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Abstract

Cobalt iron cyanide with both Co and Fe in mixed valence states were prepared and characterized. In this mixed valence system the
cobalt atom is found both as high spin Co(2+) and low spin Co(III) while iron always appears in low spin state to form two solid
solutions: Co(2 + )Co(III) hexacyanoferrates (II,III), and Co(2 + )Co(III) hexacyanoferrate (II). Such solid solutions have the following
formula units: (Co®")(Co™),_K[(Fe");_\(Fe"")(CN)¢] - 1H,0 and (Co>"); 5(Co™),_ K[Fe'"(CN)¢]- yH,O (0<x<1, 1<y<14).
Compounds within these two series were characterized from Infrared, Mdssbauer, X-ray diffraction and thermo-gravimetric data, and
magnetic measurements at low temperature. A model for their crystal structure is proposed and the structure for a representative
composition refined from XRD powder patterns using the Rietveld method. A simple and reproducible procedure to prepare these solid
solutions is provided. Within hexacyanoferrates, such mixed valence states system in both metal centres shows unique features, which are

discussed from the obtained data.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: A. Magnetic materials; C. Mdssbauer spectroscopy; D. Crystal structure; D. Magnetic properties; D. Electronic structure

1. Introduction

Prussian blue analogues have been extensively studied in
the last decade due to their interesting magnetic properties,
e.g. high T, magnet [1-3], magnetic pole inversion [4], spin
glass behaviour [5], magnetic refrigeration [6], and so on.
Within Prussian blue analogues, cobalt hexacyanoferrates
(I1, IIT) have received a particular attention, mainly due to
the observed photo-induced magnetism in cobalt (I11)
ferrocyanide [7,8]. The illumination of this compound
induces an inner charge transfer to form cobalt (2+)
ferricyanide, which shows magnetic order at low tempera-
ture (below 20 K). The heating of cobalt (2 +) ferricyanide,
above 353 K, induces the inverse charge transfer, to form
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low spin cobalt (III) ferrocyanide [9]. These two charge
transfer processes indicate that in cobalt hexacyanoferrates
(ILIIT) the energy barrier between high spin Co(2+) and
low spin Co(Ill) is relatively low. Such behaviour for
cobalt iron cyanide suggests the possibility of obtaining
solid compounds with both Co and Fe in mixed valence
sates as stable phase at room temperature. However, as
far as we know, such possibility has not been explored.
The preparation and study of materials based in these
mixed valence states is the aim of this contribution. Two
stable solid solutions of Co(2+)Co(III) hexacyanoferrates
were prepared and characterized from X-ray diffrac-
tion (XRD), infrared (IR), Mossbauer, thermogravi-
metry and magnetic data. A structural model is proposed
for these solid solutions and the crystal structure refined for
a typical composition from XRD powder patterns using
the Rietveld method. The crystal structures of related
cobalt iron cyanides are provided as Supplementary
Information.
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2. Experimental
2.1. Samples preparation

The samples of the mixed valence system to be studied
were prepared with the following compositions: (Co”>"),
(Co"N)_K[(Fe"),_(Fe'™) (CN)¢] - H,O (MVS1 series),
and (Co? "), sx(Co™),_ K[Fe(CN)¢]- yH,O (MVS2 ser-
ies), with 0<x<1, 1<y<I14. These compounds are
obtained preparing an aqueous solution of appropriate
molar mixtures of K;[Fe"'(CN)q] and K4[Fe"(CN),] and it
then added under stirring to a solution of Co(2+) at room
temperature. The formed precipitate was aged within the
mother liquor for 24h. The obtained solid is isolated by
filtration, washed several times with distilled water and
then air dried up to constant weight. MVS2 series
compounds are obtained from equimolar mixtures of these
soluble complex K salts, or using excess of the ferrous
species. The MVS1 family is prepared from an excess of K
ferricyanide (around 2:1 molar ratio or slightly smaller).

As will be discussed below, Co(2+) ferricyanide,
Co3 T [Fe™(CN)g], - 14H,0, and the mixed salts, Co” " K[-
Fe"'(CN)] - 2H,0 and Co?* Cs,[Fe'(CN)¢], in the follow-
ing labelled as CosFe,, CoK,Fe and CoCs,Fe, respectively,
are cobalt iron cyanides species closely related to the
studied mixed valence compounds. CosFe, (free of alkaline
metal impurities) was obtained mixing aqueous solutions of
Co(2+) sulphate and of ferricyanic acid (Hs[Fe'(CN)g]
prepared in situ [10]) under stirring, in a 3:2 molar ratio and
then the precipitated solid separated, washed and dried as
indicated above. The same procedure was used to obtain
CoK,Fe, but from potassium ferrocyanide. When the
precipitation process from K ferrocyanide is carried out in
the presence of Cs ', or CoK,Fe is boiled in an aqueous
solution containing Cs* (ionic exchange), CoCs,Fe is
obtained. These three compositions (CosFe,, CoK,Fe and
CoCs,Fe) were used as reference compounds for the mixed
valence system discussed in this contribution. Their refined
crystal structures are available as Supplementary Informa-
tion.

The nature of the studied samples as hexacyanoferrates
was established through IR spectroscopy and their
stoichiometry from the atomic ratio of the involved metals,
derived from X-ray dispersed-energy spectra (EDS). The
hydration degree was estimated from thermo-gravimetric
(TG) curves. All the used reagents were analytical grade
from Sigma-Aldrich.

2.2. Samples characterization

All the studied samples were characterized from XRD,
IR, TG, Mdssbauer and magnetic data. For CosFe, and
MVS2 series, which have a porous framework, also H,O
and N, adsorption isotherms were recorded.

IR spectra were collected by means of a Vector 22
spectrophotometer (Bruker). The IR spectra were recorded
in Nujol mulls in order to avoid a mechano-chemical

reaction of the sample with the alkali halide matrix.
Hexacyanoferrates (III) react with alkali halides during the
milling and disk preparation processes for IR spectroscopy
[11]. Mossbauer spectra were run at 77 and 300K with a
constant acceleration spectrometer (from Wissel) operated
in the transmission mode and a >’Co/Rh source. The
obtained spectra were fitted using a least-square minimiza-
tion algorithm and pseudo-Lorentzian line shape in order
to obtain the values for isomer shift (), quadrupole
splitting (4), linewidth (I'), and relative area (A). The
values of 0 are reported relative to sodium nitroprusside.
The magnetic measurements were done at low temperature
using a SQUID magnetometer (Quantum Design MPMS-
XL7). The TGA curves were recorded under nitrogen flow
in the Hi-Res mode of a TG-2950 thermo-balance (from
TA Instruments) at a heating rate of 5°C/min. XRD
powder patterns were recorded in Bragg—Brentano geome-
try using a D8 Advance diffractometer (from Bruker) and
monochromatic CuK, radiation. Some XRD patterns were
also recorded at the X10B-XPD beamline of the LNLS
synchrotron radiation facilities (at Campinas, Brazil).
DicVol program [12] was used to assign Miller indexes to
the XRD powder patterns. The structural refinements were
carried out with the FullProf’2000 code [13] using pseudo-
Voigt peak shape functions. Peak profiles were calculated
within ten times the half linewidth. The background was
modelled through a third order polynomial fitting.

N, adsorption isotherms were collected at 77K using
Accelerated Surface Area and Porosimetry system (ASAP
2010 model from Micromeritic). Water vapour adsorption
isotherms were recorded at 303 K in home made equipment
in which water is provided by evaporation from a
calibrated capillar and the pressure measured by an oil
manometer.

3. Results and discussion
3.1. Nature of the studied solids

In the case of CoszFe,, CoK,Fe and CoCs,Fe com-
pounds, the atomic ratios Co:Fe, Co:K:Fe and Co:Cs:Fe,
derived from EDS spectra, correspond approximately to
the nominal compositions, 3:2, 1:2:1 and 1:2:1, respectively.
However, for solids prepared from mixtures of potassium
ferro- and ferri-cyanides (MVS1 and MVS2 series) a
relatively wide range of stoichiometries, as elemental ratios
of the involved metals, were obtained. Certain dependence
of these elemental ratios on the used molar ratio of ferro-
to ferri-cyanide was observed. This was interpreted as a
probable formation of mixed valence compounds, in the
sense here discussed, which was then confirmed from the
IR, Mossbauer and magnetic data (discussed below).

MYVS compounds, CoszFe,, CoK,Fe and CoCs,Fe can be
distinguished by their colour. MVS series have a deep blue
colour; similar to Prussian blues (class II mixed valence
compounds [14]). CozFe, is violet while CoK,Fe and
CoCs,Fe are grey.
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Thermo-gravimetric analysis provided information on
the hydration degree of the studied samples and also on the
nature of the crystal water. Fig. 1 shows typical TG curves.
On heating, CoszFe, becomes anhydrous below 100 °C
preserving their crystal framework. Such behaviour is
typical of zeolitic and weakly bonded water molecules. The
amount of weight loss on dehydration process corresponds
to the hydration degree indicated in the formula unit
(Co3 " [Fe™(CN)g], - 14H,0). Those compositions contain-
ing K, dehydrate at relatively higher temperature, suggest-
ing that at least a fraction of the crystal water remains
coordinated to the alkaline ion. CoCs,Fe was found to be
anhydrous. However, for MVS compositions, particularly
for MVS2 series, a mixed behaviour was observed, with a
partial dehydration similar to that found for Cos;Fe, and
then at a higher temperature, those water molecules sited in
the coordination environment of the K™ ion evolve. Once
dehydrated, these compounds remain stable up to above
250 °C, except CozFe, and those compositions correspond-
ing to the MVSI series, where a heat-induced charge
transfer takes place [9]. Above 250 °C a progressive partial
decomposition of the sample is observed, releasing CN™
ligands. The liberated CN~ groups reduce the involved
metals and C,N, as gaseous species evolves [15]. In MVS
compounds the reduction of Co(3+) to Co(2+) could also
take place.

IR spectra of hexacyanometallates are composed of
three absorption bands related to vibrations within the
octahedral unit Fe(CN)g, v(CN), (FeCN) and v(FeC) and
those from crystallization water, v(OH) and 6(HOH) [16].
Table 1 collects the frequency of these vibrations for the
studied samples. The v(CN) band frequency is a sensor of
the triple bond strength and of the nature of the chains that
are forming the framework and it allows an unequivocal
differentiation between ferro- and ferri-cyanides [17].
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Fig. 1. Thermo-gravimetric
[Fe'(CN)¢]- yH,0,  (b)
[Fe"(CN)¢], - 14H,0.

Table 1
Observed IR frequencies (cm™') for the studied cobalt iron cyanide
samples

Sample  v(CN) d(FeCN) v(FeC) v(OH) J(HOH)
CoCs,Fe 2080 591 460 —
CoK,Fe 2080 591 455 3362 (Broad) 1610
CosFe,  2160(s) 544 432 3407 (Broad) 1609
2120(w)
2080(w)
MVSI1 2160, 2120-2080 591-544 460432 3388 (Broad) 1610
MVS2 2120-2080 591-560 460450 3388 (Broad) 1610
S: strong.
w: weak.

Ferricyanides usually have this vibration 80cm™' above

ferrocyanides. The frequency of the v(CN) vibration is
determined by the valence of both, the inner and the outer
metal, and by the intensity of the = back-bonding
interaction between the iron atom and the CN ligands.
This interaction is stronger in ferrocyanides because low
spin Fe(II) has a higher availability of electrons in its t,
orbitals. An increase in the metal t,, electron delocalization
on the 7* orbitals of the CN ligand leads to a weakening in
its triple bond. This brings about a decrease in the
frequency of the v(CN) vibration. For cobalt (2+)
ferricyanide this band is observed at 2160cm™" while for
mixed ferrocyanides, CoK,Fe and CoCs,Fe, it is found at
2080 cm ™' (Fig. 2). However, for MVS compounds, a band
of intermediate frequency, between 2130 and 2080cm ™',
appears (Fig. 2). The presence of this band suggests the
oxidation of high spin Co(2+) to low spin Co(IIl),
involving the change of clectronic configuration. In the
low spin state the e, orbitals of Co(IIl) are free to receive
electrons from the CN ligands, mainly from their 5S¢
orbitals which are weakly antibonding. This strengthens
the CN bond and increases the v(CN) vibration frequency,
relative to Co(2 +) ferrocyanide. The oxidation of Co(2+)
to Co(3+) during the MVS complexes preparation could
take place at expense of the potassium ferricyanide
reduction, at least of a fraction of this last one, during
the solid precipitation. Such redox process could also be
present during the preparation of CozFe, since in its IR
spectra weak v(CN) bands at 2120 and 2080cm™' are
always observed (Fig. 2a), but at relatively low concentra-
tion because in the XRD powder pattern of CosFe,
samples only reflection of pure cobalt(2+) ferricyanide
appear (discussed below).

From a structural point of view, the existence of only one
V(CN) absorption band in CoK,Fe and CoCs,Fe at
2080cm ™" reveals the presence of only one type of chain
in their framework, Fe'-C=N-Co’>". For MVS com-
pounds, up to three v(CN) absorption bands are observed,
corresponding to Fe™-C=N-Co?", Fe!'-C=N-Co'" and
Fe'"-C=N-Co?" chains (Fig. 2). Those compositions
containing these three v(CN) absorptions were labelled
MVSI1. With the label MVS2 those MVS species with
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Fig. 2. IR spectra (v(CN) vibration region) of: a) Co3 " [Fe"™(CN)4],-
14H,0, (b) (Co*")(Co™™),_K[(Fe");_(Fe")(CN)e]-3H0, (¢, d)
(Co®")1.5x(Co™ )1 K[Fe'(CN)g] - YH0, (e) Co” "Ko[Fe'(CN)q - 2H:0.

absence of the ferric contribution (Fe™-C=N-Co>") are
designed. The framework of these mixed valence com-
pounds both MVS1 and MVS?2 series, could be formed as a
random mixture of the corresponding structural chains,
where the proportion of the involved chains would be
determined by the molar ratio used during the sample
preparation.

The XRD powder patterns obtained for the MVS
samples correspond to the Pmn2; space group (orthor-
hombic cell) found for CoK,Fe (Fig. 3). In this space group
also crystallize the Mn, Ni and Cd analogues (MnK,Fe,
NiK,Fe, CdK,Fe) [18,19]. For MVSI series prepared with
a large excess of potassium ferricyanide, a mixture of
Co(2+) ferricyanide, with a cubic (Fm-3m) cell and of the
orthorhombic (Pmn2;) phase is obtained. However, for
molar ratio around 2:1, only the orthorhombic phase
results, with v(CN) absorptions at 2160, 2120 and
2080cm~! (Fig. 2b). This indicates that the Pmn2;
structure can be formed as mixture of Fe''-C=N-Co?",
Fe'"-C=N-Co™ and Fe"-C=N-Co?>* chains (MVSI
series).

The studied materials can be considered as a 3D
assembling of practically rigid octahedral blocks, Fe(CN)s,
which remain bridged at their N ends through cobalt
atoms, also in an octahedral coordination. This is a useful
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Fig. 3. Experimental and calculated XRD powder patterns, and their
difference of: (a) Co’>" K,[Fe'(CN)¢]-H,O, (b) (Co®")g.s7/(Co™)gus
K[(Fe").43(Fe'")o.57(CN)g] - H>O.

approximation to refine their crystal structure from XRD
powder patterns using the Rietveld method. The C—N and
Fe—C distances and the bond angles within the octahedral
unit can be restricted to take values within certain given
intervals with also restricted variation limits. The starting
values of these parameters and the allowed variation limits
can be taken from crystal structures of analogues
compounds resolved using the single crystal method
[20,21]. In such 3D arrangement of octahedral units, the
alkali metal plays the role of charge balance cation sited in
interstitial positions. In principle, these extra-framework
metals are exchangeable species if the framework windows
(and channels) allow their diffusion through the solid.

3.2. Crystal structure of
(Co™ )o(Co™) K[ (Fe") 1_(Fe')(CN)s] - 5H>0

As already mentioned, the studied MVS compounds
were found to be isomorphous to CoK,Fe, with an
orthorhombic unit cell (space group Pmn2;). Two formula
units (Z = 2) are accommodated within the unit cell. This
orthorhombic cell results from a local distortion of the
cubic one (Fm-3m) mainly originated from hydrated
potassium atoms sited in interstitial positions. During the
crystallization process, the charge balance K ion retains a
fraction of its hydration water. The accommodation of this
relatively large and asymmetric K-OH, unit within the
small interstitial voids leads to certain local distortion of
the neighbouring —C=N- bridges, which changes the
crystal symmetry. That local distortion also has certain
contribution from structural units of different size, the
octahedral blocks, Fe"(CN)g and Fe(CN)e), and the
metal ions that join these blocks, high spin Co®>* and low
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spin Co™. The orthorhombic cell is closely related to the

cubic (Fm-3m) one where CoCs,Fe and CosFe, crystallize.
In fact, one of its cell edges (a) corresponds to the
Fe-C=N-Co-N=C-Fe chain length. In the cubic cell
volume two orthorhombic cells could be accommodated.

The crystal structure to be refined corresponds to a
MYVSI1 composition with x = 0.57 (estimated from Moss-
bauer spectroscopy results, discussed below), with cell
edges: a = 9.933(2), b = 6.989(1), ¢ = 7.066(1) A. From the
above description for the MVS compounds framework, the
crystal structure of this composition was refined sitting the
Fe and Co atoms in 2a positions, (0,y,z) for iron and
(%,y, z) for cobalt; C and N ones in 4b (x,y,z) and 2a
(0, y, z) sites, and K and the O atom from water also sited in
the general 4b (x, y, z) site. This corresponds to a compact
structure with a unitary occupation factor for all the atoms,
except for K and water which is § and J, respectively. This
model produced an excellent pattern fitting (S = 1.45) and
good figures of merit for the refinement process
(Rexp = 5.05; Ry =5.79; Ryp =06.30; Rp=542). The
refined atomic positions and thermal factors are reported
in Table 2. The calculated bond distances and angles
appear in Table 3. The obtained K-OH, distance falls
within the reported values for hydrated potassium salts,
e.g. KF.4H,0 (K-0O: 2.79(2) A) [22].

The hydration degree for this MVS1 composition,
derived from the TG curve is slightly higher, close to a
water molecule per formula unit, probably due to existence
of weakly bonded surface water, which has a minor effect
on XRD powder pattern.

Compounds of MVS2 series can also be refined in that
structural model resulting slightly different cell edges and
bond distances and angles. However, this model and the
resulting values for inter-atomic distances and bond angles
in both series must be taken as average results, due to the
nature of MVS compounds as solid solutions. Conclusive

Table 2
Refined atomic  positions  for
Fe'")g 57(CN)g] - 3H,0

(C02 N )0_57(Co”1)0_43K[(Fe“)0_43(-

Site  x y z Biso Occ
Fe 2a 0 0.2413(2) —0.0069(2) 1.2(3) 1
Co 2a 0.5 0.2581(4) —0.0006(2) 0.5(2) 1
Cl 4b 0.1938(2) 0.2418(33)  —0.0243(7) 0.54(11) 1
C2 2a 0 0.0120(2) 0.1448(4) 0.54(11) 1
C3 2a 0 0.4208(43) —0.2142(4) 0.54(11) 1
C4 2a 0 0.0793(9) —0.2279(9) 0.54(11) 1
C5 2a 0 0.4494(6) 0.1723(2) 0.54(11) 1
N1 4b 0.3083(2) 0.2631(29) —0.0128(9) 0.54(11) 1
N2 2a 0 —0.0396(7) 0.2994(12)  0.54(11) 1
N3 2a 0 0.5331(37)  —0.3332(3) 0.54(11) 1
N4 2a 0 —0.0530(3) —0.3250(2) 0.54(11) 1
N5 2a 0 0.4956(47) 0.3285(13)  0.54(11) 1
K 4b —0.2737(6) —0.2772(7) —0.0284(5)  4.28(22) 1
0} 4b —0.010(5) —0.1953(8) —0.066(6) 9(1) i

Number of observations: 4001; Number of reflections: 730; Number of
distance constrained: 3 (Fe-C, C-N and K-O).

evidence in this sense is obtained from Md&ssbauer spectro-
scopy (discussed below).

MVS compounds show certain porosity, particularly
those from MVS?2 series, due to systematic vacancies of the
octahedral block, Fe(CN)s. This is appreciated in the
corresponding water vapour adsorption isotherm (Fig. 4).
In the limit case, without Co(III) ions, compounds of this
series have a porosity similar to that observed for CosFe,,
where up to 14 water molecules can be accommo-
dated within a pore, six of them coordinated to cobalt
atoms. The adsorption of N, also corresponds to a porous
framework.

3.3. Mdssbauer spectra

The CN group is a strong ligand at its C end forcing to a
low spin electronic configuration for the metal coordinated

Table 3
Bond distances (in A) and bond angles (in °) for (Co>* o s7(Co™)o.43K[(-
Fe') 43(Fe'™)o 57(CN)g] - $H,0

Bond Distances

FeCl: 1.929(2)
Fe-C2: 1.928(3)
Fe-C3: 1.929(29)
Fe-C4: 1.929(6)
Fe-C5: 1.928(7)

CI-NI: 1.150(6)
C2-N2: L151(11)
C3-N3: 1.150(31)
C4-N4: 1.151(29)
C5-N5: 1.150(17)

Co-NI1: 1.906(3)
Co-N2: 2.081(24)
Co-N3: 1.879(27)
Co-N4: 1.896(23)
Co-NS5: 2.102(37)
K-0: 2.69931)

Bond Angles

Cl-Fe-Cl: 172.7(8)
Cl1-Fe-C2: 92.1(9)
Cl1-Fe-C3: 87.2(16)
Cl-Fe-C4: 87.1(9)
Cl-Fe-C5: 92.3(7)

Fe-CI1-N1: 169.3(8)
Fe-C2-N2: 142.0(18)
Fe-C3-N3: 177.6(30)
Fe-C4-N4: 162.5(22)
Fe-C5-N5: 147.3(22)

N1-Co-Nl1: 174.4(6)
NI1-Co-N2: 89.0(14)
N1-Co-N3: 90.8(18)
N1-Co-N4: 92.5(18)
N1-Co-N5: 92.5(15)

21

15 A

12

N,q mmol g!

Fig. 4. Water vapour adsorption isotherms in: (a) (Co>"); s(Co™),_.K
[Fe''(CN)gl, (b) Co3 [Fe"(CN)ql..
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Table 4
Mossbauer parameters at room temperature and 77K for the studied
cobalt iron cyanide samples

Sample Temp (K) 6* (mm/s) 4 (mm/s) I (mm/s) A (%) Assign
CoCs,Fe 300 0.16 — 0.36 100 LS Fe(I)
CoCs,Fe 77 0.24 — 0.52 100 LS Fe(II)
CoK,Fe 300 0.17 — 0.31 100 LS Fe(II)
CoK,Fe 77 0.25 — 0.42 100 LS Fe(I)
CosFe, 300 0.11 0.42 0.35 100 LS Fe(III)
CosFe, 77 0.19 0.85 0.46 100 LS Fe(III)
MVSI1 300 0.11 0.42 0.31 57 LS Fe(I1I)
0.16 0.66 0.30 24 LS Fe(1l)
0.15 0.30 0.29 19 LS Fe(II)
MVSI1 77 0.19 0.80 0.49 56 LS Fe(III)
0.24 0.58 0.40 23 LS Fe(I)
0.25 0.28 0.35 21 LS Fe(II)
MVS2 300 0.16 0.64 0.25 57 LS Fe(II)
0.16 0.27 0.34 43 LS Fe(I)
MVS2 77 0.24 0.63 0.48 55 LS Fe(II)
0.23 0.24 0.32 45 LS Fe(II)

%9 values are reported relative to sodium nitroprusside.

by the C atom side. From this fact, in hexacyanoferrates
the iron atom is always found in low spin state. At the same
time, the CN ligand has a low energy =m-anti-bonding
orbital at its C end which abstracts electron from d,,, dy .,
and d, . orbitals of the inner metal.

This n-back bonding interaction leads to a significant
reduction of the 3d electron shielding effect on the s-
electron density at the iron nucleus, explaining the
extremely low values of isomer shift (§) in hexacyanofer-
rates (Table 4). As expected, Mossbauer spectra of CoK,Fe
and CoCs,Fe are single lines (Figs. 5, 6) related to the high
symmetry for the iron atom environment, and also to the
symmetry of its filled t,, orbitals. Mdssbauer spectrum of
CosFe, is a quadrupole doublet, mainly due to the
unpaired electron in the iron t,, orbitals but, probably
also due to certain contribution from an asymmetrical 7-
back bonding interaction, originated by the Co atoms at
the pore surface. When the spectrum of CosFe, is taken at
77K (Fig. 6) the first contribution to 4 (quadrupole
splitting) is enhanced, because on cooling the electronic
distribution of low spin iron(IIl) becomes more asym-
metric, producing a higher value of 4. Mdssbauer spectra
of MVSI1 series usually appear as three quadrupole
doublets, one of them from low spin Fe(III) and the other
two ones from low spin Fe(Il) (Table 4). A conclusive
evidence for this assignment is obtained comparing spectra
recorded at 300 and 77 K. Only for one of these three
doublets the value of A appears temperature sensitive
(Figs. 5, 6) indicating that it proceeds from low spin
Fe(Ill). The other two doublets, of smaller quadrupole
splitting values (4), result from a cell contribution to the
electric field gradient around the iron nucleus. For
compounds of MVS2 series, M&ssbauer spectra only show
doublets of low spin Fe(Il) (temperature insensitive).
Samples obtained from 1:1 molar ratio or with a slight

Transmission, [a.u.]

T T T T T T T T
-2 -1 0 1 2

Velocity, [mm/s]

Fig. 5. Mossbauer spectra at room temperature of: (a) Co3 ' [Fe™
(CN)gl+ 14H,0;  (b) (Co®")(Co™);_K[(Fe');_(Fe'")(CN)q] - 1H,0
(MVS1); (¢, d) (Co®");5(Co™)_K[Fe(CN)g]- yH,0 (MVS2); (e)
Co? " K,[Fe' (CN)4] - H,O.

Transmission, [a.u.]

Velocity, [mm/s]

Fig. 6. Mdssbauer spectra of: Cos[Fe''(CN)gl, - 14H,0 at room tempera-

ture (RT) (a) and at 77K (2'); (Co>™).5:(Co™),_ K[Fe(CN)¢] - yH,O
(MVS2) at RT (b) and at 77K (b'); Co?>" Ko[Fe'(CN)4] - H,O at RT (c)
and at 77K (¢)).
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excess of K ferrocyanide show two of such doublets.
A higher concentration of this last K salt leads to a
decrease in the intensity of one of these two doublets which
disappears from mixtures about 1:3molar ratio. In this
case the resulting Mdssbauer spectra only show a doublet
with a relatively small value of 4 (Fig. 5d). Probably this
small value of 4 for MVS2 compositions rich in
Co® "N = C-Fe" species, is related to the existence of
vacancies of the Fe(CN)g building unit. The resulting large
pores could help to “absorb” the local distortions around
the iron atoms, which is sensed through a low 4 value. In
the limit case, of a very low population of Co(III) ions, the
resulting M&ssbauer spectra must be a single line, with an
isomer shift (d) value similar to that obtained for CoK,Fe
and CoCs,Fe (Table 4).

Only a small difference, of about 0.05 mmy/s, is observed
between isomer shift values of ferrous and ferric species
(Table 4). The higher availability of t,, electrons in low
spin Fe(II) favours a more pronounced m-back donation
towards the CN ligands in this ion and the net effect is an
iron atom with a t,, population of electrons practically
similar to that found in low spin Fe(III). However, that
small difference helps to differentiate between ferric and
ferrous species in the studied materials, particularly for
compounds of the MVSI series (Fig. 5b, Table 4). The
observed increase in the value of § on cooling results from a
temperature effect (second order Doppler shift) and not to
changes in the electronic structure of the studied samples.

The calculated values of relative area of sub-spectrum
derived from Médssbauer spectra fitting, allow an estima-
tion of the relative population of iron(IIl) and iron(II)
atoms in different structural sites. For instance, from
1:1 molar ratio of K ferri- and ferro-cyanide, the resulting
solid is free of ferric species, with two different sites for the
iron atom of similar relative populations. The refined
crystal structure corresponds to a sample with 57% of
Fe(I11), according to the estimated relative area of ferric
signal. This procedure to estimate the relative population
of iron atoms in a given site supposes that all the sites have
equal value for the M&ssbauer absorption probability. This
could be an acceptable hypothesis because all of them
belong to a same framework with similar ligands.

3.4. Magnetic measurements

According to the magnetization curves versus tempera-
ture for CoCs,Fe and CoK,Fe, these compositions show
non-magnetic order, at least at 4 K, an obvious result from
the obtained Mdossbauer spectroscopy information. The
iron atoms are in a low spin electronic configuration (S =
0) and the Co ones (S = %) remain separated by approxi-
mately 10A, probably with a weak anti-ferromagnetic
interaction.

CosFe, and compounds from MVSI1 series show a
definite magnetic order below 20 K, related to the existence
of Fe"-C=N-Co?"-N=C-Fe'"" chains in their frame-
work. In the mass susceptibility per temperature versus
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Fig. 7. Massic magnetic susceptibility per temperature (y,T) versus
temperature (T) for: (a) (Co’>");.s:(Co™),_K[Fe'(CN)g]- yH,O
(MVS2); (b) (Co®")(Co™);_K[(Fe');_(Fe')(CN)] - {H,O (MVSI);
(¢) Co3"[Fe"(CN)gl- 14H,0. Included also are the (1/y,) versus T
dependence (right curves) used to estimate the Curie temperature, 7.

temperature, y,7 versus 7, curves a maximum around
certain critical temperature (Curie temperature, 7.) ap-
pears (Fig. 7). Such behaviour indicates the existence of
ferrimagnetic order in these compounds, which results
from a combined effect of both a ferromagnetic interaction
due to overlapping of orthogonal e, and t,, orbitals from
Co’" and Fe"' atoms, respectively, and from an anti-
ferromagnetic interaction between t,, orbitals from Co*™*
and Fe'"'. These compounds contain chains with unpaired
spins on the metal centres and the CN ligand allows a
strong overlapping of their electron clouds facilitating the
occurrence of magnetic order. For CosFe, the estimated
value of T, is 13K, similar to that already reported for this
composition [9,23] while for a MVS1 composition with
57% of ferric species (Fig. 5b) T, results to be close to 11 K.
In the following, all the reported magnetic data for MVS
compounds correspond to that composition (57% of ferric
species). As lesser is the ferric fraction, lower is the T, value
and, in the limit case (MVS2 series), no magnetic order is
observed (Fig. 7).

The isothermal magnetization curves of CosFe, and
(Co” " )o.57(Co™)o.43K[(Fe')o 43(Fe' g s7(CN)g] - H,O at
4K show hysteresis loops characteristic of magnetic
materials (Fig. 8). For CosFe,, the values of remanence
and coercive field, 14 Am?/kg and 197.4 kA /m, respectively,
similar to those previously reported [9,23]. The studied
MVSI1 composition has a residual magnetization of 8 Am?/
kg, which represents 57% of the value obtained for CosFe,.
This can be attributed to the existence of certain amount of
non-magnetic chains (Co(III)(S = 0)-NC-Fe(II)(S = 0))
within the structure of this material. The coercive field is
also lesser for this compound, 136.9kA/m, 66% of the
observed value for CosFe,. The saturation magnetization
follows the same behaviour, 43 and 38 Amz/kg, for CosFe,
and the MVS1 complex, respectively. CosFe, has a porous
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Fig. 8. Hysteresis loops at 4K for: (a) (Co>")g.57(Co™)o.43K[(Fe™)o.43
(Fe'")y 57(CN)e] - H20, (b) Co3 *[Fe"(CN)ql, - 14H,0.

structure that is an unfavourable factor for a strong
magnetic interaction, while the other composition has a
compact structure but with some non-magnetic chains.
From these facts, the obtained values for parameters
related to their magnetic properties only allow a qualitative
comparison.

Fig. 7 shows the temperature dependence of the reci-
procal of the measured mass susceptibility (y,), for both
(C0* g 57(Co™)o 43K [(Fe™)g 43(Fe'™)y 57(CN)g] - 1H,O and
CosFe, (for comparison), which behaves as a straight line
down to 17K, where a small inflection appears.
That inflection was interpreted as appearance of certain
anti-ferromagnetic interaction, with an estimated Néel
temperature (Tne) of 154 and 13.9K, respectively.
Extrapolating the linear region of these dependences up
to the x-axis, the Curie—Weiss temperature (Ocw) was
estimated, resulting 14 and 12 K, for CoszFe, and the MVS1
compound, respectively. These positive values of O¢cw are in
correspondence with the existence of a net ferrimagnetic
coupling in these compounds. The Curie constant, C, and a
more precise values for Ocw were obtained from a fitting of
the experimental data according to the Curie—Weiss law:
%' = (T — Ocw)/C. The C values from that linear fitting
are: 0.09 and 0.06K, for CosFe, and MVSI sample,
respectively; while Ocw results in: 11.8 K (CosFe,) and
11.6 K (MVS1).

The effective magnetic moment, p,,, was estimated from
the derived values for the Curie constant, according to:
C = Naugpp?,/3kgM’, where p is the material density
(estimated from the refined crystal structures), kg is the
Bolztmann constant, N the Avogadro’s number, and M’
is the molecular weight. The resulting values for p,, were
6.7up for CosFe, and 3.2pp in the MVS1 complex.

The above-discussed magnetic data help to support the
nature of the studied MVS system as solid solutions of high

spin Co(2 +) low spin Co(III) hexacyanoferrates (I11,II) for
MVSI series and as high spin Co(2+) low spin Co(III)
hexacyanoferrates (IT) for MVS2 series.

Analogues MVS of Co(2+)Co(IIl) hexacyanoferrates
have been found from a heat-induced charge transfer in
Co(2+) hexacyanoferrate (III) [9]. However, in that case
the resulting solid solution preserves the Fm-3m structure
of the parent compound, with only a progressive cell
contraction which senses the charge transfer process. Such
behaviour was not observed for the MVS system reported
in this contribution where two series of solid solutions,
non-cubic, were found.

Mixed valence states in the two metal centres have been
reported for manganese hexacyanoferrates [24]. However,
using the procedure above discussed to obtain the MVS
compounds here studied, always a mixture of Mn(2+)
hexacyanoferrate (III) and of Mn(2+) hexacyanoferrate
(IT), as independent phases, was obtained.

4. Conclusions

In addition to Co(2 +) hexacyanoferrates (II,III), in the
cobalt iron cyanide system also mixed valence states
involving high spin Co(2+) and low spin Co(III) species,
as stable phases, can be formed. To the Co"™-NC-Fe"
chain corresponds an intermediate v(CN) absorption in IR
spectra which falls around 2120cm ™", 40cm ™' below and
above the frequency values of this vibration in Co(2+)
ferri- and ferro-cyanides, respectively. In samples prepared
from mixtures of K ferri- and ferro-cyanides, Fe"'-C=N-
Co*", Fe"-C=N-Co"" and Fe-C=N-Co?* species can
be present within a same framework as a single phase and
in different proportions, which corresponds to the follow-
ing formula unit: (Co>")(Co™),_.K[(Fe"),_.(Fe™),
(CN)é]%HzO (0<x<1). Such MVS compounds form a
true solid solution. This series of MVS complexes shows
magnetic order at low temperature with a 7, value that
decreases as does the amount of ferric species in the
sample. For this series Mossbauer spectra reveal the
existence of low spin Fe(III) (one structural site) and low
spin Fe(II), this last one in two non-equivalent structural
sites. This assignment was confirmed comparing M3ss-
bauer spectra recorded at 300 and at 77K. MVS
compounds, free of ferric species, are also possible, forming
a solid solution with the following formula unit:
(Co®)1.5x(Co™) 1 K[Fe'(CN)g] - yH,0  (0<x<1, 1<
y<14). No magnetic order was observed for this series
and the corresponding Md&ssbauer spectra are quadrupole
doublets due to certain lattice contribution to the electric
field gradient around the iron atoms. This was interpreted
as resulting from the slightly different ionic radii for high
spin Co(2+) and low spin Co(IIl), and also from certain
local distortion induced by mono-hydrated K" sited in
interstitial positions. All the studied MVS compounds
were found to be orthorhombic (space group Pmn2;).
A structural model was proposed for these families of
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compounds and the crystal structure refined for a

representative composition.
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