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Y[Fe(CN)s]-4H,0 has been synthesized and characterized. The crystal structure was refined by Rietveld
analysis using X-ray powder diffraction data. Y[Fe(CN)s]-4H,O crystallizes in the orthorhombic crystal
system, space group Cmcm. Y>* ion is eight-coordinated forming a bicapped distorted trigonal prism
YNgO,. Fe?* ion is six-coordinated in the form of an irregular octahedra FeCg group and cyanide linkages
between YNgO, and FeCs groups build an infinite polymeric array. The vibrational spectrum shows two
bands corresponding to antisymmetric and symmetric stretching '>C'*N in the CN stretching region.
These bands are accompanied by four weak isotopic bands at lower frequency due to the presence of
13C and '®N in relative natural abundance. The HOH bending band split into three bands around
1600 cm~! due to the presence of two kinds of water molecules in the structure. The thermal decompo-
sition has been followed by thermogravimetric and differential thermal analysis, IR spectroscopy and
powder XRD. The size and morphology of the complex and its thermal decomposition products were
evaluated by scanning electron microscopy. The magnetic measurements confirm that Y[Fe(CN)g]-4H,0
shows an antiferromagnetic order at low temperatures.

Keywords:
Hexacyanoferrate (III)
Powder X-ray diffraction
Rietveld analysis
Infrared spectroscopy
Thermal analysis

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The series of bimetallic coordination compounds Ln[M(CN)s]:
nH,0 (Ln = lanthanide; M = transition metal; n=4, 5) have been
the subject of numerous studies because they are important
precursors for the synthesis of perovskite-type oxides which
have a variety of applications such as chemical sensors and
catalysts [1-4].

In hexacyanometallates the metal centers are usually found
bridged by CN groups where the end C and N remain linked only
to one metal. The metal linked at the C end is always with octahe-
dral coordination to form the anionic hexacyanometallate octahe-
dral block, [M"(CN)s]® ™. The 3D framework is formed when
neighboring blocks are linked at their N end through a second me-
tal, in this case a rare-earth metal. The CN ligand has the ability to
serve as bridge group between neighboring metal centers, remov-
ing electron density from the metal linked at the C end, througha =t
back-bonding interaction, to increase the charge density on the
end N, that is the coordination site for the other metal. This leads
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to the overlapping between the electron clouds of neighboring me-
tal centers and to their spin coupling and, thereby, a magnetic
ordering is established. This supports the role of hexacyanometal-
lates as prototype of molecular magnets [5-7].

Depending on the number of water molecules, these com-
pounds crystallize in two related crystal structures: in the hexago-
nal structure, P65/m, or orthorhombic, Cmcm. The hexagonal crystal
structure was confirmed for Ln[Fe(CN)g]-5H,0 with (Ln=La, Nd,
Pr) [8-10] and orthorhombic crystal structure was determined on
Ln[Fe(CN)e¢]-4H,0 (Ln = La, Nd, Pr, Sm) [11-14].

The yttrium atom has a large size, high coordination number
and shows similarity in chemical behavior with the heavier lantha-
nide (III) ions. The structural chemistry is also similar in many
ways. Cyano-bridged heterometallic Fe-Y complexes are not well
documented. Recently, Kumar Karan et al. have reported a cyano-
bridged polymeric complex {[Y(phen),(H,0),Fe(CN)s]-8H,0},
where the Y>* ion shows similarities in the coordination with lan-
thanide ions in complexes of the type Ln[Fe(CN)g]-4H,0 [15].

In the present article we report the synthesis, structural, spec-
troscopic and magnetic characterization of Y[Fe(CN)g]-4H,0. The
crystal structure refinement of Y[Fe(CN)s]-4H,0 was performed
by means Rietveld analysis using conventional X-ray powder dif-
fraction (PXRD). These measurements were complemented by
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thermogravimetric and differential thermal analysis and infrared
(IR) spectroscopy. The magnetic properties of Y[Fe(CN)g]-4H,0
have been investigated.

2. Experimental
2.1. Synthesis

The bimetallic complex Y[Fe(CN)s]-4H,0 was synthesized by
mixing aqueous solutions of equimolar amounts of K3[Fe(CN)g]
and Y(NO3)3-6H,0 (prepared from the evaporation of a solution
of concentrated HNO3 and Y,03) under continuous stirring at
60 °C for 2 h. The resulting orange precipitate was separated by fil-
tration, washed with water and ethanol, and finally stored in the
dark in a dry box with silica gel [16].

2.2. Characterization

Thermogravimetry (TG) and differential thermal analysis (DTA)
curves were performed in a Shimadzu TGA/DTA-50 in the temper-
ature range from 20 to 800 °C at a heating rate of 5°/min under
flowing air.

Infrared spectra (in the region of 4000-400 cm~!) were re-
corded at room temperature (RT) on a FTIR Perkin Elmer 1600
spectrophotometer in the transmission mode using KBr pellets.

PXRD profiles were obtained at RT in an X-Pert Pro PANalyticals
diffractometer with Cu Ko radiation 4= 1.5418 A, between 5° and
120° in 26 in steps of 0.02° and step time of 10 s. The crystal struc-
ture refinement was performed by means of the Rietveld method
[17] using the FULLPROF program [18] in the space group Cmcm
using as initial model the structure of Er[Fe(CN)s]-4H,0 [19]. A
pseudo-Voigt function convoluted with an axial divergence asym-
metry function [20] was chosen to generate the peak shapes. The
background intensities were subtracted as the linear interpolation
between 26 given points. One region was excluded. The following
parameters were refined: zero-point, scale factor, pseudo-Voigt
parameters of the peak shape, full-width at half-maximum, atomic
positions and cell parameters.

The magnetic measurements in the temperature range 5-300 K
were performed with a Quantum Design superconducting quan-
tum interference device (SQUID). The Magnetization values were
measured under zero field-cooled (ZFC) and field-cooled (FC) con-
ditions at an applied magnetic field of 5 T.

The size and morphology of the particles were determined by
scanning electron microscopy (SEM) in a ZEIS SUPRA-55 VP micro-
scope and the chemical composition of the powder was deter-
mined by energy dispersive spectroscopy (EDS) with an Oxford
INCA PentaFet X3 energy dispersive X-ray analyzer.

3. Results and discussion
3.1. Crystal structure refinement

The powder XRD of Y[Fe(CN)g]-4H,0 refined at RT is shown in
Fig. 1. No impurities were observed in the pattern. Final cell
parameters, atomic positions and discrepancy parameters are
shown in Table 1. Some selected interatomic distances and angles
are shown in Table 2.

In the crystal structure of tetrahydrate Y[Fe(CN)s]-4H,0, Y3*
ions are eight coordinated to four N(1), two N(2) and two O(1)
forming a bicapped distorted trigonal prism (YNgO;). This type of
geometry is very common for many yttrium and lanthanide com-
plexes. Y3* is located in the Wyckoff site 4c of the space group
Cmcm with a site symmetry m2m, consistent with the square
antiprism 8-fold coordination. Fe** is coordinated to four C(1)
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Fig. 1. Rietveld analysis of PXRD data for Y[Fe(CN)s]-4H,0.

Table 1
Crystallographic parameters for Y[Fe(CN)g]-4H,0 after Rietveld refinement with PXRD
data obtained at RT.

Atom Wyckoff site X y z

Y 4c 0 0.3243(2) 0.25

Fe 4a 0 0 0

C1 16h 0.3185(1) 0.4509(1) 0.0939(8)
c2 8f 0 0.1297(7) 0.0633(7)
N1 16h 0.2028(5) 0.4320(4) 0.1316(4)
N2 8f 0 0.2169(6) 0.0819(5)
01 8g 0.2874(6) 0.2082(4) 0.25

02 8f 0 0.6568(4) 0.1049(3)

Space group: Cmcm; cell parameters: a = 7.342(1) A, b= 12.788(1) A, c = 13,603(1) A.
Vol =1277.31(2) A%, Z= 4.
Discrepancy factors: Ruwp = 21.3, Rexp = 4.23, Ry = 17.4, Rpragg = 11.1.

Table 2
Some selected interatomic distances (A) and angles (°) in Y[Fe(CN)s]-4H,O0.

Interatomic distances (A)

)

Y-N (N1)—(Y)—(N1) 115.7(3)
(Y)—(N1) 2.589(5) x 4 (N2)—(Y)—(N2) 118.0(4)
(Y)—(N2) 2.668(7) x 2 (N1)—(Y)—(N2) 75.0(3)

(N1)—(Y)—(N2) 143.8(4)
Y—0 (01)—~(Y)—01) 109.7(3)
(Y)—(01) 2.580(5) (01)—(Y)—(N1) 80.5(2)

(01)—(Y)—(N1) 140.9(3)
Fe—C (01)—(Y)—(N2) 72.8(2)
(Fe)—(C1) 1.950(1) x 4 (C1)—(Fe)—(C1) 86.2(7)
(Fe)—(C2) 1.868(9) x 2 (C1)—(Fe)—(C1) 180.0(1)
C—N (C1)—(Fe)—(C1) 93.8(8)
(C1)—(N1) 1.022(2) x 2 (C1)—(Fe)—(C2) 89.1(8)
(C2)—(N2) 1.144(1) x 2 (C1)—(Fe)—(C2) 90.9(7)
(01)---(02) 2.601(4) (C2)—(Fe)—(C2) 180.0(9)

and two C(2) with the usual irregular octahedral coordination
(FeCs). Bicapped trigonal prisms YNgO, and irregular octahedra
FeCg are bridged through cyano groups (see Fig. 2). There are two
uncoordinated water molecules occupying zeolitic holes in the
structure. The two O(2) are hydrogen bonded to the coordinated
water molecules.

The Fe—C and C—N distances lie in the narrow ranges, 1.868(9)-
1.950(1) and 1.022(2)-1.144(1) A, respectively; the C—Fe—C angles
for the cis positions vary from 86.2(7)° to 93.8(8)°. The CN groups
are bonded linearly to Fe as shown by the values 165.6(9)-
166.7(8)° for the Fe—C—N angles. Similarly, the Y—N—C bridge an-
gles, 170.5(3)°, are also close to linear suggesting a very favorable
position for relatively strong Y—NC—Fe bonding. The Y—O distance
2.580(5) A in this compound is longer than Y—OH, 2.386 A for an-
other yttrium complex like [Y(H0)s(OSMe;),|Cl3 [21].
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Fig. 2. View of the structure of Y[Fe(CN)s]-4H,0 showing coordination around Y
and Fe.

Zhou et al. prepared [FeY(CN)g(CsH11NO)>(H20)4] using capro-
lactam as a ligand. In this complex Y** is seven coordinated and
has approximately pentagonal-bipyramidal stereochemistry, with
water molecules occupying apical positions [22].

This crystal structure is in agreement with those previously
published for Ln[Fe(CN)g]-4H,0, Ln=Nd [12], Er [19], Pr [10], Sm
[23] and Gd [24]. Hulliger et al. have demonstrated a linear rela-
tionship between cell parameters and the ionic radius of the
rare-earth element for the lanthanide ferri- and chromi-cyanides
[25]. Fig. 3 shows the linear increase of cell parameters of lantha-
nide ferricyanides with the ionic radius of lanthanides [25]. The yt-
trium ion has a large size (1.02 A) and shows similarity in chemical
and structural behavior with the lanthanide (III) ions. According to
the results discussed previously, the lighter lanthanide metals such
as La, Pr and Nd formed pentahydrates, and the other heavier met-
als (Ln = Sm—Lu) led tetrahydrates.

In pentahydrates Ln[Fe(CN)g]-5H,0, Ln = Nd, Pr or La, Ln>" ion is
nine-coordinated in the form of LnNgO3 group forming a tricapped
trigonal prism. Fe>* is six-coordinated in the form of an octahedral
FeCg group and cyanide linkages between LnNgOs and FeCg groups
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Fig. 3. Variation of cell parameters of lanthanide ferricyanides with the ionic
radius.

build an infinite polymeric array. Pentahydrate complexes formed
by La and Nd are very unstable and convert to the stable tetrahy-
drate by losing one water molecule [8,9]. In our case we have not
observed the formation of pentahydrate Y[Fe(CN)s]-5H,0 indicat-
ing that the tetrahydrate is very stable due to the fact that Y3*
has the correct size for an 8-fold coordination.

3.2. Fourier transform infrared spectroscopy (FTIR)

Fig. 4a shows the complete FTIR spectrum of Y[Fe(CN)g]-4H,0 at
room temperature in KBr disks. The analysis of the results confirms
the structural data determined by PXRD measurements.

3.2.1. C=N stretching bands

Fig. 4b shows the IR spectrum in the CN stretching region. The
strong bands marked a (at 2152cm™') and b (at 2142 cm™!) in
Fig. 4b, are '>C!*N stretching bands of the bridged Y—N=C—Fe sys-
tem and corresponds to the antisymmetric and symmetric v(CN)
stretching. The very weak bands marked ¢ (at 2124 cm™!) and d
(at 2116 cm™') are '2C'>N stretching bands, whereas those labeled
e(at2110cm ') and f (at 2100 cm ') are 13C'*N stretching bands.
The broad band labeled g, with maximum intensity at 2070 cm™!
could be a difference band or a combination band due to the prom-
inent water bending modes and the Fe—C stretch [26].

3.2.2. Water bands

The presence of two kinds of crystallographically inequivalent
water molecules in the lattice is evidenced by their IR characteris-
tic vibrational modes. The frequency values are lower than those
expected for free water stretching vibrations. This fact agrees not
only with water coordination of the Y(III) ion but also with the
presence of hydrogen bonds in the lattice [27].

In Fig. 4a, the highest frequency band in the §(HOH) region, at
1680 cm™!, is attributed to those water molecules with the strong
interaction with Y3*, the intermediate one at 1640 cm~! belongs to
coordinated water molecules but with a weaker coordination bond
and the band at 1610 cm™! corresponds to the weakly bonded
water. The two narrow bands at 3612 and 3536 cm™! can be

(a)
xR
i
L]
g 8(H-0-H) voM-C)
£
£
w
| =
(]
= v(0-H)
v(CN)
4000 3000 2000 1000

Wavenumbers/ cm!

(b)

Transmittance/ %

2300 2200 2100 2000
Wavenumbers/ cm™!

Fig. 4. (a) IR spectra of Y[Fe(CN)s]-4H,0 in the 4000-400 cm™' range and (b) IR
spectra of Y[Fe(CN)g]-4H,0 between 2350 and 2000 cm ™.
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assigned to the stretching O—H of coordinated water. The broad
stretching bands in the region of 3450-3260cm~! are due to
zeolitic water.

The librational modes of coordinated water, which usually pres-
ent low intensity and are overlapped with other modes, are diffi-
cult to identify. The bands at 810, 710, 532 and 410 cm~! can be
assigned to water modes. The two bands at the highest frequencies
correspond to the rocking motion, whereas the band at 532 cm ™! is
associated to wagging and twisting modes and the band at
410 cm™! is attributed to M—OH, stretching vibration [28].

3.2.3. M—C=N and M—C bands

The §(M—C=N) and v(M—C) vibrations are observed at 595 and
430 cm™! respectively. These values are observed in the expected
frequency values for hexacyanometallates (III) [27].

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

TG and DTA data for Y[Fe(CN)g]-4H,0 are shown in Fig. 5. Three
main steps are observed in TGA for the decomposition process in
air. The first one ends at 175 °C, with a mass loss of 14.94% due
to the loss of three water molecules (theoretical value 14.49%).
The second one finishes at 265 °C and corresponds to the loss of
the remaining water molecule to obtain the anhydrous complex.
DTA curve shows two endothermic peaks at 142 and 187 °C, both
due to dehydration. This suggests the existence of two types of
water molecules in the crystal structure and it is in agreement with
IR spectroscopy data and the results of the refinement of the crys-
tal structure. The third step in TGA, which finishes at 650 °C, has a
mass loss of 28.42%. This mass loss was attributed to the elimina-
tion and oxidation of the cyanide groups with the simultaneous
formation of simple oxides (Y,03, Fe;,03) and a perovskite com-
pound YFeOs; with hexagonal structure. A very exothermic peak
is observed in DTA at 359 °C.

At temperatures higher than 650 °C the mass remained con-
stant and the simple oxides react to produce YFeOs.

The total mass loss from room temperature to 650 °C is 48.11%.
This is in agreement with the theoretical mass loss (48.28%) calcu-
lated for the formation of YFeOs as final product from the complex
[16].

3.4. Magnetic properties

Fig. 6a shows the temperature dependence of the magnetization
under both ZFC (zero field cooling) and FC (field cooling) conditions
for Y[Fe(CN)g]-4H,0. No difference between both curves is ob-
served, indicating the absence of any long range magnetic ordering.
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Fig. 5. TGA and DTA curves for Y[Fe(CN)s]-4H,O0 in air.
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Fig. 6. (a) Field cooled (FC) and zero field cooled (ZFC) magnetization curves at 5T
for Y[Fe(CN)s]-4H,0 and (b) temperature dependence of y~' curves of Y[Fe(CN)s]
4H,0.

Fig. 6b shows temperature dependence of ¥~ ' in the tempera-
ture range 5-300 K.

The magnetic behavior of Y[Fe(CN)g]-4H,O0 is similar to that or-
dinary transition elements compounds obeying a Curie-Weiss law.
Straight line is the fit to the curve in the temperature range 50-
300 K. The Curie constant, C, and the Curie-Weiss temperature, 0,
are determined from a linear fitting of (1/y)=(T — 0)/C (Curie-
Weiss law) in the linear region. Fitting yielded C=1.60 x
10— emu K/(g Oe) and 0 = —6.36 K. The negative value of 0 indi-
cates the presence of antiferromagnetic interactions. The obtained
effective magnetic moment (uegr = 2.185 pg) is a little higher than
the value pter = 1.73 pp expected for Fe3* in the low spin state. This
value is very similar to the reported value (s = 2.18 pg) for La[-
Fe(CN)s]-5H,0 by Mitréova et al. [29]. From the spectrochemical
series we find that CN ligand usually create a strong ligand field
and the [Fe(CN)g]*~ complex exhibits a magnetic moment equal
to 1.73 pg. This means that the Fe** (d®) ion, the only paramagnetic
ion in the complex, contains one unpaired electron, and hence it is
in the low-spin configuration (tgg), S =1/2. The unsymmetric filling
of the orbital triplet can lead to a small orbital contribution to the
magnetic moment [30].

Yttrium ferricyanide tetrahydrate is an example of anti-ferro-
magnetic behavior because in this complex, the superexchange is
established through the overlapping of identical tgg orbitals from
iron atoms, and its antiferromagnetic nature is a result of the Pauli
Exclusion Principle [31].

3.5. Scanning electron microscopy (SEM)

The size and morphologies of Y[Fe(CN)s]-4H,0 and its thermal
decomposition products were investigated by SEM as shown in
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Fig. 7. Scanning electron microscopy of (a) Y[Fe(CN)s]-4H,0 and (b) orthorhombic
YFeOs.

Fig. 7. The SEM photograph of Y[Fe(CN)g]-4H,0 (Fig. 7a) powder
shows that is composed of well defined large crystals with differ-
ent shapes and with sharp edges up to 3 pum in size. The SEM pho-
tograph of orthorhombic YFeOs; obtained at temperatures higher
than 800 °C (Fig. 7b) clearly shows that the shape and morphology
is quite different to that of the complex. The large crystals of the
complex were completely disrupted and the sponge-like and por-
ous agglomerate with pore size of about 0.1 pm appeared. The
pores are formed by fast expulsion of gas evolving during the
decomposition process.

4. Conclusions

Y[Fe(CN)s]-4H,0 crystallizes in the orthorhombic crystal sys-
tem, space group Cmcm, cell parameters a=7.342(1)A, b=12.
788(1) A, c=13,603(1) A. In this structure the Y>* ion is eight-coor-
dinated in the form of a Y(NgO-) group; the Fe>* ion is six-coordi-
nated in the form of an octahedral FeCg group; and cyanide
linkages between Y(NgO;) and FeCg groups build an infinite poly-
meric array. Two uncoordinated water molecules occupy zeolitic
holes.

Y[Fe(CN)s]-4H,0 decomposes in four steps. The first one corre-
sponds to the elimination of three water molecules loosely bonded
(non-coordinated water), the second one to the loss of the remain-
ing water molecule strongly bounded (coordinated water), the

third one to the cyanide elimination to give hexagonal YFeO;
mixed with Fe,05 and Y,03, and finally in the fourth step (without
mass loss) well crystallized orthorhombic YFeOs; was formed as a
final product.

The values pegr=2.185 g, and Curie-Weiss temperature, 0 =
—6.36 K, were determined from the Curie-Weiss law. The negative
value of 0 indicates the presence of antiferromagnetic interactions
in the complex at low temperatures.

The complex is composed of well defined large crystals with dif-
ferent shapes and with sharp edges up to 3 pm in size. Orthorhom-
bic YFeOs obtained at temperatures higher than 650 °C is a sponge-
like and porous agglomerate with pore size of about 0.1 pm.
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