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The fading of modern laboratory-synthesized and commercial Prussian blue, iron(ir) hexacyanoferrate
(11), based pigments in a linseed oil medium during exposure to light has been investigated. The Prussian
blue pigments were painted with linseed oil, as a pure pigment and mixed with white lead, (PbCO5),Pb
(OH),, zinc white, ZnO, or titanium white, TiO,, pigment. The samples were subjected to accelerated
ageing for 800 h and the light fastness of the Prussian blue pigment was evaluated by reference to blue
wool standards. Pure Prussian blue is extremely light fast whilst it strongly fades when mixed with

a white pigment, especially with lead white or zinc oxide. The painted samples were studied by
UV-visible, iron K-edge X-ray absorption, iron-57 transmission Mossbauer, and attenuated total
reflectance infrared spectroscopy. X-ray absorption results reveal a decrease in the iron coordination
number in aged samples in the presence of white pigment. The M&ssbauer spectra of the pure Prussian
blue and the unaged and aged mixtures of Prussian blue and lead white or zinc oxide at 1 : 100 and
1 : 10 dilution ratios, respectively, indicate the presence of iron(ir) and iron(in) in a ratio close to one as
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expected for the bulk stoichiometric KFe™[Fe"(CN)g]; no change in the spectral parameters was
observed upon ageing. Combined with the X-ray near edge absorption and infrared studies, these
results suggest reduction of the surface iron ions in the Prussian blue with ageing upon exposure to

light.

Introduction

Prussian blue was accidentally discovered in Berlin in 1704 and
eventually shown to contain a hydrated iron(i) hex-
acyanoferrate(i1) anion, {Fe'[Fe" (CN)g]- xH-,O}~, with varying
values of x up to 16, and various alkali cations, such as K*, NH4*
or Na*. An alkali-free Prussian blue Fel'[Fe"(CN)4]s-xH>O,
which must have an increased amount of iron(i) in order to
maintain charge balance, is commonly referred to as an “insol-
uble” Prussian blue, whereas those with alkali cations are
referred to as “soluble” Prussian blues. Although all Prussian
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blues are highly insoluble, the soluble appellation refers to the
ease with which a “soluble” Prussian blue is dispersed in an
aqueous solution to form a colloidal suspension. Because of both
its low cost and highly intense colour, Prussian blue enjoyed
immediate popularity among artists and was widely used as
a pigment in paintings until 1970. However, the permanence of
Prussian blue had already been questioned by the mid-eighteenth
century, because it shows a tendency to fade upon exposure to
light, especially when mixed with white pigments.'

Although Prussian blue, and other transition metal hex-
acyanometallates, known as Prussian blue analogues, have been
extensively studied because of their interesting magnetic,>* elec-
trochemical>®” and biochemical®® properties, little attention has
been devoted to the degradation of Prussian blues in paint layers
containing binders and extenders. A better understanding of the
mechanisms associated with this degradation will help in the
preventive conservation and restoration of paintings that have
used Prussian blues.

The intense colour of Prussian blue arises from an intervalent
charge transfer between the iron(i) and iron(1) oxidation states
when light is absorbed at 680 nm. Thus, any colour fading or
change corresponds to a disruption in the electron transfer
pathway in a Prussian blue, ie., a Fe"-N-C-Fe" bonding
pathway.

The electrochromic character!! of Prussian blue pigments has
been proposed as an explanation for their fading in paint layer.
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Indeed, Prussian blue can be either electrochemically oxidized to
form an iron(mn) ferricyanide, known as a Prussian yellow, or
reduced to iron(i)ferrocyanide, known as a Berlin white or
Everitt’s salt.”> These redox reactions have been extensively
studied in electrochemically synthesized Prussian blue films both
in the presence of an electrolyte® and in the solid state.'®'*
Photooxidation and photoreduction have also been reported in
nanoparticles containing Prussian blue and a photoresponsive
material, e.g., the photoconductive CdS semiconductor or
photochromic azobenzene molecules.’*!¢ 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 colour change occurs in
paintings.’

Any ion exchange occurring in Prussian blue could also hinder
the intervalent charge transfer and lead to a loss of colour. A
substitution reaction of the weakly bonded nitrogen-coordinated
iron(1r) ions by other metal ions has been observed during the
electrochemical oxidation of Prussian blue in aqueous
solutions.!”

In order to identify the changes in the local electronic and
structural configurations of the iron(1) and iron(1) ions in aged
Prussian blue pigments, the pigments in a linseed oil matrix, have
been studied by attenuated total reflection Fourier transform
infrared, optical, iron K-edge X-ray absorption, and iron-57
transmission Mossbauer spectroscopy. It should be noted that all
these techniques, except transmission Mossbauer spectroscopy
and, to a lesser extent, X-ray absorption at 7.1 keV, are surface
sensitive and provide little or no information about the bulk of
the pigments. In contrast, because of the high energy of the 14.4
keV y-ray used in iron-57 transmission Mossbauer spectroscopy,
it is a bulk technique that has little if any surface sensitivity.
Finally, it should be noted that the last two techniques are iron-
element specific techniques.

Experimental
Sample preparation

All reagents used herein for the synthesis of Prussian blue were of
reagent grade quality and obtained from Sigma-Aldrich, Stein-
heim, Germany. Soluble Prussian blue KFe"[Fe"(CN)y] was
synthesized according to the so-called indirect method. Aqueous
solutions of 0.1 M FeCl,-4H,O and 0.1 M K4Fe(CN)¢-3H,O
were mixed at 50 °C. The pH of the solution was adjusted to 2 by
adding hydrochloric acid. A Berlin white, iron(i1) ferrocyanide,
precipitate was formed and aged for two hours at 90 °C. The
Berlin white was then oxidized with 5 ml H,O, into
KFe"[Fe"(CN)g]- xH,0, Prussian blue. The precipitate was then
thoroughly washed with deionized water and collected by
centrifugation. The pigment was oven dried at 55 °C for one hour
and then ground into a fine powder. Commercial soluble and
insoluble Prussian blues were also purchased both from Sigma-
Aldrich and from Winsor & Newton, London, England,
a supplier of artists materials. The particle size of the laboratory-
synthesized and commercial Prussian blues was determined with
a JEOL 7500F field-emission electronic scanning microscope at

the University of Namur, Belgium. All Prussian blues were of
extremely fine particle size, approximately 50 to 200 nm in
diameter.

Both because the value of x in the soluble and insoluble
Prussian  blues, KFe"[Fe"(CN)¢]-xH,O and  Fe,™
[Fe'"'(CN)g]s- xH,0, has not been determined, and because the
amount of water present is expected to play little role in any
fading of colour, the xH,O in the formulation is not included in
the discussion below.

These above powders were mixed with boiled linseed oil and
painted onto a 2 c¢cm® universally primed 100% linen canvas.
Because pure Prussian blue has such a deep colour 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 or provided by the
Royal Institute for Cultural Heritage in Brussels, Belgium. The
specific white pigments used were zinc oxide, ZnQO, titanium
dioxide, TiO,, and lead white. Lead white, which was the most
popular white pigment used in the eighteenth and nineteenth
centuries is basic lead carbonate, which can have a somewhat
variable composition but is typically close to (PbCO3),Pb(OH),;
in nature it is found as the mineral hydrocerussite. Lead white
particles are of uniform size in the range of 1 to 2 pm in diameter.
Zinc oxide, first used as a pigment by artists in the late eighteenth
century, is still in use. It is characterized by particles of 0.25 to
1 um in diameter. The rutile form of titanium dioxide has been
the most popular white pigment since 1945. Currently produced
pigmentary rutile is made up of pigment particles from 0.2 to 0.5
pm in diameter. Samples containing, weight to weight, Prussian
blue pigment to white 1:1, 1:10, and 1: 100 dilution ratios
were prepared. The amount of linseed oil needed for each
mixture was determined by considering the oil absorption
indexes 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.’® The density of Prussian blue painted with lead
whitein1:1,1:10and 1 : 100 dilution ratios are approximately
1.6, 0.7 and 0.04 mg cm2 respectively. Paint layers prepared
with zinc oxide or titanium dioxide in 1 : 10 dilution ratio contain
a density of Prussian blue of approximately 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.
The thickness of the paint layers was determined with an
Olympus BX51 optical microscope from cross-sections of milli-
metre size fragments of the paint layers that were embedded in
resin and carefully polished; the painted samples are all
approximately 20 pm thick.

Accelerated ageing

The samples were subjected to accelerated ageing up to 800 h, or
almost five weeks, by using a SUNTEST CPS+ weathering
chamber located at the Royal Institute for Cultural Heritage at
Brussels, Belgium. The chamber is equipped with a xenon lamp
and a window glass filter that removed UV radiation below 320
nm was used to simulate outdoor ageing, as recommended in ISO
105-B04. A ventilation system was used to cool the ageing
chamber to a constant temperature of about 35 °C. The lumi-
nance at the surface of the sample was approximately 120 000
lux. During the ageing process half of the painted canvas surface
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area was covered with aluminium to serve as reference after
ageing. In order to quantify the permanence of the pigments, the
samples were aged together with blue wool light fastness refer-
ence standards as specified in ISO 104 B, a standard that is used
by the pigment industry for determining the resistance of colour
to the action of artificial light. During the first 400 h of weath-
ering the samples were removed from the weathering chamber
every 50 h for about 1 h in order to perform colorimetric
measurements which could not be carried out in the chamber.
After 400 h 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 colour of the samples
after dark storage, a phenomenon that has been reported
earlier.” After one week in the dark, the ageing was continued
under the same conditions as described above with colorimetric
measurements every 100 to 150 h.

Colour measurement

The colour of each sample was measured before the start of
ageing and then periodically during light exposure by means
of a BYK-Gardner colour guide. This instrument 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 lightness, red-greeness, and yellow-blueness,
respectively, of the colour and are derived from the XYZ
tristimulus values of a reference white object and the coloured
object.?® The colour difference, AE", between the unexposed and
the aged exposed portion of the sample was calculated from:

AE =[(ALY + (Aa’)* + (Ab7)]" (1

Typically, a AE” colour difference of less than one is imper-
ceptible to the human eye. The evolution of AE" rather than Ab”
is used to assess the fading of Prussian blue in order to take into
account the three parameters L*, a” and b". Indeed a change is
expected in the yellow-blueness A" but also in the lightness AL".

Samples were also analyzed by UV/visible reflectance spec-
troscopy with a StellarNet EPP2000C spectrometer equipped
with a CCD detector. The optical-fiber probe consists of six
illuminating fibers and a single fiber that collects the reflected
light. The sample is illuminated over a surface area of approxi-
mately 4 mm? at an angle of 45° in order to avoid direct reflec-
tion; 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.

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
Facility in Grenoble, France. This instrument is located at
a bending magnet port of the electron storage ring, with
a magnetic field strength of 0.4 T and a critical energy of 9.6 keV,

and is equipped with a Si(111) double crystal monochromator
that has a relative energy resolution, AE/E, of 2 x 107*.*' The
higher harmonics were suppressed with a Si reflecting strip on
a mirror after the monochromator. The energy scale was cali-
brated with a 4 um thick iron foil recorded in transmission mode;
the energy of the first maximum in the derivative of the iron
K-edge absorption was taken at 7112 eV. The intensities of the
incident and transmitted X-ray beams were measured with
Oxford Instrument ionisation detectors. Because of the low
concentration of iron in the diluted samples, the iron K-edge
spectra were recorded in fluorescence mode. The fluorescence
spectra were collected with a liquid nitrogen cooled energy
dispersive nine channel monolithic Ge detector. Powders of both
the laboratory-synthesized and commercial 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 EXAFS data reduction and analysis were performed with
the XDAP software.?> The pre-edge background in the X-ray
absorption spectra was subtracted by a modified Victoreen
curve®® for transmission data and by a linear function or
a constant for the spectra recorded in fluorescence detection
mode. The atomic background, ug, was subtracted with a cubic
spline routine.** The pre-edge background subtracted spectra
were normalised to the edge jump, which was taken to be the
value of the atomic background at 50 eV above the K-edge.
The fit parameters were determined by multiple shell fitting in
R-space, by applying the difference file technique using Fourier
transformations.>® The phase shifts and backscattering ampli-
tudes used in the EXAFS analysis were obtained from FEFF8.0
calculations® on the Prussian blue crystal structure, by taking
the Fe" ion as the central iron site. The FEFF output for the
shortest single scattering path, Fe''-C, was used to model the first
coordination shell around the Fe sites in the Prussian blue
structure, ie., Fe "-C or Fe™-N. Identical scattering and
amplitude functions were used for N and C, as the scattering
properties for neighbouring atoms in the periodic table are
similar. Due to the linear geometry of the Fe"-C-N-Fe'"! path in
the Prussian blue structure, the contributions of the multiple
scattering for the second and third shells are stronger than the
single scattering contributions for these shells.?” Therefore, the
multiple scattering paths with the highest probability were
retained to model the second and third shells. For the second
shell, Fe"-N or Fe"™-C, this was a 3-leg path, Fe"-C-N-Fe"
and for the third shell, Fe'-Fe', this was a 4-leg path,
Fe''-Fe"-N-C-Fe'". The X-ray absorption spectroscopy probes
an average over the two Fe' and Fe' sites, within the Prussian
blue. This average coordination for commercial and laboratory-
synthesized soluble Prussian blue is given in Table 1.%

The accuracy of the phase and backscattering functions for the
first and second shells obtained in this way was evaluated with
a fit on the first two coordination shells in a K4[Fe(CN)g] powder
sample measured in transmission. The FEFF8.0 calculations
were loaded into the XDAP software and S and Debye-Waller
factors were optimised to obtain agreement with the crystal
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. The bond distances were optimised in
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Table 1 Average bond distances, R, coordination numbers, N, Debye-Waller factors Ac?, and inner potential corrections, AE, for the EXAFS fits on
the commercial and laboratory-synthesized soluble Prussian blue powder samples

Crystal structure

EXAFS fit values

Absorber-scatter R, A N R, A N Ao, A? AE,, eV
Fe(n)-C 1.92(1) 3 1.90(1) 2.8(1) 0.0002(2) —4.1(3)
Fe(u)-N 2.04(1) 3 2.06(1) 3.1(1) 0.0002(2) 2.2(5)
Fe(i)-N 3.04(1) 3 3.04(1) 2.9(1) 0.0002(2) 1.7(5)
Fe(un)-C 3.16(1) 3 3.15(1) 3.02) 0.0002(2) 4.3(6)
Fe(mn)-Fe(mm) 5.08(1) 6 5.10(1) 6.1(2) ~0.0005(2) —4.6(3)

“ Average iron coordination number for the soluble Prussian blue structure.

the fit and deviated by at most 0.01 A from the average bond
distances reported in the KyFe(CN)g] crystal structure.?® A
similar procedure was followed for the third shell, by fitting the
Fe—Fe shell with a coordination number, N, of 6 for the averaged
spectrum of soluble Prussian blue powder samples.

In insoluble Prussian blue, every fourth Fe' site is vacant
compared to the soluble crystal structure, resulting in a lower
theoretical Fe-Fe coordination number of N = 5.14. However,
no significant decrease in coordination number was observed for
the insoluble reference samples available. The EXAFS spectra
for both soluble and insoluble Prussian blue powder samples
could be fitted with the above described phase and backscattering
functions and resulted in values close to the crystal X-ray
structure values, see Table 1. One common Debye—Waller factor
was considered for the four contributions within the first two
coordination shells. For all EXAFS fits, the coordination
numbers for the two contributions in the second Fe"-N and
Fe"-C shells were constrained to the same value. As these
contributions are fitted with the 3-leg multiple scattering paths
involving both the C and N atoms in the first and second shell,
the two different 3-leg paths will both disappear as soon as a C or
N atom in the first or second coordination shell disappears. So
the same coordination number for the two 3-leg paths can be
assumed. The coordination numbers for the contributions in the
first coordination shell however were not constrained.

Mossbauer spectroscopy

The iron-57 Mossbauer spectra have been measured between 85
and 295 K in a Janis Supervaritemp cryostat with a constant-
acceleration spectrometer which utilized a rhodium matrix
cobalt-57 source and was calibrated at 295 K with «-iron
powder. The Mossbauer spectral absorbers of the pure labora-
tory-synthesized Prussian blue contained 10 mg cm=2 of
powdered sample mixed with boron nitride. The Mdssbauer
spectral absorbers of pristine unaged KFe"[Fe'(CN)g], and
unaged and aged mixtures with white lead, (PbCO;),Pb(OH),,
and zinc white, ZnO, consisted of a 20 um layer on canvas.
Depending on the dilution, the thickness of Prussian blue in the
paint layer varies from 0.07 to 0.7 mg cm 2. All spectra presented
herein have been fitted with two Lorentzian single lines, i.e.,
a total of six spectral parameters were adjusted, two isomer
shifts, 6" and 6", two full line widths at half-height, ' and ™",
one percent area, A", with A™ = 100 — A", and one total
absorption area. Attempts to fit the spectra with two quadrupole
doublets or one singlet and one doublet*® lead to quadrupole

splittings that were virtually zero and/or to line widths that were
smaller than the minimum natural line width of 0.195 mm s
and, hence, were not meaningful.

Fourier transform infrared

Painted unaged and aged samples were studied by attenuated
total reflectance Fourier transform infrared spectroscopy by
using a Bruker Hyperion 3000 FT-IR microscope, located at the
Royal Institute for Cultural Heritage in Brussels, Belgium. The
attenuated total reflectance objective is equipped with a germa-
nium crystal. 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. The
contact surface between the germanium crystal and the sample is
approximately 100 pm?2. 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 corrections
were applied. The samples were analyzed at several spots, in
order to both ensure reproducibility and to evaluate the homo-
geneity of the paint layer.

Results
Light fastness of Prussian blue

The light fastness of the soluble KFe™[Fe"(CN)¢] and insoluble
KFe™,[Fe"(CN)g]3 Prussian blue samples range from 0, for very
poor or fugitive, to 8 for extremely good light fastness as deter-
mined by a comparison with the light fastness of the blue wool
standards. The evolution of the colour change with light expo-
sure for the laboratory-synthesized soluble Prussian blue, the
commercial soluble Prussian blue, the commercial insoluble
Prussian blue and the blue wool standard, is shown in Fig. 1.
After 800 h, or almost 5 weeks, of light exposure no discoloration
or fading was observed for 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 extensive fading. In the
mixture with lead white, (PbCO3),Pb(OH),, it is noteworthy that
discoloration increased with the 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 dis-
continued after 400 h. 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

This journal is © The Royal Society of Chemistry 2011
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Fig.1 Colour changes with light exposure time in the laboratory-synthesized, a, the commercial soluble, b, the commercial insoluble, ¢, Prussian blue,
and the blue wool, BW1 to 8, standard samples, d. PbW is lead white, (PbCO3),Pb(OH),, TiW is titanium white, TiO,, and ZnW is zinc white, ZnO.

ina 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 compa-
rable 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
oxide 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 dioxide
shows a very good light fastness that is comparable with blue
wool standard 6. The light fastness of the pure white pigments
has also been investigated and is similar to the light fastness of
blue wool standards 6 to 7.

No significant regain of colour was observed in the samples
placed in dark storage after 400 h of light exposure. Thus the
colour 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. 193!

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 colour change for Prussian blue mixed with lead white at
a 1:100 dilution ratio is smaller for the commercial soluble
Prussian blue with AE" = 21(1) than for the laboratory-synthe-
sized pigment with AE" = 32(1). This slightly improved light
fastness of the commercial pigment and is presumably related to
the industrial manufacturing process which may be better able to
control the uniformity of the Prussian blue particle size.
However, commercial and laboratory-synthesized Prussian blues
generally exhibit similar light fastness behaviour. Moreover, the
apparent solubility is not expected to play a role in the fading
because both soluble and insoluble commercial Prussian blues
exhibit a similar colour change evolution, see Fig. 1b and lc.
Cross-sections of the faded samples were prepared and observed
under an Olympus BX51 optical microscope. The paint layer is
about 20 um thick and appears to have a homogenous colour
indicating a discoloration or fading of the entire paint layer.

UV-visible or optical spectroscopy has been performed on
commercial soluble Prussian blue diluted with lead white and
a loss of absorbance is clearly observed upon ageing, see Fig. 2.
There also is a small shift in absorbance of approximately 50 nm
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Fig. 2 UV-visible spectra of a commercial soluble Prussian blue,
KFe"[Fe"(CN)g] mixed with lead white, (PbCO3),Pb(OH),, 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.

towards lower energy 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 sample ageing; as expected,
above 400 nm the absorbance of lead white is very small.

Iron ion electronic and structural configurations

X-ray absorption near edge spectroscopy. The iron K-edge
X-ray absorption near edge spectra obtained on pure,
non-aged and aged laboratory-synthesized Prussian blue,
KFe"[Fe"(CN)g], mixed with lead white, (PbCO3),Pb(OH),, in
1:10 and 1 : 100 dilution ratios are shown in Fig. 3. The black
curve represents the spectrum obtained in transmission mode on
the pure soluble laboratory-synthesized Prussian blue. The
remaining spectra have been obtained with fluorescence detec-
tion and differences in absorption intensity compared to the
transmission spectrum are due to self-absorption effects. The
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e PB:PbW,1:10, aged
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weak intensity of the pre-edge peaks is indicative for the
centrosymmetric Fe" and Fe' sites in soluble Prussian blue.’>*
The main K-edge and pre-edge positions have been determined
from the maxima in the first derivative with an accuracy of about
half the energy step, i.e., 0.26 eV per datapoint. A shift in the
absorption edge towards lower energy is observed upon ageing in
the presence of the lead white, by approximately 0.2 and 2.5 eV
for the 1: 10 and 1 : 100 dilution ratios, respectively. 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 Fe'" as compared
to high-spin Fe'''. The latter could suggest a partial reduction of
Prussian blue, leading to a partial formation of Berlin white, i.e.,
iron(11) ferrocyanide, perhaps on the particle surfaces. However,
the centroid of the pre-edge peaks do not show a significant shift
towards lower X-ray energy, see the insets to Fig. 3, and does not
support the hypothesis of a reduction.

The iron K-edge X-ray absorption near edge spectra were also
obtained on unaged and aged insoluble commercial Prussian
blue, Fel'[Fe"(CN)gl;, mixed with lead white, zinc white or
titanium white in 1:10 dilution ratio. The spectra shown in
Fig. 4 result from subtracting the unaged XANES spectrum from
the aged spectrum. The importance of the difference in absor-
bance, Ay, can be directly correlated with the extent of the colour
change, AE", observed for these samples.

Extended X-ray absorption fine structure spectroscopy. The
EXAFS spectra on the painted Prussian blue samples were
recorded in fluorescence mode, which resulted in lower data
quality compared to the transmission reference samples. As an
example, the k* weighted EXAFS spectrum for the pure labo-
ratory-synthesized soluble Prussian blue measured in trans-
mission is compared in Fig. 6 with the fluorescence detection
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
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Fig. 3 Iron K-edge X-ray absorption near edge spectra of pure laboratory-synthesized Prussian blue, KFe™ [Fe'(CN)g], powder painted from linseed
oil with PbW, lead white, (PbCO;),Pb(OH),, at a 1 : 10 dilution ratio, a, and at a 1 : 100 dilution ratio, b. Inset: An expansion of the pre-edge peak

spectral region.
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Fig. 4 Iron K-edge AXANES spectra of aged and unaged laboratory-
synthesized Prussian blue, KFe"'[Fe'"(CN)g], painted from linseed oil
with PbW, lead white, (PbCO3),Pb(OH),, ata 1 : 10 and 1 : 100 dilution
ratios and of insoluble commercial Prussian blue, Fe}'[Fe"(CN)gls,
painted from oil with lead white, zinc white, ZnO and titanium white,
TiO, in 1 : 10 dilution ratio. The colour change AE" for each sample is
reported in the legend.
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Fig. 5 The linear evolution of the Fe—Fe coordination number in aged

painted Prussian blue pigments mixed with different white pigments as
a function of colour change, AE".

white in different dilution ratios were analysed and showed no
significant differences. Bond distances and coordination
numbers close to the crystal X-ray structure values were obtained

Laboratory synthesized soluble Prussian blue
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by fixing the Debye—Waller factor to the average value obtained
on the transmission EXAFS samples from Table 1. The average
fit values for the five unaged painted samples are given in Table
2. The standard deviations are representative for the fit accuracy
taking into account the data quality, the fit routine and
systematic errors due to differences in background subtraction
and data reduction. These standard deviations represent,
therefore, our estimates for the errors in the EXAFS fits on the
aged samples. For the EXAFS fit on the aged painted layers, the
fit model on the corresponding non-aged paint layer was used as
starting model and the bond distances, inner potential correc-
tions and coordination numbers were optimised. The EXAFS fit
on the aged laboratory synthesized soluble Prussian blue pain-
ted with lead white in a 1 : 100 dilution ratio is represented in
Fig. 7. In general there was no change in bond distances, but
a decrease in the Fe—Fe coordination number with increasing
colour change, AE", was observed, see Fig. 5. A decrease in
coordination number for the second Fe ! -N and Fe "'-C shells
was also observed for the aged laboratory-synthesized soluble
Prussian blue paint layer mixed in lead white in a 1 : 100 ratio,
see Table 2.

Iron-57 Mossbauer spectral results. The 85 and 295 K
Mossbauer spectra of pure soluble laboratory-synthesized
Prussian blue, KFe"[Fe"(CN)g], are shown in Fig. 8; 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 4. The spectra and the resulting fit
parameters agree very well with those previously published for
Prussian blue.?*** The absorption lines with negative and posi-
tive isomer shifts are assigned to low-spin iron(i) and high-spin
iron(m), 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.3* The relative areas of
the iron(11) and iron(11r) absorptions are temperature independent
and, if the recoil-free fractions of iron(i) and iron(i) are
assumed equal, a reasonable assumption at 85 K,** the
A A™ = 48.5/51.5 = 0.94(4) ratio is in fair agreement with the
ratio of one expected for a stoichiometric Prussian blue,
KFe"[Fe"CN)g).

Laboratory synthesized soluble Prussian blue
— pure

— unaged PB:PbW;1:100
W aged PB:PbW;1:100 A~

0.4

FTl(k)K]

L N L L B L B e e |

1 2 3 4 5
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Fig. 6 (k) * k* and FT[y(k) * k?] spectra with Ak ~ 5.3-10.5 A-1for laboratory-synthesized soluble Prussian blue, in pure form and as unaged and aged

painted layer mixed with lead white in a 1 : 100 dilution ratio.
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Table 2 Bond distances, R, coordination numbers, N, Debye-Waller factors, Ag?, and inner potential corrections, AE, for the EXAFS fits on the five
unaged Prussian blue paint layers and on the aged laboratory-synthesized Prussian blue pigment mixed with lead white in a 1 : 100 dilution ratio

Crystal
structure EXAFS fit values for the unaged paint layers EXAFS fit values for the aged paint layer
Absorber-scatter R, A N R, A? N“ Ad?, A2 AE,, eV“ R, A N Acd?, A2 AE,, eV
Fe(n)-C 1.92(1) 3 1.90(1) 3.0(2) 0.0002 1.0(3) 1.91(1) 3.2(2) 0.0002 2(1)
Fe(m)-N 2.04(1) 3 2.11(1) 3.0(1) 0.0002 —0.5(8) 2.13(1) 3.2(1) 0.0002 0.7(8)
Fe()-N 3.04(1) 3 3.05(1) 3.0(1) 0.0002 0.2(3) 3.04(1) 2.4(1) 0.0002 -0.2(3)
Fe(m)-C 3.16(1) 3 3.15(1) 2.9(1) 0.0002 5.3(5) 3.13(1) 2.3(1) 0.0002 4.5(5)
Fe(i)-Fe(i) 5.08(1) 6 5.10(1) 5.9(3) —0.0005 —4.0(7) 5.1(1) 3.5(3) —0.0005 —4.6(7)
“ Average values on the five unaged Prussian blue paint layers.
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Fig.7 (k) * k*and FT[y(k) * k*] spectra for the experimental data and fit for aged laboratory-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", k? variances: 1.51(imaginary part) and 0.51(absolute part).

Because the relative areas were found to be independent of
temperature in the pure soluble Prussian blue, the Mdssbauer
spectra of the mixtures of Prussian blue with white lead,
(PbCO3),Pb(OH),, and zinc oxide, ZnO, were only measured at
295 K; the resulting spectra are shown in Fig. 8b and S8c,
respectively. Because these Mdssbauer spectra were obtained on
material containing only a small amount of iron, the percent
absorption is much smaller than in Fig. 8a. The Mossbauer

spectral parameters resulting from a fit with two Lorentzian
single lines are given in Table 3. It is immediately obvious that
there is no change within the error limits in the isomer shifts of
the iron(11) and iron(1n) absorption lines, either upon mixing the
pure Prussian blue with white lead or zinc oxide or upon ageing.
Hence, the MGssbauer spectra reveal no reduction nor oxidation
of the iron ions in the bulk of the Prussian blue pigments,
a conclusion that seems to disagree with the hypotheses for
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Fig.8 The Mdssbauer spectra of laboratory-synthesized KFe! [Fe"(CN)g] Prussian blue obtained at 85 and 295 K, a; a 1 : 100 mixture of Prussian blue
and white lead, (PbCO3),.Pb(OH),, unaged and aged, b; a 1 : 10 mixture of K' Fe™ [Fe" (CN)¢] Prussian blue and zinc oxide, ZnO, unaged and aged,
¢. The green and red solid lines represent the iron(ir) and iron(1) spectral components, respectively.

This journal is © The Royal Society of Chemistry 2011

J. Anal. At. Spectrom., 2011, 26, 930-941 | 937


http://dx.doi.org/10.1039/c0ja00234h

Published on 08 April 2011. Downloaded by Forschungszentrum Julich Gmbh on 02/08/2013 13:51:51.

View Article Online

Table 3 Maossbauer spectral parameters of Prussian blue and its mixtures

1b

1b

Samples T, K o, mm s~ ¢ I, mm s~ A", %° o', mm s !¢ I mm s~
KFe™ [Fe"'(CN)g] Unaged 295 —0.14(1) 0.255(1) 49(1) 0.400(10) 0.356(2)
225 —0.11(1) 0.25(1) 49(1) 0.440(5) 0.362(3)
155 0.08(1) 0.25(1) 48(1) 0.478(5) 0.375(1)
85 0.06(1) 0.25(1) 48(1) 0.504(5) 0.381(2)
KFe"[Fe"(CN)g] + (PbCO3),Pb(OH), Unaged 295 0.17(1) 0.25(3) 53(3) 0.43(2) 0.40(8)
Aged 295 0.17(1) 0.27(3) 52(6) 0.41(3) 0.46(9)
KFe"[Fe"'(CN)g] + ZnO Unaged 295 0.15(1) 0.23(3) 53(5) 0.41(2) 0.34(6)
Aged 295 0.13(1) 0.25(3) 56(5) 0.41(2) 0.30(5)

“ The isomer shift, 6, is referred to a-iron at 295 K. ? T is the full linewidth at half-height. ¢ 4™ = 100 — A™.

fading proposed in the literature.! The only barely significant
change in the Mdssbauer spectra parameters is the A"/A™ ratio
that increases to ca. 53/47 = 1.1(2) upon mixing with the white
pigments and remains unchanged upon ageing.

Attenuated total reflectance infrared spectra. The attenuated
total reflectance Fourier transform infrared spectra, obtained
between 2200 and 1000 cm™', on laboratory-synthesized soluble
Prussian blue, KFe"'[Fe"(CN)y], mixed with lead white, Pb
(CO3),Pb(OH),, at 1 : 10and 1 : 100 dilution ratios, are shown in
Fig. 9. The lighter 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.*® The
other peaks in the infrared spectrum correspond either to the
binder or to the white pigment that has been combined with the
Prussian blue.

The band at 1735 cm™' is assigned to the ester carbonyl
vibrational absorption 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 characteristic of
the triglyceride ester linkages found in linseed oil. The narrow
peak at 1042w cm™! is assigned to the symmetric CO;-stretching
vibration of lead white, whereas the broad intense peak at 1390
cm~! is assigned to the antisymmetric COj3-stretching vibration.
Lead white is known to accelerate the drying and ageing of
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linseed oil and to produce a hard and resistant film with more
durable and stable properties. This film is commonly believed to
result from the formation of metal carboxylates, induced 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.’”3® The areas of the carbonate absorptions at 1042w and
1390s,br cm™! decrease slightly with ageing. This decrease can be
attributed to the displacement of the carbonate ligands from the
lead ions by the carboxylate anions derived from the esters and
acids. However the rate of decrease of the carbonate absorption
depends on the concentration of lead white and is almost negli-
gible 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 indexes of Prussian blue and lead white, ie.,
approximately 100 and 9 to 13 wt%, respectively. The quantity of
oil in mixtures of the Prussian blue and lead white at 1 : 10 and
1 : 100 dilution ratios is thus about 20 and 13 wt% of the total
weight of 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 allows a comparison between the
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Fig. 9 The attenuated total reflectance infrared spectra of laboratory-synthesized KFe" [Fe"(CN)g] Prussian blue mixed with PbW, lead white,
(PbCO3),Pb(OH),, at 1: 10 and 1 : 100 dilution ratios, a; and commercial Prussian blue mixed with zinc white, ZnO, and titanium white, TiO,, in
a 1 : 10 dilution ratio, b. The gray curve corresponds to the aged part of the sample.
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aged and unaged spectra. 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 absorbance indicates an
electronic change in the Prussian blue, a change which leads to
a slightly different intervalent 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 Fig. 9. For dilution of
Prussian blue with lead white in a 1 : 10 ratio, a shoulder appears
at lower energy at 2072 cm~'. For dilution at a 1 : 100 ratio, two
contributions at 2088 and 2075 cm™' are observed in the CN
stretching band, with the maximum in the absorbance shifted
towards lower energy. The frequency of the »(CN) band depends
on the strength of the bond with the central cation. In aqueous
solution, the stretching mode for free CN~ occurs at 2060 cm ™',
whereas the »(CN) frequency increases upon coordination to
a metal ion. The position of this mode depends on the electro-
negativity, the oxidation state and the coordination number of
the metal.’® Lower frequency bands can be assigned to a »(CN)
mode associated with iron(11) whereas the »(CN) mode associated
with iron(m) is characterized by a higher frequency at 2155
cm~'3%% The shift towards lower energies observed in the
infrared spectra after ageing indicates the formation of increased
amounts of iron(11) ferrocyanide, a compound that is character-
ized by a band of lower intensity in comparison to Prussian
blue.”

The infrared spectra of commercial insoluble Prussian blue
Fel"[Fe"(CN)4]s mixed with zinc white, ZnO, and titanium white,
TiO,, between 2200 and 1000 cm~' are shown in Fig. 9. The
absorption bands that characterize titanium dioxide and zinc
oxide occur below 700 cm™' and therefore have not been
observed in this study. The spectra of Prussian blue mixed with
zinc white dramatically change upon ageing. Similar features,
such as the loss of absorbance and shift towards lower energy
have been observed for the »(CN) mode. Upon ageing the
intensity of the carbonyl band at 1737 cm~' decreases substan-
tially as is also the case for the broad carboxylate absorptions at
1590 and 1542 cm ™! and the CH bending vibrations at 1455, 1417
and 1363 cm~'. Moreover a new band at 1630 cm™' appears,
a band 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.*! These new features are a consequence of the
tendency of zinc oxide to form a soap with the free acids found in
oils.*? 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 Fig. 1. Rutile titanium dioxide is chemically
inert and does not react with its linseed oil medium or with other
pigments.'®

Discussion

Because pure Prussian blue painted from linseed oil has an
excellent light fastness, the fading of Prussian blue in a linseed oil
medium must be related to the presence of an additional pigment.

The admixture of a white pigment strongly affects the perma-
nence of Prussian blue under light exposure, although the
strength of the discoloration depends on the nature of the white
pigment.

Based upon the iron K-edge X-ray absorption, Méssbauer and
infrared spectral results, one can exclude iron oxidation as being
responsible for the fading of Prussian blue in its mixtures with
white pigments. The unchanged Fe "/Fe " bulk ratio upon
ageing, the loss of absorbance of the »(CN) band and the change
in the nature of the Fe"-C-N-Fe'"! electron transfer pathway
observed in the X-ray absorption spectra suggest a rupture of
a fraction of Fe"-C-N-Fe'"" sequences, leading to a weakening of
the intervalent charge transfer between the Fe' and Fe™ ions.
The underlying mechanism of the possible change in the inter-
valent transfer pathway has not yet been identified. The possi-
bility of ion exchange between the weakly bond N-coordinated
iron(r) ions and other metal ions, as suggested in electro-
chemical studies,'” does not seem to be a realistic hypothesis for
understanding the colour loss in Prussian blue and white
pigments mixtures. The unlikely substitution reaction between
the Prussian blue iron(1) ions and the lead (1) and zinc(11) ions of
the white pigments would have lead to a far larger variation in
both the X-ray absorption spectra and their corresponding
Fourier transforms than has been observed. The decrease in the
coordination number could, however, be indicative of the crea-
tion of defects in the Prussian blue crystals. The loss of coordi-
nated water may in part lead to these defects and the observed
decrease in the iron coordination number.

At this point of the discussion, the hypothesis of a partial
reduction may not be excluded in view of the XANES and
infrared results. Because the Mossbauer spectral parameters
remain unchanged upon ageing, this reduction must necessarily
occur at the surface of the paint layer. Although optical photo-
micrographs reveal a homogenous coloured layer after ageing, it
is reasonable to consider that the chemical change upon light
illumination takes place first in the Prussian blue at the surface
before appearing in the deeper layers. Fading at the top of a thick
paint layer containing Prussian blue and lead white has been
previously observed,' one can thus assume that surface discol-
oration in Prussian blue paint layers occurs prior to any bulk
colour change. This phenomenon could explain why the atten-
uated total reflectance infrared spectra, with a probe depth of
only 1 pm, shows more noticeable differences upon ageing than
do the other techniques used herein.

If Prussian blue is effectively partially reduced, it most likely
occurs because of the presence of the white pigment and the light
irradiation. Both photoinduced reduction or oxidation in Prus-
sian blue are made possible when Prussian blue is coupled with
a material that generates electrons upon UV or visible light
irradiation.” This particular feature has been exploited to
produce photoswitchable magnetic materials. Prussian blue also
exhibits ferromagnetic behavior below its Curie temperature
whereas the reduced or oxidized forms of Prussian blue are
paramagnetic even at the low temperatures at which Prussian
blue is magnetically ordered.** Reduction in a Prussian blue paint
layer may thus occur in the presence of a species that can provide
electrons upon irradiation. The provenance of these electrons
remains unclear. Because of their basic character, lead white and
zinc oxide tend to form a soap by interacting with the linseed oil
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fatty acids and thus, enhance the oxidative polymerisation of the
oil upon ageing.** The presence of these basic pigments in linseed
oil may favour the production of electrons that will initiate the
reduction of Prussian blue. In contrast, titanium white, TiO,, is
amphoteric, with a predominance of acid properties. This
pigment does not influence the ageing of oil, as is observed in the
infrared spectrum shown at the bottom of Fig. 9, and the absence
of this influence may explain the good light fastness observed for
Prussian blue mixed with titanium white. The predominance of
one mechanism on the other, ie., decrease in the iron coordi-
nation number versus partial reduction of Prussian blue, still
needs to be clarified.

Aside light absorption, diffusion of the radiation in the
samples should also be considered. Diffusion in a paint layer is
enhanced by smaller particle size of pigments. Titanium white is
made of smaller particles, varying from 0.2 to 0.5 um in size, than
zinc or lead whites, whose pigment particles are approximately
from 0.25 to 1 pm and from 1 to 2 um, respectively. Diffusion of
light is thus increased in the paint layers containing Prussian blue
and titanium white. However this does not seem to play an
important role in the discoloration processes because samples
prepared with titanium white exhibit no colour change.

Conclusions

The light fastness of modern Prussian blue pigments is dramat-
ically decreased in mixtures with certain white pigments. The
investigation of the local electronic and structural configurations
of the iron ions reveals a disruption in the intervalent electron
transfer Fe"-C-Fe' pathway upon ageing. A decrease in the
iron coordination number in the second and third shells has been
evidenced in aged Prussian blues, leading to a weakening of the
intervalent charge transfer between the Fe" and Fe™ ions.
According to the results obtained by X-ray absorption and
infrared spectroscopy, a partial reduction of the surface iron ions
in Prussian blue into iron(11) ions to form surface iron(i) ferro-
cyanide may be a complementary explanation for the fading.
However the proportion of iron(in) ions reduced to iron(i) in
the bulk cannot exceed a few percent because no change in the Fe
(m)/Fe(m) ratio was observed by Mossbauer spectroscopy upon
ageing. The nature of the white pigment is a determining factor in
the degree of fading of Prussian blue mixtures with white
pigments. The increased discoloration of Prussian blue mixed
with lead white or zinc white may be related to the accelerated
oxidative polymerisation of linseed oil in the presence of
pigments that tend to form soaps with the free acids in oil.
This hypothesis must be confirmed by further investigating the
influence of the binder as well as the acidic or basic character of
the added pigment on the light fastness of Prussian blue. Anal-
yses by high resolution X-ray diffraction would be considered in
order to evaluate the evolution of long-range packing, grain size
and microstructure in the paint layers through ageing. Electron
paramagnetic resonance measurements could also help to
understand the discoloration mechanisms through the detection
of free radicals induced by light radiation in the paint layers.
Finally, we have also applied Raman spectroscopy to perform
extensive measurements on unaged and aged mixtures. The
conclusions are similar and confirm those proposed in the
present paper but some points still need to be clarified. The final

results obtained from Raman spectroscopy will be presented in
a forthcoming publication.
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