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Abstract Coprecipitates of Cd", K' and Fe" with
hexacyanoferrate ions [Fe(CN)g]*™ have been studied by
solid-state electrochemistry (voltammetry of immobi-
lized microparticles), magnetic susceptibility measure-
ments, X-ray powder diffraction, electron spin
resonance, Mdssbauer and diffuse reflectance spectros-
copy. Most suprisingly, all experimental results point to
the formation of a continuous series of complex mixed
phases without the formation of phase mixtures. Al-
though Cd" and Fe! ions differ too much in their ionic
radii to allow the formation of simple substitution mixed
hexacyanoferrates, they are capable of forming different
kinds of complex insertion and substitution mixed
crystals because of the zeolitic structure of both the iron
and the cadmium hexacyanoferrate. Low cadmium
concentrations can be found in the zeolitic cavities of
iron hexacyanoferrate (Prussian blue), and they start to
widen the lattice and facilitate, at higher concentrations,
the direct substitution of high-spin iron(III) ions by
cadmium ions. In cases of an excess of cadmium, the
formation of cadmium hexacyanoferrate with iron(I1I)
ions in the interstitials of the zeolitic structure is ob-
served. These mixed phases show strong charge transfer
bands in the visible range and have the appearance of
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“diluted” Prussian blue. For the first time, this indicates
that the charge transfer between the carbon-coordinated
low-spin iron(II) ions and the high-spin iron(III) ions
can also occur when the latter are situated in the cavities
of a host hexacyanoferrate. In Prussian blue the inter-
stitial iron(IIl) ions are responsible for a very strong
charge transfer interaction between the low-spin iron(II)
ions and the nitrogen-coordinated high-spin iron(I1I)
ions. Upon substitution of the very small amount of
interstitial iron(I11) ions in Prussian blue by potassium
and cadmium ions the Kubelka-Munk function dimin-
ishes by more than 30%, indicating a tremendous de-
crease in iron(I1l)-iron(II) interaction.

Key words Solid state electrochemistry -
Méssbauer - Magnetic susceptibility - X-ray powder
diffraction - Iron(IIl)-cadmium(II) hexacyanoferrates

Introduction

The properties of mixed crystal phases are of great im-
portance in chemistry and physics since situations of
wanted or unwanted impurity may lead to their forma-
tion. The properties of mixed phases usually deviate
from those of the border compounds quite remarkably.

Prussian blue and similar compounds are very well
suited for the study of the electrochemical properties of
mixed compounds as they exhibit a stable and reversible
solid-state electrochemical response. The electrochemis-
try of electrodes which have been modified by films of
Prussian blue or its analogues has been extensively
studied, since they are of high interest with respect to
electrocatalysis [l], the preparation of ion selective
electrodes [2], electrochromism [3-6] and photoelectro-
chemistry [7]. Additionally, the study of the electro-
chemistry of solid hexacyanometalates is very important
to gain access to the fundamentals of solid-state elec-
trochemistry. The electrochemistry of simple hex-
acyanoferrates has been studied in particular [8-12]. The



electrochemistry of mixed metal(1)/metal(2) hexa-
cyanoferrates is more complex. However, there are a
number of publications dealing with such systems.
Mixed hexacyanoferrates also deserve interest, as a
tuning of their properties via mixed phase formation is
attractive. Siperko and Kuwana [13] studied the elec-
trochemistry and spectroscopy of sandwich layers of
Prussian blue on copper hexacyanoferrate. They have
reported two different signals of Prussian blue, i.e. the
signal of the high-spin iron at 0.2V and of the
[Fe(CN)¢]*/3" pair at 0.88-0.85 V. The signal of Cu'!
occurs at 0.10-0.12 V and the signal of [Fe(CN)g**~ of
the copper hexacyanoferrate at 0.76-0.72 V. The ca-
thodic peak of the latter system is absent when copper
hexacyanoferrate is formed on top of Prussian blue.
Bharathi et al. [14] studied the behaviour of mixed iron-
nickel and iron-manganese hexacyanoferrate films on
glassy carbon. In the case of the iron-nickel system, they
have observed four redox processes at —0.10, 0.19, 0.58
and 0.85 V. With increasing nickel concentrations in the
film, they have seen shoulders on both sides of the peak
at 0.58 V. In the case of iron-manganese hexacyanofer-
rate films, they have observed three distinct reversible
redox systems at 0.19, 0.65 and 0.85 V. As in the case of
the iron-nickel system, the peaks at 0.19 V and 0.85 V
were assigned to the redox couples of Prussian blue. The
peak at 0.65 V was considered to be caused by the
[Fe(CN)¢]**>" units of Ni hef (hereinafter “hcf™ de-
notes “‘hexacyanoferrrate”). From the results obtained,
the authors concluded that the films behave as copre-
cipitations of the two hcfs, with some of the nitrogen-
coordinated high-spin iron(III) ions substituted by
nickel or manganese ions. Kulesza and co-workers [15]
have obtained films of silver(I)-nickel(II) hcfs by cyclic
polarisation of a glassy carbon electrode in colloidal
solutions of the appropriate compounds. The authors
believe the films to have a cross-linked microstructure.
They noticed that they are less permeable than a similar
film of Prussian blue. An interesting point is that
the differences in the radii of both metal ions
(ragay = 129 pm and rnijar = 83 pm [16]) are much too
large to allow the formation of substitution mixed
crystals. Unfortunately, they are difficult to obtain on
the surface of electrode films with a certain composition
and, therefore, it is not easy to relate their electro-
chemical properties to the composition and structure of
the film. The voltammetry of microparticles, which has
been introduced by Scholz and co-workers [17, 18],
made possible a number of electrochemical studies on
well-characterised, chemically synthesised hexacyano-
metalate samples [19-23]. When increasing the x value in
the formula (Fe;_ .M ,)[Fe(CN)g], the formal potential of
the hcf system almost linearly shifts from the value of
Prussian blue to that of nickel hef [21]. For pure mixed
phase compositions, one observes only one voltammetric
system instead of the two systems which can be observed
only when both hcfs are present in their pure form.
From the thermodynamically controlled behaviour of
the mixed systems, the authors have drawn the conclu-
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sion that mixed phases have been formed instead of a
phase mixture. With respect to the nickel iron system, it
is important to note that the difference of the radii is less
than 6% [16]. Very recently, the same authors achieved
the formation of truly bilayered systems of two metal
hcfs by an electrochemically driven substitution mecha-
nism and proved it [22]. Thus, the formation of cadmium
hef on top of Prussian blue and on top of silver hcf has
been reported to occur along with the formation of
nickel hcf on top of Prussian blue.

In the present paper, the results obtained in a sys-
tematic study of the cadmium-iron hcf system, i.e.
(Fe;_Cd,)[Fe(CN)¢], are reported. The difference be-
tween the ionic radii of high-spin iron(III) and cadmium
is about 28% (er(II) = 109 pm, rreqrrn = 78.5 pm [16])
These radii make it very unlikely to assume the forma-
tion of simple substitution mixed crystals, but the zeolitic
structure of hcfs with its three different kinds of metal
ions allows the system much more degrees of freedom
for finding a stable lattice. Electrochemical studies,
measurements of magnetic susceptibility, X-ray powder
diffraction studies, electron spin resonance (ESR),
Mossbauer and diffuse reflectance spectroscopy of a wide
range of chemically synthesised coprecipitates allow us
to obtain a consistent picture of the rather complex
processes which lead to the formation of different in-
sertion and substitution mixed phases. The results could
be unambiguously interpreted on the basis of a full
chemical analysis of all samples. This could never have
been possible with the tiny amounts of electrochemically
plated films which have been studied in the past.

Experimental
Preparation of samples

All chemical operations were carried out using bidistilled deionised
water and analytical or reagent grade chemicals. Prussian blue was
prepared as described elsewhere [11]. Preparation of cadmium
hexacyanoferrate (II) and -(IIT) was performed according to liter-
ature procedures [24] by adding a CdSO, solution to a solution
of K4[Fe(CN)g] and K;[Fe(CN)g], respectively. Mixed cadmium-
iron(IIT) hexacyanoferrates were prepared by mixing stoichiometric
amounts of CdSO,; and FeCl36H,O or Fey(SOy4); with
K4[Fe(CN)g]. The precipitate was filtered off and washed with
water. The solid was then dried for 15 h in vacuum (0.1 mbar) at
ambient temperature and later stored under air.

Chemical analysis

The iron, cadmium and potassium content of all samples was de-
termined by atomic absorption spectrometry of the digested sam-
ples. Digestion was achieved by boiling with sulfuric acid. The
carbon, nitrogen and hydrogen content was determined by CHN
analysis.

Voltammetry

Twice distilled ion-exchanged water and KNOj3 of chemical-grade
purity (Merck, Germany) were used for the preparation of the
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electrolyte solutions. The reference electrode was Ag/AgCl (3 M
KCIl, E = 0.208 V vs. SHE at 25 °C) and the auxiliary electrode
was a platinum sheet. Voltammetric experiments were performed at
20 + 2 °C with an AUTOLAB (Eco-Chemie, Utrecht, The Neth-
erlands) and GPES 3.3 software (Eco-Chemie) on a 486 personal
computer. All solutions were deoxygenated with high-purity ni-
trogen for 15 min prior to electrochemical measurements. In this
study, the working electrode was a paraffin-impregnated graphite
rod (VEB Elektrokohle Lichtenberg, former GDR). The prepara-
tion of the electrode is described elsewhere [18]. If not specified
otherwise, an aqueous solution of 0.1 M KNO; was used as the
supporting electrolyte. The voltammograms were recorded with a
scan rate of 0.1 V/s, if not specified otherwise.

Magnetic measurements and ESR spectroscopy

A Gouy balance with horizontal hanging of the sample was used for
the magnetic susceptibility measurements. Water and a NiCl, so-
lution (3.51% and 19.52%) served as standards for the calibration.
The specific susceptibility of aqueous NiCl, solution at 20 °C was
calculated with the following equation y = [10034p/T — 0.720
(1 = p)] x 107, where p is the weight percentage of NiCl, and T is
the absolute temperature [25]. The instrument used for ESR spec-
troscopy was a ERS 300 (ZWG, Berlin-Adlershof, Germany).

X-ray powder analysis

A Philips APD 1700 Diffractometer with increments of 0.02° was
used to obtain X-ray diffractograms. The time of accumulation was
1 s in the range of 20-80°. Cu-K, radiation was used and silicon
served as an internal standard.

Mossbauer spectroscopy

The samples (15-50 mg/mm?) were measured in transmission ge-
ometry using a Co-57 source of 1 Gbq in a Cr matrix. The spectra
were registered with a CM2201 Mdssbauer spectrometer (Nauc
Pribor, St. Petersburg, Russia) at room temperature by the aid of
an iron resonance detector and at liquid nitrogen temperature with
a proportional counter.

Parameter fits (Table 1) were performed using a standard least-
squares fitting routine. Under the assumption that the f-factors
were equal for different iron sites and phases, the subspectra areas
were evaluated as a percentage of the total spectrum. The isomer
shift was related to metallic iron. Errors for isomer shift, quadru-
pole splitting and line width were 0.01 mm/s, and for most of the
areas it was below 2%; however, for some phases of low concen-
tration it was up to 25% of the obtained area.

Diffuse reflectance spectroscopy

The spectrometer was a transputer integrated diode array system
(TIDAS) (J&M Analytische Mess- und Regeltechnik, Germany)
with a spectral range from 320 to 950 nm. The number of photo
diodes was 256 and the resolution was 3.2 nm/pixel. The spec-
trometer was interfaced to a personal computer. Powder mea-
surements were performed under a Leitz Laborlux 12 POL S
incident light microscope (Leica Mikroskopie und Systeme, Ger-
many) with a 100 W halogen incandescent lamp for illumination.
Preliminary studies have shown that the used (R, geometry allows
to use the Kubelka-Munk function Fxy as there is direct propor-
tionality between Fyy; and the concentration of Prussian blue in
MgO diluted samples [26]. For calculating the Kubelka-Munk
function for the mixed cadmium-iron hexacyanoferrates, the sam-
ples were diluted with magnesium oxide in the ratio mypg/
Myvgo = 1:50.

Results and discussion
X-ray and Mossbauer spectroscopy

From the ionic radii of cadmium and high-spin iron(I11),
one cannot expect to find substitution mixed phases.
However, the data of the X-ray powder diffraction
analysis of the samples showed that the coprecipitates
consist of single phases (Table 2). Samples with a molar
ratio mcq = nca/(ncd + npe,) smaller than 0.4 have a
cubic structure while those with higher ratios are or-
thorhombic. There is no indication that the samples
contain any appreciable amounts of amorphous com-
pounds. It is the most important observation from the
X-ray diffraction pattern that during coprecipitation no
phase mixture is formed but a single phase of obviously
very complex composition. Unfortunately, all precipi-
tates are microcrystalline and no crystals of a sufficient
size were accessible to perform a single-crystal X-ray fine
structure analysis. The parameters of the Mdssbauer
spectra (Table 2) indicate that high-spin iron ions are
substituted by cadmium ions. This substitution leads to
a change in the ratio of the amount of low-spin iron to
the amount of high-spin iron and also to a shift of both
signals owing to a change in the chemical environment
of both types of iron ions. The substitution is accom-
panied by an increase in the chemical shift 6 of both iron
ions. This is a clear indication of a decreasing covalency
of the metal-ligand bond occurring during the substitu-
tion of Fejll by Cd". A similar effect is well known from
hefs(IT): increasing ionic radii of the N-coordinated
metal ions of hefs are accompanied by a decrease in the
covalency of the iron-cyanide bond [27]. An important
result of MGssbauer measurements is that they give ev-
idence of the presence of high-spin iron(II) in some of
the precipitates. The FeHS state appears as a line at
1.85 mm (see Fig. 1). Such a signal has never been ob-
served for samples where mcq is smaller than 0.4. This
also implies that the Fe'' cannot be an impurity from
synthesis.

Chemical analysis and derived structure models

By chemical analysis of the Fe (Fejs and Fey), Cd, K, C,
N and H content the molar ratio mcq = ncd/
(ncd + npe,,) and the composition of each sample was
calculated (see Table 3). To do so, the first rule was to
assume that the hef units form an ideal sublattice, i.e. all
o positions (Fig. 2) are occupied by low-spin iron ions.
This means that per formula unit there is exactly one hcf
ion. This is reasonable because it is supported by all
previous results reported in literature with the only ex-
ception of a Prussian blue which was extremely slowly
crystallised from hydrochloric acid and which did not
contain potassium ions for stabilising the structure [28].
The calculated data are shown in Table 3 (column 1). It
can be seen from these data that the balance of the
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Table 1 Simulation data of

Mossbauer spectra of the sam- Multiplet Parameter Value + Delta
ples shown in Fig. 1 Sample M1 (g = 1.000)
Base line Intensity 1104230.8912397 73.4237014
Doublet 1 Isomer shift (mm/s) —-0.1016783 0.0001664
Half width (mm/s) 0.2265296 0.0011233
Signal area (%) 96.3864083 0.2062872
Quadrupole split (mm/s) 0.0814826 0.0013416
Area ratio re/li 1.0000000 Fixed parameter
Doublet 2 Isomer shift (mm/s) 1.2387277 0.1121653
Half width (mm/s) 1.5179398 0.3216851
Signal area (%) 3.6135917 0.8308417
Quadrupole split (mm/s) 2.3933088 0.2023642
Area ratio re/li 1.0000000 Fixed parameter

Sum of square error: 1056.237, Chi-square: 1.025094, Line shape: 28.000% Gauss

Sample M2 (mcq = 0.478)

Base line Intensity 3778425.5007220 129.4447106
Doublet 1 Isomer shift (mm/s) —-0.1019991 0.0001614
Half width (mm/s) 0.2326679 0.0011398
Signal area (%) 84.4309481 0.2124921
Quadrupole split (mm/s) 0.1059849 0.0006359
Area ratio re/li 1.0000000 Fixed parameter
Doublet 2 Isomer shift (mm/s) 0.8076338 0.0035311
Half width (mm/s) 0.2315673 0.0090427
Signal area (%) 3.5601459 0.1401971
Quadrupole split (mm/s) 2.1349174 0.0070739
Area ratio re/li 1.0000000 Fixed parameter
Doublet 3 Isomer shift (mm/s) 0.4469932 0.0097144
Half width (mm/s) 0.9660138 0.0689395
Signal area (%) 12.0089060 0.4471675
Quadrupole split (mm/s) 0.0063438 0.2574324
Area ratio re/li 1.0000000 Fixed parameter

Sum of square error: 2182.892, Chi-square: 1.290460, Line shape: 13.000% Gauss

Sample M3 (mcq = 0.870)

Base line Intensity 3674454.5943026 114.2198311
Doublet 1 Isomer shift (mm/s) —-0.1192120 0.0003124
Half width (mm/s) 0.2279522 0.0011042
Signal area (%) 62.1866680 0.3907395
Quadrupole split (mm/s) 0.1270888 0.0006352
Area ratio re/li 1.0000000 Fixed parameter
Doublet 2 Isomer shift (mm/s) 0.9546054 0.0153842
Half width (mm/s) 0.3966448 0.0167524
Signal area (%) 6.1637845 0.2160161
Quadrupole split (mm/s) 1.8119040 0.0312031
Area ratio re/li 1.0000000 Fixed parameter
Doublet 3 Isomer shift (mm/s) 0.4466685 0.0043988
Half width (mm/s) 0.4629216 0.0063500
Signal area (%) 31.6495476 0.5048128
Quadrupole split (mm/s) 0.3236867 0.0043763
Area ratio re/li 1.0000000 Fixed parameter

Sum of square error: 2451.970, Chi-square: 1.683628, Line shape: 25.000% Gauss

charges of the anions [Fe(CN)¢]*~ and the cations
(K' + cd" + Fe') seems to be preserved only in the
range of 0 < mgy < 0.4. For mcq > 0.4, a deficit of
positive charges is observed in the formulas. This may
mean that a partial oxidation of the low-spin iron occurs
according to: Fe|! — (1 —y)Fel! + yFell'. This oxida-
tion is accompanied by a reconstruction of the unit cell
and also by the appearance of Fe{llS ions (see Table 2). In
order to calculate a possible distribution of cations in the
channels and in the lattice framework, a model was used
in which the three-dimensional cubic lattice is con-
structed of [Fe((CN)¢M" "1™~ units [27, 29]. All re-
maining cations are located in the channels and provide

the overall charge balance. The rigid framework of the
lattice of the samples can be represented by the formula
[Fej' Fel'(CN)(Cd!'Fel" J0#+)~. In this formula, the
cations on the left side of the cyanide ions are those
which are coordinated to the carbon (Fef!, Fe[l'). The
ions on the right side of CN are those coordinated to the
nitrogen (see Fig. 2). The remaining potassium ions and
Felll or Cd" ions are located in the channels
{K(Cd,Fe,, - nH,0}Y 2" The next assumption was
that cadmium ions can substitute the high-spin iron ions
at their nitrogen-coordinated sites only when their con-
centration exceeds that which can be found in the in-
terstitials. The formulas in column 2 of Table 3 are
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Table 2 Data of X-ray diffraction and Mdssbauer spectrocopy measurements (7 = R, v = 30)

mcg? X-ray diffraction data Maossbauer spectrocopy data
Symmetry  a (A) b (A) c(A) Fel® Felt Felt

0 % 0 % 1) %
0.000 cub. 10.20 - - —-0.152 43.50 0.387 56.50 - -
9% 107  cub. 10.20 - - - - - - - -
0.036 cub. 10.22 - - - - - - - -
0.086 cub. 10.24 - - - - - - - -
0.126 cub. 10.26 - - - - - - - -
0.200 cub. 10.34 - - - - - - - -
0.374 cub. 10.48 - - —-0.126 58.42 0.408 41.58 - -
0.478 orth. - - - -0.119 62.19 0.444 31.65 0.954 6.16
0.569 orth. - - - - - - - - -
0.694 orth. - - - —0.115 69.41 0.447 24.46 0.915 6.13
0.821 orth. - - - - - - - - -
0.870 orth. - - - —-0.102 84.43 0.447 12.01 0.807 3.56
0.938 orth. 10.43 10.21 9.82 —-0.101 91.18 0.589 3.16 0.975 5.66
1.000° orth. 10.45 10.24 9.94 —-0.102 96.39 - - 1.239 3.61
1.000° cub. 10.66 - - -0.109! Fe}*  80.8¢ Fejt - - - -

-0.107" Fel*  19.2¢ Fel*

2This is the molar ratio of Cd>" in the samples according to
chemical analysis: mcq = ncq/(nca + ”Fe.,\)
®Synthesised with K4[Fe(CN)g] ’
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Sample M3
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124
4 3 2 1 0 1 2 3
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Fig. 1 Mossbauer spectra: sample M1 pure cadmium hexacyanofer-
rate(I), mcq = 1.000 (synthesised with K4[Fe(CN)g]); sample M2
mixed cadmium-iron(Ill) hexacyanoferrate(Il), mcy = 0.478; sample
M3 mixed cadmium-iron(III) hexacyanoferrate(Il), mcq = 0.870,
where the dots show the measured spectra and the lines represent
the simulated curves derived from the data of Table 1

¢ Synthesised with K;3[Fe(CN)g]
AT =Ryv=10

based upon the chemical analysis of the constituting
elements. The distribution to the different positions (see
Fig. 2) and to the valence states was realised in such way
that the charge balance could be maintained. This was
only unambiguously possible by sticking to the above
outlined assumptions. Hence these formulas remain to
some extend hypothetical, but it will be shown that they
provide a consistent explanation of the experimental
results.

From Fig. 2, it follows that three different kinds of
mixed crystals are possible:

1. Insertion mixed crystals: position y is randomly
populated by different cations.
2. Substitution mixed crystals: position f is randomly
populated by different cations.
3. Valency mixed crystals: (a) position « is randomly
populated by FefsI and FefS“; (b) iron ions at position
p are randomly distributed, being Fe{fsI and Fe{lls; (c)
iron ions at position y are randomly distributed, be-
ing Felll and Fel.
The real situation can become, in principle, even more
complicated by the simultaneous formation of different
kinds of mixed crystals. The formation of insertion-mixed
crystals at low cadmium content, which will be accom-
panied by an elongation of the lattice parameters, allows
the formation of substitution-mixed crystals at higher
cadmium content. When the cadmium content is suffi-
ciently high, all the nitrogen coordination sites are taken
by these ions and a possible excess amount goes to the
interstitial sites. Based on these principal assumptions,
the composition of the different coprecipitates was cal-
culated. The results of this computation are shown in
Table 3, column 2. On the basis of the Mdssbauer spec-



Table 3 Chemical composition of the (Fe;_,Cd,)[Fe(CN)g] samples
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mecq @ Column 1
Formula (mass balance only)

Column 2
Formula (mass and charge balance)

0.000 {Ko.16Fe; 253.0H,0}* " [Fe(CN)g]

9x 107" {Ko.70Cdo.001 Fel.103-1H20}4 N [Fe(CN)q]
0.036 {Ko.6sCdo.04Fe; 053.0H,0}* " [Fe(CN)g]
0.086 {KomCdo.1()I:f31,062-91‘12()}4+ [Fe(CN)g]
0.126 {Ko.55Cdo.15Fe; 043.0H,0}* " [Fe(CN)g]
0.200 {Ko.75Cdo 23Fe.023.0H,0}* *[Fe(CN)g]
0.374 {K0.98Cdo.43F€‘0.722-9]‘120}4+ [Fe(CN)e]
0.478 {K.03Cdy s4Feq 592.7H,0}> % " [Fe(CN)g]
0.569 {K.17Cdg 62Feq 471.8H,0}1> % " [Fe(CN)4]
0.694 {K.33Cdg 75Feq 331.8H,0}1> % " [Fe(CN)4]
0.821 {K 1 33Cdo.0oFeg201.9H,0} %" [Fe(CN)g]
0.870 1K 1.37Cd 1 goFeo.151 -9H20}3'82 N [Fe(CN)g]
0.938 {K,.51Cd, osFe 071.9H,0}> % " [Fe(CN)q]
1.000° {K;.52Cdy 151.6H,0}>* " [Fe(CN)q]
1.000° {Ko.14Cd} 493.0H,0}* "> ¥ [Fe(CN)g]

{Ko.16Feq253.0H20} [Feflog (CN)Feilgg

{Ko.70Cdo.001 Feg! 103 1H20}[F311100(CN)6F311%0]
{Ko.6sCdo. 04Feo 083 0H,O} [Fe1 00 (CN)GFe?}JO
{K.62Cdg.10Fefl142.9H,0}[Fell\, (CN), Fe‘l'go

{K() 53Cd0 15FCO 043 OH2O}[F611100(CN) Fel

{KO 73Cd0 153 0H20}[F€1 00 (CN)G,FGOA”Cdo_og]
{K.95Cdo.152.9H,0}[Fel' ), (CN) Fells, Cdp 2s)
{Ki.03Fe)132. THy O} [Feg 7 Feyy (CN)Feg 3 Feg 19 Cdo.sa]
{Ki.17Feq g0 1.8H 0} [Fegs3 Feqlh; (CN)gFeg o Feg g0 Cdoso]
{K1.33Feos1.8H2 O} [Fe 7 Feg s (CN) g Feg) 5 Feglgs Cdo.rs)
{K3sFeq 1, 1.9H20} [Fegys Feg ys(CN) g Fegl o5 Cdo.oo]

{Ki. 37Feg)lg)8Fe(I)lo71 9H,0} [Feg ;s Feg 5 (CN)Cd o]
{K1.51Feg g3 FeqlgsCdo.os 1.9H20} [Feg 75 Fegy (CN)Cd o]
{K1~52Feo.o4Cd0.11 1.6H,O} [Fegngeg{S (CN)Cd1.00]
{Ko.14Cd0.493.0H,0}[Fellt Fell |, (CN) (Cdy 0]

aThis is the molar ratio of Cd>™ in the samples according to che-
mlcal analysis: mcq = nca/(ncd + Nrey,)
Synthe51sed with Ky[Fe(CN)g]

{y(H,0),}[a(CN)B]

L lattice
[ position
v F (H”m B og® \ inter;titial
Y <= ] O positions
S Fetm’ K™ | (in the channels)
/

Fig. 2 The structure of solid Prussian blue and of mixed iron-
cadmium hexacydnoferrates (hcfs) w1th possible occupation of
different sites by K+, Cd*" and Fe**

troscopy data, we introduced 6% Fef. of the total
amount of high-spin iron for the samples with mcq > 0.4.
The following features can be derived from this table:

1. Very small amounts of Cd" ions (e.g. 9 x 107 mol/
formula unit), when located in the channels (y posi-
tion) of Prussian blue, induce a reconstruction of the

“Syntheswed with K3[Fe(CN)g]
d Calculated based on the model explained in the text

nearly ‘insoluble’ Prussian blue Kg j6Fe; »g[Fe(CN)g]
into nearly ‘“soluble” Prussian blue KgFe; 1o
[Fe(CN)¢] with a remarkable increase of potassium
ion concentration in the channels.

. In the range of 9 x 107 < mcq < 0.126, the com-

position of the framework lattice [Fe''(CN)¢Fe''"]”
and the content of K' ions in the channels remains
almost constant. Cd" ions and Fe'" ions are also
situated in the channels. The samples can be de-
scribed by an f-centred cubic unit cell with
a = 10.20 A. The value of the a parameter agrees
with the one for Kg,sFeps[Fe(CN)g] [30]. The
authors of [28] calculated this parameter as 10.18 A
for Fe,[Fe(CN)gls. With decreasing Fe''' content, the
Cd" ions substitute Fell! ions in the channels and the
a parameter begins to increase (see Table 2).

. For mcq > 0.126, the amount of FeIH decreases be-

low 1.0 mol/formula unit. There is a lack of Felll ions

to fill the S position of the framework lattice. This
deficit is filled up by Cd" ions. These phases still
maintain a cubic structure but the lattice parameter
increases and reaches 10.34 A and 10.48 A for the
samples with mcq = 0.200 and 0.374, respectively. In
the range of 0 < mcq < 0.374, the amount of cations
in the channels suffices for the complete compensa-
tion of the negative charge in the framework unit cell.

. When mcy reaches 0.478, the balance of charges

cannot be maintained on the basis of the chemical
synthesis and the starting oxidation states of iron (see
Table 3, column 1). This situation requires the
introduction of a certain amount of FeIH in the «
positions. Indeed, starting at micq = O 478, the
Méssbauer spectra (Fig. 1) show the response of FegS
ions. The samples have primitive orthorhombic unit
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cells with the following parameters: a = 10.45 A,
b = 1024 A and ¢ = 9.94 A for the sample with
mcg = 1.000 (synthesised with K4[Fe(CN)g]). These
parameters are not much different from those of the
phase K,[Fe(CN)gCd] [31]. For the samples with mcq
in the range of 0.478 < mcq < 0.870, the parameters
of the crystal lattice are not given because of a con-
siderable experimental error in their determination.
The composition of Cd hcf(IIl) (synthesised with
K;[Fe(CN)g]) requires the presence of 12% Fe{sI to
maintain the charge balance. The resolution of
Méssbauer spectra of such a phase on two groups of
lines showed that another form of Fe is involved at a
content of 19% (see Table 2). In contrast to Cd
hexacyanoferrate(Il), this phase is described by an
f-centred cubic unit cell with a = 10.66 A.

It is necessary to pay attention to the effect of crystal
water. One mole of the sample with cubic symmetry
contains about three moles of water, while one mole of a
sample with orthorhombic symmetry does not contain
more than two moles of water. It is possible that this
effect is due to the content of potassium cations. For
example, it has been observed [32] that an increasing
amount of alkali cations in the metal hcfs is accompa-
nied by a loss of water. In the present system, one mole
of the cubic phase contains less than one mole of K™
whereas the orthorhombic samples have more than one
mole of K* per mole of hcf. The samples shown in
Table 3 can be divided into three groups:

1. First group (0 < mcq £ 0.126): all physico-chemical
properties are practically identical with Prussian blue.

2. Second group (0.2 < mcq < 0.478): the samples have
properties of mixed phases but they have still strong
similarities with Prussian blue.

3. Third group (0.569 < mcq < 1.0): the samples have
properties of mixed phases but they are more related
to those of cadmium hcf(1I).

Figure 3 shows the distribution of the cations and the
water in the channels as a function of mcyq. Of course,
one has to bear in mind that the very insoluble hcfs
exhibit a tendency to form compounds with variable
composition, including phases with appreciable con-
centrations of defects, e.g. missing hcf units. Thus, the
formulas in Table 3 might be oversimplified, but it is
striking that all experimental results can be explained on
their basis.

Solid state electrochemistry
(voltammetry of immobilised microparticles)

Typical cyclic voltammograms of cadmium hef(III) and
-(II) are shown in Figs. 4 and 5. The voltammograms of
Cd hef(Il) in Fig. 4b are those of a freshly synthesised
sample. Figure 5a shows the voltammograms of a one-
month-old sample. Cadmium hcf(IIT) exhibits reversible
electrochemistry in cyclic voltammetry (see Figs. 4a and
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Fig. 3 Plot of the composition of the channels as a function of the
molar ratio mcq of the (Fe;_,Cd,) hef(Il) samples

5c). The first and all following cyclic voltammograms are
almost of the same shape and appear at the same po-
tentials. However, cadmium hcf(II) shows a different
behaviour in the first oxidation half-cycle. As Figs. 4b
and S5a show, the oxidation peak appears in the first
cycle at a much more positive potential and a small
shoulder is visible just at that place where in the fol-
lowing cycles the oxidation peak is situated. The latter
peak is also identical with the oxidation peak of cad-
mium hcf(IIl). It is very important to note that upon
storing the cadmium hcf(I1), especially when light is not
excluded, the shoulder grows to become a distinct peak

2004

100+

05 0.0 05 10 15
Potential / V vs. Ag/AgCl

Fig. 4 Typical cyclic voltammograms of a cadmium hcf(III),
mcq = 1.000 (synthesised with K;3[Fe(CN)g]), b freshly synthesised
cadmium hcf(Il), mcq = 1.000 (synthesised with K4[Fe(CN)g]) (start
potential 0.4 V)
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Fig. 5 Typical cyclic voltammograms of a cadmium hcf(II), 1 month
after production, start potential 0.4 V, b freshly synthesised cadmium
hef(I1), start potential 1.2 V and ¢ cadmium hcf(III), start potential
1.2V

(see Figs. 4b and 5a); when the start potential is more
positive than 0.9 V (Fig. 5b), the behaviour of cadmium
hcf(I1) is almost identical with that of cadmium hef(11I)
(Figs. 4a, 5c).

The chemical analysis (see Table 3) shows that the
Cd hef(I1) contains almost five times more Cd** in the
channels than Cd hef(II)

It is known that the formal potential of Cd hcf(I1/IIT)
is more positive in a Cd** solution than in a K™ solu-
tion. Obviously, a slow chemical oxidation also occurs
upon storing Cd hef(Il), especially when light is not
excluded. This chemical oxidation, presumably by oxy-
gen, will also be accompanied by a release of Cd*™ ions
which may collect at the surface of the Cd hcef in the
form of cadmium hydroxide. That is seen in the CV of
aged Cd hef(Il) in Fig. 5a as an increase of the signal 1
appearing as a well-developed shoulder of signal 2.

The cyclic voltammograms of pure Prussian blue
(mcgq = 0.000) and iron-cadmium hcf(Il) (mcyq = 9 X
10%) show (Fig. 6) that a small amount of cadmium

ions causes an increase of the response of the pair

FelISII/II (signals 1 and 2) as compared to that of Fe;lls/lll_

Therefore, the ratio R of the peak current 1 (;) to the
peak current 3 (/3) or to the peak current 4 (14) increases
nearly twice for the sample with mcq = 9 x 1074
(curve b) as compared to a pure Prussian blue sample
(curve a). The increase in the intensity of the Fejs signal
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Fig. 6 Typical cyclic voltammograms of a pure Prussian blue,
mcqg = 0.000 and b mixed iron(IIl)-cadmium hcf(Il), mcq = 0.001
(start potential 0.4 V)

as compared to the Feyg signal finds an easy explanation
in the analytical data (Table 3), which show that upon
introduction of Cd*" (mcq = 9 x 107%) there occurs a
drop in Feys concentration of almost 20%. The depen-
dences of R(I;/15) and R(I/14) on mcq (Fig. 7, curves 1
and 2) show that there are three distinct parts, the bor-
ders of which coincide with the introduction of iron or
cadmium ions into new positions as implied in the for-
mulas in Table 3. The shape of these plots exactly fol-
lows that of the ratio of Fe[! /Fejl! (curve 3) as calculated
from Table 3, and it is very similar to the plot of K™
concentration versus mcq (Fig. 3, curve 3). In accor-
dance with the data from X-ray and Mdssbauer spec-
troscopy, the electrochemistry also shows that the
chemically synthesised samples of cadmium-iron(I1I)
hef(IT) are not mixtures of phases but members of a
series of substitution mixed phases. As Fig. 8 shows, the
first scan of the voltammograms of a mechanical mixture
of iron(IIl) hcf(Il) with freshly synthesised cadmium

hef(IT) (ratio 1: 1) has two distinct peaks of Fe{sI oxida-

tion (curve a). The formal potentials of Feflls/ t

Feillsl/ I pairs do not depend on the ratio of cadmium

hef(IT) to iron(IIT) hef(IT) (Fig. 9, curves 1 and 2). For
the chemically synthesised iron(IIl) cadmium hcf(II)
with the same Cd'" : Fe{llsI ratio (curve b), a single peak
of FellsI oxidation is observed in the first cycle (Fig. 8b).
The shape of this peak current does not change with the
increase of mcq but the peak potential shifts to more
positive values (Fig. 8c). The shape of the plots of the
formal potentials of Fellllsl and Fe;1s ! pairs (Fig. 9,
curves 3 and 4, respectively) versus mcq indicates the
formation of a continuous series of the substitution
mixed phases. Whereas the formal potentials of the two
iron systems are independent of the composition of the
powder mixtures, the plots of E; = f(mcq) have three

and
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! /Fe{llsl as a function of the molar ratio mcq of the (Fe,;_,Cd,)
hcf(II) samples. The ratio of Fell /Felll has been calculated from
Table 3

distinct parts for the case of coprecipitates, the borders
of which coincide with the introduction of iron or cad-
mium ions into new positions as was assumed in the
calculations for Table 3. In the range of 0 < mcq < 0.126
when the parameter a of the cubic crystal lattice is
constant (see Table 2), the formal potential of the Fem/ I
pair of the mixed phases (Fe;_.Cd,)[Fe(CN)¢] does not
differ from that of the pure Prussian blue (AEy/
Amcy = 0) When cadmium ions start to substitute the
Felll ions in the lattice (§ position in Fig. 2, the range of
0. 126 < mcq < 0.478 in Table 3), the formal potential of

the Fem/ I pair shifts to more negative values (AEy/
Amcq = 100 mV/mol). Although the symmetry of the
crystals remains cubic, the lattice constant increases. The
plot of E; = flmcq) has the largest slope (AE/
Amcyg = 420 mV/mol) for Fel W when the symmetry of
the crystal structure is changing and when the properties
of the samples approach those of cadmium hcf(II). It is
obV1ous that for the coprempltated samples the plot of

= flmcq) of the Feh pair is related to the com-
posmon of the channels. The formal potential shifts to
more positive positions until the FeHI ions are situated in
the channels and the formal potenual is constant when
K" and Cd** ions completely occupy the channels (see
Fig. 3 and Fig. 9, curve 4).

Magnetic susceptibility and ESR spectroscopy

The next step in this study was to look whether the
proposed formulas and the electrochemical behaviour

i/pA

05 00 05 10 15

Potential / V vs. Ag/AgCl

Fig. 8 Typical cyclic voltammograms of a a mechanical mixture of
iron(I11) hef(IT) and freshly synthesised cadmium hef(Il) in the ratio
1: 1, b chemically synthesised mixed cadmium-iron(III) hcf(II) with
mcq = 0.478 and ¢ chemically synthesised mixed cadmium-iron(III)

hef(Il) with mcq = 0.821 (start potential —0.4 V)
090 -
085 1
-—.—'L..t',\g\ L] . - [ 3
0.80 4 =
075 |
'(?D 070 3
< 065
Y
< 060 1
g" 055 4
> 13
% 4
o 0.20 4
8
g 015
=
g 0.10
2 2
P 005 4 S e
000 L . . . . ,
00 02 04 06 08 10
Molar ratio m,

Fig. 9 Plot of the formal potentials £ = (E. + E,)/2: 1 andr2 ?f the
powder mixtures of cadmium hcf(IT) and Prussian blue for Fe;g T and

1/ pairs, respectively; 3 and 4 of coprecipitated mixed 1ron(lll)-

Fey,
cadmium hcf(Il) for Fem/ T and Fe:l“/ . pairs, respectively, as a

function of molar ratio mcq of the (Fe,_,Cd,) hcf(Il) samples



can be correlated with the magnetic properties of the
samples. The measurements of the magnetic suscepti-
bility showed that all studied samples possess a mag-
netic moment. The only exception was the sample with
mcqg = 1.000, which  was  synthesised  using
K4[Fe(CN)4], that was diamagnetic while the mixed
cadmium-iron hcf(I) with mcq = 0.938 was paramag-
netic. In accordance with the data in Table 3, it has 0.07
moles of high-spin iron ions per unit of formula. The
colour of this sample is light blue whereas pure cad-
mium hcf(I) is white. The leue xe of the freshly pre-
pared com;;ound was —4.0 x 1077 and it increased up to
—1.6 x 107" during storage at room temperature within
one month. Obviously a certain part of the cadmium
hef(I1) was oxidised to cadmium hcf(I1I). One cadmium
hef(ITT) sample with mcq = 1.000, which was synthe-
sised using  Kj[Fe(CN)g], was  paramagnetic
(1e = 3.3 % 1079).

Figure 10 shows how the magnetic susceptibility
changes when cadmium is increasingly introduced into
Prussian blue (curve a). In the case of the cadmium-iron
hcfs studied, possible candidates for paramagnetism are
high-spin iron(III), low-spin iron(III) and exchange
coupled ions. Based on the formulas given in Table 3,
the net contents of (Fepy + Fe|l') were calculated and
represented in Fig. 10 as curve b. Obviously, the mag-
netic susceptibility of the samples changes in the same
way as the iron(IIT) content. A comparison with the data
of Table 3 reveals that the qualitative steps which the
magnetic susceptibility exhibits are caused by changing
the nature of substituted iron ions, i.e. interstitial
(y position) or nitrogen-coordinated (f position) iron
ions, respectively. Especially remarkable is the fact
that the smallest amount of added cadmium, ie. at
mcq = 9 % 107%, not only causes a simple substitution of

S
I

w
L

\.‘\ a)

Magnetic susceptibility X, 10°
- %)
/.

<
|
/

[

—
~
L

b)

-
=3
h

[

4
%

Amount of Fe™/ unit
o o
fi (-}

o

N
L

[

e
=3

00 02 04 06 038 10
Molar ratio m,

Fig. 10 Plot of a the magnetic susceptibility and b the amount of

Fem + Fem as a function of the molar ratio mcq of the (Fe,_,Cd,)
hcf(II) samples
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a charge-equivalent amount of interstitial iron(III) ions
but initiates an ultimately almost complete substitution
of the interstitial iron(III) ions by potassium ions. This
drop in the iron(I1T) concentration in the interstitials can
also be deduced from the experimental results of ESR
spectroscopy and electrochemistry. It is well known that
so-called “‘soluble” and ““insoluble’ Prussian blues can
be distinguished from each other by their potassium and
iron content in the interstitials. The insoluble form bears
more iron(IIl), and the soluble form more potassium
ions, at the interstitial positions [33]. This can also be
demonstrated on the basis of the ratio of magnetic sus-
ceptibilities (Yinsol/Ysot = 1.15) which is almost the same
as appears as the ratio of the (FeIII + Feln) quantity for
the samples with mcq = 0 and mcq = 9 x 1074
(Fepy + Fell"), ./ (Feitd + Fell') | = 1.16). Indeed, it
was observed that the sample with mcq = 9 X 10_4
hibits the tendency to form a colloidal solution whereas
the sample with mcq = 0 was really the so-called in-
soluble form of Prussian blue. Just as in the electro-
chemical experiments, the curve also exhibits three
distinct parts, the borders of which coincide with the
introduction of iron or cadmium ions into new positions
as implied in the formulas in Table 3.

ESR spectroscopy revealed that in the range from
mcqg = 0 up to mcq = 0.478 the spectra consist of a
single resonance line with a g factor of 2 (see Fig. 11,
first six curves on the left side). This indicates a strong
crystal field. In the range of 0.478 < mcq < 1.0 where the
orthorhombic crystals are formed, an additional reso-
nance line with an effective g factor of about 4.3 appears
in the ESR spectra (signal B in Fig. 11). The intensity of
this line increases with increasing x. Signal B indicates
the presence of Fej' in a less symmetric environment
and with less effectlve exchange interactions. The signal
is confined to the range of 0.478 < mcq < 1.0 in which
there will exist subunits of the lattice with only Cd*™ at
position f surrounding one FeIH ion at position .
Samples with 0.821 < mcq < 0. 38 exhibit the signals C
and D, which are well developed at 77 K. The two sig-
nals are attributed to axially distorted iron(III) species
with an effective g value around 18 [34]. This g value,
and the fact that the signals disappear at elevated tem-
perature, allows us to formulate the responsible centres
as follows:

{ I | e }

The stability of such species will be favoured by the
defect structure which is so typical for complex solid
cyanides. The fact that these species are confined
to compounds with a very low content of high-spin
iron(I11) and a high content of cadmium(II) ions can be
explained by the following exchange process:

(0)Feig + ()Feyy  ()Feys’ e (7)Feyg
(0)Feyg' -+ (7)Feyy

This process, which possibly occurs in all samples, be-
comes observable in ESR spectroscopy only in those
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Fig. 11 ESR spectra of (Fe;_,Cd,) hef(Il) samples for a T = 77 K
andb 7T = 295K

samples which are strongly diamagnetically diluted by
cadmium(II). Whether cadmium(II) ions play an active
role in this exchange process is still under investigation.
In this connection, it is important to remember also that
the M&ssbauer spectra indicate both Fefs+ and Feﬁ:. As
was deduced already from the magnetic susceptibility, it
is also seen here that very small amounts of added
cadmium (mcq = 9 x 107%) cause a sudden change in
the ESR parameters. The width of the resonance line
(AH) sharply decreases (Fig. 12) after incorporation of
the smallest amounts of cadmium ions. As this intro-
duction is accompanied by the fact that almost all
interstitial iron(II) is released and substituted by po-
tassium ions, it is possible that the lattice of Prussian
blue (PB) assumes a more perfect structure. The initial
PB without Cd*" ions may have a much higher con-
centration of defects as they have been found in PB
which was crystallised from hydrochloric acid solution.
The decrease of the defect concentration will certainly
lead to an increase in the exchange interaction of low-
spin Fe’" and high-spin Fe’* sitting at positions o and
p in Fig. 2. This assumption is strongly supported by the
X-ray diffraction data, which show a remarkable in-
crease in crystallinity when comparing a sample with
mcqg = 0 to a sample with mcq = 9 X 10™*. The same
has been observed by Reguera et al. [35] in a comparison
of insoluble PB and soluble PB. The insoluble PB is
practically identical with our sample with mcq = 0, and
the soluble PB is practically identical with the sample
with mcq = 9 x 107*. Usually, it is impossible to
achieve a resolution of the resulting overlapping ESR
lines [36], but this may be the reason for the broad res-
onance line in the case of pure PB. Such a situation is
easily realised in an “‘undisturbed” crystal lattice of PB.
The distribution of electrons may be disturbed by the
introduction of the bigger ions in the unit cell even if
their amount is on the level of impurities. Sharper res-
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onance lines and more reversible electrochemical reac-
tions are observed in ESR and in electrochemistry, re-
spectively. Plots of AH,, and S = (AH1/2)2 I (where
AH,, is the half-width, I the intensity of the resonance
line, and S the area below the curve of absorption, which
is directly connected with the content of paramagnetic
centres) versus mcq (Fig. 12) also exhibit three distinct
parts, the borders of which coincide with the introduc-
tion of iron or cadmium ions into new positions as im-
plied in the formulas in Table 3 and as is also shown by
electrochemical and magnetic measurements.

The simple Curie law according to which the mag-
netic susceptibility is inversely proportional to temper-
ature is realised only for pure paramagnetic compounds
[37]. Figure 12 (curve b) shows the dependence of S77k/
Sr9sk on mcq and indicates that the sample with
mcqg = 0 has a ratio of S77x/S»9sx = 5.5. This value is
above 4, which is the typical value of paramagnetic
compounds. Thus, this sample is partially ferromagnetic.
It has been shown previously [38] that a sample of the
composition FeilI [Fe"(CN)gl515H,0 is ferromagnetic
at low temperatures with 7, = 5.5 K. However, the Fe!'
ions are low-spin Fe[!d® and have § = 0. The interaction
is weak between the nearest neighbours Fey d*, § = 5/2,
as the distance is 10 A. Apparently, the introduction of
trace amounts of cadmium perturbs the crystal lattice so
much that the orientation of spins which is typical of
ferromagnetic materials is lost. It is most likely that the
absence of a dependence of AH;,, on temperature and
the ratio of S77x/S»osx = 0.4 for the samples with
0.036 < mcq £0.200 and a simultaneous decrease of
magnetic susceptibility with mcq is due to the appear-
ance of antiferromagnetic effects in these phases. The
samples with 0.478 < mcq < 0.870 are paramagnetic
because of the ratio of S77x/S>9s5xk = 4.0 £ 0.2. Let us
remember that the sample with mcq = 1.000 (synthe-
sized with K4[Fe(CN)g]) is diamagnetic.

Diffuse reflectance spectroscopy

The diffuse reflectance of the MgO diluted samples was
measured in the range 400-750 nm and the Kubelka-
Munk function Kxy was calculated. Figure 13a shows
the Kubelka-Munk functions of the samples and
Fig. 13b depicts the plot of the Kxp maxima versus the
composition of the coprecipitates. The diffuse reflectance
of the samples decreases by more than 30% when the
iron(III) ions at the y positions are substituted by po-
tassium and cadmium ions. This is another impressive
argument for the thesis that the interstitial iron(III) ions
are of tremendous importance for the iron(III)-iron(11)
interaction in the framework of PB. Although the entire
amount of iron at the y positions is very small compared
to the iron(III) content at the § positions, their role in
the charge transfer is extraordinary important. One may
speculate that the high-spin iron(III) ions at the y posi-
tions are so much more effective for the charge transfer
exchange with low-spin iron(Il) because they are inter-
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Fig. 13 a Kubelka-Munk functions of the cadmium-iron hef samples
(1:50 diluted with MgO); b plot of the maximal values of the Kubelka-
Munk function versus molar ratio mcq

acting with four Fe|! ions, thus making the interaction
more effective, and secondly that they are interacting
with them more directly and not via cyanide ions.
Finally, the sample of cadmium hcf(II) with small
amounts of iron(IIl) in the channels exhibits already a
spectrum which is very similar to the spectrum of PB.
This suggests that iron(III) at the y positions is able to
affect a charge transfer with low-spin iron(II) ions.

Conclusion

The formation of mixed iron-cadmium hcfs can be un-
derstood as follows. Small amounts of Cd" ions can be
found in the interstitials, i.e. up to 0.15 mol Cd" per mol
of hcf. This leads to a distortion of the lattice which
makes the ‘“‘nitrogen holes™ (f position in Fig. 2) ac-
cessible for Cd'" ions. In the undistorted PB lattice, these
positions cannot be simultaneously taken by Fejl and
Cd" because of the different radii of these ions. A fur-
ther substitution of Fejl by Cd" is only possible when
the low-spin Fe'! is partially oxidised by oxygen and a
small fraction of the Fe[! is even reduced to Fej.. In the
range 0.478 < mcq < 0.870 the obtained phase is a very
complex mixed crystal. With respect to the interstitial
positions, it is a K'=Cd" mixed crystal. With respect to
the hef sublattice, it is a Fe{'-Fe{!' mixed crystal [mixed
hef(IT)/(111)]. Finally, it is an iron-cadmium mixed
crystal with respect to the “nitrogen holes” sublattice,
even with an Fej. /Fe partition. This study shows the
extraordinary important role of interstitial iron(III) ions
in PB for the charge transfer between low-spin iron(II)
and high-spin iron(III). Finally, and consistent with the

latter, the results show that blue colour can be achieved
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in cadmium hcef samples when iron(Il) ions are only in
the channels (at the y positions).
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