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(H20)0.33FeF3, grown by hydrothermal synthesis, crystallizes in the orthorhombic system with cell 
dimensions (I = 7.423(3) A, b = 12.730(4) A, c = 7.526(3) A, and space group Cmcm, Z = 12. The 
structure, derived from single crystal X-ray diffraction data (605 independent reflections) is refined to 
R = 0.019 (R, = 0.021). The framework of the FenIF, octahedra is related to that of hexagonal tungsten 
bronze (HTB) Rb,,zsW03. At 122”C, zeolithic water is evolved from hexagonal tunnels without any 
noticeable change of the fluorine skeleton. The related anhydrous compound represents a new form of 
iron trifluoride which is denoted HTB-FeF$ at 525°C. it transforms into the cubic form of ReOl-type. 
(H20)0.33FeF3 and HTB-FeFI are antiferromagnetic, with NCel temperatures of TN = 128”7 -t 0.5 K 
and TN = 97 & 2 K, respectively. 

Introduction 

During the thermal decomposition of te- 
tragonal P-FeF3, 3 H20, Macheteau and 
Charpin (1) isolated an intermediate hy- 
drate to which they assigned the formula 
FeF3, H20. Its X-ray spectrum was in- 
dexed in ,a hexagonal tell with parameters a 
= 7.395 A, c = 7.557 A; however, the prod- 
uct always contained some amounts of (Y- 
FeZ03 and a-FeF3 * 3 H20. This fact cast 
some doubt on the chemical composition 
given by these authors and led us to reex- 
amine this compound. 

Hydrothermal conditions were systemat- 
ically applied to FeF3 (2) in order to render 
the previous results more precise: anhy- 

drous or hydrated phases appear, depend- 
ing on the temperature and fluorine concen- 
tration of the solvent; the trihydrate 
/3-FeF3 . 3 HZ0 is obtained at 250°C from 
aqueous solutions, while at 380°C in 49% 
HF, anhydrous FeF3 crystals are grown. 
For intermediate conditions, a new com- 
pound (HzO)o.aFeF3 is isolated. Its struc- 
ture is related to that of the hexagonal tung- 
sten bronze (HTB) Rb0.29W03 (3). 

Preparation and Characterization 

Light-green crystals of (H20)0.33FeF3 are 
grown by hydrothermal synthesis (FeF3: 
1.2 g, H20: 2.2 cm3) at 360°C 200 MPa, for 
4 days. They present a pseudo-hexagonal 
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prismatic habit and frequent (110) twinning. 
Their powder X-Ray diffraction pattern is 
indexed in an ideal hexagonal bronze-type 
cell a = 7.39 A, c = 7.56 A; the orthorhom- 
bit deformation, described later, is not ob- 
served. 

ATG experiments show the easy dehy- 
dration of (H10)o.33FeFj at 122°C (heating 
rate: 2°C min-l). The weight loss, 5.3%, is 
close to theorical loss, 5.1%, corresponding 
to 0.33 HZ0 per 1 FeF3 molecule. The re- 
sulting anhydrous compound represents a 
new form of iron trifluoride and will be de- 
noted HTB-FeF3. X-Ray diffraction spec- 
tra of HTB-FeF3, from room temperature 
to 300°C are very similar to those of 
(H20)0.33FeF3: only very small intensity dif- 
ferences are observed; lattice spacings are 
identical. At higher temperature, hydroly- 
sis begins to occur on the heating stage. 
However, thermal analysis (DTA, DSC) in- 
dicates that at WC, HTB-FeF3 undergoes 
an endothermic reversible phase transition, 
probably due to small reorientations of the 
iron octahedra. Furthermore, at 525°C un- 
der argon, an endothermic peak is ob- 
served: HTB-FeF3 irreversibly transforms 
to ReOrtype FeFe3, cubic at this tempera- 
ture, rhombohedral at T < 394°C (4). 

The infrared spectrum of (H20)0.j3FeF3 
crystals shows the presence of intense and 
narrow peaks at 1625, 3550, and 3625 cm-’ 
associated with weak and broad bands 
around 1600 and 3250 cm-‘. The absorption 
close to 1600 and 3500 cm-i may be as- 
signed, respectively, to the bending 8n20 
and to the symmetrical or antisymmetrical 

stretching Van vibrations. The presence at 
1625 cm-i of an intense and narrow peak 
proves unquestionably that structural water 
is present as HZ0 molecules. If structural 
water were coordinated to iron atoms as 
hydroxyl groups, only Van would be ex- 
pected. Due to the method of preparation, 
some adsorbed water, which contributes to 
the broad bands, is in evidence. 

Experimental 

Laue and precession photographs show 
that (H20)0.33FeF3 crystals are orthorhom- 
bit with space group Cmcm (No. 63) (Table 
I). The cell derives from the hexagonal 
bronze-type cell (dashed unit cell in Fig. 1: 
a = b = 7.370 A, y = 1 lY52). Intensity data 
are collected on a CAD 4 Nonius diffrac- 
tometer.’ Operating features are as follows: 
MO& radiation; graphite monochromator; 
scan-mode o; sweep s = (0.80 + 0.35 tg 0)o; 
scintillation counter aperture D = (1.50 + 
1.00 tan 13) mm; scanning speed u = 
(20.1166/NV)” mini with NV integer; range 
measured: 3” 5 8 5 40”, 0 I h 5 + 14, - 22 
1kcc+22,-12<1~+12withCrestric- 
tions; reflections measured: total = 1778, 
mmm symmetry independent and IFI L 6a 
(IFI) = 605. Corrections for Lorentz and po- 
larization effects and for absorption are ap- 
plied, using, for all calculations, the 
SHELX program (5). The transmission fac- 
tor varies from 0.615 to 0.724. Atomic scat- 

’ Laboratoire de Chimie des Solides, L.A. no 279, 
U.E.R. de Chimie, Universitt de Nantes. Nantes 
(France). 

TABLE I 

EXPERIMENTAL DATA FOR (H20),,,,FeF3 CRYSTALS 

Symmetry: orthorhombic Z = 12 
Space group: Cmcm 
Conditions: h/cl h + k = 2n 

ho1 1 = 2n(h = 2n) 

Cell parameters: a = 7.423(3) A 
6 = 12.730(4) li 
c = 7.526(3) A 

PCXP = 3.25(10) g cm-3 fi(MoKa) = 61.7 cm-’ 
pdc = 3.33 g cm-3 Crystal dimensions: (0.07 x 0.10 x 0.06) mm3 
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FIG. 1. (001) projection of (H20)0.jjFeF3. 
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tering factors are taken from the “Interna- 
tional Tables for X-Ray Crystallography” 
(1968) for Fe3+, 0, and F- (6). 

Structure Determination 

Examination of Fe-Fe interactions in the 
Patterson map built from Zhkl clearly points 
out that iron atoms occupy a pseudo-hexag- 
onal bronze-type array. Fe-F interactions 
further indicate that FeF6 octahedra are 
tilted from the c axis; in particular, some of 
these octahedra strictly rotate around a. 
Thus, a solution is based on a model, giving 
to the Fe(l)F6 octahedron a tilt around a 
and correlated tilts to Fe(2)F6 octahedra. 
The water molecules are placed at the cen- 
ter of the hexagonal cavities. Refinement of 
this set of atomic coordinates, weighting, 
secondary extinction, and isotropic thermal 
parameters easily converges to R = 0.035 
(R, = 0.041). The residual falls to R = 0.019 
(R, = 0.021) when applying anisotropic 
thermal motion for all nonhydrogen atoms.z 

Table II presents the final results for the 

* See NAPS document No. 04038 for 6 pages of 
supplementary material. Order from ASISNAPS, Mi- 
crofiche Publications, P.O. Box 3513, Grand Central 
Station, New York, NY 10163. Remit in advance $4.00 
for microfiche copy or for photocopy, $7.75 up to 20 
pages plus $.30 for each additional page. All orders 

seven independent positions; characteristic 
distances are listed in Table III. The refine- 
ment of the site occupancy factor for oxy- 
gen atoms in 4a (0 0 0) or 4c (0, y, b) really 
indicates that the 4c site is fully occupied 
and the 4a site, empty. 

Discussion of the Structure 

The structure determination and the 
light-green color of the crystals prove that 
(H20)0.33FeF3 represents the first hexagonal 
tungsten bronze-type fluoride with only one 
metallic species and no mixed-metal valen- 
ties. Figure 1 presents a projection of the 
structure at z = 0.5 and shows its similarity 
to CS~.~ Zno.4 Fel.G F6 (7). Iron atoms oc- 
cupy two types of crystallographic sites. 
The six nearest-neighbor distances around 
iron atoms (Table III) are consistent with 
Fe3+-F- distances (d = 1.947 A) and con- 
firm the absence of Hz0 or OH groups in 
the iron coordination polyhedra (8). Refine- 
ment and Fourier map allow the placing of 
the oxygen atom of water molecules in the 

must be prepaid. Institutions and organizations may 
order by purchase order. However, there is a billing 
and handling charge for this service of $15. Foreign 
orders add $4.50 for postage and handling for the first 
20 pages, and $1 .OO for additional 10 pages of material. 
Remit $1 SO for postage of any microfiche orders. 
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TABLE III 

CHARACTERISTIC INTERATOMIC DISTANCES (A) AND 

BOND ANGLES 

4 x Fel-F2 1.948(l) 
2 x Fel-F3 1.945(l) 

&& = 1.947 

dF-F = 2.753 

2 x Fe2-Fl 1.945(l) 
2 x Fe2-F2 1.945( 1) 
2 x Fe2-F4 1.949(l) 

&-F = 1.946 

&F = 2.752 

Fel-F3-Fe1 150”7(1) 
2 x H20-Fl 3.119(4) 
2 x H,O-Fl 3.565(4) 
4 x H20-F2 3.086(5) 
4 x H20-F2 3.467(5) 
2 x H20-F3 3.745(4) 
2 x HzO-F4 3.186(5) 
2 x H20-F4 4.183(4) 

Fe2-F4-Fe2 149”8( 1) 
Fe2-Fl-Fe2 145?(l) 
Fel-F2-Fe2 142”3(1) 

F2-Fel-F2 88”7(1) 
F2-Fel-F3 89”5( 1) 
F 1 -Fe2-F2 88”8(1) 
Fl-Fe2-F4 89=9(l) 

hexagonal cavities, but hydrogen atoms 
cannot be located. 

Orthorhombic symmetry arises mainly 
from anionic displacements. The nearly 
regular Fe(l)F6 and Fe(2)F6 octahedra tilt 
cooperatively from c axis (147 and 149, 
respectively). These important tilts imply a 
shortening of 8H20-F distances (Table III). 
However, the shortest H20-F distances 
(3.09 A) provide evidence that water mole- 
cules are weakly hydrogen bonded. They 
can move inside the large tunnels, as con- 
firmed by the high values of their thermal 
motion parameters and by the easy dehy- 
dration of the compound. 

Recently, Gerand et al. (9) synthetized 
w03 . $H20. The structure, refined from 
powder diffraction data, is built up from 
bronze-type layers in a cell similar to that of 
(H20),,33FeF3. However, the lattice-center- 
ing mode, F for W034H20 and C for 
(H20)0.33FeF3, implies that the connection 
of the layers is different for both com- 
pounds. In WO3, 5Hz0, the layers are 
shifted along a. The water molecule, which 
belongs to the tungsten octahedron, points 
toward crossed tunnels running along 11011 
and [lOi]. In (H20)0.33FeFJ, the layers are 
superimposed along c. 
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Dehydration of (H20)0.33FeF3 and WO3 . 
fH20 leads to similar HTB-type com- 
pounds. So their dehydration mechanisms 
must differ. For (H20)o.JjFeFj, the loss of 
zeolithic water is achieved at low tempera- 
ture, and the framework of octahedra re- 
mains unchanged. By contrast, for W03 . 
jH20, a shift of the HTB layers must occur; 
then, the transition is destructive and real- 
ized at high temperatures (T > 300°C) (10). 

Magnetic and Mossbauer Studies 

For (H20)0.jjFeF3 crystals and HTB- 
FeF3, the thermal variations of inverse sus- 
ceptibility x-’ (Fig. 2) and magnetization, 
measured with a vibrating sample magne- 
tometer, are indicative of strong antiferro- 
magnetic interactions. Even at 293 K, the 
Curie-Weiss law is not obeyed; so 8, val- 
ues and molar Curie constants can not be 
obtained. The very flat x-i versus T curves 
present a slight slope discontinuity around 
T = 130 K for (H20)o.jJFeF3 crystals, T = 
100 K for anhydrous HTB-FeF3. Moss- 
bauer experiments show that these temper- 
atures correspond to the magnetic order- 
ing temperatures TN (128.7 + 0.5 K for 
(H20)0.jJFeF3 and 97 t 2 K for HTB- 
FeF3). 

Experimental Mossbauer data are listed 
in Table IV. For (H20)0.JjFeF3 crystals, the 
two types of iron sites are not distinguished 

y .ui4 

I 
9 

FIG. 2. Thermal variation of the magnetic inverse 
susceptibility (l/emu g-l). 

TABLE IV 

M~SSBAUER DATA 

6” AEQ 4&b H r 
T(K) (mm s-l) (mm SC’) (mm s-l) (kOe) (mm SC’) 

295 0.439(2) 0.640(4) - 0.50(l) 
129 0.539(2) O&45(4) 

-O&4) 5 11(2) 
0.52( 1) 

77 0.54(l) - 0.66( 1) 
4.2 0.55(l) - -0.26(4) 565(2) 0.60(l) 

B 6 = isomer shift relative to Fe metal (T = 300 K) 
b E = quadrupolar shift of the outer Zeeman lines. 

through Mossbauer spectrometry, as could 
be deduced from considerations of bond 
lengths (Table III) and angles. The thermal 
variation of their common hyperhne mag- 
netic field is shown in Fig. 3; the value 
found at 4.2 K, close to that observed for 
hexagonal bronze-type A,FeF3 (II), cor- 
roborates the absence of water molecules in 
the iron coordination polyhedra. From the 
E value, the determination of the angle be- 
tween the magnetic hyperfine field direction 
and the main electric field gradient axis is 
ambigous: it could be 63”5 or 46”6, depend- 
ing on the unknown sign of quadrupole 
splitting AEo . 

According to the Kanamori (12) or 
Goodenough rules (13), the antiferromag- 
netic exchange between layers is easily ra- 

tionalized (Fe-F-Fe = 149”8 or 150”7, Ta- 
ble III), but frustration must exist in the 
cycles formed by three octahedra linked by 
corners in the layer plane. Thus, neutron 

t 

H (kOe,) 

FIG. 3. Thermal variation of the magnetic hyperfine 
field of (H20)o.3,FeFj. 
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diffraction experiments, scheduled at the 
ILL Grenoble, will have to determine the 
magnetic structure of (H20)0.33FeF3 and 
both nuclear and magnetic structure of an- 
hydrous HTB-FeF3. The influence of frus- 
tration on magnetic structure and the role 
of water for structure stability will have to 
be investigated. 
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