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Layered Iron(lll) Arsenates: Synthesis and Characterization of AFe;O(ASOys)
(A = K, RDb)
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Two new iron(lll) arsenates k&0 (AsOQy), (1) and RBFeO(AsOQy), (2) have been synthesized and characterized

by single-crystal X-ray diffraction, magnetic susceptibilities, and Mossbauer spectroscopy. The two compounds
are isostructural and exhibit a sheet structure consisting of infinite slabs of edge-sharingdest@dra linked

into sheets by As@tetrahedra, with the alkali-metal cations in the interlayer region. Crystal datd.:for
orthorhombic, space groupnma(No. 62),a = 8.5219(3) A,b = 5.7612(2) A,c = 17.9452(6) A, Z= 4.

Crystal data fo2: As above, excepa = 8.5330(2) A,b = 5.7945(2) Ac = 18.6157(1) A. Room-temperature
Mossbauer data confirm the presence dff FeMagnetic susceptibility measurements on compozistiow that

it undergoes a transition to a weak ferromagnetic state near 25 K.

Introduction Experimental Section

Iron phosphates are of interest by virtue of applications to  synthesis. RbHAsO; was prepared from a solution of A3
corrosion inhibition and catalysis, as well as for their rich dissolved in HO, with rubidium hydroxide. KHAsO,was from Sigma
structural chemistry and interesting magnetic propettidhe Chemical Co. In an attempt to prepare the potassium and rubidium
synthesis of iron phosphates calls upon several methods:analogs of NgFex(AsOs)s a mixture of 1 mmol of KHAsO, (or RbH;-
hydrothermal, flux, and high-temperature solid-state reactions. AsOs) and 0.333 mmol of F©; was placed in a 15-mL platinum
We have recently described the hydrothermal syntheses andcrucible and thermally treated as foI_Iows: heat from RT (room
crystal structures of a number of new ternary iron phospHates. temeeraturez fo 806C over 8 h; maintain at BOEC for 1 h; cool to
These compounds present a variety of complex crystal structures20 °C at 5°C/h; guench to RT by removing the crucible from the
and are a challenge to complete characterization. Their urnace. Excess alkali-metal dihydrogen arsenates served as fluxes for

. ; . crystal growth. The products were washed with hot water to remove
structures cover discrete FeGctahedra, Fegrigonal bipyra- the fluxes, and the solid products were obtained by suction filtration.

mids, dimers of corner-sharing, edge-sharing, or face-sharingthe products contained red crystals of the title compounds. On the
FeQ; octahedra, trimeric and tetrameric units of-fe poly- basis of X-ray analysis using a Siemens powder diffractometer,
hedra, and infinite chains of Fg@ctahedra sharing either trans monophasic RiFe0O(AsQy), was prepared by reaction of Rp&s0,
or skew edges. They include iron(ll), iron(lll), and mixed- and FeO; in a mole ratio of 2:1 at 700C for 2 d with several
valence compounds. Compared to iron phosphates, little work intermediate grindings. The sample was used for Mossbauer spectros-
has been carried out on the arsenates. Recently, we reporte§oPy and magnetic susceptibility measurements (vide infra). In the
the hydrothermal synthesis of a novel iron(lll) arsenatey Cs ~ €ase of KF&O(AsQy)., the product was always contaminated with a
FesO(OH)(AsQy)s, whose framework structure consists of four-, small amount of gmdentmed yellow _materlal. In a reaction to
five-, and six-coordinated iron atordsD’Yvoire et al. reported synthesize the cesium analog of the title compounds under similar
! . s ) reaction conditions, we have isolated and structurally characterized Cs
NagFe(AsOy)s which exhibits two polymorphs: a low-temper- o 0,(As0,); which is isostructural with the corresponding phosphate
ature, garnet-type form and a high-temperature, rhombohedralcsFe,0,(PQ,)s.5
form# The framework of the high-temperature form consists  sjngle-Crystal X-ray Diffraction. Two red crystals of dimensions
of a tetramer of edge-sharing Fe@rtahedra. Inan attemptto  0.65 x 0.28 x 0.20 mm for KFeO(AsQy). (1) and 0.14x 0.12 x
prepare the potassium and rubidium analogues ef &1AsOy,)3 0.05 mm for RBF&O(AsQy), (2) were selected for indexing and
by a flux method, two iron(lll) arsenates with a new structure intensity data collection on a Siemens Smart-CCD diffractometer
type were isolated. Herein we report the synthesis, single-crystalequipped with a normal focus, 3 kW sealed-tube X-ray source. Intensity
X_ray StructureS, Mossbauer Spectroscopyl and magne“c Sus_data were collected in 1200 frames with |nCreaﬁng\N|dth of 0.3

ceptibilities of K-F&O(As and RBFeO(As the first per frame). Unit cell dimensions were determined by a least-squares
iroﬁ arsenates%) Szosgses??'; sheet ?trt?zctu(re. Q) fit of 3495 and 2577 reflections for compountig&nd2, respectively.

26 range: 3-53° for both compounds. Number of measured reflections

* To whom correspondence should be addressed. and observed unique reflectiors 2.50(1)): 4153, 915 forl; 4425,
T National Tsing Hua University. 837 for2. Agreement between equivalent reflectioRs: 0.041 for
;i%asct‘r?ancqtli)fgllllscﬁed iAdbance ACS Abstractsly 1, 1867 1 and 0.035 for2. Absorption corrections fot and2 were based on
v ) . - i i i i
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Table 1. Crystallographic Data for gre0(AsQy), (1) and
RbF&0(AsQ): (2)

Inorganic Chemistry, Vol. 36, No. 16, 1998411

Table 3. Bond Lengths (A) and Valence Sumss) for
K2Fe&O(AsQy): (1) and RbFe&0(AsOy): (2)

1 2 CompoundlL
herm formul AF K0 ASFEORD, Fe(1}-0(1) 1.925(4) P Fe(1O(3) 2.257(3) (%)
chem formuia il S2rE Fe(1-O(6)  1.986(3) (%) Fe(1-O(7)  1.933(4)
fw 483.74 576.48 S5(Fe(1)-0) — 2.68
space group Pnma(No. 62) Pnma(No. 62) )
a, 8.5219(3) 8.5330(2) Fe(2)-0(3) 2.036(3) (X) Fe(2r-0(5) 2.038(3) (%)
b,é 5.7616(2) 5.7945(2) Fe(2-0(7) 1.9232(3() F(&()2 L 0)= 2.5
c, 17.9452(6) 18.6157(1) s(Fe =2.
v A s8L1D J204) As(1-O(1)  1677(4) As(1yO(2)  1.644(5)
- As(1)-0(3)  1.710(3) (%)
calca grCm 3 3.647 4.160 '
v o 0.71073 071073 As(2)-O(4)  1.635(5) AS(2YO(5)  1.724(4)
T,°C 23 23 As(2)-0(6)  1.706(3) (x)
R 0.0351 0.0299 2s(As(2)-0)=4.91
R 0.0435 0.0356 K(1)-O(2a)  2.789(5) K(1yO@2b)  2.816(5)
AR = Y|l — IFell/ZIFol. PRy = [SW(Fol — IFe)HTWIFol722, KL)-0@)  3.089(2)(x) K(1)-O®)  3.057(4) ()
w = o%F) + gF2 whereg = 0.00181 and 0.00235 fat and 2, K(1)-0() 3-1442(2}( 1)-0)= 071
respectively. -
K(2)—0(1) 2.935(5) K(2)-0(2) 2.978(1) (%)
Table 2. Atomic Coordinates and Thermal Parameterd (A100) K(2)—0(3) 2.838(3) (%) K(2)—0(4) 2.523(5)
for KoF&0(AsQy), (1) and RBFeO(AsQy); (2) K(2)—0(6) 2.897(3) (%)
. ys(K(2-0)=1.21
atom X y z U
Compound?
Compaundl Fe(1-O(1)  1.914(7) Fe(O(3)  2.262(4) (%)
K(1 —0.0432(2 0.75 0.2662(1 0.0299(6 : :
ngg 0.60018 0.25 0.3669(7()9) 0.0192((5)) Fe(1)-o() 1'9932(:()%)1%0; i(?g?(?) 1.936(6)
Fe(1) —0.2853(1)  0.25 0.56688(5)  0.0072(3) :
Fe(2) 0 0 05 0.0064(3) Fe(2-0(3) 2.027(4) (%) Fe(2)-0O(5) 2.061(4) (X)
As(1) 0.32439(7) 0.25 0.55910(4)  0.0062(3) Fe(2)-0(7) 1.932(4) (%)
o) 050728 025 0saaad) 00131 zrere) e
0(2) 0.3197(5)  0.25 0.6507(3)  0.018(2) 2?8;:88 1?12% @) ASYOR) - 1.654(6)
0(3) 0.2333(4)  0.0090(5) 0.5242(2)  0.0099(9) S s(AS(1)-0) = 4.95
o4 0.0866(6 0.25 0.2735(3 0.024(2
ogsg 0.0444E53 0.25 0.422522; o.ooaglg As(2)-0(4) 1.637(7) As(2)y0(5) 1.715(6)
0(6) 0.3006(4) 0.0126(5)  0.3618(2) 0.0117(9) As(2)-0(6) 1.704(4) (%)
0o(7) —0.0585(5) 0.25 0.5653(2) 0.005(1) 2s(As(2)-0)=4.94
Compound? Rb(1)-O(2a)  2.887(7) Rb(HO(2b)  2.964(7)
Rb(1)  —0.0380(1) 0.7p5 0.26778(6)  0.0288(4) Rb(1}-O(4)  3.090(4) (%) Rb(1}-O(6)  3.241(4) (%)
Rb(2p 0.6106(4) 0.25 0.36303(6)  0.0208(4) Rb(1}-O(7)  3.247(6)
Rb(2)° 0.702(4) 0.25 0.352(1) 0.0208(4) 2s(Rb(1)-0)=10.76
Eeg; —%2842(1) 8-25 (%36544(7) 0053335?’ Rb(2-0O(1)  3.149(7) Rb(2y0(2)  2.965(2) (x)
e : - Rb(2)-0(3 2.943(4) (X) Rb(2-O(4 2.686(7
As(1) 0.3241(1) 0.25 0.55595(5)  0.0087(3) RbEZ)):ngig 3_01(5%43 g&§ (2y-0t) )
As(2) 0.1795(1)  0.25 0.35720(5)  0.0104(3) 3s(Rb(2)-0) = 1.29
o(1) 0.5090(7)  0.25 0.5256(4)  0.018(2)
o@ 0.3174(8)  0.25 0.6448(3)  0.018(2 Rb(2)-0(2) ~ 2.903(2) (X) Rb(2)-O(3)  2.85(2) ()
o§3g O.2326§5§ 0.0105(6) 0.5219((2)) 0.013((1)) Rb(Z)-0(4)  267(2) bo)— OR_'3(3—33(5) 3.17(3)
0(4) 0.0846(9)  0.25 0.2808(4)  0.024(2) 2s(Rb(2)-0)=1.1
0(5) 0.0396(7)  0.25 0.4234(3)  0.010(2) _ o
0O(6) 0.2960(5) 0.0128(7) 0.3657(2) 0.014(2) Mossbauer Spectroscopy and Magnetic Susceptibility The>Fe
o(7) —0.0574(7) 0.25 0.5634(3) 0.008(2) Mossbauer measurements were made on a constant-acceleration instru-

ment at room temperature. A 99.99% pure 4@ iron foil was
employed as the standard. Isomer shifts are reported with respect to
the standard at 300 K. Variable-temperature magnetic susceptibility
x(T) data were obtained on 46.9 mg of polycrystalline sample from 2
difference Fourier maps. For REBO(AsQL),, atom Rb(2) exhibited to 300 K in a magnetic field of 3 kG after zero-field cooling using a

a largeUs; value and a large residual electron density (4.CPpsk a SQUID magnetometer. Susceptibility measurements were also per-
distance of 0.95 A from Rb(2), which could be interpreted as disorder formed at 16 K in several different applied fields between 1 and 10
between two sites. Therefore, a model of two disordered sites for Rb- K& The sample showed field dependence @it 16 K. Correction

(2) was used with constraints applied to their occupancy factors and for diamagnetism was made according to Selwbod.

thermal parameters. The thermal parameters for two disordered Rb(2)

sites were constrained to be the same, and the sum of their occupancyResults and Discussion

factors was set equal to 1. The refinement results were 94.8(2) and Crvstal Struct Th tall hic dat listed i
5.2(2)% occupancies for Rb(2) and RH(2In contrast, the potassium rystal structures. € crystallographic data are listed in

atoms inl did not reveal any disorder. The final cycles of least-squares 1able 1. The atomic coordinates, bond lengths, and bond-
refinement including the atomic coordinates and anisotropic thermal Valence sunfsare given in Tables 2 and 3, respectively. Atom

parameters for all atoms convergedrat 0.035 forl andR = 0.030 Fe(2) is located at inversion centers, and all other metal and
for 2. Neutral-atom scattering factors for all atoms were used. arsenic and most oxygen atoms are on mirror planes. The Fe
Anomalous dispersion and secondary extinction corrections were

applied. Structure solution and refinement were performed by using (7) Selwood, P. WMagnetochemistryinterscience: New York, 1956.
SHELXTL PC programs. (8) Brown, I. D.; Altermatt, D.Acta Crystallogr.1985 B41, 244.

@ Ueq is defined as one-third of the trace of the orthogonaliZgd
tensor.” The occupancy factors of Rb(2) and RY(@re 0.948(2) and
0.052(2), respectively.
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Figure 2. Layer of the RBFe;O(AsQy). structure viewed along the
[101] direction: Octahedra with darker shading, Fe(l)@ctahedra
with lighter shading, Fe(2)§) tetrahedra with darker shading, As(1)-
Og; tetrahedra with lighter shading, As(20O

Figure 1. Polyhedral representation of the JRig,O(AsQy). structure
viewed in a direction approximately parallel to thexis: Octahedra
with darker shading, Fe(1}Qoctahedra with lighter shading, Fe(2)-
Os; tetrahedra with darker shading, As(k)Q@etrahedra with lighter
shading, As(2)@ circles with shading, Rb(1); open circles, Rb(2). The
minor Rb(2) site is not shown for clarity.

and As atoms are six- and four-coordinated, respectively. In
the following, only the structure of RB&O(AsOy), will be
discussed in detail because the two compounds are isostructural.
The structure of RiFe0(AsQy), consists of iror-arsenate
layers in theab-plane with the interlayer space filled with
rubidium cations, as illustrated in the perspective view parallel
to the [010] direction (Figure 1). There are two irearsenate  Figure 3. View of a fragment of the RIF&O(AsQy), structure showing
layers within the repeat distance The interlayer distance is  the atom-labeling scheme (60% thermal ellipsoilds).
decreased from 9.31 to 8.97 A when the rubidium cations are
replaced by the smaller potassium cations. Adjacent layers arethrough three oxygen donors; the fourth oxygen is present as a
symmetry related bg-glide planes perpendicular to teeaxis pendant As=O unit and protrudes into the interlayer region.
atz=Y4and%, Within a layer there are slabs of edge-sharing Two of the oxygen donors of As(1)}ond to adjacent Fe(1)
FeQ; octahedra running along theaxis. Each slab contains and Fe(2) within a slab as bridging ligands while the third
two close packed layers of oxygen atoms wih of the oxygen coordinates to Fe(1) belonging to an adjacent slab. As-
octahedral holes being occupied by Fe atoms. Adjacent slabs(2)O, coordinates to four iron atoms within the same slab. One
are connected by arsenate groups via corner sharing (Figure 2)of the As(2)Q oxygens serves as a bridging ligand between
The building units of REFe0(AsQy), and atom-labeling two Fe(2) atoms. The AsQetrahedra are distorted, as indicated
scheme are shown in Figure 3. Each Feglg€ahedron shares  from the As-O bond lengths. The shortestA® bond in each
two cis edges with two Fe(2¥Ooctahedra. Each Fe(230  tetrahedron involves the oxygen atom which projects into the
octahedron shares four edges with two Fegla@d two Fe(2)- interlayer space and coordinates to alkali-metal cations only.
Os octahedra. There are numerous ways of selecting four edges The coordination number of each Rb cation was determined
from the twelve available from an octahedron. The choice of on the basis of the maximum gap in the-RD distances. The
four edges in Fe(2)§is the same as that found in crystalline maximum catior-anion distancel.max according to Donnay
Nbslg.® Both the Fe(1)@and Fe(2)@ octahedra, as indicated and Allmann was also considerefox = 3.42 A for Rb-O
from the O--O distances, are strongly distorted. The Fe@)O and 3.35 A for kK-0).1° Therefore, Rb(1) and Rb(2) are
octahedron is more regular than Fe(4)@s observed from a  coordinated by seven and eight oxygen atoms with the eighth
comparison with Fe O bond lengths. Atom Fe(1) is displaced Rb(1>-0 and the ninth Rb(2)O distances at 3.71 and 3.70 A,
from the centroid of its FeO octahedron away from two  respectively. The coordination polyhedron of Rb(1) approxi-
neighboring Fe(2) atoms by 0.283 A, whereas Fe(2) is at the mates a strongly distorted octahedron with one of the triangular
centroid of its octahedron. The valence sum for Fe(2) is in faces being capped by an oxygen atom. The valence sum for
good agreement with its formal oxidation state. The lower value Rb(1) is significantly smaller than 1, indicating that it is loosely
for Fe(1) can be correlated with the much longer Fe@j}3) bound. The coordination sphere of Rb(2) is highly asymmetrical
bond lengths as a result from the strong distortion. To better and has an open space along the [100] direction, as shown in
shield the positive charges on iron metal cations, the sharedFigure 4. Consequently, Rb(2) is disordered over two sites
edges are considerably shorter than all the other edges whichalong [100] and has a largd;; value. The Rb(3 site is
are not chared. The arsenate groups coordinate to iron atomssurrounded by six oxygen atoms. The coordination polyhedra

(9) Simon, A.; Schnering, H. G. vah Less-Common Met966 11, 31. (10) Donnay, G.; Allmann, RAm. Mineral.197Q 55, 1003.
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Figure 6. Molar susceptibity ¥u) and inverse molar susceptibity (1/
T 1 1 1 T T T T T xw) plotted as a function of tempterature for a powder sample ¢f Rb
FeO(ASQy),.

The antiferromagnetic interactions are large so #hats con-
siderably reduced from expected noninteracting moment even
at room temperature. At about 25 K, the compound undergoes
a transition to long-range three-dimensional order as suggested
by the sharp increase jn upon cooling and the observation
of field-dependengy below the critical temperature. The appar-
ent ferromagnetic rise igv can be interpreted as canted anti-
ferromagnetism or alternatively so-called weak ferromagnetism.
At lower temperatures the magnetic moments of the two spin
lattices reach equivalency and the net moment diminishes. This
is possible because the unequal moments on the two sublattices
are due to symmetry-related magnetic effects and not a different
) number of electron on each site. Below about 13 K, there is
Velocity (mm/sec) an increase iy (or decrease igy~2), which is likely due to
Figure 5. Mossbauer spectrum of FE&0(AsQy). at 300 K. the presence of magnetic impurities. The magnetic behavior
of RbpFe0O(AsQy), is similar to that of FESOy)s.12
of the K atoms inl are similar to those of the Rb atomsan Few synthetic iron arsenates have been reported although a
The reason that K(2) is not disordered is unclear to us. good number iron arsenate minerals exist. It is interesting to
Mossbauer Spectroscopy and Magnetic Measurements.  note that all iron arsenates except;Ney(AsOy)s!3 were found
As shown in Figure 5, the room-temperature Mossbauer to contain iron in the trivalent state only. The title compounds,
spectrum of REFe0(AsQy), was least-squares fitted with two  K,Fe,O(AsOy), and RbFeO(AsQy),, are not only the first
doublets with a constraint on the area ratio of 1:1. The obtained examples in the systems K/Fe/As/O and Rb/Fe/As/O but also
parameters aré (isomer shift) = 0.36, 0.37 mm/sAEq the first iron arsenates to possess a sheet structure. The fact
(quadrupole splittingy= 1.49, 1.72 mm/s, anii (full width at that a large number of iron phosphates have been synthesized
half-height)= 0.40, 0.44; 0.27, 0.26 mm/s. The isomer shifts suggests that there should likewise be numerous synthetic
for both components are characteristic of high-spin Fe(lll). FeAsO frameworks accessible.
According to Menil, the usual ranges of isomer shifts in oxides
are 0.29-0.50 and 1.031.28 mm/s for Fe(lll) and Fe(ll) in Acknowledgment. We thank the Institute of Chemistry,
6-coordination, respectivell. The component with large Acedemia Sinica, and the National Science Council (Grant
quadrupole splitting can be assigned to Fe(1) because it has &NSC86-2113-M-001-014 to K.-H.L.; Grant NSC86-2113-M-
larger octahedral distortion. 007-011 to S.-L.W.) for support and Professor T.-Y. Dong at
The slabs of edge-sharing FgBctahedra within the layers ~ National Sun Yat-Sen University for Mossbauer spectroscopy
of the structure give rise to interesting magnetic behavior from measurements.
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susceptibility (1fw) versus temperature for RBLO(ASQs)2:  jnteratomic distances, and bond angles (5 pages). Ordering information
TheywT value decreases with decreasing temperature, indicatingjg given on any current masthead page.

the main magnetic interactions between Fe atoms are antifer-

romagnetic. In particular, the effective magnetic moment at €970004D

300 K is only 3.98ug/Fe as compared with 5.92s/Fe theo- )
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