why the discoloration increases abruptly when these samples are again subjected
to the accelerated ageing after one week of dark storage.

The color change for Prussian blue mixed with lead white in a 1:100 dilution
ratio is smaller for the commercial soluble C02 Prussian blue with AE* = 21(1)
than for the laboratory-synthesized A148 pigment with AE* = 32(1). This slightly
improved light fastness of the commercial pigment is presumably related to the
industrial manufacturing process which may better control the uniformity of the
Prussian blue particle size. However, commercial and laboratory-synthesized A148
Prussian blues generally exhibit similar light fastness behavior. Moreover, the ap-
parent solubility is not expected to play a role in the fading because both soluble
and insoluble commercial Prussian blues exhibit a similar color change evolution,
see Figures 3.10b and 3.10c.

The light fastness of Prussian blue mixed with white pigments was further
investigated for paint layers prepared on glass slides. The evolution of the color
change with light exposure for the commercial insoluble C03 Prussian blue painted
from linseed oil with a white pigment at a 1:100 dilution ratio is compared to that
of phtalocyanine prepared under identical conditions, see Figure 3.11a. Phtalocya-
nine blue is a synthetic blue pigment that has supplanted Prussian blue because of
its higher stability. It indeed exhibits less color change than Prussian blue in sim-
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Figure 3.11 Color changes with light exposure time for a, the commercial insoluble

Prussian blue and phtalocyanine blue painted from linseed oil and mixed with a white

pigment in a 1:100 dilution ratio, b, the commercial insoluble Prussian blue painted from

various binders, ¢, the white pigments, and d, the blue wool, BW1 to 8, standard samples.

PbW is lead white, (PbCOg3)2Pb(OH)q, TiW is titanium white, TiO2, and ZnW is zinc
white, ZnO.

ilar white pigment dilutions, although phtalocyanine blue mixed with zinc white
noticeably fades upon light exposure. The very strong color change with light
exposure observed for paint layers containing Prussian blue and zinc white is not
only due to the fading of Prussian blue but also to that of zinc white. The discol-
oration of zinc white upon light exposure is shown in Figure 3.11b. In contrast to
lead white and titanium white, zinc white in linseed oil is less light fast, with a
light fastness comparable with blue wool standard 5, see Figure 3.11d. These color
difference values result from an increased lightness, AL*, upon light exposure for
Prussian blue mixed with zinc white. This increased fading can be attributed to
the photochemical activity of zinc white. This point will be discussed below.
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Among the 1:100 dilutions with a white pigment, the dilutions with titanium
white, TiO9, show the best light fastness. This can be partially related to the
higher relative hiding power of titanium white in linseed oil, resulting in a more
opaque paint layer. The relative hiding power is evaluated by the difference be-
tween the indices of refraction of the pigment and the medium [93]. Linseed oil
has a refractive index of 1.48 whereas zinc white, lead white, and titanium white
have refractive indices of 2.01, 2.04, and 2.71, respectively. Consequently, the dif-
ference, An, beween the refractive indexes of the white pigment and linseed oil
is 0.53 for zinc white, 0.56 for lead white, and 1.23 for titanium white, respec-
tively. Thus, light propagates more easily in lead white and zinc white dilutions
as these pigments produce a less opaque paint layer than titanium white. The
Prussian blue particles embedded in such paint layers are thus more susceptible
to light exposure. However, this difference in refractive index between the white
pigments does not completely explain the variation in Prussian blue fading. Other
properties of the white pigments, such as their photochemical activity, must be
considered in the degradation mechanisms of Prussian blue. These mechanisms
will be further discussed in Section 3.5.

The influence of the binder was also examined, see Figure 3.11c. Whereas the
color change with light exposure continuously increases in samples painted from
linseed oil, it abruptly increases at the beginning of the light exposure for samples
painted from gum arabic. The discoloration very rapidly reaches a maximum; the
paint layers prepared with casein do not exhibit a strong sensitivity to irradiation
whatever the dilution ratio. In contrast, with linseed oil and gum arabic, which
are rather neutral or slightly acidic with a pH between 5 and 7, casein is a basic
binder with a pH between 8 and 9. Prussian blue is known to be degraded in a
basic medium into iron hydroxide and, therefore, can not be used in fresco. How-
ever the slightly acidic or basic character of the binder does not seem to play a
significant role in the discoloration process of Prussian blue.

For completeness, the evolution with light exposure of the lightness difference,
AL*, the red-greeness difference, Aa*, and the yellow-blueness difference, Ab*,
was separately evaluated for the laboratory-synthesized soluble A148 Prussian
blue and compared to the evolution of the color difference, AE*. The results are
shown in Figure 3.12. Both the lightness and the yellow-blueness are significantly
increased upon ageing, yielding a paler and less blue final color. The increase for
both parameters is gradual and comparable to the evolution of AE*. In contrast,
the red-greeness difference, Aa*, remains relatively unchanged upon ageing, see
Figure 3.12c, except for Prussian blue mixed with zinc white. This particular
sample shows a decrease in Aa*, i.e., an increase in greenness.

Finally, the final color change in the six modern and five ancient samples
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Figure 3.12 Evolution with light exposure time of a, the color, AE* b, the

lightness, AL*, ¢, the red-greeness, Aa*, and d, the yellow-blueness, Ab*, differ-

ences in the laboratory-synthesized soluble A148 Prussian blue. PbW is lead white,
(PbCO3)2Pb(OH)2, TiW is titanium white, TiO2, and ZnW is zinc white, ZnO.
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Figure 3.13 Final color change in modern and ancient Prussian blues painted from gum
arabic in dark and light shades. The values inside the oval are for B42a, B46b, and B61a,
all of which contain ferrihydrite.
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painted from gum arabic, shown in Figure 3.7, was investigated. The lightness,
red-greenness, and yellow-blueness differences for these samples after 400 hours of
light exposure are shown in Figure 3.13. The ancient samples differ significantly
from the modern samples by an increase in Ab*, i.e., a loss of blue leading to
a yellower tint. The samples that exhibit the highest increase in Ab*, i.e., the
samples that are circled by an oval in Figure 3.13, are the B42a, B46b, and B61a
samples that all contain a large amount of ferrihydrite which is precipitated dur-
ing the synthesis. These samples also show an increase in Aa*, i.e., in redness,
an increase that can be attributed to the presence of the orange ferrihydrite that
becomes more visible as the paint layer fades. The B64 and B61b samples, which
contain only Prussian blue and no extender or iron oxide, have a similar fading
behavior as the modern Prussian blues.

From these ageing experiments, several conclusions can be drawn. First, pure
modern Prussian blue in a dark shade is extremely light fast. Second, pure ancient
Prussian blue is light fast if well prepared. Third, the discoloration of ancient and
modern Prussian blues is dramatically increased when diluted in mixtures with a
white pigment or an extender. Fourth, the discoloration behavior of Prussian blue
mixed with a white pigment seems to partially depend on the properties and light
stability of the white pigment present. Fifth, the faded Prussian blue containing
paint layers have an increased lightness and yellowness and the tendency to turn
green is enhanced in ancient Prussian blues that contain ferrihydrite. These con-
clusions agree with the reports of degradation found in eighteenth and nineteenth
century books, see Appendix A. The discoloration mechanisms of Prussian blue
are, however, not yet explained and their understanding requires the study of the
local electronic and structural configurations of the iron ions in aged Prussian blue
containing paint layers.

3.4 Characterization of degradation in Prussian blue

The intense color of Prussian blue arises from an intervalence charge transfer be-
tween the iron(II) and iron(III) oxidation states when light is absorbed at ca. 700
nm. Thus, any color fading or change corresponds to a disruption in the electron
transfer pathway in Prussian blue, i.e., in the Fel'll-N—C—Fe!! bonding pathway.
As explained in Section 1.2.3, several hypotheses for explaining the fading of
Prussian blue have been proposed in the literature: (1) the reduction of Prussian
blue, (2) the oxidation of Prussian blue, (3) ion exchange within the Prussian blue,
and (4) substitution reactions within the Prussian blue.

In order to identify which mechanisms are involved in the fading of Prussian
blue, the iron ion electronic and structural configurations were investigated by
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iron-57 transmission Md&ssbauer, iron K-edge X-ray absorption, attenuated total
reflection Fourier transform infrared, and Raman spectroscopy. It should be noted
that all these techniques, except transmission Mossbauer spectroscopy, and, to a
lesser extent, X-ray absorption in the fluorescence mode, are surface sensitive and
provide little or no information about the bulk of the paint layers. This difference
in probing depth is crucial for interpreting the data because paint layers are het-
erogeneous and can exhibit a fading gradient with layer thickness.

Changes in the local electronic and structural configurations of the iron(II)
and iron(III) ions of Prussian blue are expected upon ageing, see Section 1.2.3.
These changes will be related to the formation of a fading product, such as iron(III)
ferricyanide, iron(II) ferrocyanide, iron(III) aquapentacyanoferrate, and Prussian
blue analogs. The last two are expected to show very different X-ray absorption,
Mossbauer, and vibrational spectra. The reduced and oxidized forms of electro-
chemically synthesized Prussian blue have been almost exclusively investigated by
electrochemical studies. The next section deals with the bulk synthesized reduced
and oxidized forms of Prussian blue.

3.4.1 Oxidized and reduced forms of Prussian blue

Berlin green, the partially oxidized form of Prussian blue, and Berlin white, the
reduced form of Prussian blue, are among the possible fading products. In order
to interpret the spectral variations observed upon ageing, both compounds were
synthesized and characterized. The various results found in the literature are also
summarized in order to complete the characterization.

Synthesis

Berlin green was synthesized according to the method developed by Kumar et al.
[139]. Equimolar aqueous solutions of FeClz-6H20 and KsFe(CN)g were mixed to-
gether and heated to 50°C for one hour. After cooling, the precipitate was washed
with deionized water and collected by centrifugation. After air drying and grind-
ing, a dark green powder was obtained. The synthesis was twice reproduced in
the ambient atmosphere and once in a nitrogen atmosphere. Because the result-
ing powders were green rather than yellow, the composition of the compounds
was expected to vary between the potassium cation containing Prussian blue and
the fully oxidized form of Prussian blue. The products can be best described as
{KFe""Fe!l(CN)g} , {Fe!''Fe!ll (CN)g}1_,, where the water molecules have been
omitted and the value of x has not been determined. The fraction, x, of hexa-
cyanoferrate(Il) is highly variable, even for different samples similarly prepared
[140][141].
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Figure 3.14 a, X-ray powder diffraction patterns of Berlin green and Prussian blue, and
b, a scanning electron micrograph of Berlin green synthesized in the ambient atmosphere
and obtained with 15 keV secondary electrons.

Intensity

Berlin white, ferrous ferrocyanide, [Fel!(Fe!!(CN)g)]?~, was synthesized under
an argon atmosphere in order to avoid oxidation by air. Equimolar aqueous solu-
tions of iron(II) sulfate, Fe(SO)4-7H20, and potassium ferrocyanide, K4Fe(CN)g-3H20,
were prepared with triply distilled water and mixed together with magnetic stir-
ring. A pale blue-green precipitate immediately formed. The surface of the solu-
tion turns completely dark blue, due to oxidation by the remaining oxygen in the
argon atmosphere. The precipitate was extremely fine and attempts to filter it
under the argon atmosphere were unsuccessful. The solution was then poured in a
hermetic glass cell. Because the precipitate is partially light blue, it is suspected to
have an intermediate composition between ferrous ferrocyanide, Fell[Fe!l(CN)g]%~,
and ferric ferrocyanide [Fe!''Fe!!(CN)g]~. Although the synthesized product may
not be, strictly speaking, Berlin white because of its intermediate composition,
we will continue to use this name herein. Because of its air-sensitivity, it was
impossible to obtain and further manipulate Berlin white powder under normal
conditions. The analysis performed on this sample was restricted to Raman spec-
troscopy.

Crystal structure

The X-ray powder diffraction pattern of Berlin green reveals a structure similar
to that of Prussian blue, with the Fm3m space group and a lattice parameter of
ca. 10.2 A, see Figure 3.14a. This is in agreement with a previous investigation
of ferric ferricyanide by neutron diffraction [139]. Some additional weak diffrac-
tion peaks are visible in the Berlin green diffraction pattern. They are likely to
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result from primitive reflections but have not been studied in detail herein. The
narrow diffraction peaks indicate the presence of large crystallites. Berlin green
was studied by scanning electron microscopy and was found to consist of rounded
flat particles of ca. 200 to 300 nm diameter, see Figure 3.14b.

Berlin white also exhibits a similar crystal structure, with a lattice parameter
of ca. 10.2 A. In KoFe!'[Fe!l(CN)g], the potassium cations occupy the lattice
cavities, at interstitial positions [17].

Iron ion electronic and structural configurations

The electronic and structural configurations of the iron ions in Berlin green and
Berlin white were studied by iron K-edge X-ray absorption, iron-57 transmission
Mossbauer, Fourier transform infrared, and Raman spectroscopy, the same tech-
niques that were used for the characterization of the unaged and aged Prussian
blue containing paint layers.

Iron K-Edge X-ray Absorption Spectroscopy. Figure 3.15 shows the iron
K-edge X-ray absorption near edge spectra of Berlin green, the soluble commercial
C02 Prussian blue, and the insoluble commercial C03 Prussian blue. The spec-
tra were obtained in transmission mode on powder samples. The main K-edge
absorption edge of Berlin green is shifted by 1.0 eV towards higher energy in com-
parison with the absorption edge of the commercial and laboratory-synthesized
Prussian blues. In contrast, the pre-edge peak position of the three compounds is
virtually identical, although a shift towards higher energy was expected because
of the higher oxidation state of the iron ions in Berlin green. The similar shape
of the XANES spectra for Prussian blue and Berlin green suggests an octahedral
environment of the iron ions in both compounds.

The EXAFS spectrum of Berlin green and Prussian blue are compared in
Figure 3.16. The EXAFS fit for Berlin green is shown in Figure 3.17. The average
fit parameters obtained on the two Berlin green samples synthesized in air are
given in Table 3.2; the bond distances are identical to those in Prussian blue.
Only the iron-iron coordination number is reduced to 4.1(8). This reduction can
be attributed to a larger vacancy content. Because of the green color, Berlin
green must contain some fraction of iron(II) ions. Some authors attribute the
autoreduction of iron(III) ferricyanide to the reaction [140]

FeS+ + [FeIII(CN)ﬁ]Sf + 2H20 N Fe2+ + [FeIII(CN)5]37 + NHI + C02

During the precipitation reaction, the hexacyanoferrate(Ill) ions are readily re-
duced by water molecules present in the solution. In the solid state, the electrons
required for the reduction of iron(III) are provided by the water molecules inserted
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Figure 3.17 x(k)-k* and FT|x(k)-k?| spectra with Ak ~ 5.3 —13.9 A= for Berlin green
with k? variances: 0.48 (imaginary part) and 0.23 (absolute part). Experimental data,
solid line, and fit, dotted line, agree.

Table 3.2 Average bond distances, R, coordination numbers, N, relative Debye-Waller
factors Ac?, and inner potential corrections, AEy, for the EXAFS fit of two Berlin green
samples synthesized in air.

EXAFS fit values®

Compound Absorber-scatterer R, A N Ac? A2 AEy, eV

Berlin green Fe(I1)-C 1.92(1) 3.0(4) ~0.0002(4) ~A(1)
Fe(I11)-N 2.06(1) 3.0(4) -0.0002(4) 4(2)
Fe(IT)-N 3.06(1) 2.2(1) -0.0002(4) 0.2(6)
Fe(I11)-C 3.14(1) 2.3(1) -0.0002(4) 4.9(3)
Fe(I1)-Fe(I1I) 5.10(1) 4.1(8) 0.0006(4) -3(1)

“The values in parentheses are the standard deviations.

in the lattice cavities of Berlin green. The presence of pentacyanoferrate(I1I) could
then explain the lower iron-iron coordination number. Berlin white was not stud-
ied by iron K-edge X-ray absorption spectroscopy because of its air-sensitivity
and unfortunately, no X-ray absorption spectroscopy data could be found in the
literature.

Iron-57 Mossbauer Spectroscopy. The Mdossbauer spectra of two Berlin green
samples are shown in Figure 3.18. The spectra were fitted with two Lorentzian
components, one singlet and one doublet. The resulting spectral parameters for
both the high-spin and low-spin iron ions, i.e., the isomer shift, §, the full line
width at half-maximum, I', the quadrupole splitting, AFEq, and the percent area,
A, are given in Table 3.3.

Maéssbauer spectral studies [27][142][143] on the fully oxidized form of Prussian
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Figure 3.18 The Mdssbauer spectra of two Berlin green samples obtained at 295 K. a,

Berlin green synthesized under nitrogen and b, Berlin green synthesized in the ambient
atmosphere.

Table 3.3 The Mossbauer spectral parameters of reduced and oxidized Prussian blue.

Compounds® Tons 1) I A AEq Ref.
mm /s’ mm/s® % mm,/s
Berlin green, LS iron -0.158(2)  0.45(1) 51(1) 0 This work
Ny synthesized HS iron(III)  0.407(4)  0.44(1) 49(1) 0.35(4)
{KFe'""Fe!l(CN)g}, {FellIFe! 'l (CN)g};_,
Berlin green, LS iron -0.164(2) 0.43(1) 47(1) 0 This work
air synthesized HS iron(III) 0.397(3)  0.44(1) 53(1) 0.45(1)
{KFe"Fe!l (CN)g }, {Fe!'TFe'l (CN)g }1 _,
Prussian yellow HS iron(III)  0.37(2) 0.41(2) [142]
FellI[Fe! T (ON)g]
Prussian yellow LS iron(IIT)  -0.06 0.43 [27]4
Fe!!|Fe!l (CN)g] HS iron(III)  0.50 0.52
Prussian yellow LS iron(IIT)  -0.17 0.44 0.13 [143]
Fe!ll[Fe! ' (CN)g|  HS iron(Il)  0.38 0.36 0.44
Berlin white HS iron(II)  1.14(2) 1.13(2) [142]
KQFGH[FGH(CN)(;]
Berlin white LS iron(II)  -0.09 0 [27]¢
KoFe!l[Fe!!(CN)g]  HS iron(Il)  1.42 3.02

2The water molecules have been omitted in the chemical formulae. °The isomer shift, §, is
referred to a-iron at 295 K. °I" is the full line width at half-maximum. “The data were obtained
at 77K.
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blue, i.e., Prussian yellow, Fel!I[Fe!l!(CN)g], indicate that Prussian yellow con-
tains low-spin and high-spin iron(III) ions. The Méssbauer spectrum of Prussian
yellow, Fe!!l[Felll(CN)g], consists of a doublet assigned to the high-spin iron(III)
ion and a singlet assigned to the low-spin iron(III) ion in [Fe'!' (CN)g]>~. The iso-
mer shift and quadrupole splitting parameters found in the literature [27][142][143]
are given in Table 3.3. Because Berlin green also contain low-spin iron(II) ions,
the singlet shown in Figure 3.18 must contain the contributions of both the low-
spin iron(II) and iron(III) ions. A distinction between the low-spin iron(II) and
iron(III) ions was not possible because of their very similar isomer shifts, see
Section 2.2.2. In contrast, Berlin white, KoFe!![Fe!l(CN)g], contains high-spin
iron(II) ions, which are easily distinguished from the other iron ions present by its
isomer shift of 0.8 and 1.2 mm/s. Mossbauer spectral parameters on electrochem-
ically synthesized Berlin white found in the literature [27]| are also given in Table
3.3.

Vibrational Analysis. Vibrational spectroscopy is very suitable for studying
the fading products of Prussian blue because the position of the v(CN) band de-
pends upon the oxidation state of the metal ion to which the cyanide ions are
coordinated. In aqueous solution, the stretching mode for the free CN~ ion oc-
curs at 2060 cm~!, whereas the v(CN) frequency increases upon coordination to
a metal ion. The position of this band also depends on the electronegativity and
the coordination number of the metal ion [115]. Lower frequency bands can be
assigned to a v(CN) mode associated with iron(II) whereas the higher frequency
bands at ca. 2155 cm™! can be assigned to a ¥(CN) mode associated with iron(IIT)
[144][145]. Therefore, oxidized and reduced forms of Prussian blue should be easily
distinguishable in their infrared and Raman spectra.

Attenuated total reflectance Fourier transform spectroscopy was performed on
the Berlin green samples and the spectra are shown in Figure 3.19. Upon oxidation,
an additional absorption band appears at 2169(2) cm~!. This band is assigned
as the CN™ stretching band of the hexacyanoferrate(III) ions. The intense v(CN)
band at 2075(2) cm~! corresponds to the CN~ stretching vibration of hexacyano-
ferrate(II) ions. As expected, the v(CN) frequency of hexacyanoferrate(IIl) ions
is increased in comparison with the v(CN) frequency of hexacyanoferrate(II) ions.
These results agree with those previously reported in the literature for bulk Berlin
green [140] and electrochemically synthesized Berlin green [34](62]. A loss of ab-
sorbance and a broadening are also observed for the (CN) band at 2075(2) cm~!
in Berlin green. The relative intensity of the two v(CN) bands in both Berlin
greens are almost identical, however the intensity has been found to vary strongly
with the type of synthesis used [140]. A v(CN) frequency of 2089 cm~! was also
reported for Berlin green [132]. Furthermore, a shoulder peak at ca. 2120 cm™!
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Figure 3.19 The attenuated total reflectance infrared spectra of two laboratory-
synthesized Berlin greens and a commercial insoluble Prussian blue.

was attributed to the presence of hexacyanoferrate(III) ions [62].

The infrared spectrum of electrochemically synthesized Berlin white in the
stretching region is reported to be very similar to that of Prussian blue [62]. It
also exhibits a unique strong v(CN) stretching band between 2075 and 2085 cm™*
[146]. Hamnet et al. [147] reported the evolution of the v¥(CN) bands upon re-
duction of an electrochemically synthesized Prussian blue film. Initially Prussian
blue exhibits a broad band in the CN~ stretching region at ca. 2075 cm~!. Upon
reduction, the band narrows and shifts to 2080 cm™!. A shoulder also appears
at about 2106 cm~!. In contrast, other authors reported upon electrochemically
induced reduction [34] the presence of a single v(CN) band at 2060 to 2070 cm™*
of lower absorbance in comparison with Prussian blue.

Finally, Berlin green and Berlin white samples were analyzed by Raman
spectroscopy, see Figure 3.20. The Raman spectra of potassium ferricyanide,
K3[Fe'''(CN)g|, potassium ferrocyanide, K4[Fe!l(CN)g], and insoluble Prussian
blue, Fel![Fe!!(CN)g]3, are also shown for comparison in this figure.

Berlin green exhibits a broad band at 2149 cm™! as well as a broad shoulder
at lower wavenumbers. No significant shift toward higher wavenumbers in com-
parison with the Aj, mode in Prussian blue was observed within the experimental
resolution, as would be expected in view of the higher oxidation state of the iron
ions in Berlin green. A v(CN) band at 2152 em™! was previously reported for
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Figure 3.20 The Raman spectra of potassium ferrocyanide, potassium ferricyanide,

Berlin green, Berlin white, and laboratory-synthesized Prussian blue. Raman spectrum

of Berlin white was obtained on the unwashed precipitate in aqueous solution. Inset: an
expanded view of the v(CN) stretching band.

Prussian blue [132|. The shoulder in Figure 3.20 seems to arise from two contri-
butions first, from the antisymmetric stretching vibration mode of Prussian blue
at 2091 cm~! and, second, from the stretching vibration of the ferricyanide ion,
[Fe!ll(CN)g]3~, at 2124 to 2131 em™!. The relatively strong band at 266 cm™!
in Berlin green corresponds to an iron-ligand bending vibration but has not been
assigned.

Berlin white, the reduced form of Prussian blue, exhibits a totally different
Raman spectrum, with three CN~ stretching vibration bands. It should be noted
that the spectrum was obtained directly from the unwashed wet precipitate, her-
metically stored in an analysis cell. The two bands at 591 and 520 cm™! result
from the presence of sulfate ions. Similar Raman results were obtained on the elec-
trochemically reduced Prussian blue deposited as a thin film on a silicon substrate
[148]. On the basis of its vibrational spectrum, Berlin white is thus easily iden-
tified by Raman spectroscopy, whereas Berlin green can be identified by Fourier
transform infrared spectroscopy.
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3.4.2 Characterization of the unaged and aged paint layers

Because the diluted paint layers exhibit a stronger discoloration than pure Prus-
sian blue paint layers, the diluted paint layers have been characterized in order to
identify the degradation mechanisms. However, the dilution with a white pigment
is problematic because it implies a rather low concentration of Prussian blue and,
furthermore, the signal arising from the white pigment will partially mask the
signal characteristic of Prussian blue. In the case of dilution with lead white, this
masking interference is even more critical because lead white, (PbCO3)2Pb(OH)a,
strongly absorbs X-rays.

Another difficulty is the non-homogeneous character of the paint layer itself.
Any discoloration is expected to take place initially at the surface before spreading
into the paint layer. In order to determine the discolored paint layer thickness,
cross-sections of millimeter size fragments of the aged and unaged paint layers
that were embedded in resin and carefully polished were studied with an Olympus
BX51 optical microscope. For the samples painted from linseed oil, see Figure
3.6a, the paint layer is about 20 pum thick and appears to have a homogenous
color indicating a discoloration or fading throughout the entire paint layer, see
Figure 3.21. The paint layers shown in Figure 3.6¢ are ca. 300 um thick and the
discolored upper layer thickness does not exceed 20 um, see Figure 3.22. These
samples clearly exhibit a discoloration at the surface layer whereas the bulk re-
mains unaged. Due to the inhomogeneity in depth of the paint layer, the probing
depth of the various techniques must be taken into account for interpreting the
results.

(a) (b)

Figure 3.21 Optical micrographs of a cross-section of laboratory-synthesized soluble

Prussian blue powder painted from linseed oil with lead white in a 1:100 dilution ratio.

Cross-sections of a, the unfaded portion, and, b, the faded portion. The white layer

corresponds to the preparation layer sized on the canvas. Results obtained with reflected
visible light and dark field illumination.
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Figure 3.22 Optical micrograph of a cross-section of faded ready-to-use oil Prussian blue
color mixed with ready-to-use oil lead white at a 1:50 dilution ratio. Results obtained
with reflected visible light and dark field illumination.

We first focused on the characterization of the thin paint layers prepared with
modern commercial and laboratory-synthesized Prussian blues in a linseed oil
medium, see Figure 3.6a. Because they appear homogeneous in depth, with no op-
tical difference between the bulk and the surface, both bulk and surface-sensitive
techniques are expected to provide relevant information about the discoloration
processes.

Iron ion electronic and structural configurations

X-ray Absorption Near Edge Spectroscopy. The iron K-edge X-ray
absorption near edge spectra of pure, unaged and aged laboratory-synthesized
A148 Prussian blue mixed with lead white, (PbCO3)2Pb(OH)s2, in 1:10 and 1:100
dilution ratios are shown in Figure 3.23. The black curve represents the spectrum
obtained in transmission mode on the pure soluble laboratory-synthesized
Prussian blue. The other spectra have been obtained in fluorescence mode and
differences in absorption intensity compared with the transmission spectrum
result from self-absorption effects.

The weak intensity of the pre-edge peak is characteristic of the centrosym-
metric iron(II) and iron(III) sites in soluble Prussian blue [12|[131]. The main
K-edge and pre-edge positions have been determined from the maxima in the
first derivative that has an accuracy of about one-half the energy step of 0.52 V.
A shift in the absorption edge by approximately 0.2(2) and 2.5(2) eV for the 1:10
and 1:100 dilution ratios, respectively, towards lower energy is observed upon
ageing in the presence of lead white. This shift corresponds either to a change in
the density of states or to a decrease in the average iron oxidation state in the
Prussian blue, i.e., an increase in the amount of low-spin iron(II) as compared to
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Figure 3.23 Iron K-edge X-ray absorption near edge spectra of pure laboratory-

synthesized soluble A148 Prussian blue painted from linseed oil with PbW, lead white,

(PbCO3)2Pb(OH)s, in a 1:10 dilution ratio, a, and in a 1:100 dilution ratio, b. Inset: An
expanded view of the pre-edge peak.

high-spin iron(III).

The shift of the absorption edge towards lower energy may suggest a partial re-
duction of Prussian blue, leading to a partial formation of Berlin white, i.e., some
iron(II) ferrocyanide, perhaps on the particle surfaces. In contrast, the centroid of
the pre-edge peaks does not show a significant shift towards lower energy, see the
insets to Figure 3.23, and the absence of a shift does not support the hypothesis
of a reduction. However, the centroid of the pre-edge peak may not be very sen-
sitive to the iron oxidation state. Indeed, the centroid of the pre-edge peak in the
XANES spectrum obtained on Berlin green was not shifted towards higher energy,
even though Berlin green contains iron ions with a higher average oxidation state.

The iron K-edge X-ray absorption near edge spectra were also obtained on
unaged and aged insoluble commercial C03 Prussian blue mixed with lead white,
zinc white, or titanium white in a 1:10 dilution ratio. The spectra shown in Figure
3.24 are the differences between the unaged and the aged XANES spectra. The
importance of the difference in absorbance, Ay, can be directly correlated with
the extent of the color change, AE*, observed for these samples and given in the
legend in Figure 3.24.

Extended X-ray absorption Fine Structure Spectroscopy. The EXAFS
spectra of the painted Prussian blue samples have been recorded in fluorescence
mode, which resulted in lower quality data as compared to the transmission mode
used for the reference samples. As an example, the k? weighted EXAFS spectra
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Figure 3.24 Iron K-edge difference XANES spectra of aged and unaged laboratory-

synthesized soluble A148 Prussian blue painted from linseed oil with PbW, lead white,

(PbCO3)2Pb(OH)a2, in 1:10 and 1:100 dilution ratios and of insoluble commercial Prussian

blue, Fel'![Fe!l(CN)g]3, painted from linseed oil with lead white, zinc white, ZnO, and

titanium white, TiOs, in a 1:10 dilution ratio. The color change, AE*, for each sample
is given in the legend.

for the pure laboratory-synthesized soluble Prussian blue measured in transmission
mode is compared in Figure 3.25 with the fluorescence mode spectra for the unaged
and aged pigment mixed with lead white in a 1:100 dilution ratio. The spectra
for the pure powder and the unaged painted layer are identical. The EXAFS
spectra of laboratory-synthesized and commercial non-aged Prussian blue painted
layers mixed with lead white, zinc white, and titanium white in different dilution
ratios were analyzed and showed no significant differences. Bond distances and
coordination numbers close to the X-ray crystal structure values were obtained by
fixing the Debye-Waller factor to the average value obtained from the transmission
EXAFS spectra, see Table B.1 in Appendix B.3.3. The average fit values for
the five unaged painted samples are given in Table 3.4. The standard deviations
are representative for the fit accuracy taking into account the data quality, the fit
routine, and the systematic errors due to differences in background subtraction
and data reduction. These standard deviations represent our best estimates of the
errors in the EXAFS fits on the aged samples.
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Figure 3.25 x(k)-k? and FT[x(k)-k?] spectra with Ak ~ 5.3 — 10.5 A~ for laboratory-
synthesized soluble Prussian blue, in pure form and as unaged and aged painted layers
mixed with lead white in a 1:100 dilution ratio.
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Figure 3.26 x(k)-k* and FT[x(k)-k?] of the experimental and fit spectra of aged labo-

ratory synthesized soluble Prussian blue painted with lead white in a 1:100 dilution ratio

with Ak ~5.3—10.5 A=, AR =1.0—5.2 A~!, with k2 variances: 1.51 (imaginary part)
and 0.51 (absolute part).
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——
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Figure 3.27 The linear correlation between the iron-iron ion coordination number in

aged painted Prussian blue pigments mixed with different white pigments as a function
of color change, AE™*.
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For the EXAFS fit on the aged painted layers, the fitting model used for the
corresponding non-aged paint layer was used as a starting model and the bond
distances, inner potential corrections, and coordination numbers were optimized.
The EXAFS fit on the aged laboratory synthesized soluble Prussian blue painted
with lead white in a 1:100 dilution ratio is shown in Figure 3.26. In general, there
is no change in bond distances, but there is a decrease in the iron-iron coordination
number with increasing color change, AE*, see Figure 3.27. A decrease in coor-
dination number for the second Fell—-N and Fe'!l—C shells was also observed for
the aged laboratory-synthesized soluble Prussian blue paint layer mixed with lead
white in a 1:100 ratio, see Table 3.4. Such a decrease in the iron-iron coordination
number was also observed for Berlin green, the partially oxidized form of Prussian
blue, see Figure 3.16 and Table 3.2.

Iron-57 Moéssbauer Spectroscopy. The 85 and 295 K Mdssbauer spectra of
pure soluble laboratory-synthesized A148 Prussian blue are shown in Figure 3.28;
the spectra obtained at 155 and 225 K are very similar. The Mossbauer spectral
parameters resulting from a fit with two Lorentzian single lines are given in Table
3.5. The spectra and the resulting fit parameters agree very well with those pre-
viously published for Prussian blue [27][149]. The absorption lines with negative
and positive isomer shifts are assigned to low-spin iron(II) and high-spin iron(III),
respectively. As the temperature decreases from 295 to 85 K, both isomer shifts,
as expected, become more positive as a result of the second-order Doppler shift
[150]. The relative areas of the iron(II) and iron(III) absorptions are temperature
independent and, if the recoil-free fractions of iron(II) and iron(III) are assumed
equal, a reasonable assumption at 85 K [26], the Al/AM = 48.5/51.5 = 0.94(4),
a ratio that is in fair agreement with the ratio of close to one obtained for the
laboratory-synthesized soluble A148 Prussian blue in Section 2.2.2.

Because the relative areas were found to be independent of temperature in
the pure A148 soluble Prussian blue, the Mdssbauer spectra of the mixtures of
Prussian blue with lead white, (PbCO3)2Pb(OH)z, and zinc white, ZnO, were
only measured at 295 K; the resulting spectra are shown in Figures 3.28b and
3.28¢, respectively. Because these M&ssbauer spectra were obtained on material
containing only a small amount of iron, the percent absorption is much smaller
than in Figure 3.28a. The Mdossbauer spectral parameters resulting from a fit with
two Lorentzian single lines are given in Table 3.5. It is immediately obvious that
there is no change within the error limits in the isomer shifts of the iron(II) and
iron(III) absorption lines, either upon mixing the pure Prussian blue with lead
white, or with zinc white, or upon ageing. The only barely significant change
in the Mossbauer spectral parameters is the Al /AU ratio that increases to ca.
53/47 = 1.1(2) upon mixing with the white pigments and remains unchanged
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Figure 3.28 The Mossbauer spectra of laboratory-synthesized soluble A148 Prussian
blue obtained at 85 and 295 K, a, a 1:100 mixture of Prussian blue and lead white,
(PbCOs3)2.Pb(OH),, unaged and aged, b, and a 1:10 mixture of laboratory-synthesized
soluble A148 Prussian blue and zinc white, ZnO, unaged and aged, c. The green and red
solid lines represent the iron(II) and iron(III) spectral components, respectively.

upon ageing. This increase may indicate a reduction of iron(III) to iron(II) upon
mixing with lead white or zinc white. However, this straightforward conclusion
may be too simple. Indeed, if some high-spin iron(III), located on the la and 3¢
sites of the Prussian blue Pm3m structure in the weak crystal field of the nitrogen
neighbors, is reduced, it is expected to be reduced to high-spin iron(II). Within
the limits of the statistics of the spectra shown in Figures 3.28b and c, there is no
obvious contribution from high-spin iron(II) ions with their characteristic ca. 1.1
mm /s isomer shift. Hence, the increase in A1 does not result from this reduction
process. In contrast, if some of the low-spin iron(II), located on the 1b and 3d
sites of the Prussian blue Pm3m structure in the strong crystal field of the carbon
neighbors, is oxidized, it is expected to yield low-spin iron(III). Unfortunately,
low-spin iron(III) and low-spin iron(II) in the same crystallographic environment
yield very similar and perhaps identical isomer shifts within the error limits and
also in view of the narrow observed line width, I'''. Hence, the oxidation is ob-
served, rather unexpectedly as an increase in A upon mixing with lead or zinc
white. This conclusion is supported by the observation of low-spin iron(III) with
an isomer shift of —0.164(2) mm/s in the Mdssbauer spectrum of Berlin green, see
Figure 3.18 and Table 3.3.



Degradation characterization 161

Discussion. At this point, the iron K-edge extended X-ray absorption fine struc-
ture and the iron-57 Mdssbauer spectra results do not support the hypothesis of
a partial reduction usually proposed for explaining the discoloration of Prussian
blue. The unchanged iron(II) and iron(III) isomer shift and the increase in ab-
sorption area at ca. 0.0 mm/s, upon ageing, and the decrease of the iron-iron
coordination number observed in the X-ray absorption spectra suggest rather a
partial oxidation of Prussian blue and the formation of iron(III) hexacyanofer-
rate(III). The lower iron-iron coordination number observed in Berlin green and
aged paint layers could be indicative of the creation of defects in the Prussian
blue crystals. The pure iron(III) hexacyanoferrate(III) is auto-reduced into Berlin
green because of the presence of water molecules inside the structure [140]. The
loss of coordinated water may in part lead to these defects and to the observed
decrease in the iron-iron coordination number.

The possibility of ion exchange between the weakly bond nitrogen-coordinated
iron(III) ions and other metal ions, as suggested by electrochemical studies [151],
does not seem to be a realistic hypothesis for understanding the color loss in Prus-
sian blue mixtures with white pigments. The very unlikely substitution reaction
between the Prussian blue iron(III) ions and the lead(II) and zinc(II) ions of the
white pigments would have led to a far larger variation in the X-ray absorption
spectra than has been observed.

Although optical photomicrographs reveal a homogenous colored layer after
ageing, see Figure 3.21, it is reasonable to consider that the chemical change upon
light illumination first takes place in the Prussian blue at the surface before ap-
pearing in the deeper layers. In the case of a thicker paint layer, fading is observed
at the surface of the layer, whereas the bulk remains unfaded, as is evidenced in
Figure 3.22 and in the previous report by Kirby et al. [57]. One can thus assume
that surface discoloration in Prussian blue paint layers occurs prior to any bulk
color change. However, iron-57 transmission Mdssbauer spectroscopy is a bulk
technique and X-ray absorption spectroscopy has reduced surface sensitivity. The
X-ray penetration depth, L, which is the inverse of the X-ray absorption coef-
ficient of the sample, p(E), is strongly energy dependent, approximately as E3
[113]. For an X-ray energy of 7.1 keV, the penetration depth at an angle of 90° in
pure Prussian blue is approximately 200 pm whereas it decreases to 9 um for pure
lead white, (PbCO3)2Pb(OH)2 [152][153]. Under such conditions, a reduction or
an oxidation occurring in the uppermost nanometer layer of the surface is thus
close to undetectable.

In contrast to iron-57 transmission Mdéssbauer spectroscopy, iron-57 conversion
electron Mossbauer spectroscopy is surface-sensitive. This technique is based on
the detection of the conversion electrons that are emitted by the resonantly ex-
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cited nuclei in the absorber. Because the emission probability of electrons is higher
than the re-emission probability of a y-ray, the number of Mdssbauer active nuclei
in the sample can be quite low for conversion electron Mossbauer spectroscopy
measurements. The emitted electrons are strongly attenuated by the sample and
only electrons coming from the uppermost few hundred nanometers can escape the
surface and be detected [154]. Iron-57 conversion electron Mossbauer spectroscopy
experiments have been attempted but have been unsuccessful. A typical conver-
sion electron Mossbauer spectrum was obtained on the iron-57 foil standard but
the signal-to-noise ratio was relatively low because of the weak cobalt-57 source
activity. Consequently, it was impossible to obtain in a reasonable time a spec-
trum of even a pure Prussian blue paint layer.

Nuclear forward scattering experiments were also carried out on aged Prus-
sian blue paint layers by Drs. Benedikt Klobes and Raphaél Hermann from
the Forschungszcentrum Jiilich GmbH, at beamline P01, at the synchrotron PE-
TRAIII, Hamburg. Nuclear forward scattering is the time-resolved analog of Moss-
bauer spectroscopy. The measurements were performed in grazing incidence in or-
der to analyze only the surface regions of the paint layer. Unfortunately, because
of poor statistics, the results can hardly be quantitatively interpreted. Neverthe-
less, it clearly appeared that the surface region differs from the bulk as measured
by transmission Mdssbauer spectroscopy.

Confocal iron K-edge u-XANES experiments have been carried out by Drs.
Geert Silversmit and Bart Vekemans on Beamline L at DORIS III at the HASY-
LAB, DESY, Hamburg, Germany. The confocal iron K-edge u-XANES spectra
were recorded on the cross section prepared from a millimiter size fragment of
ready-to-use Prussian blue oil color mixed with lead white in a 1:50 dilution ra-
tio. The optical photomicrograph of the cross-section clearly reveals the discolored
layer, see Figure 3.22. Because of the small beam size, it was possible to position
the beam precisely on the discolored part. Several spectra, with a total irradiation
time of almost three hours for each spectrum, were recorded in the bulk and in the
discolored area. The comparison between the XANES spectra from the aged and
unaged parts reveals a slight shift of the absorption edge towards a smaller X-ray
energy for the aged part. This suggests a reduction of Prussian blue upon ageing.
However, after the data collection, beam spot damage on the sample could be ob-
served in optical photomicrographs. Moreover, a shift towards lower X-ray energy
was also observed between the scans recorded on the aged area. It is therefore
difficult to determine whether the shift of the absorption edge is due to radiation
damage or to a change in the average oxidation states of the iron ions in Prussian
blue. The characterization of the aged and unaged paint layers was completed by
using two other surface-sensitive techniques, namely, attenuated total reflectance
Fourier transform infrared and Raman spectroscopy.
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Vibrational analysis

As discussed above, the position of the CN™ stretching band depends on the
coordination and will be used to distinguish the fading products formed upon
ageing in Prussian blue containing paint layers. The probing depth in attenuated
total reflectance Fourier transform infrared spectroscopy depends on the incident
wavelength, the refractive indexes of the crystal and the sample, and the angle
of incidence. The probing depth has been estimated to be between 0.2 and 1
um [34][116]. In Raman spectroscopy, the probing depth depends on the incident
wavelength, i.e., on the laser wavelength, A\, on the focal distance, f, and on the
lens diameter, d, and can be approximated by L = 16Af?/(rd?) [155]. In case of
a b0x objective and a 514 nm laser, the penetration depth is found to be ca. 2
um when the focus point is at the surface of the sample.

Attenuated Total Reflectance Infrared Spectroscopy. The attenuated to-
tal reflectance Fourier transform infrared spectra, obtained between 2200 and 1000
cm ™!, on the laboratory-synthesized soluble A148 Prussian blue, mixed with lead
white, (PbCO3)2Pb(OH)2), in 1:10 and 1:100 dilution ratios, are shown in Fig-
ure 3.29. The gray curve corresponds to the aged portion of the sample. Soluble
Prussian blue is characterized by a single peak at 2088 cm™! that corresponds
to the CN™ stretching vibration [115]. The other peaks in the infrared spectrum
correspond either to the binder or to the white pigment.

The band at 1735 cm™! is assigned to the ester carbonyl vibrational absorp-
tion arising from the linseed oil used as binder. The spectral features at 1238w,%
1162m, and 1095m cm ™! are assigned to CO stretching modes and are also char-
acteristic of the triglyceride ester linkages found in linseed oil. The narrow peak at
1042w cm ™! is assigned to the symmetric CO3-stretching vibration of lead white,
whereas the broad intense peak at 1390 cm ™! is assigned to the antisymmetric
COgs-stretching vibration.

Lead white is known to accelerate the drying and ageing of linseed oil and to
produce a hard and resistant film with durable and stable properties [156]. This
film is commonly believed to result from the formation of metal carboxylates, in-
duced by the saponification of esters and the deprotonation of carboxylic acids.
The presence of lead white thus influences the ageing of linseed oil by causing the
hydrolysis of its triglycerides. This is indicated by a loss of absorbance for the
ester linkages at 1735, 1238, 1162, and 1095 cm™! in the spectra obtained after
ageing [157|[158]. The areas of the carbonate absorptions at 1042w and 1390s,br
cm ™! decrease slightly with ageing. This decrease can be attributed to the dis-
placement of the carbonate ligands from the lead ions by the carboxylate anions

5The abbreviations w, m, s, and br stand for weak, medium, strong, and broad, respectively.
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Figure 3.29 The attenuated total reflectance infrared spectra of laboratory-synthesized

A148 Prussian blue, PB, mixed with PbW, lead white, (PbCOg3)2Pb(OH)s, in 1:10 and

1:100 dilution ratios, a, and commercial Prussian blue mixed with ZnW, zinc white, ZnO,

and TiW, titanium white, TiOs, in a 1:10 dilution ratio, b. The gray curve corresponds
to the aged part of the sample.

derived from the esters and acids. However, the rate of decrease in area of the
carbonate absorption depends on the concentration of lead white and is almost
negligible when the proportion of lead white is important in comparison with the
amount of linseed oil. In this study, the paint layers have been prepared with
consideration of the oil absorption indices of Prussian blue and lead white, i.e.,
ca. 100 and 9 to 13 wt %, respectively. The quantity of oil in mixtures of the
Prussian blue and lead white in a 1:10 and 1:100 dilution ratio is thus ca. 20 and
13 wt % of the total weight of the pigments, respectively. Because of the small
amount of oil in the samples, the intensity of the carbonate absorption remains
unaffected through ageing. This band can be considered as an indirect calibration
that permits a comparison between the aged and unaged spectra and any other
loss of absorbance is thus of quantitative significance.

It is noteworthy that the intensity of the CN~ vibrational band at 2088 cm™*
dramatically decreases upon ageing, whatever the dilution. Because the molar
concentration of the Prussian blue has not varied during ageing, this loss of ab-
sorbance indicates an electronic change in the Prussian blue, a change which leads
to a slightly different intervalence charge transfer pathway and, as a consequence,
a reduced extinction coefficient. Aside from the loss of absorbance, it is worth
noting that the shape of the CN™ stretching band changes after ageing, see Figure



Degradation characterization 165

— ————T— ————
PB:PbW, 1:10 PB:PbW, 1:20 | PB:TiW, 1:10
109 _
0.20 410 030l
g g g
= = =
s s s
-g vf—’s -g 0.20
Z0.10 22103 1 Z 3
= = = =
0.10
‘\j
\..—vl‘\,/"'l ‘\‘/\
[00]0 ) e R O_. MR BT 0.00 Loy
2200 2100 2000 2200 2100 2000 2200 2100 2000
Wavenumber, cm—1 Wavenumber, cm—1 Wavenumber, cm—!
(a) (b) (c)

Figure 3.30 The attenuated total reflectance infrared spectra of, a, ancient laboratory-
synthesized B64 Prussian blue mixed with PbW, lead white, (PbCOj3)2Pb(OH),, in a
1:10 dilution ratio, b, ready-to-use Prussian blue and lead white oil colors mixed in a 1:20
dilution ratio, and ¢, commercial Prussian blue mixed with TiW, titanium white, TiO5,
in a 1:10 dilution ratio. The gray curve corresponds to the aged portion of the sample.

3.29. For the dilution of Prussian blue with lead white in a 1:10 ratio, a shoulder
appears at a lower energy of 2072 cm™!. For the dilution in a 1:100 ratio, two ab-
sorptions at 2088 and 2075 cm ™! are observed for the CN~ stretching band with
the maximum in the absorbance shifted towards lower energy. A shift towards
lower energies of the v¥(CN) band can result from, (1) a change in electronega-
tivity, (2) a change in the oxidation state, or (3) a decrease in the coordination
of the iron ions. In this case, the shift towards lower energies observed in the
infrared spectra after ageing may indicate the formation of increased amounts of
iron(II) ferrocyanide. However, the shift in the maximum of absorbance was not
observed in all aged paint layers, whereas the loss of absorbance was a more sys-
tematic feature, see Figure 3.30. In thin paint layers, a very weak peak in both
the unaged and aged infrared spectra appears at 2154 cm ™!, see Figure 3.30.a and
3.30.c. This feature was however not observed in lower quality spectra obtained
with thicker paint layers, see Figure 3.30b. This weak peak suggests the formation
of [Fe!(CN)g]?~, as is shown by the infrared spectrum of Berlin green, see Figure
3.19.

The formation upon ageing of iron(III) aquapentacyanoferrate,
Fe!ll[Fe!l(CN)5(H20)], as a result of the substitution of a CN~ ion by a
water molecule, would have led to a larger shift towards smaller energy because
the [Fel!(CN)5(H20)]?>~ ion is characterized by a CN~ stretching frequency of
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2043 cm~! [159][160]. The formation of iron(IIl) aquapentacyanoferrate as a
fading product can thus be rejected on the basis of the infrared spectra.

The infrared spectra of commercial insoluble Prussian blue, Fe{'[Fe!l(CN)g]s,
mixed with zinc white, ZnO, and titanium white, TiOs, between 2200 and 1000
I are shown in Figure 3.29b. The absorption bands that characterize titanium
white and zinc white occur below 700 cm~! and therefore have not been observed
in this study. The spectrum of Prussian blue mixed with zinc white dramatically
changes upon ageing. Similar features, such as the loss of absorbance and a shift
towards lower energy has been observed for the ¥(CN) mode in Figure 3.29a. Upon
ageing the intensity of the carbonyl band at 1737 cm™! decreases substantially as
is also the case for the broad carboxylate absorptions at 1590 and 1542 cm™!
and for the CH bending vibrations at 1455, 1417, and 1363 cm~!. Moreover, two
new bands at 1320 and 1630 cm™! appear, bands which can be assigned to the
antisymmetric COO-stretching mode and may be attributed to the formation of
oxalates. The band at 1666 cm™' indicates the formation of zinc carboxylates
[161]. These new features are a consequence of the tendency of zinc oxide to form
a soap with the free acids found in oils [162]. In contrast, in the titanium white
mixture there is no significant modification in the infrared spectrum upon ageing.
This is consistent with the very good light fastness observed for this mixture, see
Figure 3.10. Rutile, titanium dioxide, is chemically inert and does not react either
with the linseed oil medium or with the other pigments [163].

cm—

Raman Spectroscopy. Raman spectra obtained on unaged samples painted
with an oil binder in different blue to white pigment dilution ratios are shown in
Figures 3.31 and 3.32. In order to permit a comparison, the Raman spectra were
normalized to the intensity of the band at 2150 cm™' of Prussian blue. An addi-
tional vibrational band appeared at ca. 2130 cm™! in the Prussian blue painted
from linseed oil, as highlighted by the black arrow in both Figures 3.31 and 3.32.
This additional band is rather a shoulder peak in the pure Prussian blue oil paint
layer but becomes progressively better resolved as the blue to white pigment dilu-
tion ratio increases, see Figure 3.31. The strong band at 1033 cm™! corresponds
to the CO stretching vibration of lead white, (PbCO3)2Pb(OH)s. The intensity
of the v(CO) band gradually increases as the dilution with the white pigment in-
creases.

The band at 2130 cm™! coincides with the CN~ stretching vibration observed
in potassium ferricyanide, Ks[Fe(CN)g|, [115] and therefore suggests the partial
formation of [Felll(CN)g]?~ anions, see Figure 3.20, or, in other words, the partial
oxidation of Prussian blue. This feature could be related to the presence of the oil
used as binder because it does not appear in Prussian blue powders. During the
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Figure 3.31 Raman spectra of commercial C03 Prussian blue in powder and non-aged
ready-to-use Prussian blue oil color mixed with lead white, (PbCO3)2Pb(OH),, in various
dilution ratios.
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Figure 3.32 Raman spectra of non-aged laboratory-synthesized soluble A148 Prussian
blue in powder and mixed with different white pigments in a 1:10 dilution ratio.
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Figure 3.33 Raman spectra obtained before and after ageing normalized to the intensity
of the v(CN) streching band at 2150 cm~!. The gray curves correspond to the aged
samples.
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drying process, the oil is partially polymerized by oxidation reactions, implying
electron exchange that could, in turn, induce the oxidation of Prussian blue. In
order to verify this hypothesis, Prussian blue samples that were freshly painted
from linseed oil were analyzed by Raman spectroscopy. The additional band at
2130 cm~! was observed even before the oil begins to dry and invalidates the above
suggestion. Moreover, a shoulder peak at 2130 cm~! also appeared in unaged and
aged pure Prussian blue painted from gum arabic, see Figure 3.33. The appear-
ance of the band at 2130 cm™' does not seem to be influenced by the nature of
the binder.

Another characteristic feature in the Raman spectra of Prussian blue in paint
layers is the increase in intensity of the lower frequency bands at ca. 520 and
270 cm ™!, see Figures 3.31 and 3.32. The band at 520 cm™! actually consists of
two contributions, at 510 and at 530 cm™!, which are assigned to the Fe-N and
Fe-C stretching vibrational bands, respectively [119]. The band at 270 cm™! is
not easily assigned but may correspond to a ligand-iron ion bending band. An
increase in intensity of this band was observed in Berlin green and thus supports
a partial oxidation prior to the ageing.

Finally, unaged and aged paint layers containing Prussian blue were also stud-
ied by Raman spectroscopy. Because the color loss must be related to the config-
uration that causes the blue color, i.e., the intervalence charge transfer Fell —C—
N-Felll pathway, a change upon ageing is expected in the characteristic bands
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Figure 3.34 Comparison between Raman spectra before and after ageing for three dif-
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of Prussian blue rather than in those characteristic of the white pigment used in
the mixture. The specific bands of the white pigment in dilution were used as an
internal standard in order to compare the Raman spectra before and after ageing,
as was already the case for the Fourier transform infrared spectra. The spectra
of ready-to-use Prussian blue oil color mixed with lead white were calibrated by
using the vibrational band of 1033 cm ™!, whereas the bands at 600 and 435 cm™*
were used as an internal reference in the titanium white dilutions. Zinc white
dilutions, however, were problematic because this white pigment does not exhibit
any strong specific band.

After ageing the CN~ stretching band at 2153 cm ™! dramatically decreases in
intensity in Prussian blue with lead white dilutions, see Figure 3.34. However, it
does not show any shift towards lower or higher energy. In contrast, Prussian blue
mixed with titanium white in 1:10 dilution ratio exhibits an increase of ca. 17 %
in intensity upon ageing. This increase in intensity for the aged portion reflects
the limitation of using an internal standard in heterogeneous systems such as paint
layers. The Prussian blue concentration can vary from one local analysis spot to
another, introducing artefacts in the spectrum. Nevertheless the loss of intensity
observed in Prussian blue mixed with lead white upon ageing is considered as
qualitatively significant, because a loss of ca. 50 % intensity can hardly be at-
tributed only to the sample inhomogeneity. Furthermore, the relative intensity of
the characteristic stretching bands of Prussian blue changes slightly upon ageing,
see Figure 3.33. The intensity of the bands at 2130 and 2090 cm ™! increases upon
ageing in comparison with the intensity of the strong band at 2150 cm™!. The
CN~ stretching vibrational frequencies at 2124 to 2131 cm ™! correspond to the
CN~ stretching vibration of [Felll(CN)g]3~, whereas the bands at 2063 to 2091
cm~! are assigned to the stretching vibration of [Fe!l(CN)g]*~. Consequently, an
increase in intensity of these CN™ stretching vibrational bands suggests the for-
mation of an increased amount of [Fe!'!(CN)g]3~ and [Fe!'(CN)g]*~, or, in other
words, a combination of partial oxidation and reduction in Prussian blue paint
layers. The formation of some [Fe'!(CN)5H20]?~ ion is also possible in view of
the CN™ stretching vibration frequency in this compound [115|. The loss of in-
tensity observed for the strong peak at 2150 cm™! indicates a decreased number
of Fel'-C-N-Felll pathways.

On the basis of the numerous analyses carried out on the pure Prussian blue
pigments, the unaged and aged paint layers, and the partially oxidized and re-
duced forms of Prussian blue, conclusions about the degradation of Prussian blue
can now be drawn from the ensemble of results. A model for the degradation
mechanisms of Prussian blue is then proposed.
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3.5 Degradation mechanisms of Prussian blue in paint
layers

The accelerated ageing experiments and the colorimetric measurements carried
out in this thesis indicate that pure Prussian blue painted in dark shade is ex-
tremely light fast. The light fastness of Prussian blue slightly decreases in pale
shade paint layers and decreases even more in the presence of a white pigment.
It is well established that a pale shade is much less light fast than a deep shade.
This phenomenon has been mainly studied in case of dyes [138]. Intuitively this
behavior can be understood by considering that well dispersed pigment particles
in a matrix in which light easily propagates are more vulnerable to light exposure
than close-packed pigment particles. The nature of the white pigment present
affects the degree of fading because Prussian blue mixed with zinc white or lead
white is much less light fast than when mixed with titanium white. In contrast,
neither the nature of the binder nor its acidic or basic character seem to play a
role in the discoloration of the paint layer.

As explained in Section 1.2.3, several hypotheses have been proposed in the
literature for explaining the fading of Prussian blue, (1) the reduction of Prussian
blue, (2) the oxidation of Prussian blue, (3) ion exchange within the Prussian
blue, and (4) substitution reactions within the Prussian blue. Based on the results
presented in Section 3.4.2, one can both determine which one or more of the hy-
potheses are the most probable for the discoloration of Prussian blue and identify
the degradation mechanisms. Table 3.6 summarizes the main results presented in
Chapter 3 for the different spectroscopic techniques used herein.

From Table 3.6 it is immediately obvious that changes in the local electronic
and structural configurations of the iron ions in Prussian blue occur even prior to
any accelerated ageing. However, the ageing of the paint layers could have already
begun as the paint layers were drying in daylight. The results suggest a partial
oxidation in Prussian blue containing paint layers. Because a variation in the low-
spin iron to high-spin iron ratio has been detected by Mossbauer spectroscopy,
a bulk technique, the oxidation must occur in the entire paint layer. Moreover,
the oxidation is probably related to the presence of the binder because the phe-
nomenon is observed in pure Prussian blue painted with gum arabic.

Upon ageing the results indicate both oxidation and reduction processes. The
hypothesis of a partial reduction of Prussian blue is supported by the XANES
and infrared spectral results, whereas the EXAFS and Mdssbauer spectral results
rather suggest an oxidation of the iron ions in Prussian blue. Because the reduction
of high-spin iron(III) to high-spin iron(II) is not observed in the Méssbauer spectra
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Table 3.6 Summary of the results presented in Chapter 3

Spectroscopy Observed variations in paint layers
before ageing® upon ageing
XANES - Shift of the absorption edge to-

wards lower energy; no signifi-
cant shift of the pre-edge peak.

EXAFS - Decrease in the iron-iron coordi-
nation number.

Iron-57 Mossbauer — Slightly increased low-spin  Unchanged spectral parameters.
iron to high-spin iron ratio

FTIR Appearance of an additional Loss of absorbance in the CN~—
weak band at higher energy vibration band; shift of the max-
imum towards lower energy.

Raman Appearance of an intermedi-  Loss of intensity of the strongest
ate CN~ band at 2130 em™!  »(CN) band at 2150 cm™?; in-
crease in intensity for the weaker
bands at lower energy.
“Variations in comparison with the results obtained on pure Prussian blue powder sam-
ples.

as a drastic change in the iron(II) isomer shift, it must occur at the surface of the
pain layer, a surface that contributes a very small absorption that is dominated
by the bulk absorption in the Mdssbauer spectra. It is reasonable to consider that
the chemical change upon illumination takes place first in the Prussian blue at the
surface before spreading to the deeper layers. Surface discoloration in Prussian
blue paint layers occurs prior to any bulk color change. This phenomenon could
explain why the attenuated total reflectance infrared and Raman spectra, with a
probing depth of up to 2 um, exhibit the most noticeable differences upon ageing.
Similarly, the X-ray absorption near-edge spectrum of Prussian blue mixed with
lead white in a 1:100 dilution ratio exhibits the highest shift of the absorption edge
towards lower energy because only the first few microns are probed. In contrast,
X-rays penetrate more deeply into paint layers containing Prussian blue and zinc
white or titanium white and both bulk and surface are thus analyzed.

The third and fourth hypotheses, ion exchange and substitution reaction, can
be excluded as being responsible for the fading of Prussian blue and its mixtures.
The possibility of ion exchange between the weakly bonded, nitrogen-coordinated,
iron(III) ions and other metal ions, as suggested in electrochemical studies [151],
does not seem to be a realistic hypothesis for understanding the color loss in Prus-
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sian blue and white pigment mixtures. The very unlikely substitution reaction
between the Prussian blue iron(III) ions and the lead(II) and zinc(II) ions of the
white pigments would have led to a far larger change in both the X-ray absorption
spectra and their corresponding Fourier transforms than has been observed. Fur-
ther, no ligand substitution reactions have been clearly identified. The formation
of ferric aquapentacyanoferrate(II) is unlikely in view of infrared results. However,
the formation of some [Fe!'!(CN)5H20]?~ ions upon ageing can not be excluded
in view of the Raman spectral results.

The fading of Prussian blue pigments in paint layers thus results from both a
partial oxidation and reduction of the iron ions in Prussian blue. Both the oxi-
dation and the reduction lead to a loss of color because the intervalence charge
transfer between iron(II) and iron(III) ions is hindered. The reduction takes place
at the upper surface of the paint layers whereas the oxidation occurs in the entire
paint layer. The quantification of the proportion of iron(III) ions being reduced to
iron(II) ions at the surface layer and the amount of [Fe!''(CN)g]>~ ions formed in
the bulk, has not been established. The proportion of [Fel'l(CN)g]3~ ions formed
in the bulk is expected to be quite low because no significant difference in color
was observed in the bulk. The following paragraphs provide some suggestions for
explaining the occurrence of both oxidation and reduction processes in Prussian
blue pigments in paint layers.

In the nineteenth century, Chevreul [61] had already noted the discoloration
of pure Prussian blue on dyed fabrics exposed to light in a vacuum and in an
anoxic or low-oxygen content atmosphere. The fabrics tend to regain their color
upon contact with oxygen. In 2004, the experiments of Chevreul were reproduced
and his observations confirmed [164]. However, attempts to discolor pure powder
Prussian blue upon light exposure in an ambient atmosphere were unsuccessful.
In an ambient atmosphere, Prussian blue pigment is thus stable because it has
access to oxygen to maintain an equilibrium between the amount of iron(II) and
iron(III) ions required for the intervalence charge transfer. In contrast, Prussian
blue pigment in a paint layer system is not as stable as in a powder in an ambient
atmosphere. Lightly colored paint layers containing Prussian blue show a tendency
to discolor upon light exposure. Oxidation in the entire paint layer and reduction
at the surface upon light exposure occur. The presence of a binder and/or a white
pigment is necessarily involved in the degradation mechanisms of Prussian blue.

Because Prussian blue seems to be oxidized even without the addition of a
white pigment, the binder necessarily plays a role in the oxidation. The oxidation
process is most likely linked to the ability of Prussian blue to incorporate water
molecules in its defect structure. The OH™ anions provided by the oil binder or
by the aqueous diluent can then oxidize the iron(II) ions, which can then form the
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pentacoordinated iron(III) [Fe!™'(CN);OH]3~ ion. The role of structural water
molecules has recently been observed in studies of the electrochromic process in
electrochemically synthesized Prussian blue [31][165].

The reduction takes place at the surface of the paint layer upon light exposure.
Both photoinduced reduction or oxidation in Prussian blue are made possible when
Prussian blue is coupled with a material that generates electrons upon UV or visi-
ble light irradiation [63]. Reduction in a Prussian blue paint layer may thus occur
in the presence of a species that can provide electrons upon irradiation. Zinc white
and titanium white are both known for their photochemical activity and strongly
absorb near ultraviolet radiation, below 366 nm and 415 nm, respectively [52].
Both are semiconductors with a band gap of ca. 3 to 3.3 €V, i.e., in the ultraviolet
spectral region. Consequently, when the zinc white or titanium white absorb ul-
traviolet light, an electron-hole pair is created in the crystal lattice and migrates
to the surface of the pigment. The electron can then reduce the iron(III) ion of
Prussian blue. The remaining hole can oxidize an OH™ adsorbed in the structure
of the Prussian blue or at the surface of the white pigment to an OH- radical.
This radical can cause oxidative break down of the binder. This photodegrada-
tion process of the binder is known as chalking. The paint medium is physically
removed, causing a loss of gloss and mass, and leaving the pigment as a loose
powder on the surface. In the aged paint layers containing Prussian blue, a loss
of gloss was observed and supports the hypothesis of a reduction of the iron(III)
ions coupled with an oxidation of the binder. The photochemical activity of ru-
tile, titanium dioxide, used as an artist’s pigment is reduced as much as possible
by adding stabilizing elements such as zinc or aluminum metals [52]. The use of
coatings acting as a physical barrier to limit the diffusion of the oxidizing species
out from the pigment surface can inhibit the break down of the binder [163|. This
reduced photochemical activity of titanium white can thus explain why Prussian
blue mixed with titanium white does not discolor strongly.

Lead white is not particularly photochemically active. It is remarkably per-
manent and unaffected by light. Because of their basic character, lead white and
zinc white tend to form a soap by interacting with the linseed oil esters of fatty
acids [166]. The presence of these basic pigments in linseed oil may favor the
production of electrons that will initiate the reduction of Prussian blue. However,
discoloration of Prussian blue painted from gum arabic, in a pure state or mixed
with lead white, was also observed, suggesting that a reduction of the iron(III)
ions in Prussian blue is possible upon light exposure without being initiated by an
admixed pigment. Although the reduction mechanisms are not completely identi-
fied, the structural and interstitial water molecules in the Prussian blue lattice and
the formation of hydroxyl ions and OH- radicals are expected to play an important
role in the redox processes, as has been evidenced in Prussian blue electrochromic
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mechanisms. Electron paramagnetic resonance spectral measurements may help
to understand the discoloration mechanisms through the detection of free radicals
induced by light irradiation in the paint layers.






Chapter 4

Case Study of Prussian Blues in
Genuine Historical Samples

Summary. The thorough analysis of the laboratory-synthesized samples
leads to the hypothesis of partial bulk oxidation and surface reduction in
Prussian blue containing paint layers upon light exposure. This hypothesis
must be verified on genuine Prussian blues found in our cultural heritage.
Various types of works of art from the eighteenth to twentieth centuries are
analyzed, i.e., a polychrome sculpture, wallpapers, an oil painting, watercol-
ors, and a wall decoration. Millimeter-sized fragments from these objects
were studied by Raman spectroscopy. Fourier transform infrared spectro-
scopic analysis was carried out in situ on the oil and watercolor paintings.
The results confirm the previous conclusions drawn from laboratory-prepared
paint layers: Prussian blue in paint layers undergoes redox reactions, which
are enhanced in a diluted Prussian blue matriz.
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In the previous chapter, aged laboratory-prepared paint layers have been ex-
tensively studied. Among the various experimental techniques, Raman and Fourier
transform infrared spectroscopy were the most suitable techniques to detect the
degradation at the surface of Prussian blue containing paint layers. Infrared spec-
tra revealed a loss of absorbance upon ageing whereas Raman spectra revealed
a loss of intensity in the CN™ stretching vibration bands in conjunction with a
change in relative intensity of the various different bands. Because of these changes
in relative intensity, Raman spectroscopy should permit the detection of degraded
Prussian blue pigments without requiring any comparison with an unaged Prus-
sian blue containing paint layer.

The works of art containing Prussian blue studied herein differ in their type,
provenance, and period. This variety illustrates the wide use of Prussian blue
since the eighteenth century. Although Prussian blue has also been used in books,
as ink, or mixed with gum arabic in watercolors, the inner pages of books are
supposed to be protected from light and, hence, no degradation induced by light
exposure is expected. For that reason books have been excluded from this work.

4.1 Analyses of paint fragments

The analyzed paint fragments are part of the archives of the Royal Institute for
Cultural Heritage, Brussels. The art objects have been previously sampled and
studied by the pictorial laboratory of the institute. Three types of objects were
selected for the study of Prussian blue degradation, a polychrome sculpture, wall-
papers, and a mural decoration. In these art objects, the presence of Prussian
blue has already been detected by X-ray dispersive, Fourier transform infrared, or
Raman spectroscopic analyses. The goal herein is to detect any degradation in the
Prussian blue by Raman spectroscopy in order to compare the results obtained
from genuine art samples with those obtained from laboratory prepared paint sam-
ples presented in the previous chapters. Samples that were of interest for this work
were thus selected on the basis of these previous investigations. They were studied
as either embedded in synthetic resin and transformed into cross-sections, or as
non-embedded fragments. The cross-sections were carefully repolished and studied
by optical microscopy, scanning electron microscopy coupled with X-ray disper-
sive, and Raman spectroscopy, with a particular emphasis on the Prussian blue
and its possible degradation. These additional analyses were carried out under
the supervision of Dr. Jana Sanyova, with the help of Cecile Glaude, for optical
and electronic microscopy, and with Dr. Steven Savewyns for Raman spectroscopy.
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4.1.1 A polychrome sculpture, the guardian angel of La Gleize

The guardian angel shown in Figure 4.1 is located in the Assumption’s Church of
La Gleize, in the Belgian Ardennes. This large linden wood sculpture with dimen-
sions of 133 x 110 cm, dates from the beginning of the eighteenth century. At that
time, the representation of guardian angels was quite popular and many examples
of such sculptures can be found in Liége and the surrounding areas. However, the
guardian angel of La Gleize differs in style from other seventeenth and eighteenth
century barocco sculptures of angels. The guardian angel of La Gleize is remark-
able for its polychrome character, which is unusual for the Belgian Ardennes [167].
The polychromy was studied in 1994-1995 during the restoration of the sculpture
at the Royal Institute for Cultural Heritage in Brussels. The wood of the sculpture
had been sized with several diluted glue layers. The last one contained a white
calcium sulfate extender and a small amount of a zinc salt. The sculpture was then
covered by several thin layers of white preparation layer, containing an animal glue
and chalk. Finally, the chalk ground layer was isolated by applying an animal glue
with a small amount of gypsum and a zinc salt. The pigment analysis revealed the
presence of Prussian blue mixed with alumina hydrate in the interior of the angel’s
dress and on its sandals. The presence of Prussian blue in the original paint layers
of the guardian angel provides a terminus ante quem non because the sculpture
can not be dated before the discovery of Prussian blue in 1704. The binder in the
blue paint fragments has been identified by gas chromatography-mass spectrome-
try as linseed oil [167].

In order to update the results obtained in 1994, the cross-section prepared
from a millimeter-size fragment from the angel’s right sandal was again studied
by optical microscopy and by scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy. The analyses were carried out by Cécile Glaude.
Raman spectroscopy was then performed in order to detect any degradation in the
blue original paint layers.

Photomicrographs of the cross-section prepared from a paint fragment from the
angel’s right sandal are shown in Figure 4.2. Four different layers can be identified,
as indicated by the numbers in the optical micrograph of the cross-section shown
in Figure 4.3. The elemental composition of each paint layer was determined by
scanning electron microscope coupled with energy-dispersive X-ray spectrometry,
see the mapping shown in Figure 4.3. The first thick white layer corresponds to
the chalk ground layer and mainly contains calcium ions. The second gray layer
is the proteinic isolation layer, which strongly reflects UV light, see Figure 4.2d.
The third layer is composed of Prussian blue, alumina hydrate, and lead white. A
few small orange grains can be seen in this layer but their composition could not
been determined. The upper layer is a retouching layer that was not originally
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Analyzed fragment

Figure 4.1 Guardian angel, a polychrome 133 x 110 cm linden wood sculpture from the
early eighteenth century located at the Assumption’s church in La Gleize, Belgium.
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Figure 4.2 Optical photomicrographs of a cross-section at two different magnifications,
obtained with a dark field illumination from the guardian angel of La Gleize, with a and
b, visible reflected light, and ¢ and d, UV reflected light.

present on the sculpture. It presumably contains cerulean blue, a cobalt(II) stan-
nate, mixed with calcite and magnesia extenders.

The large dark blue particles observed in the optical photomicrographs con-
tain both Prussian blue and alumina hydroxide, as evidenced by the mapping in
Figure 4.3. Hence, Prussian blue was synthesized according to the ancient prepar-
ative method, in which alum was used as a starting reagent. After precipitation
of Prussian blue, the alumina hydrate could remain as an extender to lighten the
dark color of Prussian blue. The cross-section was then analyzed by Raman spec-
troscopy; the resulting spectra are shown in Figure 4.4. The spectrum obtained
from the light blue area differs from that obtained on the dark blue area because
of the presence of lead white, as is indicated by the peak at 1050 cm~!. The
characteristic band for alumina hydrate could not been found in the Raman spec-
tra. For both analysis spots, the Prussian blue exhibits similar CN™ stretching
vibrational bands. The intermediate band at 2130 cm™! and the relatively large
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Figure 4.3 Scanning electron micrograph obtained with an energy of 15 keV and

backscattered electrons, optical photomicrograph obtained in reflected visible light and

a dark field illumination, and the elemental composition mapping performed by energy-

dispersive X-ray spectroscopy, of the cross-section of a blue fragment from the guardian
angel of La Gleize.

intensity of the band at 2090 cm ™! suggest the presence of degraded Prussian blue,
1.e., partially oxidized and reduced Prussian blue. Although it is difficult to detect
a visual fading on the basis of the cross-section, the original Prussian blue paint
layers on the polychrome sculpture were probably discolored.

The Raman spectrum obtained on a small orange grain revealed a molecular
composition close to that of raw Sienna, see Figure 4.4. Raw Sienna is a yellow-
brown pigment which consists of clay and a mixture of iron(III) oxyhydroxides
and iron(III) oxides [87]. In Chapter 2, the formation of ferrihydrite, an orange
hydrous iron(III) oxide compound, was observed in ancient laboratory-synthesized
Prussian blues. Thus, the presence of some orange particles of an iron(III) oxide
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Figure 4.4 Raman spectra obtained on a cross-section from a blue fragment from the

guardian angel of La Gleize by using a 785 nm laser and a reference spectrum of raw Si-

enna, from the database of the Royal Institute for Cultural Heritage. Right: an expanded
view of the CN™ stretching vibration.

compound most likely results from the ancient preparative method of Prussian
blue, in agreement with the experimental results reported in Chapter 2.

4.1.2 Wallpapers from the Dewez house

The study of wallpapers presented herein is part of a project about wallpapers and
decorations directed by Wivine Waillez of the Service for Research on finishings
of historic buildings at the Royal Institute for Cultural Heritage, Brussels.

The use of wallpapers as wall decoration began shortly after the invention of
printing during the Renaissance [168]. Wallpapers rapidly became a common el-
ement of a home’s interior and evolved over the centuries, from the first printing
of papers of the early sixteenth century, to the eighteenth-century handpainted
papers imported from China, and to the nineteenth-century washable machine-
printed wallpapers [169]. Because of its low cost, Prussian blue was widely used
as pigment in wallpapers [4].

The wallpapers analyzed herein came from the Dewez house, situated at 73 and
75 Laeken street, Brussels, see Figure 4.5. This building was the private residence
of the Belgian architect, Laurent-Benoit Dewez (1731-1812), who is considered as
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Figure 4.5 Fragments of eighteenth century wallpapers from the Dewez house, a,
arabesque wallpaper and, b, lining paper; c, fagade of the Dewez house, Brussels.
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Figure 4.6 Dark field illumination, optical photomicrographs of a cross-section from
wallpapers of the Dewez house. Left, visible reflected light, right, UV reflected light.

a promoter of neoclassicism in architecture. The Dewez house consists of several
units dating back to the fifteenth century, units which were combined into a single
building around 1775 to 1785 by Dewez [170]. The architect also designed the in-
terior and decorated the rooms of the house with stuccoed ceilings, wood paneling,
and wallpapers. Since 1992 the entire Dewez house has been classified as a listed
building. In 1999 a project of renovation and change in the use of the building
began. Simultaneously, archival studies, surveys, and archaeological research were
undertaken. Stratigraphic studies on the wooden elements and wallpaper were
performed by the Service for Research on finishings of historic buildings with col-
laboration of the wall painting unit from the Laboratory Department at the Royal
Institute for Cultural Heritage, Brussels [170]. The analyzed fragments are part
of the collection of wallpapers of the Dewez house.

Pictures of two wallpaper fragments are shown in Figures 4.5a and 4.5b. The
wallpaper fragment in Figure 4.5a is an arabesque wallpaper, with a pattern of
baskets, flowers, and garlands. It may be dated from the end of the eighteenth
century, ca. 1785 [171]. The fragment in Figure 4.5b was part of a lining or mac-
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Figure 4.7 Raman spectra of eighteenth-century wallpapers of the Dewez house obtained
by using a 785 nm laser. Right: An expanded view of the CN~ stretching vibration.

ulature paper, i.e., a paper which was placed under the final wallpaper to serve as
an isolation and preparation layer. Newspapers were commonly used for the lining
and provide a terminus post quem for the installation of the mural decoration. The
fragment in Figure 4.5b could be dated from the end of the eighteenth century
[171].

The cross-sections studied herein have been prepared from embedded
millimeter-size fragments by Marina Van Bos and observed with an optical
microscope with visible and UV light, see Figure 4.6. The cross-section from the
arabesque wallpaper exhibits a very light blue paint ground layer with a darker
blue zone at the top of the layer. The cross-section shown in Figures 4.6¢ and
4.6d was prepared with a fragment from the dark blue portion of the lining paper
of Figure 4.5b and consists of a relatively homogeneous blue paint layer. The
Raman spectra obtained on both cross-sections are shown in Figure 4.7. Although
the cross-sections have already been studied by Raman spectroscopy, the goal
herein is to detect any degradation in the paint layers. The Raman spectra of the
paint layer from the arabesque wallpaper was measured at both dark blue and
light blue areas on the top of the surface layer. The three Raman spectra exhibit
the characteristic vibrational bands of Prussian blue. The peak at ca. 1090 cm ™
observed in the light blue zone can be assigned to the carbonate absorption in
chalk, calcium carbonate, CaCOgs. The two narrow peaks at ca. 1550 and 1410
cm ™! observed in the Raman spectrum of the lining paper could not be assigned.

The Prussian blue present in the lining wallpaper exhibits similar CN~ stretch-
ing bands as the Prussian blue in the darker blue area of the arabesque wallpaper.
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In contrast, the intensity of the vibrational band at 2120 cm™! is slightly increased
for the Prussian blue in the light blue area. This increase suggests the formation
of [Fe!™(CN)g]3~ ions. The shoulder peak at lower energy, at ca. 2070 cm™ 1,
suggests an increased amount of [Fe!'(CN)g]*~ ions in the light blue region. The
Prussian blue pigment is thus more strongly degraded in the diluted Prussian blue
containing paint layers. This observation is consistent with the experimental re-
sults reported in Chapter 3, results which indicated a good light fastness for
Prussian blue painted in a dark shade.

4.1.3 Wall decorations of the Villa Germaine

The analyzed paint fragment comes from the front-wall of a house, Villa Germaine,
located at Avenue Richard Neybergh 23 in Laeken, Belgium, see Figure 4.8. The
house was decorated in 1910 by the Belgian architect Paul Cauchie (1875-1952).
The front-wall is presumably decorated with sgraffiti [172], which are wall decora-
tions produced by engraving a drawing in plaster layers when the layers are still
soft [173]. This technique has been used in Europe since the classical period and
regained its popularity in Belgium during the Art Nouveau movement at the end
of the nineteenth century and the beginning of the twentieth century; Cauchie is
particularly famous for this type of stylistic wall decoration. Cauchie’s work has
recently been studied in the master’s thesis by Arijs [172].

The Villa Germaine exhibits several wall decorations colored in pale green
and orange, as is shown in Figure 4.8. Details of these decorations were found
in the preparative studies of the artist [172]. Surprisingly, the green areas in the
wall decorations were colored in blue in the architect’s plans. It is thus not clear
whether the green areas of the sgraffiti were initially green or whether the color
results from a fading of the pigments.

The optical micrographs shown in Figure 4.9 reveal a heterogeneous composi-
tion, with blue and yellow grains in a light green matrix. The analysis by energy-
dispersive X-ray spectrometry was performed by Louise Decq [174] and indicates
the presence of calcium, barium, zinc, sulfur, magnesium, silicon, and aluminum
ions, suggesting the presence of clay components, lithopone, which is a mixture
of barium sulfate, BaSO4 and zinc sulfide, ZnS, and gypsum, a calcium sulfate
dihydrate, CaSO4-2H50, or chalk, CaCOs. Iron, potassium, and chromium ions
were also detected. The first two ions could indicate the use of Prussian blue.
The detection of chromium ions suggests the presence of a chrome pigment, such
as the green chromium oxide pigment, CroOs, or viridian, CroO3-2H50. The use
of chrome yellow, PbCrQy, is unlikely because lead was not detected by energy-
dispersive X-ray spectroscopy.
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Figure 4.8 Front-wall of the Villa Germaine located at Avenue Richard Neybergh 23 in
Laeken, Belgium.
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Figure 4.9 Reflected light, dark field illumination optical photomicrographs of the pow-
der fragment obtained from a sgraffito of the Villa Germaine.
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Figure 4.10 Raman spectra of the mural sample from the sgraffito of a house built by

the architect Cauchie and a reference spectra of barium sulfate and raw Sienna, from the

database of the Royal Institute for Cultural Heritage. Right: An expanded view of the
CN~ stretching vibration.
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The powder fragment was then analyzed by Raman spectroscopy, by using a
785 nm laser, see Figure 4.10. Raman spectroscopy clearly confirms the use of
Prussian blue and barium sulfate. The yellow color seems to be associated with
the presence of mixtures of iron(III) oxyhydroxide and barium sulfate. Indeed the
Raman spectrum obtained on the yellow particle is partially similar to that of raw
sienna, which is a yellow-brown pigment composed of limonite clay, containing
iron(III) oxyhydroxide and iron(III) oxide. The Raman spectrum obtained on a
green particle does not undoubtedly indicate the presence of a green chromium (III)
oxide pigment. Indeed, it does not show the characteristic strong bands at 552 or
487 em~! for chromium(III) oxide, CryOs3, or viridian, CroO3- 2H0, respectively
[175]. On the basis of the Raman spectral results, one can ask whether raw Sienna
has been deliberately used for the realization of the sgraffito or whether it results
from a degradation process of Prussian blue.

The presence of particles of an iron(IIl) oxyhydroxide was also detected in a
paint layer of the guardian angel of La Gleize and was attributed to the prepara-
tive method of Prussian blue. This explanation is however not convincing in the
case of the sgrafitto because, in the early twentieth century, Prussian blue was
synthesized according to modern preparative methods and the formation of the
undesirable iron(III) oxyhydroxide during the synthesis is unlikely.

Three distinct bands are observed in the CN~ vibrational stretching region
of the Prussian blue spectrum. The relative intensity of the three bands dif-
fers from the previous observations in the polychrome sculpture and in the wall-
papers because the band at 2090 cm ™!, corresponding to the CN~ vibration in
[Fe!l(CN)g]4~, is much more intense than the band at 2120 cm ™!, which is assigned
to the CN~ vibration in [Fe!'!(CN)g]?~. Prussian blue is known to be sensitive
to alkali and cannot be used in fresco paintings because it degrades through the
reaction |9

[Fe!'TFe!T(CN)g]~ + 3 OH~ — Fe(OH)3 + [Fell(CN)g]*~.

The technique of sgraffito requires the use of lime plaster, which is a mixture of
calcium hydroxide and sand. Prussian blue is thus expected to be degraded into
iron hydroxide in such a basic medium. However, the sensitivity of Prussian blue
to alkali is well known and the use of the pigment for sgrafitti is thus surprising,
especially in the early twentieth century. A historical and technological study of
Cauchie’s wall decoration technique will be necessary to finally decide whether
or not the green color of the sgraffiti of the Villa Germaine was intended or
results from the degradation of Prussian blue in a basic medium. Further, the
environmental conditions, such as rain, dust, and atmospheric pollution, can also
strongly affect the degradation of the wall decoration.
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4.2 Analyses in situ

Because of their value and their fragility many works of art cannot be moved or
sampled for analysis and must be studied in situ. Mobile non-invasive analytical
systems are thus particularly important in the study cultural heritage objects and
have been increasingly developed in the past few years.

A collection of Vietnamese works of art that belongs to the Artistic Collec-
tions of the University of Liége has been analyzed by mobile Fourier transform
infrared spectroscopy. The collection initially belonged to M. Joseph Poncin, an
alumnus of the University of Liége. In 2008 he gave his entire collection to the
Artistic Collections of the University. The Poncin donation consists of more than
140 works of art, such as drawings, watercolors, oil paintings, photographs, and
prints, that were gathered in Hanoi from the end 1970’s to the early 1980’s [176].
Some of these paintings are attributed to known Vietnamese painters, others are
the works of anonymous artists.

A few examples of the Poncin collection are shown in Figure 4.11. The pic-
torial technique varies from oil painting, watercolor on paper or silk, gouache on
journal paper, to print on wood. The objective of the analyses carried out on these
Vietnamese paintings was the identification of Prussian blue and the detection of
any possible alteration of the blue pigment. Because of the large number of works
of art, a first selection was made on the basis of a visual, and therefore subjective,
detection criterion for Prussian blue. Fifteen paintings and prints were selected
and analyzed by Fourier transform infrared spectroscopy. The measurements were
carried out in situ in the Wittert Gallery, where the Artistic Collections of the
University of Liége are kept, by using a Bruker ALPHA mobile Fourier transform
infrared spectrometer. The infrared spectra were recorded in external reflection
mode because this mode does not require any physical contact with the paint
surface. An integrated video camera controls the positioning of the instrument.
The absorbance spectra were calculated with the OPUS software. The Bruker
ALPHA mobile Fourier transform infrared spectrometer and the OPUS software
were kindly loaned to the author by Antwerp University.

Prussian blue is easily identified by Fourier transform infrared spectroscopy
because of its characteristic CN~ stretching band at ca. 2080 cm™!. Prussian
blue was undoubtedly detected in five art works among the fifteen studied, see
Figure 4.12. However, the Fourier transform infrared spectroscopic measurements
were not always successful. In some cases, the pigment was present in such a low
concentration that measurements on the unpainted support and on the painting
itself resulted in identical spectra. In other cases, it was impossible to obtain any
spectrum in the very dark areas because each measurement attempt was rejected
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Figure 4.11 Prints and paintings from the Poncin collection. 1. Sam Son Beach, To

Ngoc Danh, 1977, watercolor. 2. Red river, D. Nam, 1981, watercolor on silk. 3.

Mountains, Anonymous, 1978, watercolor and gouache. 4. Young woman from a mi-

nority living in the mountains, Anonymous, undated, print on colored wood. 5. Temple

in countryside, To Ngoc Thanh, 1981, oil on canvas. 6. Patrol, Pham Van Don,

1972, print on colored wood. 7. The small lake of Hanoi at night, Viet Dung, undated,
gouache on newspaper.



Analyses in situ 193

Absorbance

00 L L L L 1 L L L L 1 L L L L 1 L L L L L
3000 2500 2000 1500 1000

Wavenumber, cm !

Figure 4.12 The Fourier transform infrared spectra recorded in external reflection mode

on five Vietnamese works of art from the Poncin collection. 1. Young woman from

a minority living in the mountains, Anonymous, undated, print on colored wood. 2.

Temple in countryside, To Ngoc Thanh, 1981, oil on canvas. 3. The small lake of

Hanoi, at night, Viet Dung, undated, gouache on newspaper. 4. A street in the sunligh

Viet Dung, undated, gouache. 5. Patrol, Pham Van Don, 1972, print on colored
wood.
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Figure 4.13 The Fourier transform infrared spectra recorded in external reflection mode
on the painting by Viet Dung, The small lake of Hanoi, at night. Right: an expanded
view of the CN~ vibration.

by the OPUS software. This rejection probably results from an extremely large
absorption of the infrared radiation by the paint layer. Consequently, the reflected
signal was too weak to produce a suitable interferogram. For example, the Fourier
transform infrared spectrum shown at the top of Figure 4.12 exhibits a relatively
weak and distorted v(CN) band, although the analyzed blue area seems to be
painted with an almost pure blue pigment. This problem probably results from
the mathematical Fourier transform of the interferogram.

Visually the works of art containing Prussian blue do not exhibit any noticeable
discoloration. An expanded view of the CN™ stretching vibration band reveals,
for one painting by Viet Dung entitled The small lake of Hanoi at night, a slight
deformation in shape of the CN™ band, see Figure 4.13. Instead of a strong single
band, two contributions can be distinguished, with the maximum in absorbance
shifted towards lower energy. This may suggest a partial reduction of Prussian
blue. The detection of other pigments was complex because of the strong signal
coming from the support, namely paper, and the binder, see Figure 4.13. The
strong absorbance between ca. 1700 and 900 cm™! in the Fourier transform in-
frared spectra obtained on the blue area results from the presence of the paper.
The broad band between 1000 and 1200 cm ™! can be assigned to the binder, most
likely gum arabic.

In conclusion, Vietnamese artists used Prussian blue as a pigment for wa-
tercolor, gouache, and oil paintings. No alteration of the pigment was firmly
confirmed by Fourier transform infrared spectroscopy. In the twentieth century
Prussian blue was prepared according to the modern methods and had a good
light fastness in the pure state. In watercolor painting, white pigments are rarely
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employed and Prussian blue is expected to be used pure and thus, to be light
fast. In gouache and oil paintings, white pigments are often used and may affect
the permanence of Prussian blue. An investigation by Raman spectroscopy may
be considered in order to detect a possible degradation of Prussian blue in paint
layers painted from gouache or an oil binder.






Final Conclusions

The main objective of this thesis has been the identification and understanding
of the degradation mechanisms of Prussian blue in paint layers. At the end of
this research, the goal can be considered as reached, although some unresolved
questions remain, questions that may open new research perspectives.

The preparative methods of Prussian blue were thoroughly investigated be-
cause, since the mid-eighteenth century, they have been recognized as contributory
factors in the fading of Prussian blue. From this study, it appears that both the
crystallite size and the inherent disorder in Prussian blue strongly vary with the
type of modern synthesis. Moreover, the soluble variety of Prussian blue, i.e., the
variety that contains alkali cations, was shown to have a structure that is similar
to the structure of insoluble Prussian blue, a structure which is described by the
chemical formula, Fe}'[Fe!!(CN)g]3-2H20, where x is ca. 11. Although beyond
the scope of this thesis, the structural determination of the potassium cation con-
taining Prussian blue and the characterization of the vacancy distribution are also
of great interest for understanding the electrochromic processes occurring in Prus-
sian blue and the magnetic properties of Prussian blue nanoparticles of controlled
size.

The reproduction of several ancient preparative methods indicated the possible
formation of an undesirable iron(III) reaction product, identified as ferrihydrite.
The ancient methods are based on the calcination of dried blood to produce a
potassium hexacyanoferrate complex, which is, with an iron salt, the essential re-
actants for synthesizing Prussian blue. This organic process yields only a small
amount of potassium hexacyanoferrate complex, an amount that is stoichiomet-
rically much smaller than the iron salt. The excess iron ions remaining from the
iron salt in the aqueous solution form an hydrous iron(III) oxide, which gives a
greenish tint to the Prussian blue pigment. The presence of particles of hydrous
iron(III) oxides was also apparent in an eighteenth century genuine Prussian blue
sample obtained from a polychrome sculpture, the guardian angel of La Gleize.

The light fastness of Prussian blue containing paint layers upon light exposure
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was then investigated. The accelerated ageing experiments revealed an excellent
light fastness for pure Prussian blue pigments painted in a dark shade, a light
fastness that was independent of the binder. In contrast, Prussian blue with a
pale shade, such as in a light watercolor shade and mixed with a white pigment or
an extender, fades. Both oxidation and reduction reactions occur in the Prussian
blue containing paint layers. A partial oxidation of the iron(II) ions, resulting
in the formation of [Fe!'l(CN)g]3~, was evidenced prior to the accelerated ageing.
This oxidation could result from an exchange of hydroxyl groups between Prussian
blue and the binder. Upon ageing a reduction of the iron(III) ions occurs at the
surface of the paint layer. This partial reduction of Prussian blue coincides with
an oxidative break down of the binder, leading to a loss of gloss. The degree of
fading depends on the white pigment present and its specific properties, such as
its photochemical activity or its basic character. An investigation of the local elec-
tronic and structural changes occurring in the white pigment may help to better
understand its role in the fading of Prussian blue.

In this thesis, the degradation of Prussian blue was only studied upon light
exposure. However, moisture and temperature also affect the fading of pigments
[177]. Preliminary studies of the influence of the relative humidity and moisture
on the degradation of Prussian blue have been reported in the master’s thesis of
Lauricella [178]. Accelerated ageing experiments were carried out on pure and
diluted laboratory-synthesized ancient and modern Prussian blues painted onto
watercolor paper, first, in a high relative humidity of 75 % at 35°C and, second,
in a relative humidity of 35 %, at 75°C. At a high relative humidity both the an-
cient and modern Prussian blues did not visually discolor. In contrast, a fading
was observed at high temperature. The larger changes in color were observed for
the ancient Prussian blues that contained an extender or that were mixed with a
white pigment. At 75 °C, zeolitic water molecules can escape the lattice cavities
of Prussian blue. Thus, the loss of water molecules as well as the presence of an
extender and/or a white pigment effectively affect the degree of fading.

Further, the influence of the varnish has not been considered in this research.
The varnish is expected to protect the paint layers from the light and environ-
mental exposure and can reduce or slow the fading of the underlying Prussian
blue paint layer. In addition varnishes often absorb ultraviolet radiation and can
hinder the photochemical activity of the pigments. Accelerated ageing experi-
ments of varnished and unvarnished Prussian blue containing paint layers upon
light exposure may bring answers to this question of the importance of the varnish.

Finally, the experimental results obtained on laboratory-prepared paint layers
were confirmed by studying works of art containing Prussian blue. Analyses of
cross-sections prepared from genuine paint fragments indicated both an oxidation
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and a reduction of Prussian blue, especially when painted in a light shade. Thus,
Prussian blue used for painting light blue areas in works of art is probably discol-
ored. Does it mean that a retouching intervention is justified? The discoloration
of Prussian blue is not striking because it is relatively homogeneous. The loss of
color affects our perception of the art object but does not hinder its global ap-
preciation. Moreover, the current conservation ethics recommends reversible and
objective restoration interventions to preserve the historical coherence of the art
objects. Retouching entire blue zones containing presumably discolored Prussian
blue is thus not conceivable. Although this research did not lead to a reconsidera-
tion of the restoration of works of art containing Prussian blue, it surely may help
in better understanding the degradation and alteration processes in a painting’s
material.






Appendix A

Reports of Degradation in
Eighteenth and Nineteenth
Century Books

Soon after the discovery of Prussian blue in the beginning of the eighteenth century
artists, colormakers, and scientists warned against the impermanence of Prussian
blue used as a pigment. Prussian blue was said to fade and to turn green upon
light exposure. Despite these disadvantages, Prussian blue remained widely used
because of its high tinting strength and its low cost until the 1970’s. Some cita-
tions, that deal with the durability of Prussian blue and were found in eighteenth
and nineteenth books, are given below, usually in their original language.

With respect to standing, Prussian blue can neither be esteemed the
most perfect, nor the most faulty, colour. When it is very dark, |...], it
will sometimes stand extremely well |...]; on the other hand, when it is
light, or with a small proportion of tinting part, it is more frequently
bright, and cool, as it is called |...]; but extremely subject to fly, or to
turn to a greyish green.

In Dossie R., The Handmaid for the Arts, Nourse, J., London (1757).

Du bleu de Prusse, qui devient un peu vert dans la fuite du tems [sic|

In Pernety, A.-J., Dictionnaire portatif de peinture, sculpture et gravure avec un traité pratique
des différentes maniéres de peindre, 4, Bauche, Paris (1757).

Theophrastus, Pliny, and others, have enumerated the colours, em-
ployed in the various methods of antique painting. These colours in-
clude almost all the pigments, which are employed by the moderns.
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Prussian blue, which, with a few others, has been added, was discov-
ered by an accidental mizture of the ingredients, which enter into the
composition of it. Nor is it so durable as the blue paints, which were
in use before its introduction.

In Delaval E., An enquiry into the cause of the permanent colours of opake bodies, Eyres, W.,
Warrington (1785).

The iron in this colour always tends to regenerate and turn black |...].
From the same cause, greens composed with this colour, blacken by
time.

In de Massoul C., A Treatise on the Art of Painting, and the Composition of Colours, Baylis,
London (1797).

Ce bleu est bien exempt de la plupart des défauts que présente lazur; il
est vraiment céleste et si intense qu’il parait noir; il se réduit facilement
en poudre; il se méle aussi bien avec l’huile qu’avec la gomme; il réunit
enfin toutes les qualités, si on en excepte une seule, la solidité; mais ce
défaut est le plus a craindre parce qu’il est sans remede. Qu’on jette
les yeux sur un tableau moderne; le ciel qui en est d’abord admirable,
perd bientdt de son éclat; il s’altére, il devient promptement, et dés lors
on n’y reconnait plus celui de la nature.

In Thénard, L.-J., Considérations générales sur les couleurs, suivies d’un procédé pour préparer
une couleur bleue aussi belle que I’outremer, Journal des Mines, 15, 86, 128-136, (an XII [1803-
1804]).

Le bleu de Prusse, quoiqu’inférieur aux couleurs d’outremer et de cobalt,
sous le rapport de la fixité, ne laisse pas d’avoir sur elles, a volume égal,
lavantage d’une bien plus grande quantité de principes colorans [sic|;
quantité que nous avons trouvée, par l’expérience, étre dans le rapport
de dix a un environ. Malheureusement tous les alcalis attaquent le bleu
de Prusse; c’est pourquoi, lorsqu’on le combine avec des couleurs qui
en contiennent, [’on expose ce bleu a disparaitre ou o changer en peu
de temps.

In Watin, M. and Bourgeois, Ch., L’art du peintre, doreur et vernisseur, ninth edition, Belin-

Leprieur, Paris (1823).

Le bleu de Prusse exposé a l’air, o la température ordinaire, s’altére
peu a peu et passe au vert.
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In Thénard, L.-J., Traité de chimie élémentaire, théorique et pratique, 4, Clochard, Paris (1824).

On doit choisir le bleu de Prusse foncé en couleur, brillant, et sans
aucune teinte pourprée. Lorsque sa couleur est pdle ou verddtre, c’est
un signe d’impureté. Ce n’est guére que lorsqu’il est mélé avec du blanc
que ’on peut en connaitre parfaitement le caractére chromatique.

In de Montabert, P., Traité complet de la peinture, 9, Bossange Pére, Paris (1829).

Prussian blue does very well; but for skies it wants breaking with a
quantity of lake, as thus, which brings it very near ultramarine. For
other uses, such as mizing greens and neutral tint, it may be introduced
as you find it: It will not stand very long in the sun.

In Ibbetson, J. C., An accidence, or gamurt, of painting in oil, second edition, Harvey and Dar-
ton, London (1828).

Cette couleur serait des plus précieuses, si elle avait de la solidité: elle a
beaucoup d’intensité, elle se peint facilement, elle séche promptement;
mais elle perd de son éclat, devient verddtre et grise lorsqu’elle est
exposée 4 une lumiéere vive: ainst elle ne pourrait pas étre employée
pour faire des verts brillans [sic| durables.

In Mérimée, J.-F.-L., De la peinture a l’huile: ou des procédés matériels employés dans ce genre
de peinture depuis Hubert et Jean Van Eyck jusqu’a nos jours, Huzard, Paris (1830).

Le bleu de Prusse est employé pour peindre soit a la gouache, soit a
Uhuile; il se distingue par lintensité et la stabilité de sa couleur.

In Berzelius, J. J. Traité de Chimie, traduit par Me. Esslinger, 4, Firmin Didot Fréres, Paris
(1831).

[...]| toutes ces couleurs |dont le bleu de Prusse| ne sont malheureuse-
ment pas trés solides, plusieurs passent un peu, tandis que d’autres
gagnent de ton en weillissant, surtout lorsqu’on laisse les dessins ex-
posés a l'air, mais faute de mieuzx, il faut s’en contenter.

In Douhaire, P., Cours théorique et pratique de peinture & l'aquarelle, Roret, Paris (1848).
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It [Prussian blue| is a deep and powerful blue colour, of vast body and
considerable transparency, and forms tints of much beauty with white
lead, though they are by no means equal in purity and brilliancy to
those of cobalt and ultramarine, nor have they the perfect durability
of the latter. Notwithstanding Prussian blue lasts a long time under
favourable circumstances, its tints fade by the action of strong light,
and it is purpled or darkened by damp or impure air. |...| time has a
neutralizing tendency upon its colour.

In Field G., Rudiments of the painters’ art; or a grammar of colouring applicable to operative
painting, decorative architecture, and the arts, John Weale, London (1850).

C’est un tres beau sel qui s’altére a 'air et donne avec le temps une
couleur verte |...] le bleu de Prusse est trés intense et a une belle
couleur mais il devient verddtre mélangé a du blanc de plomb.

In Riffault, J., Nouveau manuel complet du fabricant de couleurs et de vernis, Roret, Paris (1850).

Le bleu de Prusse, s’altérant facilement sous linfluence de la radiation
solaire, doit, autant que possible, n’étre appliqué que sur des objets
placés a 'ombre.

In Pelouze, J. and Fremy, E., Traité de Chimie générale, analytique, industrielle et agricole, 6,
Victor Masson et Fils, Paris (1864).

Le bleu de Prusse sur tissus se décolore a la lumiére, sans doute sous
Uinfluence d’une réduction. Il reprend sa couleur dans l’obscurité. Il
est rare que les produits commerciaux soient purs. Tantot ils renfer-
ment du peroxyde de fer hydraté, s’ils ont été préparés par oxydation
du précipité blanc. D’autres fois ils sont mélangés a plus ou moins
d’alumine précipitée, en méme temps que le bleu, par l'action du cya-
nure jaune sur un mélange de sels ferreuz et aluminique (1 partie de
vitriol vert et 2-4 parties d’alun). On y incorpore aussi souvent des
substances blanches, telles qu’albdtre gypseux, ou de I’amidon coloré en
bleu par l’iode. Toutes ces fraudes sont de nature & altérer la pureté de
la nuance.

In Schiitzenberger, M. P., Traité des matiéres colorantes contenant leurs applications a la teinture
et a Uimpression et des motices sur les fibres textiles, les épaississants et les mordants, Victor
Masson et Fils, Paris (1867).



Appendix B

Description of Techniques

Basic principles and experimental instrumentation for all the techniques used in
this thesis are detailed in this section. Laboratory techniques and synchrotron
radiation-based techniques are presented separately in Section B.2 and B.3. For
easy reference, laboratory techniques are presented in alphabetic order in Section
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B.1 General considerations

Most of the techniques used in this study are based on the interaction between elec-
tromagnetic radiation and matter. Quantum mechanics indicates that the energy
of a system can not be seen as a continuum but, in contrast, is quantized. When
a molecule experiences an electromagnetic field, any energy exchange between the
molecule and the field satisfies the relation,

AE = hy, (B.1)

where AFE is the difference in energy between two quantized states of the molecule,
h is Planck’s constant, and v the frequency of the radiation. The total energy of
a free molecule is the sum of four quantized energy components, the translational
energy, Ei.qns, the energy associated with the motions of the electrons in the
molecule, F,;, the energy associated with the vibrations of the constituent atoms,
FEip, and the energy resulting from the rotation of the molecule as a whole, E,.,

Etot = Etrans + Eel + Em'b + Erot- (Bz)

In the following discussion the translational energy of the molecule, Ej.qpns will
be ignored. Because the energy variations, AE.;, AFE,;, and AE,, have very
different magnitude, as shown in Figure B.1, they are easily separated and each
one can be probed by an appropriate spectroscopic technique, depending on the
spectral range.

A Rotational
transitions
2 kyT
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Electronic
transitions
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Vibrational
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Figure B.1 Quantized states of electronic, vibrational, and rotational energy and tran-
sitions between corresponding states. kpT is the thermal energy. Reproduced from [116].
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Figure B.2 Electromagnetic spectrum and the spectral ranges of spectroscopic tech-
niques.

Figure B.2 shows the electromagnetic spectrum and the spectral range in which
each of the different spectroscopic techniques is applicable. Iron-57 Mossbauer
spectroscopy uses a transition of 14.4 keV between nuclear states to study hy-
perfine interactions between the nucleus and its environment. X-ray absorption
spectroscopy uses X-rays at energies close to an atomic absorption edge to obtain
information on the absorbing atom or ion and its environment, whereas UV-visible
spectroscopy studies the electronic transitions within a molecule. Atomic absorp-
tion and flame emission spectroscopy are quantitative analytical techniques based
on the measurement of light emitted or absorbed by thermally excited atoms or
ions. Raman and infrared spectroscopies use transitions in the range between 102
em~! (102 pum) to 103 em™! (10 pm) to gain information on the vibrations within
a molecule.

Particle-induced X-ray emission can not be considered as a spectroscopic tech-
nique because the perturbation is induced by particles, e.g., protons, and not by
radiation. Similarly to X-ray fluorescence spectroscopy it provides information on
the electronic binding energy. X-ray diffraction is not a spectroscopic technique
because it does not provide information in the form of a spectrum, i.e., a plot of the
response of the material as a function of energy of the electromagnetic radiation.
It is a structural technique, based on the constructive interference between the
incident X-rays and the X-rays diffracted by the crystal at a given angle. Finally,
thermogravimetric analyses record the loss of mass of a sample as a function of
temperature.



208 B. DESCRIPTION OF TECHNIQUES

B.2 Laboratory techniques

B.2.1 Atomic absorption and flame emission spectroscopy

Both atomic absorption and flame emission spectroscopy are used to quantify the
elemental compositions of compounds. The basic principle relies on the measure-
ment of the emission or absorption spectrum of an atomic species. The sample
is heated at a sufficiently high temperature to reach atomization, i.e., the break-
ing of molecular bonds. A fraction of the atoms are thermally excited and emit
radiation at specific wavelength as electrons return from excited states to their
ground-state. The intensity of the emission lines is directly related to the number
of excited atoms, and consequently, to the concentration of an element in the sam-
ple. This is the basic principle of lame emission spectroscopy. Similarly, in atomic
absorption spectroscopy, the atoms in the ground-state can absorb a radiation at
the same energy that is emitted by the excited atoms. When a monochromatic
radiation at this resonant energy passes through the flame containing free atoms,
a fraction of the photons is absorbed proportionally to the number of atoms in
their ground-state in the flame.

Flame emission spectroscopy is mainly used for the analysis of alkali and al-
kaline earth metals because these elements are atomized at a relatively low tem-
perature of less than 2500°C and have their emission lines in the visible spectrum.
Atomic absorption spectroscopy is more commonly used than flame emission spec-
troscopy because of the availability of easy-to-use and unexpensive instruments
[179] and because it can be employed for more than 70 elements, metals and
non-metals [180]. Further, absorption spectra are simpler than emission spectra,
beause there is only one initial state, the ground state.

The measurements have been carried out by M. B. Belot and J. Otten, from
the Department of Geology, at the University of Liége. The Prussian blue pow-
der samples were dissolved in concentrated sulfuric acid and then treated with
hydrochloric acid to dissolve the iron sulfate formed. The concentration of iron
and potassium are given in weight percent and are averaged on three successive
measurements. The accuracy of the measurement is estimated to be 0.01 weight %.

B.2.2 Fourier transform infrared spectroscopy

The Fourier transform infrared spectroscopy measurements were performed at the
Royal Institute for Cultural Heritage, Brussels, under the supervision of Dr. J.
Sanyova. Basic information on Fourier transform infrared spectroscopy can be
found in the books of Poilblanc [116] and Nakamoto [115].
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Basic principles

Infrared spectra result from the transitions between two vibrational levels of the
molecule in the electronic ground state. The energy of infrared radiation corre-
sponds to the energy required to induce vibrations in a molecule, i.e., individual
atoms within the molecule can change position relative to one another without
moving or rotating the molecule. All vibrational transitions are not allowed and
selection rules derived from quantum mechanics exist.

According to the selection rule of the harmonic oscillator, only transitions that
correspond to An = +1 transitions are allowed. Because the number of molecules
in the electronic ground state is much larger compared with that in the excited
states, only the fundamental transition, i.e., only the transition from n = 0 to
1, in the electronic ground state, is usually observed in infrared spectra.! In
addition another restriction results from the symmetry in the molecule. Infrared
spectroscopy is based on the interaction between the oscillating electric field of
the electromagnetic radiation and the electric charges of the molecules, i.e., the
electric oscillating dipole moment. The electric dipole moment p is a vector that
can be resolved into three components in the z, y, and z directions,

Mg = Z €5

i

Ly = Z €l (B.3)

i

Mz = Z €iZ;

i

where e; is a charge and z;, y;, and z; are the coordinates of the i*! particle, nucleus
or electron of the molecule. The dipole moment operator, i, can be written as

ﬂ:ﬂx+ﬂy+ﬂz- (B4)

From a quantum mechanical point of view, the electric dipole moment resulting
from a transition from the initial state m, described by the wavefunction ,,
to the excited state n, described by the wavefunction ), is given in the Dirac
notation by

IThis selection rule can be partially removed because of the anharmonicity of the vibration
and overtone bands, i.e., bands that are multiples of the fundamentals, and combination bands,
i.e., bands resulting from the sum or difference of two different fundamentals, may be weakly
observed.
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The electric dipole transition is allowed if iy, # 0 and forbidden if fi,, = 0.
In other words, a vibration is active in the infrared spectrum if the dipole moment
of the molecule is changed during the vibration. In centrosymmetric molecules,
such as Prussian blue, only the vibrations that belong to the ungerade, u, type are
infrared active.

Experimental instrumentation

Modern infrared spectrometers usually consist of a Fourier transform interferom-
eter, such as the Michelson interferometer with a moving mirror. The intensity
of the infrared radiation that passes through the interferometer is recorded as a
function of time delay or optical light path length difference that is introduced by
the moving mirror. The resulting signal is an interferogram that contains all the
beam frequencies. The interferogram, I(J), of a spectrum that is represented by
the function B(v), is described by the expression

1(8) = B(v) cos (27;‘5) 7 (B.6)

where ¢ is the optical light path length difference, v is the frequency, and A is the
monochromatic radiation of the source. The interferogram is then converted in an
infrared spectrum by the Fourier transform,

B() = / T 1(6)cos(2m67)ds. (B.7)

—0o0

where 7 is the wavenumber defined as 7 = 1/\.2 The Fourier transform of a typi-
cal interferogram is shown in Figure B.3.

Prior to sample measurements, a background scan is usually recorded with no
sample in the infrared beam path. The sample is then analyzed and the resulting
spectrum is ratioed to the background spectrum. The infrared spectrum is plotted
either in percent transmittance, % T, or in absorbance, A, which is obtained by
taking the base 10 log of the reciprocal of transmittance, versus infrared frequency,
in wavenumber, in cm™'. In this thesis, the Fourier transform infrared measure-
ments are presented as absorbance spectra.

2In practice, the integral in equation B.7 is limited to a finite interval because the interferogram
is only recorded on a finite § interval. This results in the truncation of the interferogram on the
interval [—A, +A], obtained by the convolution product of the interferogram I(4) with a rectangle
function, referred as to window, that equals 1 on the interval [-A, +A] and zero on the intervals
] — 0o, —A[ and | + A, +00[. The convolution theorem states that the Fourier transform of the
convolution of two functions is the product of their Fourier transform.
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Figure B.3 The Fourier transform of an interferogram produces a single beam spectrum
[181].

Painted Prussian blue samples were studied by attenuated total reflectance
Fourier transform infrared spectroscopy by using a VERTEX spectrometer coupled
with a Bruker Hyperion 3000 FT-IR microscope, located at the Royal Institute for
Cultural Heritage in Brussels, Belgium. The attenuated total reflectance objec-
tive is equipped with a germanium crystal. Attenuated total reflection, or internal
reflection, occurs when the incident beam is internally reflected in a high-refractive-
index material placed in contact with the sample. By knowing the wavelength,
the refractive indices of germanium and Prussian blue, and the incidence angle,
the depth of penetration was found to be approximately 1 pm [34]. The contact
area between the germanium crystal and the sample is approximately 100 pum?.
All spectra result from the sum of 64 scans at a resolution of 4 cm ™! between 4000
and 600 cm~!. The spectra were baseline-corrected and no further ATR correc-
tions were applied. The samples were analyzed at several spots in order to both
ensure reproducibility and to evaluate the homogeneity of the paint layer.

Measurements on genuine paintings were carried out by using a Bruker ALPHA
FT-IR spectrometer because this portable instrument allows in-situ measurements
in museums. The infrared spectra were recorded in external reflection mode in or-
der to avoid any contact with the paint surface. The sampling area and positioning
of the instrument were controlled by an integrated video camera.

B.2.3 Mossbauer spectroscopy

Mossbauer spectroscopy is based on the Mossbauer effect, which consists of the
recoil-free emission and resonant absorption of v-radiation in solids. The Moss-
bauer results presented in this thesis were obtained in the laboratory of Prof. Fer-
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nande Grandjean and analyzed with the help of Prof. Gary J. Long, Dr. Moulay
T. Sougrati, and Dr. Raphaél Hermann.

Basic information on Mdssbauer spectroscopy can be found in the books of
Long [130], of Janot [182], and in the course notes of Grandjean [183].

Physical concept

By definition resonant absorption occurs when the emission energy is identical to
the absorption energy. When a + photon is emitted by a free atom the nucleus
recoils because of conservation of momentum, and hence, the energy of the ~
photon is reduced by the recoil energy.

ES™ = F (Esm)2 =Fy—F B
vy — 0T 2MCQ — &0 — LR, < 8)

where Eg is the recoil energy, M the mass of the nucleus and ¢ the speed of light
in vacuum. Similarly, the absorption energy will be increased by the recoil energy

ES" = Ey + Eg. (B.9)

Hence, depending on the line width of the absorption and emission lines, res-
onant absorption may or may not be possible, as is shown in Figure B.4.

Absorption
E Line
R

Emission
Line Eq

-

I (E)

—
e~

o

=L
=

|
|
I
|
I
|
I
|
|
|
|
|
4

i
i

=
m_-_--_-_—_-—_-—_-

E,- Eq i E, + Eg E

Figure B.4 Energy separation of y-emission and absorption lines caused by the recoil of
resting free nuclei, with 2Fr ~ 10°T". The two Lorentzian lines are centered on Fy — Er
and Ey + Er. Resonant absorption is not possible because there is virtually no overlap

between the emission and absorption lines [184].

If the line width of the nuclear transtion is greater than Er resonant absorption
is possible. Because the recoil energy remains small compared to the X-ray energy,
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Er can be approximated by

(ES™)?  (Eg)?
ER = ~ .
2M c? 2M c?

(B.10)

For a nuclear mass of 100 and a y-ray energy of 10 keV, Er is approximately 0.001
eV. The line width of the nuclear transition is given by Heisenberg’s uncertainty
principle,

hln?2
> 9
- 27Tt1/2

(B.11)

where 1/, is the half-life of the excited state. At this point, we will limit our
discussion to the case of iron-57 and its 14.4 keV nuclear transition, the case of
interest for the Mdssbauer spectral study of Prussian blue.

For iron-57, the half-life ¢, /5 of the excited state I = 3/2 is 141 ns. Hence,
I'>4.6x107%eV. (B.12)

The line width, I', of the nuclear transition is thus much smaller than the recoil
energy and no resonant absorption may thus occur between free iron-57 nuclei, see
Figure B.4.

In solids, atoms are bonded together with a binding energy of typically a few
eV. Three types of events may then occur. First, if the recoil energy is larger than
the atomic binding energy, atoms that are excited by the v radiation may leave
their crystallographic site, may induce damage in the solid, and then behave as
free to recoil atoms. Second, if the recoil energy is smaller than the atomic binding
energy but larger than the vibrational energy of approximately 1073 to 107! eV,
the recoil energy is dissipated in lattice vibrations, increasing the temperature of
the crystal. Resonant absorption is not possible because emission and absorption
occur at an energy that is too different from the nuclear transition energy, Ej.
Third, finally, if the free-atom recoil energy is smaller than the quantized energy
of a one-phonon excitation, a fraction of the photons may be emitted or absorbed
without phonon excitation or deexcitation. This process is called a zero-phonon
~ transition. When an average is taken over many emission processes, the energy
transferred per event is exactly the free-atom recoil energy.

The probability, f, that the nuclear transition occurs without any recoil or
change in the phonon state of the crystal is called the Lamb-Mdssbauer factor. It
is a function of the lattice properties of the solid and of temperature.
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Figure B.5 Schematic diagram of the nuclear energy level shift and splitting of *7 Fe iso-
tope as a function of chemical environment, electric field gradient, and internal magnetic
hyperfine field. Reproduced from [130].

The Mossbauer effect has been observed for approximately 100 elements. Iron-
57 is the most commonly used isotope in Mdéssbauer spectroscopy for three reasons,
the Lamb-MGdssbauer factor is large between 4.2 and ca. 1200 K, the iron-57 iso-
tope has a relatively large natural abundance of 2 %, and cobalt-57 may be used
as a source with a long life-time.

Because of the observed narrow natural line width of the nuclear transition,
the hyperfine interactions, i.e., the interactions between the nucleus and its envi-
ronment, may be measured by Mossbauer spectroscopy. There are three hyperfine
interactions, the isomer shift, the quadrupole splitting, and the nuclear Zeeman
effect. The first two interactions are of electric origin, whereas the third is of
magnetic origin.

The isomer shift results from the non-point nuclear charge distribution and,
hence, its overlap with the electronic distribution. Because only the s-electrons
have a non-zero density probability at the nucleus, the isomer shift is essentially a
measure of the s-electron density at the nucleus. The perturbation of the nuclear
energy level diagram by the isomer shift is shown in Figure B.5. Because the
nuclear radius is different in the excited and ground states of the iron-57 nucleus,
both levels are shifted by different amounts and the energy of the transition is
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shifted relative to a conventional zero, taken in practice as the center of the a-iron
Mossbauer spectrum, noted dge in Figure B.5. The isomer shift is given in SI units
[182] by

§ = izeQRz AR

5€p eﬂReH
where ¢ is the vacuum permittivity, Z the atomic number, and e the charge of
electron. In the nuclear factor of equation B.13, Reg is the mean nuclear radius
for the ground and excited states and AR/Reg is the relative radius change be-
tween the ground and the excited state. In the electronic factor of equation B.13,
194 (0)|? and |15(0)[? are the electron density probability at the iron nucleus in
the absorber and standard material, respectively.

[|¢a(0)‘2 - W}st(o)’Q]a (B.13)

The quadrupole splitting, AEg, results from the interaction between the nu-
clear quadrupole moment, @, and the electric field gradient created at the nucleus
by the surronding electric charges. The nuclear quadrupole moment, @), reflects
the deviation of the nucleus from spherical symmetry. Nuclei with a spin 0 or 1/2
are spherical and hence the I = 1/2 ground state of iron-57 has a zero quadrupole
moment, whereas the I = 3/2 excited state of iron-57 has a quadrupole moment
of 0.16 + 0.02 barn. The electric field gradient is a tensor, 9?V/0x;0x; that
can be reduced to its principal components in an appropriate coordinate system,
Vi = 0*V/)022, V,yy = 02V/0y?, V. = 9*V/92%. These three components must
obey Laplace’s equation,

Vew +Viyy + V.. = 0. (B.14)

Further, in the case of axial symmetry, such as in an axially distorted pseudo-
octahedral complex,

2

Vie = yy = _%sz = _%qe = _% <882‘2/> : (B15)

The effect of the quadrupole interaction on the nuclear levels of iron-57 is

shown in Figure B.5. The degeneracy of the excited I = 3/2 level is partially

removed by the quadrupole interaction and the two pairs of sublevels, m; = +3/2

and m; = +1/2 are separated by an energy, AEg = e?qQ/2. Two transitions

from the ground state to the two excited states are now possible and a doublet

with a quadrupole splitting, AFEg, is observed. Many examples of doublets are

found in this thesis. All the relevant details for the quadrupole interaction may
be found in [130] and [182].

The third hyperfine interaction results from the magnetic interaction between
the nuclear magnetic moment and the magnetic field at the nucleus created by

3Laplace’s equation says Af = 92 f/0x? + 0% f/0y* + 8% f/02* = 0.
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the electrons. This interaction completely removes the degeneracy of the nuclear
levels, as shown in Figure B.5. Six transitions are allowed in agreement with
the selection rules for a magnetic dipole transition, Am; = 0,4+1. The observed
Mossbauer spectrum is a sextet, the most commonly observed sextet is that of a
calibration spectrum with an a-iron foil. No further discussion of the magnetic in-
teraction will be given herein because no sextet spectrum is presented in this thesis.

The hyperfine interactions are easily measured in an iron-57 Mdssbauer spec-
trum because of the narrow natural line width of the transition. Typically the
energies associated with the hyperfine interactions are of the order of a few to 50
times the line width. As we will see in the next section, the energy scale in a Mdss-
bauer spectrum is given in mm/s. The natural linewith for an iron-57 Mossbauer
spectral absorption is 0.195 mm/s and this line width sets an appropriate lower
detection limit for any hyperfine interaction.

Experimental spectrometer

A schematic of a typical Mdssbauer spectrometer is shown in Figure B.6. Moss-
bauer spectroscopy is actually a resonant absorption experiment in which a source
emits a v radiation that is absorbed by an absorber. In the case of iron-57 Moss-
bauer spectroscopy, the source is cobalt-57 diffused in a rhodium matrix. As is
shown in Figure B.7, cobalt-57 decays by electron capture to an excited level of
iron-57, which itself decays to the excited level with spin 3/2 at an energy of
14.41 keV above the ground state with spin 1/2. The 14.41 keV transition is the
emitted Mossbauer radiation, that is absorbed by the iron-57 nuclei present in the
absorber. Because the iron-57 nuclei present in the source and in the absorber
are in different electric and magnetic environments, the energy of the emitted ra-
diation is different from that required for absorption. Hence, the emitted energy
must be modulated to restore resonance. This modulation is achieved through
Doppler shifting the radioactive source relative to a stationary absorber. For a
velocity, +wv, of the source, the energy of the emitted radiation is modulated by
AE = +vFE.;,/c. A modulation in energy of 10~7 to 1078 eV is comparable to
the energies involved in the hyperfine interactions and corresponds to a velocity
of a few mm/s in the case of iron-57. Most spectrometers function in constant-
acceleration mode, i.e., the velocity linearly varies with time between —v,,q, and
4VUmaz- The y-rays transmitted through the absorber are counted by a detector,
e.g., a gas proportional counter, and counts are stored in a multichannel analyzer
or a computer memory as a function of the velocity of the source. The use of the
Doppler shift for the modulation of the emitted energy explains the unusual usage
of mm/s as a unit of energy in Mdssbauer spectroscopy.
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Figure B.6 General scheme of Mdssbauer spectrometer. Reproduced from [130].
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Figure B.7 ®"Fe Mdssbauer source obtained from °"Co by electronic capture. Repro-
duced from [182].

The Mossbauer spectrometer used in this thesis is located at the University
of Liége. It is a a constant-acceleration spectrometer equipped with a Janis Su-
pervaritemp cryostat to allow low-temperature measurements. The Mossbauer
spectral absorbers were prepared with 10 to 15 mg/cm? of powdered Prussian
blue mixed with boron nitride, which is transparent to v radiation. The acqui-
sition time typically lasted one day but it was slightly increased as the source
became less intense with time. The spectrometer was calibrated at 295 K with
a-iron powder. The Mossbauer spectra were fitted with Lorentzian lines, using
the Levenberg-Marquardt algorithm.
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B.2.4 Optical microscopy

An optical microscope essentially consists of an ocular and an objective and per-
mits the magnification of images of small samples. The spatial resolution is re-
stricted by the diffraction limit imposed by the wavelength of the probe light. The
basic principles of the optical microscope are well known and will not be further
detailed herein.

Two optical microscopes were used in this thesis, an Olympus BX51 optical
microscope located at the European Center of Archacometry at the University of
Liége and an Zeiss Axioplan optical microscope, located at the Royal Institute for
Cultural Heritage, Brussels. Both are equipped with two different light sources, a
visible light source and a UV light source. The UV light source was used to image
cross-sections, in order to evidence fluorescent areas. Three types of illumination
modes, selected by means of appropriate filters, are available, the bright field il-
lumination, the dark field illumination, and the cross-polarized light illumination.
In the bright illumination, all the direct light, either diffracted or not by the ob-
ject, reaches the objective, resulting in an weakly contrasted image composed of
the object image superimposed on an uniform bright background. In the case of
the dark field illumination, the direct light that is not diffracted by the sample is
suppressed and only the diffracted light is collected, resulting in an object image
superimposed on an uniform dark background. Finally, the cross-polarized illumi-
nation is obtained by using polarizers and can provide detailed information on the
structure and composition of the sample. The polarized light was used to image
cross-sections because it eliminates surface irregularities in case of rough polishing.

The experimental conditions — use of visible/UV light and dark/bright
field /polarized illumination — under which the optical micrographs were obtained,
are indicated in the legend of the figures in the body of this thesis.

B.2.5 Particle induced X-ray emission studies

The particle induced X-ray emission measurements were performed at the cy-
clotron located at the IPNAS laboratory, at the University of Liége.

Basic principles

The particle induced X-ray emission, PIXE, method is an elemental analytical
technique based on the detection of X-rays emitted by the deexcitation of the
atoms in a material. When a sample is irradiated by a beam of charged particles,
usually protons, the charged particles excite the electrons in the innermost shells
of the atoms. The inner shell vacancies that are produced by this ionization are
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then filled by electrons from an outermost shell. The excess of energy is released
by the emission of an X-ray of a characteristic energy of the element.

An X-ray spectrum consists of a continuous background, referred as to the
Brehmsstrahlung and which is produced by the deceleration of deflected charged
particles, and characteristic X-ray lines of the atoms present in the sample. The
surface area of each peak in the spectrum is related to the concentration of the
corresponding element in the sample. If the number of incident particles is known,
an absolute quantification can be calculated on the basis of the X-ray production
cross-sections, the efficiency of the detector, and experimental geometry. The
PIXE method is extremely sensitive with a detection limit down to one part per
million, in mass units.

Experimental equipment

The PIXE measurements reported in this thesis were carried out by using an exter-
nal hydrogen proton beam of approximately 3.12 MeV, produced by the cyclotron
at the IPNAS laboratory. The experimental PIXE experimental arrangement is
shown in Figure B.8. Description and recent improvements of the PIXE line and
extraction nozzle can be found in the papers by Weber [185], Mathis [186], and
Dupuis [187].

The emitted X-rays are detected by two energy dispersive semiconductor de-
tectors. The low energy X-ray detector is a lithium drifted silicon Si(Li) Sirius
detector equipped with a 1 um carbon foil. The lower quantification limit in en-
ergy is approximately 1 keV and therefore, all Z elements above sodium can be
detected by means of their K, L, or M X-ray lines. A system of helium injection
is placed between the proton beam spot and the detector for two reasons, first in
order to avoid the energy loss of the incident particles as well as their energetic
and spatial dispersion, and second, to reduce the absorption in air of low-energy
K X-rays, such as the sodium K, X-ray of 1.041 keV. The heavy Z-element X-ray
detector is a low energy Germanium (LEGe) Canberra detector. Because iron is
the main metal in Prussian blue, the detector is supplied with a 5 um chromium
absorber in order to reduce the iron X-ray intensity.

The external proton beam is collimated by a collimator of 0.5 mm in diameter,
resulting in a spot of approximately 1 mm in diameter on the sample. The analysis
spot is pin-pointed by a laser beam and visualized on a CCD camera placed in the
beam axis. Because the X-ray production yield is extremely high, the intensity
of the proton beam can be very low and did not exceed 5 nA. The beam dose
is monitored by counting the protons that are backscattered by a gold-covered
collimator. These backscattered protons are detected by using a silicon surface
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Figure B.8 The PIXE experimental set-up.

barrier PIPS Canberra detector positioned just in front of the extraction window.

The PIXE spectra were analyzed with the GUPIXWIN software [188]. This
program consists of the non-linear least-squares fitting of PIXE spectra and the
derivation of element concentrations from the X-ray peak areas in the spectrum.

The quantification of the elemental concentrations requires the calibration
in energy of the spectrum, the adjustment of experimental parameters, such as
absorber attenuation and relative detector efficiencies, and the consideration of
matrix effects. Calibration and adjustment of the experimental parameters are
achieved by fitting a standard of known concentration, such as a diorite, DR-N,
standard. The matrix effects, which are related to the deceleration of the incident
protons and the absorption of the emerging X-rays in the bulk sample, depend on
the composition of the sample. Prussian blue powders were analyzed in the form
of pressed pellets and were therefore considered as thick targets. The elemental
concentration determination has been resolved by an iterative matriz element solu-
tion mode. The matrix corrections and invisible elements, i.e., the light elements
that are known to be present in the sample but whose X-rays are not visible, are
taken into account. In Prussian blue, the cyanide ions, which are not detected,
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were included in the elemental quantification as stoichiometrically tied to iron in
the Fe:C:N ratio of 1:3:3 because soluble and insoluble Prussian blues contain ap-
proximately two iron ions for six cyanide groups. The water molecules were not
taken into account for the quantification. Finally, the elemental concentrations
are calculated by normalizing the total mass concentration to 100 %. The error
on the elemental concentration is evaluated from the statistical error, which is the
standard deviation based on Poisson statistics, and the fit error determined for
the principal line from the final linear least squares fit [188|.

No heavy Z-elements were detected in the PIXE spectra recorded at high-
energy with the LEGe detector. Therefore, these high-energy spectra were not
fitted because the low-energy PIXE spectra were sufficient to fully describe the
elemental composition of Prussian blue.

B.2.6 Raman spectroscopy

Most of the Raman spectroscopy measurements were performed at the Laboratory
of Analytical Chemistry at the University of Liége in collaboration with Prof.
Bernard Gilbert. Measurements on genuine art samples were carried out at the
Royal Institute for Cultural Heritage, Brussels, under the supervision of Dr. Jana
Sanyova.

Basic principles

Raman spectroscopy is a vibrational spectroscopy based on the inelastic scatter-
ing of a monochromatic light, see Figure B.9. When a molecule is exposed to
a monochromatic radiation of frequency g its diffusion spectrum consists both
of an intense line at the frequency 1, which corresponds to the elastic Rayleigh
scattering, and of two sets of weak lines on both sides of 1y. These weak lines,
with an intensity of less than 107 that of the Rayleigh intensity, are called Raman
peaks and are characterized by frequencies vg = Av = v + 9. Raman peaks with
a negative shift are referred to as Stokes scattering whereas Raman peaks with a
positive shift are referred to as anti-Stokes. Because there are fewer molecules in
an excited state than in the ground state the anti-Stokes scattering is less intense
than the Stokes scattering.

The Raman effect results from the electric dipolar interaction between monochro-
matic radiation and the molecules. The electric field, E, of the monochromatic
radiation of frequency 1 creates an induced dipole moment, P, in the molecule, a
dipole moment that oscillates at frequency 1 and is given by the expression

7= [a]E, (B.16)
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Figure B.9 Interaction between an incident photon characterized by an energy hiy and
a molecule with two vibrational states m and n; a, the Rayleigh scattering, b, Stokes
scattering, and, ¢, anti-Stokes scattering. Reproduced from [116].

where [a] is the polarizability tensor. The electric field, E, oscillates at the fre-
quency vy, and is thus given by

E = Ejcos 2mupt. (B.17)

Because the molecule is vibrating at the frequency vg, the polarizability tensor is
modulated at this frequency and is given by the expression

[a] = [a]o + [/] cos 2mvRt, (B.18)

where [a]g is the polarizability tensor of the molecule in the ground state and [¢/]
is the modulation amplitude. The insertion of equations B.17 and B.18 in equation
B.16 yields

7= ([a]o + [o] cos 2mvpt) Eq cos 2mupt. (B.19)

By applying elementary trigonometric relationships, p’ may be written as
- 1 1
P = Eo([a]o cos 2mrpt + 5[0/] cos 2w (v + vRr)t + 5[0/] cos2m(vg —vr)t. (B.20)

Equation B.20 clearly shows that the modulation of the induced dipole mo-
ment, P, results in the emission of peaks at the frequencies, vy, i.e., Rayleigh
scattering, vy + vp, i.e., anti-Stokes scattering, and vy — vy, i.e., Stokes scattering.

The selection rules for active vibrations in a Raman spectrum are derived
from quantum mechanics. A vibration is Raman-active if the polarizability of the
molecule is modified by the vibration. In the case of a polyatomic molecule with a
center of symmetry, the so-called mutual exclusion rule applies and active modes
in Raman spectroscopy are inactive in infrared spectroscopy and vice-versa.
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Figure B.10 Raman spectra of a commercial Prussian blue obtained with a 514 nm
laser, green, and a 647 nm laser, blue.

Experimental spectrometer

The experimental set-up for Raman spectroscopy usually consists of an intense
monochromatic source, such as a laser, an optical system used to collect the light
scattered by the sample and an interferometric or dispersive spectrometer coupled
with a sensitive detection system.

The instrument located at the Royal Institute for Cultural Heritage is a Ren-
ishaw inVia multiple laser dispersive Raman spectrometer equipped with a Peltier-
cooled near-infrared enhanced, deep-depletion CCD detector (576 x 384 pixels) and
a direct-coupled Leica DMLM microscope. A 785 nm laser made by Toptica Pho-
tonics XTRA, Graefelfing, Munich, Germany, was used. Neutral density filters can
be used to reduced the laser power on the sample. The instrument is calibrated
using the silicon peak.

The apparatus at the Laboratory of Analytic Chemistry and Electrochemistry
is a home-made performance computerized Raman spectrometer. Samples were
analyzed using either a He-Ne laser at a wavelength of 647 nm or an Ar laser at a
wavelength of 514 nm. Raman spectra of a commercial Prussian blue obtained with
both lasers are shown in Figure B.10. The 647 nm-laser enhances by resonance the
Raman band intensities of Prussian blue, because Prussian blue absorbs light by
electronic transitions in this spectral region. The choice of the laser also depends
on the detector that is coupled to the laser. The detection efficiency varies with
the type of detector and, furthermore, is not constant over the entire spectral
range. The spectra were analyzed with the software developed by Prof. Gilbert.
The baseline was corrected with a polynomial function.
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B.2.7 Scanning electron microscopy

The scanning electron microscopy measurements were obtained with a JEOL JSM-
7500F field-emission electronic scanning microscope located at the University of
Namur, Belgium. Scanning electron microscopy coupled with energy-dispersive
X-ray spectroscopy experiments on genuine cross-sections were carried out at the
Royal Institute of Cultural Heritage, Brussels. Basic information on scanning
electron microscopy can be found in the book by Goldstein et al. [189].

Basic principles

Scanning electron microscopy provides imaging and elemental analytical informa-
tion on a nanometer to micrometer scale. The sample is irradiated by a sharply
focused electron beam, which can either scan the surface of the sample to form
images or be fixed to obtain an analysis at one spot. The interaction between the
electrons and the sample produces a variety of signals, such as secondary electrons,
backscattered electrons, and characteristic X-rays.

Secondary electrons are the low energy, less than 50 eV, electrons that are
ejected of the sample by inelastic scattering interactions. These low-energy elec-
trons originate within a few nanometers from the sample surface. The brightness of
the signal depends on the number of secondary electrons reaching the scintillator-
photomultiplier detector, and hence, on the surface topography. Secondary elec-
trons can thus be used to form topographic images of the surface with a resolution
approximating the size of the focused electron beam. In addition to the shadow
relief effect of the secondary electron contrast, the three-dimensional appearance
of the image is also a result of the large depth of field of the scanning electron
microscope.

Backscattered electrons are the high-energy electrons in the electron beam, that
are reflected or back-scattered by elastic scattering interactions with the atoms in
the sample interaction volume. Backscattered electrons can also be used for imag-
ing. Because heavy Z-elements in the sample backscatter electrons more strongly
than light Z-elements, the imaging contrast results from the differences in atomic
number and indicates areas with different chemical compositions.

The analysis of the characteristic X-rays that are emitted as a result of electron
bombardment yields elemental information about a sample region of ca. 1 um in
diameter and 1 pm in depth under normal operating conditions. The emitted
X-rays are usually collected by an energy-dispersive lithium drifted silicon Si(Li)
solid-state detector, which can detect X-rays from all elements above atomic num-
ber 4 with a limit of detection in bulk material of approximately 0.1 wt % at the
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typical beam current used for secondary electron imaging in the scanning electron
microscopy. This specific use of the scanning electron microscopy is often referred
to as the energy dispersive X-ray analysis. The quantification of energy dispersive
X-ray spectra is possible but requires accounting for the matrix effects in the sam-
ple and the detector efficiency, which varies upon elements. The energy dispersive
X-ray analyses presented in this thesis were only qualitatively interpreted.

Experimental microscope

A scanning electron microscope consists of an electron column and a control con-
sole. In the case of a field-emission scanning electron microscope, the electrons
are produced by a field emission cathode, which is usually a wire fashioned into a
sharp point and submitted to a negative potential. The electrons leave the cath-
ode by quantum tunnelling effect through the potential barrier. They are then
accelerated by the electron gun to an energy in the range of 0.1 to 30 keV and
focused through a system of electron lenses before reaching the sample surface.
A deflection system inside the final lens shifts the beam to a series of discrete
locations along a line in order to form an image. The electron beam is generated
in an electron column at a pressure of approximately 10~* Pa.

The scanning electron micrographs presented in this thesis were obtained with
an emission current of 10 uA and a 15 keV electron beam. The micrographs were
recorded in the secondary electron emission mode. The contrast is thus related
to the topography of the sample surface. Powder Prussian blue samples were de-
posited on a double sided carbon tape on the sample holder and introduced in the
microscope. Because of the semiconducting behavior of Prussian blue, no sam-
ple charging was observed during the measurements. In contrast, cross-sections
embedded in resin were non-conductive and therefore, were sputter-coated with a
gold layer of a few nanometers in an argon atmosphere in order to ensure conduc-
tivity.

B.2.8 Thermogravimetric analyses

Thermogravimetric analysis is a thermal technique for determining the composi-
tion of a material by measuring the amount and rate of mass change as a function
of temperature in a controlled atmosphere. Differential scanning calorimetry mea-
sures the change of the difference in the heat flow rate to the sample and to a
reference sample as a function of temperature.

The thermogravimetric analyses coupled with differential scanning calorimetry
analyses were carried out by Magali Brisbois with a Netzsch STA 447 C instrument
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located in the Chemistry Department at the University of Liége. The Prussian
blue powder samples were placed in an alumina crucible and heated with a con-
stant heating rate of 2°C/min in air. The TGA curves presented in this thesis
were normalized, i.e., divided by the sample mass, so that they begin at 100 %.

B.2.9 UV-visible spectroscopy

UV-visible spectroscopy is a suitable technique to characterize the optical and
electronic properties of samples because the energy range of UV-visible radiation
matches the energy range required to induce electronic excitations between molec-
ular orbitals. UV-visible spectra appear as a continuous absorption band because
the vibrational and rotational levels of the molecular orbitals are superimposed
upon the electronic levels, producing a combination of overlapping lines.

In UV-visible absorption spectroscopy, the absorbance, Ay, of a compound at
a selected wavelength, \, is given by the Lambert-Beer law [190]

Ay = e)lC, (B.21)

where Ay is the unitless absorbance, €, is the wavelength dependent molar ab-
sorption coefficient in units of L mol~'em™!, [ is the optical path length of the
measurement in cm, and C is the concentration in mol/L. The Beer-Lambert
law is strictly valid only for monochromatic radiation. Furthermore, at higher
concentration, the molar absorption coefficient, € is no longer independent of the
concentration, C', because of interactions between absorbing molecules in the sol-
vent [191].

UV-visible reflectance spectroscopy measures the reflectance as a function of
wavelength, i.e., the intensity ratio of the surface-reflected electromagnetic ra-
diation to the incident radiation. Two types of reflection can be distinguished,
specular? reflection, which is associated with smooth polished surfaces, and dif-
fuse reflection, which is associated with reflection from mat or dull texture surfaces,
such as powders or paint layers [192]. The diffuse reflected signal is usually at-
tenuated by two phenomena, absorption and scattering, and is best described by
the Kubelka-Munk theory. The latter links the absorption and scattering through
the ratio of the absorption coefficient, K, and the scattering coefficient, S, to the
reflectance, R, see Appendix C for details. A quantitative analysis of reflectance
spectra necessarily requires using the Kubelka-Munk theory. However, in this the-
sis, the UV-visible reflectance spectra were only used to characterize the color and

4Specular reflection implies that the angle of incidence is equal to the angle of reflection.
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the change in color. Such a qualitative interpretation does not require the appli-
cation of Kubelka-Munk corrections.

UV-visible absorption spectroscopy experiments were carried out at the lab-
oratory of biomedical spectroscopy in the Physics Department at the University
of Liége, in collaboration with Dr. Pierre-Henry Guelluy. The instrument is a
Kontron Uvikon 941 double-beam spectrophotometer. Prussian blue colloidal so-
lutions of 0.001 M were prepared by dispersing appropriate amount of powdered
Prussian blue in 10 mL of deionized water. The solutions were then placed for
fifteen minutes in ultrasonic bath. Each solution was finally poured in a quartz
cell. The percentage of radiation that is absorbed by the sample was recorded as
a function of wavelength, between 350 and 900 nm.

For UV-visible reflectance spectroscopy, two types of instruments were em-
ployed, a BYK-Gardner color guide and a StellarNet EPP2000C UV /visible re-
flectance spectrometer. The BYK-Gardner color guide has a 45°/0° geometry
and a 4 mm aperture. A visible spectrum was recorded between 400 and 700
nm with a resolution of 20 nm, and automatically converted to the Commission
Internationale de I’Eclairage 1976 unitless L*, a*, and b* parameters by using the
standard illuminant D65 as a reference. These parameters correspond to the light-
ness, red-greenness, and yellow-blueness, respectively, of the color and are derived
from the XYZ tristimulus values of a reference white object and the colored object
[135]. In order to evaluate the degree of fading of a sample, the color difference,
AFE*, between the unexposed and the aged exposed portion of the sample can be
calculated from

AE* = [(AL")? 4 (Aa*)? + (Ab*)?)1/2, (B.22)

Typically, a AE* color difference of less than one is imperceptible to the human
eye.

The UV /visible reflectance spectrometer used was a StellarNet EPP2000C
spectrometer equipped with a CCD detector. The optical-fiber probe consists
of six illuminating fibers and a single fiber that collets the reflected light. The
sample is illuminated over a surface area of approximately 4 mm? at an angle of
45° in order to avoid direct reflection; a Halon D50 white reference was used for
calibration. The spectra were recorded in reflection mode between 350 and 880
nm, with a resolution of 1 nm. The absorbance spectra were then calculated with
the SpectraWiz software.
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B.2.10 X-ray powder diffraction

The X-ray powder diffraction experiments were carried out in the Geology De-
partment at the University of Liége. The measurements were performed by Dr.
Frédéric Hatert.

Basic principles

X-ray diffraction is based on the interference of coherent X-rays that are scattered
by the electron clouds of atoms in the sample. The analysis of the diffraction pat-
tern, i.e., the spatial distribution of the diffracted intensity, provides information
on the structure of the studied compound.

The direction of the diffracted radiation is given by Bragg law. A set of reticular
planes with Miller indices (h, k, 1) is represented in Figure B.11. Simple trigonom-
etry shows that the path length difference between two scattered X-rays is

AB + CB = 2dsin¥. (B.23)

To ensure coherent scattering this path length difference must be equal to an
integer number of wavelength, i.e.,

AB+ CB =n)\ (B.24)

where A is the wavelength of the incident diffracted X-ray radiation and d, the
inter-reticular distance between two (h, k,1) planes.

In the case of a cubic crystal, such as Prussian blue, the inter-reticular distance,
d, is given by
d=——2 (B.25)
Vh? 4 k2 + 12
The intensity, I, of the diffraction lines depends on several parameters, namely
the intensity scattered by an electron with the polarization factor, P, the Lorentz
factor, L, which is a function of the geometry of the experiment, the structure
factor, I, calculated from the atomic positions, the Debye factor, which is caused
by the thermal excitation of electrons around their equilibrium position, the mul-
tiplicity factor, ji, of reflection k, and the absorption factor of the radiation in the
crystal [94][194]. The intensity, I, is related to these parameters by
I x ;D'ul*:;jkLMFF, (B.26)
where R is the distance between the sample and the detector, V', the irradiated
volume of the sample, v, the lattice volume, and u*, the linear absorption coeffi-
cient.



Laboratory techniques 229

R

Figure B.11 Interference of waves scattered by atoms in a crystal: Bragg law demon-
stration [193].

Experimental diffractometer

A diffraction experiment consists in measuring the diffracted intensity as a func-
tion of the diffraction angle. The instrument used in this thesis is a PANalytical
PW-3710 diffractometer. It is equipped with an iron K, X-ray tube with a wave-
length of 1.9373 A.5

The diffraction pattern contains the structural information of the sample but
also the instrumental contribution. Therefore the sample profile, f(x), must be
deconvoluted from the experimental profile, h(z), and instrumental profile, g(z),

—+00

W) = f(z) © g(z) = / fw)a(z - v)dy. (B.27)

—00

There are several deconvolution methods. Only the method based on an a pri-
ori knowledge of the profile shape function is presented here. Nowadays the profile
shape function for a X-ray diffraction line is usually taken as a simple analytical
function, such as a pseudo-Voigt profile [195]{196]. This is an approximation of the
normalized Voigt profile, which is the convolution product between a Lorentzian
function, L, and a Gaussian function, G. The pseudo-Voigt profile is described as
follows

Q(20) = nL(20, H) + (1 — )G(26, H), (B.28)

where 7 is the mixing parameter and 26, the diffraction angle and H, the full

5A(:tually the iron K, tube emits iron K,1 as well as iron K,2 radiation of wavelength of
1.93604 and 1.93998 A in an intensity ratio of 0.5.
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width at half maximum.

Using a pseudo-Voigt profile makes the deconvolution of equation B.27 easier.
Indeed, due to the convolution properties of Lorentzian and Gaussian functions,

HI = H} — HY (B.29)

and

(HL)? = (HB)? — (HE)?, (B.30)

where H; and Hg are the Lorentzian and Gaussian full width at half maximum
of the sample profile referred to as f, the experimental profile, i, and the instru-
mental profile, g.

The decomposition of the X-ray powder diffraction patterns with a pseudo-
Voigt profile function was carried out by using the software Peakoc developed by
Masson [97|. Each diffraction line was then characterized by a 26 diffraction angle,
a full-width at half-maximum, H", and a mixing parameter, 7.

The full width at half maximum of the Lorentzian and the Gaussian compo-

nents, H 2 and H, g, can be extracted from the integral width of the pseudo-Voigt
profile, H,, by the empirical relations [196],

Hh
—L = 0.72928n + 0.19289n — 0.07783n (B.31)
Hl,
and
Hh
H,f = (1 —0.74417n — 0.247815 — 0.00810n>)*/2. (B.32)
pV

The full width at half maximum for both Gaussian and Lorentzian experimental
contributions, HY and HY, at a given angle were calculated from the modified
Caglioti-type equations,

HY = [U.tan? 0 + V tan 4+ W]Y/? (B.33)

and
H} = X tanf +Y/cosb + Z. (B.34)

The parameters U, V, W, X, Y, and Z characteristic of the PANalytical diffrac-
tometer used for the measurements were determined by Rietveld refinement on
the standards NAC, NayCagAlyF14 and LaBg. The instrumental Gaussian and
Lorentzian profile functions are shown in Figure B.12.
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Figure B.12 Instrumental resolution Gaussian and Lorentzian full widths at half
maximum, Hg and Hp, of the PANalytical diffractometer determined on the NAC,
NayCagAlyF14, and LaBg standards.

The Gaussian and Lorentzian broadening of the sample profile, Hé and H z,
were obtained by using equations B.29 and B.30. Then, the pure full width at half
maximum of the pseudo-Voigt profile, HI{V, was calculated from Hé and H £ by
using the polynomial approximation

HY, = [(HL)® + 2.69269(H}) HY + 2.42843(H},) (H])’
+4.47163(HL)2(H])? + 0.07842HL (H])* + (H])®)M/®.

Finally, the pure integral width of the pseudo-Voigt profile, 55‘/, is related to the
full width at half maximum, H,., by the relation [195]

Hgv/z
[+ (1 —n)(rn2)]/2

The Williamson-Hall method and the Scherrer’s relation are then applied on the
pure integral width, BgJ;V’ see Chapter 2, Section 2.2.4.

(B.35)

ﬂg‘/:w

B.3 Synchrotron radiation-based techniques

Because of the specific characteristics of the synchrotron radiation, i.e., high bril-
liance, high flux, and tunable energy, the synchrotron radiation-based techniques
provide information that could not be obtained by laboratory techniques. In the
recent years interest for the use of synchrotron radiation in archaeometry has
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grown because synchrotron radiation is particularly suitable to study paintings
and cultural heritage objects, because of their inherent complexity [197] [198].

A brief description of the synchrotron radiation and synchrotron facility design
is first given. Next, the two synchrotron radiation-based techniques used in this
thesis, i.e., X-ray absorption spectroscopy and high-energy X-ray diffraction, are
presented.

B.3.1 Synchrotron radiation

Synchrotron were originally used to accelerate charged particles up to relativis-
tic speeds, i.e., speeds close to the speed of light, in order to perform high-energy
physics experiments. In 1947 particle physicists observed that accelerated electrons
emitted an electromagnetic radiation tangentially to the electron beam path, as
they were directed around curved paths by magnetic fields. This radiation was
called synchrotron radiation, since it was observed for the first time in a syn-
chrotron. First considered as a nuisance because it steals energy from the particle
beam, synchrotron radiation was then found in the 1960’s to be extremely useful
for X-ray experiments.

As a result of the relativistic speed of the charged particles, the emitted syn-
chrotron radiation has particular properties. It is highly directional and its elec-
tromagnetic spectrum is shifted to much higher energies. Moreover, synchrotron
radiation is characterized by an extremely high flux and brilliance. The term fluzx
represents the total number of photons/sec in a beam whereas the brilliance is
expressed in photons/sec/(source area mm?)/(source angular divergence mrad?).
This quantity is an invariant in ideal optical systems. The high flux of synchrotron
radiation allows fast experiments and its brilliance, which is many orders of mag-
nitude greater than that of conventional X-ray sources, results in a photon beam
with a small size and a small angular divergence. Consequently the photons can
be easily collected and focussed by X-ray optics of reasonable size, such as mirrors
and monochromators. Moreover the synchrotron light source offers a high stability
of the beam and allows pulsed time structure resolved experiments, because of the
bunch structure of the electron beam.

A synchrotron light source consists of an injection system and a storage ring.
The general scheme and details of the storage ring of the European Synchrotron
Facility Research, ESRF, Grenoble, are shown in Figure B.13. The charged par-
ticles are usually electrons because they radiate much more efficiently for a given
particle energy than the much more massive protons. The injection system gener-
ally comprises a linear accelerator, linac, and a booster synchrotron. The electrons
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Figure B.13 General scheme of the ESRF, Grenoble. The electrons are accelerated in

the linac and in the booster synchrotron up to an energy range of 6 GeV. The high-energy

electrons are then transferred to a storage ring of 844 meters in circumference. Adapted
from [199].

emitted by an electron gun are first accelerated in the linac and then transmitted
to the booster synchrotron. The kinetic energy of the electron beam is increased
as it passes through conducting cavities, RF' cavities, in which a radio frequency
electromagnetic standing wave is maintained. The series of the RF cavities have
a phase relation between them such that the average phase advance of the radio
frequency field equals the velocity of the accelerated particles, providing an ac-
celerating field. The groups of electrons, called bunches, are finally transferred
in the storage ring. The storage ring consists of evacuated pipes under ultrahigh
vacuum, bend magnets, and insertion devices. The relativistic electrons travel in
straight lines until they encounter a strong magnetic field in the vertical direction
produced by bend magnets, a magnetic field that causes the electrons to move
in arc with a radius curvature on the order of tens of meters, after which they
continue travelling in straight line until the next bend magnet. The storage ring
is thus not circular but rather polygonal, with rounded corners. After radiation,
the electron beam pass through RF cavities to replenish the particle energy and
focusing magnets, in order to keep the electron beam size as small as possible. In
addition to the bend magnets, required to deflect the beam around the storage
ring, another type of magnetic structure, called insertion devices can be inserted
into the straight sections between the bend magnets. These insertion devices, such
as wigglers and undulators, consist of periodic arrays of magnets which force the
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electron beam to oscillate back and forth, resulting in the emission of enhanced
synchrotron radiation. Insertion devices are optimized to produce radiation that
fulfills experimental requirements. In third generation synchrotron light sources,
such as the ESRF or Soleil, the insertion devices are an integral part of the design,
in contrast with second generation synchrotron light sources. The X-rays produced
by the electron beam are finally directed towards beamlines, which are dedicated
for a specific technique or type of research. A beamline includes an optics cabin,
in which the X-ray beam can be collimated, filtered, splitted, monochromated,
shuttered, or focussed using X-ray optics, an experimental cabin, and a control
cabin, where the user sets up and controls the experiment, collects, and evaluates
data. Further details on the synchrotron design and operation can be found in the
books of Bunker [113]| and of Winick [200].

B.3.2 High-energy synchrotron X-ray diffraction

The high-energy synchrotron X-ray diffraction experiments were performed at the
beamline ID11 at the ESRF in Grenoble, France and at the beamline CRISTAL,
at Soleil, Paris, in collaboration with the Department MCMF at the Institut Néel,
Grenoble.

Pair distribution function

Conventional structure determination, such as the Rietveld method, is based on
the analysis of the intensities and positions of Bragg reflections and only provides
a long range average structure of the crystal. However, many materials, such
as Prussian blue, have an inherent disorder and, consequently, their local atomic
arrangements can not be accurately described by the average structure. This dis-
order causes deviation from the average structure that results in the occurrence
of diffuse scattering [201]. This diffuse scattering contains information about two-
body interactions and can be studied by the pair distribution function analysis.
Different formalisms and definitions of the pair distribution function exist. The
discussion herein is based on the formalism developed by Billinge, Egami, and
Proffen, which is used in the PDFFIT and PDFGui softwares [109][202].

The pair distribution function is obtained from the powder diffraction data by
a Fourier transform of the normalized scattering intensity S(Q),

G(r) = dxrlo(r) — po] = /O TQISQ) — sinQrdQ.  (B36)

where p(r) is the microscopic pair density, pp the atomic number density, and @
is the magnitude of the scattering vector. For elastic scattering, Q = 4mwsinf/A,
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where 20 is the scattering angle and A the wavelength of the radiation used.

The function G(r) in equation B.36 refers to as the reduced pair distribution
function. The pair distribution function is related to the latter function by

G(r)

=14+——=. B.37
or) =1+ 72 (B.37)
In practice, the reduced pair distribution function, G(r), is the function that is

extracted from X-ray diffraction data and then fitted.

Extraction and refinement of the PDF

In order to obtain the experimental atomic pair distribution function, G(r), the
normalized scattering intensity, S(Q), must be first extracted from the X-ray
diffraction data. The observed X-ray scattering intensity, 1°°*(Q), results from
the sum of several scattering contributions [203]

I°%(Q) = PAG[I(Q) + I'(Q) + I™(Q)] + B, (B.38)

where P, A, G and B account for polarization, absorption, geometrical, and back-
ground corrections, respectively, I¢ is the coherent scattering, I* is the incoherent
scattering, and I is the multiple scattering.

The normalized scattering intensity, S(Q), contains the coherent scattering
intensities from the sample and is given by the relation [203][204]

S(@Q) =1+ [W] , (B.39)

where (|b?) = >0 1 ai|bi(Q)|? and (b) = >, a;b;(Q), in which b;(Q) is the scat-
tering factor for atom ¢, which is dependent on the scattering angle, 260, for X-rays,
and a; is the atomic fraction of atom 3.

The pair distribution function is extracted by using the PDFgetX2 software
[108]. Figure B.14 summarizes the different steps of the PDF extraction from
the scattering signal obtained on a commercial Prussian blue sample. First the
scattering signal coming from the container is subtracted from the total scattering
signal, see Figure B.15.a. The scattering intensity, I(Q), can then be corrected
to exclude incoherent and inelastic contributions, absorption effects, and multiple
scattering. Next the scattering intensity is normalized in order to obtain the
function S(Q), see Figure B.15.b. The normalization by the factor |(b)|? results
in a data amplification at high Q. The function F(Q) = Q[S(Q) — 1] is calculated
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Figure B.14 The PDF extraction from the total scattering signal of a Prussian blue

sample encapsulated in a capillary. a, Subtraction of the scattering signal of the con-

tainer from the total scattering signal, b, normalization of the scattering intensity and

calculation of the function F(Q), and ¢, Fourier transform of the damped F(Q) function
with & Qmas = 30 A1,

and can be damped by a Gaussian function of adjustable width, 20 A=! in this
case, centered around zero, in order to reduce the statistical noise at high Q. Fi-
nally the pair distribution function, G(r), is obtained by Fourier transform of the
damped F(Q) to a maximum Q-value, Qynaz, of 30 A=, see Figure B.15.c.

The software PDFGui [109] was used for the PDF refinement. This software
is actually a modified and re-designed version of the profile fitting refinement
program PDFfit [202]. The refinement is based on the least squares minimization
in the direct space of the experimental PDF with a structural periodic model.
This structural model of the pair distribution function can be seen as a bond-
length distribution between all pairs of atoms ¢ and j within the crystal, up to a
maximum distance. Each contribution is weighted according to the product of the
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scattering factor of the atoms 7 and j. This model is calculated by [109]

Geale(r) = % Z Z [?2?;5(1" — rij)] — 4mrpo, (B.40)
i g

where b; is the scattering power of atom 4, (b) is the average scattering power of
the sample, 7;; is the distance between atoms 7 and j.

The structural, atomic, and experimental parameters can be refined to adjust
the model to the experimental data. In the PDF analysis of the Prussian blue
samples, the lattice parameter, a, the scale factor for each phase, and the position,
the occupancy, and anisotropic thermal parameters for each atom in each phase
were refined. The resolution damping factor was determined on a LaBg standard
sample and was fixed for the refinement of the Prussian blue samples. This factor
accounts for the progressive decrease of the amplitude of the PDF peaks at larger
distances due to the resolution of the diffraction experiment.

Experimental facilities

The pair distribution function is best obtained by using high energy synchrotron
radiation, which permits to record the scattering signal at high Q). The PDF ex-
periment was carried out at the beamline ID11, ESRF, Grenoble. This beamline
allows one to work at high flux at an energy range between 29 to 140 keV. It is
equipped with a Si(111) double crystal monochromator and a X-ray transfocator.
The beam size was approximately 50 x 200 um area. The Prussian blue samples
were stored in quartz capillaries of 0.3 mm in diameter and placed in front of the
detector. The X-ray energy was 99.428 keV, i.e., a wavelength of 0.124968 A. A
total of 81 2D diffraction images per sample, with a acquisition time of 20 seconds
per image, were collected. The 2D diffraction images were then averaged and in-
tegrated into a linear scattering signal with the software fit2D [107]. The distance
between the sample and the detector was determined with a LaBg standard.

The X-ray powder diffraction data used for the Rietveld refinement were col-
lected at the CRISTAL beamline, Soleil, Paris. The beamline is located at a undu-
lator port and provides a beam in the energy range of 4 to 30 keV, with a relative
energy resolution, AE/E, of approximately 10~%. The beam scross-section on the
sample is ca. 450 x 100 um2. The X-ray powder diffraction data on the commer-
cial soluble, C02, and insoluble, C03, were collected at a wavelength of 0.442930 A.
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B.3.3 X-ray absorption spectroscopy

The iron K-edge X-ray near edge absorption spectroscopy, XANES, and extended
X-ray fine structure spectroscopy, EXAFS, experiments were performed at the
DUBBLE Dutch-Belgian beamline at the European Synchrotron Radiation Fa-
cility, in Grenoble, France. The measurements and the data interpretation were
carried out in collaboration with the X-ray Microspectroscopy and Imaging, XMI,
research group of the Department of Analytical Chemistry at the Ghent University.

Basic principles

X-ray absorption spectroscopy consists of measuring the absorption coefficient
u(E) as a function of X-ray energy, near the absorption edge of a given element
present in the sample. The intense incident X-ray photon ejects a photoelectron
from an inner atomic orbital, a photoelectron whose wave function is scattered by
neighboring atoms, see Figure B.15. Interferences between the ejected and scat-
tered fractions of the photoelectron wave-function occur and result in an energy-
dependent variation in the X-ray absorption coefficient, u(FE). The measurement
and analysis of the energy dependence of the X-ray absorption coefficient provide
information on the local structure around the absorbing atom or ion. An expres-
sion of the EXAFS formula is derived below.

Figure B.15 The origin of EXAFS. An X-ray photon is absorbed by an atom, resulting

in promotion of a core-level electron to an unoccupied continuum state. As the electron

wave, represented in solid circles, propagates out from the excited atom, it can be scattered

by neighboring atoms. The scattered waves, in dashed circles, interfere with the outgoing

waves, thereby modulating the absorption cross-section as a function of photon energy.
Reproduced from [205].
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When an atom absorbs an X-ray photon with an energy larger than the bind-
ing energy of a core electron, this electron is transferred to the continuum. If the
energy of the X-ray photon, hw, is only slightly larger than the binding energy,
Ey, of the core electron, the absorption involves only one electron. The kinetic
energy, E., of the photoelectron is thus F. = hw — Ej.

The absorption probability, u, of a transition between a core level and the
final states that is induced by a time-dependent perturbation, must be evaluated.
In the following the discussion is restricted to the K-edge absorption, for which
the initial state is the deep 1s core level. The Fermi golden rule states that the
absorption cross-section, p(fAw), is proportional to the square of the modulus of
the transition amplitude, i.e.,

u(hw) = C|(ile - 7™ (wy) | p( By — Ei — hw), (B.41)

where |¢;) and |1)f) are the initial and final electron wave functions of energy E;
and Ey, respectively, p is the density of states, € - 7' represents the interaction
between the electromagnetic field and the electrons with é, the X-ray electric po-
larization vector and R, the wave vector given by the expression & = p/h, where p/
is the X-ray photon momentum, and, finally, Aw is the X-ray energy.

The matrice element (;]é - 7e?®7|1)¢) can be written as

(Wile - 7 ) ~ (ile - Flg) + i(il (6 PR - F)|g) + .. (B.42)

The first term is the dipolar term and the second one, the quadrupolar term. In
the dipolar approrimation, the quadrupolar term is neglected, because it is much
smaller than the dipolar term. The equation B.41 thus becomes

plhw) = C " (ile - o) [*6(Ef — By — hw), (B.43)
i, f

where §(Ef — E; — hw) is the Dirac function indicating the conservation of energy.

As previously stated the initial state, (1], is the 1s core level. Such a deep core
level is screened by the other higher energy electron shells and can be assumed to
be independent of the local structure around the absorbing atom. Other weakly
bound electrons contribute to a lesser extent to the absorption. The final state,
[9¢), i.e., the free electron wave function, is less trivial to evaluate.

The EXAFS oscillations are obtained by measuring the absorption cross-section

N(Ee) - NO(EE)[l + X(Ee)]7 (B'44)
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where F, is the kinetic energy of the photoelectron, ug(Ee), the absorption cross-
section of the isolated atom, and x(Ee), the function that describes the EXAFS
oscillations.

The function, x(FE.), reflects the modulation of the absorption coefficient re-
sulting from the scattering by the neighboring atoms or ions. In the single scat-
tering approximation and for K-edge excitations, x is given as a function of the
electron momentum, k = \/(2m(E — Ey)/h?), by the expression:

g2 Z 3cos 0; LIfi (k) e/ sin[2kr; + 261 (k) + arg(f;(k))],  (B.45)

where S2 is a parameter that accounts for the loss of coherence resulting from
multi-electron processes, 7; is the vector connecting the absorber to the scatterer,
0; is its angle with the X-ray polarization vector é, |f;(k)| is the complex electron
backscattering amplitude, A, is the mean free path of the photoelectron, and 47 is
the partial wave phase shift resulting from the scattering by the potential of the
central absorbing atom.

Equation B.45 is referred to as the standard EXAFS equation and takes into
account the contribution of each atom 7 at a relative distance r; from the absorbing
atom in the EXAFS oscillations.

Atoms of the same type situated at approximately the same distance from the
absorbing atom form coordination shells. Equation B.45 can thus be rewritten as

S3(k)e2hil e —2k%0°
x(k) ==>" (WNj!fj(’f)\ ) sin[2kR; + 261 (k) + arg(f;(k))];
J

(B.46)
where N; is the number of atoms in the 4 coordination shell, and 032- is the mean
square variation in distances around the average I?;, between the absorbing atom
and atoms in the ;' shell. The factor e~2k?0% is referred to as the Debye-Waller
factor and accounts for disorder.

In conclusion, the EXAFS equation provides information about the coordina-
tion number, Nj, the bond distances, R;, and the structural disorder, 0]2-. The
extraction of this information implies the knowledge of the phase shift, ¢(k) =
261(k)+arg(f;(k), the backscattering amplitudes, |f;(k)|, and the mean free path,
Ae, in equation B.46. Fortunately, in the case of an identical absorber-scatterer
pair, the backscattering amplitude, and phase shifts are chemically transferable
from a reference compound to the compound of interest [206].
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Figure B.16 Raw iron K-edge XAS signal of a commercial Prussian blue. By convention,

the XANES energy range extends from ca. 50 eV below to ca. 50 eV above the absorption

edge and the EXAFS energy range extends from ca. 50 eV to a few hundred eV above
the absorption edge.

Data analysis

X-ray absorption spectroscopy, XAS, consists of two parts, the X-ray absorption
near-edge spectroscopy, XANES, and the Extended X-ray Absorption Fine Struc-
ture, EXAFS, spectroscopy. Data extraction and analyses of XANES and EXAFS
are separately performed. Figure B.16 shows the experimental XAS signal given
by a commercial Prussian blue. By convention, the XANES energy range extends
from ca. 50 eV above the edge and the EXAFS energy range extends from ca. 50
eV to a few hundred eV above the absorption edge.

Both XANES and EXAFS data reduction and analysis were performed with
the XDAP software [207| under the supervision of Dr. Geert Silversmit, from the
Ghent University. The starting fitting model for Prussian blue was determined by
Dr. Geert Silversmit.

A modified Victoreen curve [208] was used for the pre-edge background sub-
traction in the X-ray absorption spectra obtained in transmission mode and a
linear function or a constant was used for the same subtraction in the spectra
obtained in fluorescence detection mode. A cubic spline routine [209]. was used
for the atomic background, g, subtraction. The pre-edge background subtracted
spectra were normalized to the edge jump, which was taken to be the value of the
atomic background at 50 eV above the K-edge.

Because the EXAFS equation B.46 is a sum of damped sinusoidal waves with
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amplitudes depending on the type and number of neighboring atoms and their
distribution, the EXAFS reduced data x(k) can be presented either in k-space, as
in equation B.46, or Fourier transformed into the R-space, as

kmal‘

FT(R) = \/12? /k k" x (ke 2R . (B.47)

min

The x(k) function can be weighed by a factor k™ in order to counterbalance the
damping of x(k) at large k resulting from the decrease in the scattering ampli-
tude. In addition, a high k™-weighting, e.g., & = 3, promotes the contribution
of the heavy Z-scatterers, because heavy Z-elements have larger scattering ampli-
tudes at higher k-values than do the light Z-elements.

The fit parameters were determined by multiple shell fitting in R-space, by
applying the difference file technique using Fourier transforms [210]. The phase
shifts and backscattering amplitudes were obtained from FEFFS&.0 calculations
[211] on the insoluble Prussian blue crystal structure, by taking the iron(II) ion
as the central iron site. The FEFF output for the shortest single scattering path,
Fell—C, was used to model the first coordination shell around both iron sites
in the Prussian blue structure, i.e., Fell—C or Fe!l'—N. Identical scattering and
amplitude functions were used for N and C, because the scattering properties of
atoms, which are first-neighbors in the periodic table are similar. Because of the
linear geometry of the Fell -C—N—Fe!'l path in the Prussian blue structure, the
multiple scattering contributions for the second and third shells are larger than the
single scattering contributions for these shells [212]. Therefore, the multiple scat-
tering paths with the highest probability were retained to model the second and
third shells. For the second shell, Fe!' =N or Fe!l' —C, this multiple scattering path
was a 3-leg path, Fell = C—N—Fe!ll and for the third shell, Fell —Fe!'l this path
was a 4-leg path, Fell -Felll _N—C—Fell. X-ray absorption spectroscopy probes
an average coordination for the two Fell and Fe!ll sites, in Prussian blue. This
average coordination for commercial and laboratory-synthesized soluble Prussian
blue is given in Table B.1 [12].

The accuracy of the phase shifts and backscattering amplitudes for the first
and second shells obtained from the above procedure was evaluated with a fit
of the first two coordination shells in a K4|Fe(CN)g] powder sample measured in
transmission. The FEFF8.0 calculations were uploaded into the XDAP software
and the parameter, Sg, and the Debye-Waller factors were optimized to obtain
an agreement with the known crystallographic coordination numbers. The Debye-
Waller factors reported in this work for the Prussian blue samples are, therefore,
relative to the K4[Fe(CN)g| structure and expressed as Ac?.
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Table B.1 The average bond distances, R, coordination numbers, N, relative Debye-
Waller factors Ac?, and inner potential corrections, AEy, for the EXAFS fits of six
reference Prussian blue powder samples

Crystal structure EXAFS fit values®
Absorber-scatterer R, A N@ R, A N Ac?, A? AEy, eV
Fe(I1)-C 1.92(1) 3 1.90(1) 2.8(1) 0.0002(2) -4.1(3)
Fe(I11)-N 2.04(1) 3 2.06(1)  3.1(1)  0.0002(2)  2.2(5)
Fe(ID)-N 3.04(1) 3 3.04(1)  2.9(1) 0.0002(2)  L.7(5)
Fe(IIT)-C 3.16(1) 3 3.15(1)  3.0(2) 0.0002(2)  4.3(6)
Fe(IT)-Fe(III) 5.08(1) 6 510(1)  6.1(2) -0.0005(2)  -4.6(3)

%Average theoretical iron coordination number for the defect-free soluble Prussian blue
structure. ®The values given in parentheses are the standard deviations of the fit values
for six samples.

The fit on the Prussian blue structure was performed on the average EX-
AFS spectra of six different soluble and insoluble reference Prussian blue powders,
i.e., the commercial insoluble C01 and C03 and soluble C02 and C04 Prussian
blues, the laboratory-synthesized soluble A148 Prussian blue, as well as an ad-
ditional commercial insoluble Prussian blue purchased from the artist’s materials
supplier, Pébéo, Gemenos, France. The bond distances were optimized in the fit
and deviated by at most 0.01 A from the average bond distances reported for
the K4[Fe(CN)g| crystal structure [213]. A similar procedure was followed for the
third shell in soluble Prussian blue, by fitting the iron-iron shell with a coordina-
tion number, N, of 6 for the averaged spectrum of the three soluble Prussian blue
powder samples.

In the crystal structure of both soluble and insoluble Prussian blue, a fraction
of the iron(II) sites are vacant. The probability of having the central iron(II) site
missing is given by the occupancy parameter, p, in the Pm3m crystal structure,
see Section 2.2.4. This probability was determined to be higher for the insoluble
C03 Prussian blue than for the soluble C02 Prussian blue, resulting in a lower the-
oretical iron-iron coordination number for the insoluble C03 Prussian blue. How-
ever, attempt to fit the iron-iron coordination number in this insoluble sample did
not lead to a significantly deviation from that observed for the six average spectra.

In conclusion, the EXAFS spectra of both soluble and insoluble Prussian blue
powder samples could be fit with the above procedure and resulted in bond dis-
tances and coordination numbers close to the X-ray crystal structure values, see
Table B.1. A single Debye-Waller factor was fitted for the four contributions within
the first two coordination shells. For all EXAFS fits, the coordination numbers for
the two contributions in the second Fell—N and Fe!''—C shells were constrained
to the same value of three. Because these contributions are fit with the 3-leg mul-
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tiple scattering paths involving both the carbon and nitrogen atoms in the first
and second shell, the two different 3-leg paths will both disappear as soon as a
carbon or nitrogen atom in the first or second coordination shell is missing. Hence,
the same coordination number for the two 3-leg paths may be assumed. The co-
ordination numbers for the contributions in the first coordination shell however
were not constrained.

Experimental facilities

The DUBBLE Dutch-Belgian beamline BM26 is located at a bending magnet port
of the ESRF electron storage ring, a magnet with a magnetic field induction of
0.4 T. This beamline, which is equipped with a Si(111) double crystal monochro-
mator, delivers an X-ray beam with an energy of 9.6 keV and a relative energy
resolution, AE/E, of ca. 2 x 1074 [214]. The higher harmonics were suppressed
with a silicon reflecting strip on a mirror behind the monochromator.

The energy scale was calibrated with a 4 pm thick iron foil, whose spectrum
was recorded in transmission mode and the energy of the first maximum in the
derivative of the absorption around the iron K-edge was taken at 7112 eV. In trans-
mission mode, the intensities of the incident and transmitted X-ray beams were
measured with Oxford Instrument ionization detectors. In fluorescence mode, the
spectra were collected with a liquid nitrogen cooled energy dispersive nine channel
monolithic Ge detector. Powders of both the laboratory-synthesized and com-
mercial Prussian blue samples have been measured in transmission mode. After
appropriate mixing and grinding with boron nitride, the powders were pressed into
self-supporting pellets in a stainless steel sample holder. The iron K-edge spectra
of paint layers were recorded in fluorescence mode because of the low concentration
of iron in the diluted samples. Schematics of the equipment and the detection line
are shown in Figures B.17 and B.18.

Monochromator
Transmitted X-rays

X-rays
Fluorescence

Figure B.17 Schematic overview of the experimental set-up of the DUBBLE beamline.
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Tonization detector

Fluorescence Ge detector

Figure B.18 The detection line at the DUBBLE beamline. The XAS signal is recorded
either in transmission mode by an ionization detector, or in fluorescence mode, by a Ge
detector.



Appendix C

Absorption and Scattering
Theories

Color results from the interaction between matter and light. It is not an intrinsic
property of a material because, in order to appear colored, an object must be
illuminated and observed by a receptor, such as the eyes. Three types of colors!
are usually distinguished, (1) the physical colors, which arise from the scattering,
diffraction, or interferences of light in the matter, (2) the chemical colors, resulting
from the absorption of certain wavelengths by the matter, and (3) the physiological
colors, which are described as sensations and are related to the nature of the visual
organ.

The physical colors are produced in a transparent medium, where no dissi-
pation occurs, whereas the chemical colors depend on the intrinsic properties of
the compound and are durable in opposition with the transitory character of the
physical colors. The tinctorial properties of a pigment greatly depend on its ab-
sorption and scattering properties. The absorption of light in a pigmented medium
is governed by the Lambert-Beer law whereas the scattering of light by pigments
particles can be described by the Mie scattering, which is more general than the
Rayleigh scattering. The Kubelka-Munk model combines both absorption and
scattering properties. The physiological aspects of the pigment color will not be
discussed herein.

Lambert-Beer law

When light radiation passes through a material, the light intensity, I, decreases
with the optical path length, [, and the concentration, C', of the absorbing com-

IThis classification dates back from the eighteenth century and was elaborated by Johann W.
von Goethe (1749-1832). It is still used nowadays in books about color science [51].

247
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Figure C.1 Scattering coefficient, S, as a function of pigment volume concentration, o
[52].

pound, according to the relation
I = Ipe™™ = [ye <, (C.1)

where Ij is the incident light intensity, a is the absorption coefficient of the sub-
stance, and € = a/C is the extinction coefficient or absorption molar coefficient.
Equation C.1 is the so-called Lambert-Beer law? and can be found under the form

I
A =log 70 = €lC, (C.2)

where A is the absorbance. The Lambert-Beer law only applies to chromatic ra-
diation [191].

In the case of an absorbing and scattering medium, such as paint layers, the
absorption coefficient, «, is replaced by the addition of the absorption coefficient,
K, and the scattering coefficient, S [88]. Equation C.1 becomes

I = Ipe” B+, (C.3)

The absorption and scattering coefficients, K and S, are wavelength dependent
and describe the attenuation of the radiation per unit path for a specific sys-
tem. They have the dimensions of reciprocal length. The absorption coefficient,
K, is proportional to the pigment volume concentration,? whereas the scattering
coefficient, .S, is proportional to the pigment volume concentration only for low

2The Lambert-Beert law is also known as Beer’s law, Beert-Lambert law, or Beer-Lambert-
Bouguer law.

3The pigment volume concentration is defined as the ratio of the pigment volume to the total
volume, i.e., the volume of both the pigment and the medium.
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pigment volume concentration [52|, see Figure C.1. At higher concentration the
scattering coefficient is smaller than the value extrapolated from the Lambert-Beer
law because the pigment particles are too close to each other, resulting in inter-
action and hindrance between the light scattered waves by individual particles [52].

Rayleigh and Mie scattering

Besides the absorption, the color of a pigment is influenced by the scattering of
light by the pigment particles. The scattering also determines the optical proper-
ties of a paint layer, which is a highly heterogeneous and granular system.

The Rayleigh scattering deals with the scattering caused by particles that are
much smaller than the wavelengths of the incident light. A fraction of the absorbed
light is re-emitted by the particles in all directions at the same wavelength. The
scattered radiation is produced by the dipoles that are induced by the primary
radiation in each particle. The model assumes that the particles are far enough
apart to exclude any interactions between them and that the density fluctuations
between two distinct points in the medium are independent. These conditions are
fulfilled in an ideal gas, for example. In such a case, the scattering intensity, I, is
related to that of the incident light, Iy, of wavelength A by the relation [24]

I constant

I, A (C.4)
Because of the dependence to the inverse fourth power of the wavelength in equa-
tion C.4, the scattering intensity is stronger for short wavelengths than for long
wavelengths. The Rayleigh scattering thus explains the blue appearance of the
sky because the blue fraction of the visible light is more strongly scattered by the
molecules in the atmosphere than the red fraction. In case of unpolarized incident
radiation the Rayleigh scattering also depends on the angle of observation. The
scattering intensities at the angles of 0° and 180" are maximal and equal in the
forward and backward directions relative to the direction of propagation of the
primary radiation.

In contrast with the Rayleigh scattering, the Mie scattering deals with scat-
tering particles that are no longer small in comparison with the incident radiation
wavelength. With such particles, the dipoles induced by the incident light do no
longer emit in phase from either extreme of the particle. Destructive interference
among the scattered light waves occurs, reducing the scattered intensity. The
German physicist Mie solved Maxwell’s equations for spherical particles using the
complex refractive index and found a very complex expression for the scattered
intensity [89]. According to the Mie theory, the scattered intensity by large par-
ticles is much less strongly dependent on the wavelength than shown by equation
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C.4 for small particles. This difference is the reason why the water droplets that
form fog, mist, and low cloud appear white. The Mie theory also provides the
values of the absorption cross-section, (4, and the scattering cross-section, Q)g.
These dimensionless parameters depend on the geometric diameter of the particle
size. For both the absorption and scattering cross-sections, Q4 and (Jg, an opti-
mum particle size exists for which the cross-sections reach a maximum value. The
optimum particle size for scattering and absorption do not usually coincide.

Although the assumptions of the Mie and Rayleigh theories are not valid for
pigments, it has been shown that these theories provide a satisfactory interpreta-
tion of the optical properties of pigmented systems [88]|[90]. The Rayleigh scatter-
ing can be seen as a particular case of the Mie scattering. Both types of scattering
can be distinguished by the Mie scattering parameter, ¢, defined as the ratio of
the perimeter of a sphere of radius r to the wavelength in the medium of refractive

index, nys
2rr 2rr

A Mna
If ¢ < 1, the scattering of light corresponds to Rayleigh scattering; if 1 < ¢ < 2

it lies in the transition range between Rayleigh and Mie scattering, and finally, if
q>2, it can be described by the Mie scattering.

q= (C.5)

The color of Prussian blue containing paint layers as a function of particle size
was qualitatively discussed in Section 2.2.3. A quantitative interpretation, such
as the determination of the optimum size for both scattering and absorption, re-
quires to know the wavelength dependent complex refractive index, n* = n(1—ix),
where n is the real refractive index and «, the absorption index. Unfortunately, re-
liable values for the absorption index, k, of Prussian blue pigment are not available
and can not be easily determined because no direct method exists for measuring
the optical indices in colored inorganic pigments.

Kubelka-Munk theory

The Kubelka Munk theory takes into account both absorption and scattering and
is particularly suitable to study heterogeneous scattering media exposed to a dif-
fuse isotropic light, such as paint layers. In a paint layer, the photons do not travel
in straight line but are rather scattered by the heterogeneities of the system. It
has been shown that photons travel an average distance of 2dx in a dx film thick-
ness. Consequently, the value of the absorption coefficient, which is referred to as
the loss of photons by absorption in a da thickness, is taken as 2K instead of K,
which is the absorption coefficient for a homogeneous medium without scattering.
The scattering of the incident light is assumed to be isotropic in a heterogeneous
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scattering medium and is described by an averaged parameter, 3.

The reflectance coefficient, R.,, of an opaque, i.e., infinitely thick, film is
related to the absorption and scattering coefficients by

2 (1= AP

3 T (C.6)

Equation C.6 shows that the reflectance depends on the ratio of the absorption
and scattering coefficients, and not on their individual values. Equation C.6 is the
fundamental equation of the Kubelka-Munk model. A simple example can help to
better understand this equation. Let us consider a paint layer composed of a very
absorbing pigment in high concentration so that the 2K/ ratio is greater than 1,
i.e., 2K/ > 1. Consequently, equation C.6 becomes

p

Ry ~ 1w < 1. (C.7)
Because of this low reflectance coefficient, this paint layer poorly reflects the col-
ored light. In order to improve the color, i.e., enhance the light reflection, 5/ K
can be increased by adding an extender composed of transparent, non absorbing
particles. This will favor the scattering processes. This example can be applied
to the case of Prussian blue, which is a highly absorbing pigment. In paint layers
Prussian blue was often mixed with an extender or a white pigment to enhance
light reflection.






Appendix D

Integral Text of Ancient Recipes
for Producing Prussian Blue

The original eighteenth century recipes that were prepared in this thesis are inte-
grally reproduced below.

D.1 Dossie, 1758

« The Prussian blue may be prepared in perfection by the follow-
ing process. Take of blood any quantity; and evaporate it to perfect
dryness. Of this dry blood, powdered, take six pounds, and of the best
pearl-ashes two pounds: mix them well together in a glass or stone mor-
tar; and then put the mixt matter into large crucibles or earthen-pots;
and calcine it in the furnace described, p.22; the top of the crucible
or pot being covered with a tile, or other such convenient thing, but
no luted. The calcination should be continued, so long as any flame
appears to issue from the matter; or rather till it become very slender
and blue; for if the fire be very strong, a small flame would arise for a
very long time. When the matter has been sufficiently calcined, take
the vessels which contain it out of the fire; and, as quickly as possible,
throw it into two or three gallons of water; and, as it soaks there, break
it with a wooden spatula, that no lumps may remain. Put it then in a
proper tin-vessel, and boil it for the space of three quarters of an hour
or more; and filter it while hot through paper in the tin cullenders
described, p.27; and pass some water through the filter when it is run
dry, to wash out the remainder of the lixivium of the blood and pearl-
ashes; the earth remaining in the filter may be then thrown away. In
the mean time, dissolve of clean alum four pounds, and of green vitriol
or copperas two pounds, in three gallons of water. Add this solution
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gradually to the filtered lixivium, so long as any effervescence appear
to arise on the mixture; but, when no ebullition or ferment follows
the admixture, cease to put in more. Let the mixture then stand at
rest, and a green powder will be precipitated: from which, when it has
thoroughly subsided, the clear part of the fluid must be poured off,
and fresh water put in its place, and stirred well about with the green
powder: and, after a proper time of settling, poured off like the first.
Take then of spirit of salt double the weight of the green vitriol which
was contained in the quantity of solution of vitriol and alum added to
the lixivium, which will soon turn the green matter to a blue colour;
and, after some time, add a proper quantity of water, and wash the
colour in the same manner, as has been directed for lake; and when
properly washed, proceed in the same manner to dry it in lumps of
convenient size. »

In Dossie R., The Handmaid for the Arts, Nourse, J., London, 78-80 (1757).

D.2 Le Pileur d’Apligny, 1779

« Le bleu de Prusse est une couleur animale, qui a néanmoins le fer
pour base. Voici la maniére de faire cette couleur. On prend une livre
de potasse bien séche, qu’on méle & autant de sang de boeuf desséché
et pulvérisé : on met ce mélange dans un creuset, et on le fait calciner
doucement. Il faut avoir attention que le creuset ne soit plein qu’aux
deux tiers, afin que la matiére qui se gonfle ne se répande pas. Dans
les commencemens [sic|, il s’éléve beaucoup de fumée et de flamme;
lorsque la flamme cesse, on augmente le feu, pour faire rougir la matiére
et pour qu’en cet état elle ne laisse plus paroitre qu’une flamme légére
et bleuatre. On &te alors le creuset du feu, et on le laisse refroidir. On
ramasse avec une cuiller de fer la pate rouge qu’il contient, et on jette
dans six pintes d’eau bouillante : on filtre la lessive qui en provient, et
I’on repasse de ’eau chaude sur le marc, pour achever de le dessaler, et
ensuite on réunit les lessives, qu’on fait réduire sur le feu, si 'on veut
donner plus d’activité. D’un autre coté, on fait dissoudre ensemble
dans une suffisante quantité d’eau chaude six onces de vitriol de Mars
et huit onces d’alun de roche et l'on verse dans cette dissolution la
lessive susdite chaude. Aprés une vive effervescence, il se précipite
une fécule verdatre : on remue le mélange et on le verse sur une toile
serrée ; la liqueur passe au travers et le précipité reste sur le linge : on
I’enléve avec une cuiller, pour le mettre dans une terrine de grés, 'on
verse par dessus huit onces d’acide marin, qui lui fait prendre aussitot
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une belle couleur bleue ; mais ce précipité reste toujours chargé d’une
colle tenace qui lui 6te sa vivacité : on l’en débarrasse par des lotions
répétées. L'usage a appris que l'eau de puits, ou toute eau dure avoit
pour cela plus d’efficacité que 'eau de riviére. Ce lavage exige de la
patience ; car il faut trois & quatre semaines, en changeant d’eau ce
bleu deux fois par jour : au bout de ce temps, on le passe au travers
d’un linge serré ; on le laisse égoutter, et on en forme des gateaux ou
tablettes, qu’on fait sécher & 'ombre et & I'abri de la poussiére. »

In Le Pileur d’Apligny, M., Traité des couleurs matérielles et de la maniére de colorer relative-
ment auz différents arts et métiers, Saugrain et Lamy, Paris, France, 36-38 (1779).
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Résumé

Le bleu de Prusse est un pigment moderne synthétique qui fut découvert a Berlin
au début du XVIIIe siecle. Il s’agit d’'un complexe hydraté d’hexacyanoferrate(II)
de fer(III). Sa couleur bleue est produite par un transfert de charge entre les ions
de fer d’étage d’oxydation différent, lors de I'absorption de la lumiére vers 700
nm. Grace & son pouvoir colorant important et son faible cofit, le bleu de Prusse
connut une popularité immédiate et fut largement utilisé par les artistes jusqu’en
1970. Cependant, dés le milieu du XVIII® siécle, sa tenue a la lumiére fut remise
en cause; le pigment a en effet tendance & se décolorer et & verdir. En outre,
la méthode de préparation du pigment semble jouer un role déterminant dans sa
permanence a la lumiére. L’objectif principal de cette thése consistait a identifier
les mécanismes de dégradation du pigment de bleu de Prusse en milieu pictural.

Le bleu de Prusse a été synthétisé selon les méthodes de préparation anciennes
et modernes. Une analyse approfondie des pigments a révélé une variation de la
taille des cristallites ainsi que du taux de lacunes selon le type de synthése utilisée.
Ces deux propriétés influencent fortement les configurations locales électroniques
et structurales des ions de fer dans le bleu de Prusse. Dans certains bleus de
Prusse synthétisés selon les méthodes du XVIII® siécle, la présence de ferrihydrite
nanocrystallisée a été mise en évidence. Ce composé, indésirable, est produit
lors de la synthése. Les couches de peinture préparées avec du bleu de Prusse
ont ensuite été décolorées par vieillissement accéléré a la lumiére. Alors que le
bleu de Prusse pur en ton plein est extrémement permanent, ce méme pigment
palit lorsqu’il est appliqué en teinte claire ou mélangé avec un pigment blanc. La
décoloration du bleu de Prusse a été attribuée a la réduction des ions de fer(III)
en surface de la couche picturale. De plus, une oxydation partielle du bleu de
Prusse est observée dans ’entiéreté de la couche. L’analyse d’objets du patrimoine
culturel a confirmé ces réactions d’oxydation et de réduction des ions de fer dans
le bleu de Prusse vieilli.

L’étude des mécanismes d’altération des pigments et des matériaux picturaux
est primordiale pour la conservation ainsi que pour les études historiques afin de
préserver au mieux notre patrimoine artistique et culturel tout en respectant les
intentions originales de I’artiste.
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Abstract

Prussian blue is a modern synthetic pigment discovered in Berlin at the beginning
of the eighteenth century. Prussian blue is a hydrated iron(III) hexacyanofer-
rate(II) complex and its color results from an intervalence charge transfer between
the iron(II) and iron(III) ions when light is absorbed at ca. 700 nm. Because of
both its highly intense color and its low cost, Prussian blue enjoyed immediate
popularity among artists and was widely used as a pigment in paintings until the
1970’s. However, the permanence of Prussian blue had already been questioned
by the mid-eighteenth century, because it exhibits a tendency to fade in light and
to turn green. The preparative methods were rapidly recognized as a contribu-
tory factor in the fading of the pigment. The main objective of this thesis is the
identification of the degradation mechanisms of Prussian blue pigments in paint
layers.

Prussian blue was synthesized according to both ancient and modern prepara-
tion methods. A thorough analysis of the pigments revealed a dependency upon
the type of synthesis, the crystallite size, and vacancy content, all properties that
influence the local electronic and structural configurations of the iron ions in Prus-
sian blue. The presence of nanocrystalline ferrihydrite as an undesirable iron con-
taining reaction product was identified in Prussian blue pigments prepared accord-
ing to eighteenth-century recipes. Discoloration upon light exposure in Prussian
blue paint layers was induced by accelerated ageing. Pure Prussian blue painted
in a dark shade is extremely light fast but fades when either painted in a lighter
shade or mixed with white pigments. The fading of Prussian blue was attributed
to a reduction of the iron(III) ions at the surface of the paint layer. A partial ox-
idation of Prussian blue in the entire paint layer was also observed. The analysis
of works of art containing Prussian blue confirmed the combined oxidation and
reduction of Prussian blue iron ions upon ageing.

The study of alteration mechanisms in a painting pigment is essential both
for conservation and historical studies in order to best preserve our cultural and
artistic heritage with respect to an artist’s original intentions.



