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Pb,[Fe(CN)s]-4H,0 was synthesized by mixing aqueous solutions of lead(II) nitrate and potassium ferro-
cyanide. Its crystal structure was solved ab initio from synchrotron powder X-ray diffraction data using
the direct methods and refined by the Rietveld method. Thermal analysis (TGA and DTA), Fourier Trans-
form Infrared Spectroscopy (FTIR) and scanning electron microscopy (SEM) studies were also used for the
solid state characterization of this compound and its decomposition products. The complex crystallizes in
the monoclinic crystal system, space group P2;/n. The Fe?* cation is octahedrally coordinated to six cyano
groups, and the Pb?" cation is penta-fold coordinated to three N atoms from C=N ligands and two O
Crystal structure . . .. .
synchrotron _atoms from coordinated wate_r mole.cul.es. The mo.st 1mp9rtant pecul}arlty of the structure of this complex
PXRD is the occurrence of water bridges linking two neighboring Pb?* cations. An unusual Fe—-C=N-Pb(H,0),-
Pb-N=C-Fe linkage alternates with a usual Pb—~N=C-Fe one. Zeolitic water molecules are also observed
in the structure; they are located in small channels in the structure and they are hydrogen bonded to
coordinated water molecules forming a cumulus. Coordinated water and zeolitic water molecules in this
complex can be removed without affecting the hexacyanometallate framework. The thermal decomposi-
tion in air to produce Pb,Fe,05 and PbO as final products has been studied by thermogravimetric and dif-
ferential thermal analysis, FTIR spectroscopy and laboratory powder X-ray diffraction. The crystallite size
and morphology of the complex and its thermal decomposition products were evaluated by SEM.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

A number of previous studies confirmed the existence of hexa-
cyanoferrates of heavy representative elements of the group IVA,
but data of the structure and properties of these compounds are
not available. Recently, Zubkov et al. have synthesized anhydrous
Pb%* and Sn?* hexacyanoferrates(Il) [1]. X-ray and neutron diffrac-
tion investigations revealed that the Pb,[Fe(CN)s] and Sn,[Fe(CN)g]
phases crystallize in a trigonal crystal system, space group P3,Z=1
[1] but there are not structural information about their hydrates.
These compounds belong to the group of cyanometallate
complexes of the type T,[Fe''(CN)s]-xH,O (where T is a transition
metal cation). The majority of these compounds posses good
ion-exchange properties (the ability of transition metal cations
involved in the first coordination sphere of the complexes to
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exchange with heavy univalent alkali metal ions in solutions),
which makes them good as inorganic sorbents [2]. Owing to their
high Curie temperatures, the main group metal and transition me-
tal hexacyanoferrates can be also used as precursors for designing
three-dimensional molecular magnets with controlled magnetic
moments [3-5].

The metal centers in hexacyanometallates are usually bridged
by C=N groups, where the C and N ends are linked to only one me-
tal. The metal M linked at the C end always adopts octahedral coor-
dination forming the anionic hexacyanometallate octahedral block,
[M"(CN)6]®". The 3D framework is formed when neighboring
blocks are linked at their N ends through a second transition metal
(T) [3]. The C=N ligand has the ability to serve as bridge group
between neighboring metal centers, removing electron density
from the M metal linked at its C end through a ® back-bonding
interaction, to increase the charge density on the N end that is
the coordination site for the T metal. This leads to the overlap of
the electron clouds of neighboring metal centers and to their spin
coupling, and thereby a magnetic ordering can be established. This
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supports the role of hexacyanometallates as prototype of molecu-
lar magnets [4]. It is known that the magnetic ordering of hexacy-
anoferrates is associated with the indirect exchange interactions
through C=N groups [2,5], whereas the Fe*>-Fe*? direct interac-
tions are absent, because the distances between the nearest neigh-
bor iron ions are usually larger than 6 A. The magnetic interactions
between Fe(CN)g octahedra occur through a T magnetic ion accord-
ing to the scheme -M-C-N-T-N-C-M- where T = Fe, Co, Ni, Cr and
Mn [6].

The heteronuclear complexes of the type A[MM'(CN)s]-xH,O
(A =lanthanide, Y, alkaline earth metal or Bi; M,M’ = transition
metals) have been extensively studied as precursors of perov-
skite-type oxides AMM'O3_; [7-11]. The thermal decomposition
of heteronuclear hexacyano-complexes is a promising method for
the preparation of homogeneous mixed oxides on atomic level at
low temperatures compared with the conventional ceramic meth-
od [7-11]. The use of a precursor containing the appropriate A/B
ratio enforces the formation of ABO3 perovskites with the precise
stoichiometry, thus controlling and preventing any elements seg-
regation generally observed in conventional methods and allowing
the synthesis of the desired mixed oxide at very low temperatures
[8]. The oxides so prepared have relatively high specific surface
areas and consequently can be used as catalysts in different reac-
tions [12].

Perovskite-type oxides of general formula ABO; containing Bi>*
and Pb?* at the A positions are interesting in view of their potential
ferroelectricity [13,14] and multiferroism, such as in BiCrOs and
BiFeO3[17,18]. This is mainly due to either the stereochemical effect
of the 6s? lone-pair of electrons or the covalent A-O bonds (A = Bi or
Pb), that stabilize distorted acentric structures [15,16] generating
permanent electric dipoles (ferroelectricity). Taking these observa-
tions into account, the preparation and study of perovskite materi-
als that have both, a cation containing lone-pair of electrons as well
as a magnetic ion located at the A and/or B perovskite sites is a de-
sign strategy to obtain new multiferroic and ferroelectric com-
pounds. Recently, Abakumov et al. has prepared Pb,Fe,0s, a
perovskite based structure with an incommensurate superstructure
[19,20] and Wang and Tan have prepared this compound by sol-gel
synthesis reporting multiferroic properties [21].

In the present article, we have solved ab initio and refined the
crystal structure of Pby[Fe(CN)g]-4H,0 using synchrotron powder
X-ray diffraction (SPXRD) and complemented this study with FTIR
spectroscopy. We also have studied its decomposition process to
produce Pb,Fe;05 and PbO using FTIR spectroscopy, thermogravi-
metric and differential thermal analysis (TGA and DTA, respec-
tively) and laboratory powder X-ray diffraction (PXRD).

2. Experimental

Pb,[Fe(CN)s]-4H,0 was prepared by mixing equal volumes of
0.2 M Pb(NO3), and 0.1 M K4[Fe(CN)s] aqueous solutions and stir-
red for 2 h. The white precipitate obtained was filtered, washed
several times with distilled water and dried in vacuum until con-
stant weight was achieved. The solid state properties of the ob-
tained material were studied with energy-dispersed spectroscopy
(EDS) analysis, SXRPD and FTIR spectroscopy. The degree of hydra-
tion and thermal stability of Pby[Fe(CN)g]-4H,0 were studied by
using TGA and DTA. The metal atomic ratio found from EDS analy-
sis was close to 2:1 and agrees with the expected formula unit
sz[Fe(CN)6]4H20

TGA and DTA curves were obtained from a Shimadzu TGA/DTA-
50 balance in the temperature range 20-800 °C at a heating rate of
5°/min under flowing air. FTIR spectra (in the region 4000-
400 cm™!) were recorded at room temperature (RT) using KBr

pellets, on a FTIR Perkin Elmer 1600 spectrophotometer in the
transmission mode.

The high resolution SXRPD data for the structure solution and
refinement of Pby[Fe(CN)s]-4H,0 was collected at room
temperature at the X16C X-ray powder diffraction beamline of
the NSLS, Brookhaven National Laboratory. The wavelength was
0.699204 A. The diffraction data was collected between 20 1.000°
and 43.5430° with 0.003° step size and counting time 1 s per step.
The SXRPD pattern was indexed using the program picvoL [22]. The
crystal structure of Pby[Fe(CN)g]-4H,0 was solved ab initio by di-
rect methods using the program sueixs [23] from the extracted
intensities according to the Le Bail method [24]. The structure solu-
tion procedure was carried out for all the probable space groups.
The structural refinement was performed by using the Rietveld
method [25] with the program rutLeror [26], using the pseudo-Voigt
peak shape function. No angular regions were excluded and the fol-
lowing parameters were refined: zero-point, scale factor, pseudo-
Voigt parameters of the peak shape, full-width at half-maximum,
positional, isotropic thermal displacement parameters and unit cell
parameters.

Laboratory PXRD profiles of the thermal decomposition prod-
ucts at different temperatures were obtained at RT in a PANalytical
X-Pert Pro X-ray powder diffractometer with CuKo radiation, be-
tween 5° and 90° in 20 in steps of 0.02° and counting time of 1s
per step.

Based on TGA results, the complex Pb,[Fe(CN)g]-4H,O was
heated in a furnace at different temperatures in air. The sample
was introduced into the furnace and heated from RT at 5°/min to
the desire temperature, which was then maintained for 6 h. After
that, it was cooled to RT at 5°/min.

The size and morphology of the particles were determined by
scanning electron microscopy (SEM) in a ZEIS SUPRA-55 VP instru-
ment, and the chemical compositions of the powders were deter-
mined with an Oxford INCA PentaFet X3 energy dispersive (EDS)
X-ray analyzer.

3. Results and discussion
3.1. FTIR spectroscopy

The FTIR spectrum of the complex Pb,[Fe(CN)g]-4H,0 has three
absorption bands associated with the C=N ligands: v(C==N), s(M-
C=N) and v(M-C) and absorption bands due to coordinated and
zeolitic water: v(OH), (HOH), p,(H,0), w(H,0). Fig. 1 shows the
FTIR spectra of Pb,[Fe(CN)s]-4H,0 and Pb,[Fe(CN)s]. The stretching
vibration of the C=N ligands appears as a single absorption at
2041 cm~! indicating that all C=N bonds are equivalents. The
5(M-C=N) and v(M-C) vibrations appear at 592 and 430 cm™',
respectively. These vibrations are observed in the frequency values
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Fig. 1. FTIR spectra of (a) Pby[Fe(CN)s]-4H,0 and (b) anhydrous Pb,[Fe(CN)g].
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expected for hexacyanometallates(Il) [27]. The two narrow bands
at 3570 and 3524 cm™! can be assigned to the O-H stretching of
coordinated water. The two broad stretching bands observed at
3466 and 3387 cm™! are due to zeolitic water. The highest fre-
quency band in the 5(HOH) region, at 1646 cm™!, corresponds to
the weakly bonded water, the intermediate one at 1619 cm ™' also
belongs to coordinated water molecules but with a weaker coordi-
nation bond, and the band at 1597 cm~! is attributed to water mol-
ecules with stronger interaction with Pb?" cations [4].

After the complex was heated to 120 °C, the absorption bands
due to coordinated and zeolitic water disappear. Only one broad
band remains which can be assigned to humidity adsorbed on
the KBr used to make the pellets. The FTIR spectrum of the dehy-
drated complex, Pb,[Fe(CN)g], corresponds to an hexacyanometal-
late indicating that the dehydration process does not change the
metal-cyano framework of the Pb*? complex salt. The v(C=N)
was not affected by the dehydration process. Gomez et al. [28]
have reported that on dehydration of Mny[Fe(CN)s]-8H,0, the
C=N stretching bands shift to low frequencies, because in these
conditions Mn increases its interaction with the C=N ligands
mainly through a 6-bonding mechanism. To compensate for that
effect the C=N ligands take more electrons from the Fe through
a © back-bonding mechanism, weakening the C==N bond. As a re-
sult of these combined effects the C=N stretching vibration shift to
lower frequency. This feature has not been observed in
Pb,[Fe(CN)s]. Additionally, laboratory PXRD taken to this sample
(see Fig. S1 in Supplementary information) is coincident with Pow-
der Diffraction File # 48-0225 informed for anhydrous
sz[Fe(CN)G]

3.2. Crystal structure

The crystal structure of Pb,[Fe(CN)s]-4H,O was solved using
SXRPD data. The pattern was indexed using the program bicvoL
[22] with the first 25 diffraction peaks of the pattern. A monoclinic
unit cell was found with high figures of merit M(25)=110 and
F(25) = 509. The possible space groups were reduced to eight from
the extinction analysis: P2¢/n, Pn, P2/n, P2y, P2{/m, P2/m, Pm and
P2. The unit cell parameters were refined using the Le Bail method
[24]. All eight space groups were tried during the structure solu-
tion procedure using the direct methods and Patterson electron
density maps calculated with the program sHeixs from extracted
integrated intensities according to the Le Bail method [24]. The
structure solution in the space group P2,/n produced an appropri-
ate structural model. Then, this model was refined in order to ob-
tain the atomic positions, thermal displacement parameters and
occupation factors, and bond distances and angles. The hydration
degree, estimated from the oxygen atom occupation factors of
the water molecules (coordinated and zeolitic), agrees with the
one derived from the TGA curves. Fig. 2 shows the experimental
and fitted SPXRD patterns and their difference. The final values
of the cell parameters and the details of the crystal structure
refinement are summarized in Table 1. Table 2 contains the refined
atomic positions, thermal displacement parameters and occupa-
tion factors. The interatomic distances and bond angles calculated
are shown in Table 3. The inner cation Fe?* is located on an inver-
sion center and it has the usual octahedral coordination observed
in hexacyanometallates (see Fig. S2 in Supplementary informa-
tion). The most interesting characteristic of this structure is the
penta-fold coordination of the Pb?* cations (Fig. 3). The coordina-
tion polyhedron of Pb?* (a distorted square pyramid) is formed
by three N atoms from C=N ligands and two O atoms from coordi-
nated water. Two adjacent Pb?* are linked by two aquo bridges.
The formation of the aquo bridges leads to a high stabilization of
the coordinated water [5]. The distorted square pyramid (an octa-
hedra without one of its corners) around Pb?* is compatible with
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Fig. 2. SXRPD pattern observed (red), calculated (black) and difference curve (blue)
for the Rietveld refinement of Pb,[Fe(CN)s]-4H,0. The inset shows a zoom (5x) of
the high angle region (Color online).

Table 1
Details of the refined crystal structure by the Rietveld method.

Pb,[Fe(CN)s]-4H,0

Data collection

Diffractometer synchrotron radiation

Wavelength (A) 0.699204

20 Range (°) 1.000-43.543

Step size (°) 0.003

Unit cell

Space group P24/n [14]

Cell parameters (A) a=10.9763(1)
b=7.6283(3)
c=8.5701(2)
B =98.84(6)°

V(A3 709.04(7)

VA 2

Refinement

Experimental points 14182

Effective reflections 675

Constrain distances 6

Refined parameters

Profile 11

Structural 37

Figures of merit

Rexp 9.77

Rwp 174

RB 7.2

S 1.78

Table 2
Atomic parameters, thermal factors and of occupation for the refined crystal
structure.

Composition  Site x X z Biso Occ
Pby[Fe(CN)g]-4H,0

Fe 2a 0 0 0 0.82(5) 1
Pb 4e 0.171(9) 0.0021(8) 0.6105(6) 1.19(2) 1
C1 4e 0.097(3) —0.0053(9) 0.2033(6) 1.04(1) 1
N1 4e 0.160(9) 0.011(8) 0.3219(6) 1.04(1) 1
2 4e 0.099(3) 0.186(1) -0.056(2) 1.04(1) 1
N2 4e 0.1416(6) 0.308(8) —0.102(5) 1.04(1) 1
Cc3 4e 0.1112(9) -0.178(1) —0.038(2) 1.04(1) 1
N3 4e 0.174(1) —0.273(4) —0.090(6) 1.04(1) 1
01 4e 0.011(1) —0.2814(9) 0.4896(7) 1.38(1) 1
02 4e 0.0808(9) 0.498(7) 0.2859(7)  2.4(1) 1
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Table 3
Main distances and bond angles for the refined crystal structure.

Composition Bond distance (A)

Bond angle (°)

Pb,[Fe(CN)s]-4H,0 Fe-C1=1.89(9)
Fe-C2 = 1.89(6)

Fe-C3 = 1.88(8)

C1-N1=1.14(8)
C2-N2 =1.14(3)
C3-N3 =1.14(1)

Pb-N1 = 2.45(8) Fe-C1-N1=171.4(8) Pb-N1-C1 = 144.6(6)
Pb-N2 = 2.53(2) Fe-C2-N2 = 168.9(2) Pb-N2-C2 = 149.3(1)
Pb-N3 =2.43(1) Fe-C3-N3 = 166.6(6) Pb-N3-C3 = 161.0(5)

Pb-01 = 2.88(2)
Pb-01 = 2.96(3)

Fig. 3. Coordination environment of the Fe*? and Pb*? ions in Pb,[Fe(CN)s]-4H,0.
Pb*? ions are penta-fold coordinated by three N atoms plus two water molecules,
and Fe*? is octahedrally coordinated by six C=N groups forming the molecular
block [Fe(CN)s] ™. A water molecule cluster is formed in the cavity between the
metal centers.

Fig. 4. Crystal packing within the unit cell and coordination environment for Fe*?
and Pb*? in Pb,[Fe(CN)g]-4H,0. Some water molecules of the unit cell were omitted
for clarity.

the presence of its inert pair s> which should be pointing towards
the absent corner of the octahedra. Fig. 4 shows the crystal packing
within the unit cell and the coordination environment of the metal
centers. The unusual Fe-C=N-Pb(H,0),-Pb-N=C-Fe linkage
alternates with the usual Pb—-N=C-Fe one (see Fig. S3 in Supple-
mentary information). Zeolitic water molecules are also observed
in the structure; they are located in small channels in the structure
and they are hydrogen bonded to coordinated water molecules
forming a cumulus. Coordinated water that link Pb?* cations do
not interact through hydrogen bonding, since they are very distant
(at 3.35 A) and their O atoms are ligands of Pb?*.

The crystal structure of Pb,[Fe(CN)s]-4H,0 is quite different to
the one of anhydrous Pb,[Fe(CN)s]. The anhydrous complex crys-
tallizes in the trigonal crystal system, space group P3. The structure
consists of infinite trigonal layers formed by [Fe(CN)g]*~ units. Fe*
ions are located inside these complexes and coordinated to six C
atoms from C=N ligands. Pb?" ions are positioned within distorted
octahedra formed by six N atoms belonging to the six nearest
Fe(CN)s complexes (three units from each one of two different lay-
ers). The interaction between [Fe(CN)g]*~ complexes occurs
through N-Pb-N bonds [1], and there are three long and three
short Pb-N interatomic distances (see Ref. [1]).

3.3. Thermal decomposition of Pby[Fe(CN )s]-4H>0

TGA and DTA data for Pb,y[Fe(CN)g]-4H,0 are shown in Fig. 5.
The first weight loss step corresponds to the loss of four molecules
of water (coordinated and zeolitic) to form the anhydrous phase
that remains stable up to above 300 °C. The low dehydration tem-
perature is due to the low polarizing power of the Pb?* ion which
consequently bonds weakly to its coordinated water molecules.
Despite that there are two types of water molecules (coordinated
and zeolitic), only one step of dehydration is observed. This is
due to the fact that once zeolitic water molecules are eliminated,
hydrogen bonds to the coordinated water molecules are broken,
thus these water molecules become unstable because Pb®* is a
large ion with low polarizing power, and as a result coordinated
molecules are eliminated together with the zeolitic ones.

The second step finishes at about 500 °C, and it corresponds to
the elimination and oxidation of the cyanide groups with the
simultaneous formation of simple oxides PbO and Fe,03;, which
was corroborated by laboratory PXRD data (discussed below). See
the large exothermic process in the DTA, characteristic of an oxida-
tion process. In the last step at temperatures higher than 500 °C,
the simple oxides react (without mass loss) to produce the mixed
oxide Pb,Fe,O0s and PbO (also confirmed by PXRD data). The
sequence of decomposition steps can be expressed as:

P, [Fe(CN)g] - 4H,0;) — Pby[Fe(CN)g], +4H,04 (1)
55 1
Pb [Fe(CN)g), + 7Oz, — 7Fe203, +2PbO;, +6CO,, + 6Ny,
(2)
! b0, — +Pb b 3
EF6203(5> + 2P O(S) — jp 2F€205<5) +P 0(5) ( )

The gas products (CO, and NO,) are rather speculative, but they
are expected to be the oxidation products of the cyanides in an air
atmosphere. It has been shown experimentally that the decompo-
sition of hexacyanometallates in an inert atmosphere produces the
intermediate C;N; [29], but in our conditions this will be rapidly
oxidized to CO, and NO,. In fact solid reactants and products are
important in order to explain TGA data. The mass losses expected
in each of the decomposition steps are in good agreement with
those calculated from the TGA curve (shown in Table S1 of the Sup-
plementary information). The nature of the solid residues obtained
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Fig. 5. TG and DTA curve of Pb,[Fe(CN)g]-4H,O0 in air at 5 °C/min.

in the last stage of the thermal decomposition process has been
confirmed from laboratory PXRD and FTIR. The total mass loss from
RT to 500 °C is 24.28% in agreement with the theoretical mass loss
(24.65%) for the formation of Pb,Fe,;05 and PbO from the complex.
The DTA curve shows an endothermic peak at 87 °C due to the
dehydration process. The second exothermic peak located at
373 °C corresponds to the elimination and oxidation of the cyanide
groups.

3.4. Thermal treatments of Pby[Fe(CN)s]-4H,0

In order to analyze the oxides obtained after thermal decompo-
sition in air atmosphere at different temperatures, the resulting
products at each stage were characterized by laboratory PXRD
(Fig. 6). The composition of the residues at different temperatures
was determined using the X'Pert Highscore Program (version 2.1b,
PANalytical, B.V. Almelo, The Netherlands). When the complex was
heated at 500 °C, some peaks attributed to PbO (PDF # 072-0093)
and Fe,0O5 (PDF # 40-1139) were observed, showing an incomplete
reaction. When the complex was decomposed at temperatures
higher than 650°C, the PXRD analysis showed the pattern
corresponding to Pb,Fe,05 (PDF # 33-0756) and PbO (PDF # 072-
0093). The diffraction peaks of PbO always appeared in the PXRD
pattern of the thermal decomposition products because the
chemical ratio of Pb:Fe is 2:1 and exceeds the one needed for the
formation of Pb,Fe,0s. The JCPD card assigns a tetragonal structure
to PbyFe;0s; however Abakumov et al. had recently identified
Pb,Fe,05 to be a monoclinic structure by careful analysis of HRTEM

#Fe,0; 3

1 PbO ]

* PbaFe;0s E

3 3
= E
z 750 °C 3
G 3
= ]
@ =
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500 °C |

88 77 8 95

Fig. 6. Laboratory PXRD data of samples obtained by thermal decomposition of
Pb,[Fe(CN)g]-4H,0 at 500 °C, 650 °C, 700 °C, and 750 °C.

images and electron diffraction patterns [19]. The preparation of
Pb,Fe,0s5 in a single phase appears to be a difficult problem. It
has been reported that the chemical compositions of the crystallo-
graphic shear (CS) structures found in the Pb,Fe,Os sample
correspond to the formula Pbggs75Fe03 4375, PbgooFeO,4 and
Pbgg75Fe0, 375 [30]. All these compositions correspond to the
general formula of PbyFe,0s5-xPbO, where x=0.0625, 0.1 and
0.125 [30]. PbyFe,0s5 is expected to be an anion-deficient perov-
skite and it adopts a crystallographic shear planes structure with
alternating layers of FeOs pyramids and FeOg octahedra [19].
Because of the complexity of the structure and the prevalence of
domain fragmentation, this material is not well understood.

FTIR spectra of the samples obtained by thermal decomposition
of Pby[Fe(CN)g]-4H,0 at different temperatures showed that the
V(C=N) stretching band disappeared when the complex was
heated at 500 °C, and bands attributable to carbonate groups in
1500-1100 cm™! range began to appear (Fig. S4 in Supplementary
information). When the complex was heated to 650 °C, the bands
corresponding to carbonate groups disappeared and only a strong
band for the stretching M-0O typical of oxides was observed at
561 cm~!. This situation did not change at temperatures higher
than 650 °C [27]. The broad band observed in all the samples in
the 3700-3100 cm™! range corresponds to the surface-adsorbed
water and oxygen species after calcinations. The bands corre-
sponding to water and CO, chemisorbed on the surface, are
observed because these materials have a high surface area. The fact
that they are only at the surface is shown by its absence in the
PXRD data for all the products. Similar results were obtained by
some of us for YFeOs; prepared by thermal decomposition of
Y[Fe(CN)s]-4H,0 [8] and AFeOs_; (A = alkaline earth) prepared by
thermal decomposition of alkaline earth nitroprussides [10,11].
However, in the case of A =Ba, BaCO; was observed in the PXRD
data, indicating the presence of bulk BaCOs. This difference must
be assigned to the highest stability of BaCO3; compared with all
other carbonates.

The size and morphologies of Pby[Fe(CN)s]-4H,0 and its decom-
position products were investigated by SEM. The SEM micrograph
of Pb,[Fe(CN)g]-4H,0 powder (Fig. S5 in Supplementary informa-
tion) shows that it is composed of well-defined crystals with plate
shapes and around 3 pm size. The SEM photograph of Pb,Fe,05
obtained at 700 °C clearly shows that the shape and morphology
is quite different to the one of its precursor complex. The crystals
of the precursor were completely disrupted and fine particles of
the order of 1.3 um appeared.

4. Conclusions

The crystal structure of Pb,[Fe(CN)s]-4H,0 was solved and re-
fined from SPXRD. This compound crystallizes in the monoclinic
crystal system, space group P2,/n and Z = 2. In this structure the
Fe?* ion is octahedrally coordinated to six cyano groups and the
Pb2* ion is penta-fold coordinated to three N atoms from C=N li-
gands and two O from coordinated water molecules. The most
important peculiarity of the structure of this complex is the occur-
rence of water bridges linking two neighboring Pb®" cations. An
unusual Fe-C=N-Pb(H,0),-Pb-N=C-Fe linkage alternates with
a usual Pb—-N=C-Fe one. Zeolitic water molecules are also observed
in the structure; they are located in small channels in the structure
and they are hydrogen bonded to coordinated water molecules
forming a cumulus. Coordinated and zeolitic water molecules can
be removed without affecting the hexacyanometallate framework.

The thermal decomposition of Pb,[Fe(CN)s]-4H,O in air was
studied using TGA/DTA analysis. It decomposes in three steps.
The first one corresponds to the elimination of four water mole-
cules, the second one to the cyanide elimination by combustion
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to give Fe;03 and PbO, and finally in the third step (without mass
loss) the simple oxides react to produce the mixed oxide Pb,Fe,05
and PbO.

The mixed oxide Pb,Fe,0s is an anion-deficient perovskite and
it adopts a crystallographic shear planes structure with alternating
layers of FeOs pyramids and FeOg octahedra. Pb,Fe,05 is a multif-
erroic candidate, which could open a new field of research for com-
plex oxides with multiferroic properties.
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Appendix A. Supplementary data

Structural information derived from the crystal structure
refinement of Pb,[Fe(CN)s]-4H,0 has been deposited at the ICSD
Fachinformationszentrum Karlsruhe (FIZ) (E-mail: CrysDA-
TA@FIZ Karlsruhe.DE) with ICSD File No. 423224. Supplementary
data associated with this article can be found, in the online version,
at doi:10.1016/j.poly.2011.12.006.
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