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Structure Determination of NaPbFe,Fy by X-Ray Powder Diffraction
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The crystal structure of NaPbFe,F, prepared by recrystallization of a glass was solved using X-ray
powder diffraction data. The cell is monoclinic (space group C2/c, Z = 4) with a = 7.308(3), b =
12.559(5), ¢ = 7.640(3) ;&, and B = 93.06(2)°. Initial positional parameters for Pb and Fe were obtained
from direct methods applied to 445 reflections which were derived using the pattern decomposition
method. The structure was refined using the Rietveld method. The final reliability factors (%) are R, =
5.1, R, = 8.2, and R,,, = 9.2. The structure is compared with Fe;Fs,2H,0 presenting shifted hexagonal

tungsten bronze layers. © 1989 Academic Press, Inc.

Introduction

In the course of the study of recrystalli-
zation processes of glasses in the NaF-
PbF,-FeF; system (1), an unknown phase
was isolated with the formulation NaPbFe,
Fy. Structural determinations were recently
performed on numerous ennecafluorides
possessing the same general formula A,M,
Fo, that is to say: Ba, MIMIF, (M1 = Fe,
Co, Ni, Zn and M = V, Cr, Fe) (2, 3);
KPbCr,Fy (4), A'BaM}'Fy (A! = Na, K and
MW =V Fe, Ga, Cr) (5, 6); and Ba,ZnAlF,
(7). As in K,Ta,0;F; (8, 9), their structure
is built from isolated double cis chains of
octahedra but major differences concerning
the arrangement of the mono- and divalent
cations inserted between the chains were
observed and discussed in (6). When such
double chains encounter couples of in-
serted cations like KBa, KPb, and NaBa,
the structure of NaPbFe,F, becomes inter-
esting because it presents the association of
those possessing the smallest radii. In fact,
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it was rapidly clear that this new phase was
not related to the other enneafluorides. Due
to the lack of single crystals, the structure
was entirely determined from the X-ray
powder pattern.

Experimental

The glass was obtained by heating the an-
hydrous fluoride mixture in the stoichio-
metric ratios NaF : PbF, : 2FeF; at 700°C in
a dry box in an inert atmosphere. The melt,
in a covered platinum crucible, was cast
and rolled in a bronze mold heated at
200°C. Glass transition at T, = 252 + 5°C,
crystallization at T, = 307 = 5°C, and melt-
ing at T, = 563 = 5°C were determined by
DTA measurements. The NaPbFe,F, crys-
tallized phase is obtained when the glass is
heated between T, and 450°C (10°C/min)
and then quenched in air. The rapidity of
the preparation seems to prevent the forma-
tion of high proportions of other phases
which are always present when direct syn-
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theses are attempted: NasFesFy4 (10), Pbs
Fe;F 9 (11), and another phase which was
indexed in the monoclinic system with a =
16.389(3), b = 11.184(2), ¢ = 7.583(1), B =
102.07(9) (spacegroup C2/m) which could
be isotypic with Ba;CuFe¢Fs, (12).

It was not possible to obtain single crys-
tals; the X-ray powder diffractogram used
for the structure determination was re-
corded on a Siemens diffractometer (back-
monochromatized CuKea). The sample re-
tained for analysis was recrystallized from
the glass at 450°C. Preparations obtained at
lower temperatures showed reflections with
significantly larger linewidths. Impurities
remaining in the sample (principally NasFe;
F.4) were estimated to be less than 3%.

Data Analysis

Indexing of the powder pattern was ob-
tained using the program DICVOL (13, 14).
A probable solution was proposed in the
monoclinic system; the systematic extinc-
tions are consistent with space groups C2/c
and Cc. The lattice parameters are a =
7.308(3), b = 12.559(5), ¢ = 7.640(3) A, and
B = 93.06(2)°. The calculated density for Z
=4 is 4.866 g cm 3,

Individual intensities were then extracted
from the powder pattern by a profile fitting
procedure which does not require a struc-
tural model but constrains the angular posi-
tion of the reflections to be consistent with
the cell parameters (15). Conventional Riet-
veld profile reliability factors were R, = 5.6
(%) and Ry, = 6.5 (%) for 445 reflections up
to 110°26.

Intensities were converted into structure
factors and used as input data for the pro-
gram SHELX (16). Lead and iron atoms
were localized by using the direct methods
(option TANG of SHELX) and Fourier
synthesis. Scattering factors for Pb?*, Fe’*,
Na*, and F~ were taken from the ‘‘Interna-
tional Tables of Crystallography’ (/7). Re-
finement of the metal coordinates led to an
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agreement factor R = 0.26. Fluorine and
sodium were then located on a difference
Fourier map. The R factor dropped to 0.10
after refinement of all atomic coordinates
and isotropic thermal parameters (with the
constraint that all F~ would have the same
B value). The Fourter difference map re-
vealed a large positive peak on the sodium
site.

At this stage, we went back to the Riet-
veld method applied with this structural
model. This was necessary because some
of the intensities previously obtained were
dubious as a consequence of very near
overlapping with others. Conventional
Rietveld reliability factors were Ry = 9.2
(%), R, = 13.4 (%), and R,,, = 14.7 (%); the
Fourier difference map confirmed the large
positive peak on the sodium site, isotropic
thermal agitations were found to be abnor-
mally large for Pb?* and negative for Na*.
This suggested that there was some degree
of mixing of sodium and lead atoms in the

TABLE I

STRUCTURE AND PROFILE PARAMETERS FOR
NaPbFe,F, (SD IN PARENTHESES)

Atom Site x y z B(AY)
NagoPbg 4c 3 4 0 5.4(3)
PbyyNag, 4e 0 0.0275(1) % 1.3(1)
Fe(1) 4d 1 i 3 1.0(1)
Fe(2) 4b 0 3 ] 1.6(1)
F(1) 8f 0.256(1) 0.04099) 0.976(1) 2.2(1)
F(2) 8f 0.207(2) 0.1937(7) 0.280(1) 2.2(1)
F(3) 8f 0.082(1) 0.1527(8) 0.578(1) 2.2(1)
F(4) 8f 0.039(1) 0.3453(8) 0.463(1) 2.2(1)
F(5) 4e 0 0.527(1) 1 2.2(1)

Cell parameters (A): a = 7.308(3), b = 12.559(5),
¢ = 7.640(3), B = 93.06(2)

Volume (A3%: 700.21

26 range (°): 10-110

Step scan (°26): 0.04

No. of reflections: 445

No. of structural parameters: 20

No. of profile parameters: 14

Zero point (°28): 0.097(5)

Profile parameters (See Ref. (15)): U1l = 0.88(6),
V1= ~0.66(5, W1 =0.23(1), U2 = —1.1(1),
V2 = 1.1(1), W2 = 1.09(3), C = —0.089(3), D = —0.27(1)

Reliability factors (%): Ry = 5.1, R, = 8.2, Ru, = 9.2,
R. =24
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Fi1G. 1. Observed (---) and calculated (—) X-ray powder pattern. The difference pattern appears

below at the same scale.

two sites. Further refinement in this sense
led to a significant drop in the agreement
factors: Ry = 5.1(%), R, = 8.2(%), and R,
= 9.2(%), the degree of disorder being
10.1(1)%. Trying in the Cc space group did
not improve these results. The final posi-
tional and thermal parameters are given in
Table I. Bond distances are reported in Ta-
ble II and the observed and calculated pat-
terns are represented on Fig. 1.

Description of the Structure and
Discussion

A (001) projection of the structure of Na
PbFe,F, is shown in Fig. 2. The framework
structure is formed by 3D corner sharing of
octahedra. Infinite chains run parallel to the
¢ axis (Fe(2) only) and along the [110] and
[110] directions (alternating Fe(1) and
Fe(2)). Bridging fluorines are always in
trans position. The octahedra exhibit
strong distortions in angles and distances,
one having two and the other four terminal
ligands (respectively Fe(1) and Fe(2); such

a situation is encountered in NasFes;Fyy
(10)). The fluorine atoms surrounding Na
lie at the corners of a distorted flattened
hexagonal bipyramid where the apical dis-
tances are 2.29 A and the remaining ones
are longer than 2.45 A; such a polyhedron is
encountered for one of the two independent
Na atoms in the orthorhombic weberite

Fi1G. 2. (001) projection of the structure of NaPb
Fe,F;. Octahedra at z = 0 are hatched, those at z = 4
are not. Na* and Pb2* ions are represented respec-
tively by small and large circles.
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TABLE I1

DisTANCES (A) AND ANGLES (°) IN NaPbFe,F, (SD IN PARENTHESES, * INDICATES
TERMINAL FLUORINE)

Fe(1) octahedral environment

2 Fe(1)-F(2)*1.84(1) F(3)-F(2)
2 Fe(1)-F(3)*1.86(1) _F(Q)
2 Fe(1)-F(4) 1.96(1) -F@4)
-F4)
F(2)-F(4)
~F(@)

(Fe(1)-F) 1.89 (F-F)

2.67(1) F(3)-Fe(1)-F(2) 92.5(7)
2.55(1) F(3)-Fe(1)-F(4) 94.7(9)
2.81(1) F(2)-Fe(1)-F(4) 90.6(7)
2.59(1)

2.67(1)

2.70(1) Fe(1)-F(4)-Fe(2) 134(1)
2.65

Fe(2) octahedral environment

2 Fe(2)-F(1)*1.85(1) F(1)=F(5) 2.68(1) F(1)-Fe(2)-F(5) 90.1(6)
2 Fe(2)-F(5) 1.94(1) —F(5) 2.69(1) F(1)-Fe(2)-F(4) 98.1(8)
2 Fe(2)-F(4) 1.99(1) —F4) 2.52(1) F(5)-Fe(2)-F(4) 91.6(7)
—F(4) 2.90(1)
F(5)-F(4) 2.74(1)
—F(4) 2.82(1) Fe(2)-F(5)-Fe(2) 159(1)
(Fe(2)-F) 1.93 (F-F) 273

Na environment

2 Na-F(2) 2.29(1)
2 Na-F(4) 2.46(1)
2 Na—F(1) 2.63(1)
2 Na-F(3) 2.75(1)

(Na-F) 2.53

Pb environment

2 Pb-F(2) 2.58(1)
2 Pb-F(1) 2.62(1)
2 Pb-F(3) 2.70(1)
2 Pb-F(1) 2.89(1)
2 Pb-F(3) 2.9%(1)
(Pb-F) 2.76

structure (/8) and also for three-fourths of
the Na atoms in the trigonal weberites (19,
20). As for NaPbFe,F,, the Na atoms in the
weberites show abnormally high tempera-

FiG. 3. The effect of replacing Pb>* by F~ creates
new octahedral sites (compare with Fig. 2); then the
relation with hexagonal tungsten bronze layers be-
come obvious.

ture factors. The coordination number of
Pb?* may be considered as being 10, form-
ing nearly a bicapped square antiprism. It
may be remarked that F~ and Pb** repro-
duce the anionic packing observed in WO;,
iH,0 (21), or Fe, Fy(H,0), (22, 23) which
may be described in terms of hexagonal
tungsten bronze (HTB) layers alternatively
shifted. Figure 3 illustrates this compari-
son, Pb?* has been replaced by F~, creating
a new octahedral site; this hypothetical
compound would have the formulation Na
FC3F|0.

A question arises about the possibility of
statistical substitution between Nat and
Pb2* ions, whose radii are rather different
(1.18 and 1.29 A, respectively, for eightfold
coordination; Shannon values (24)). Struc-
turally, the accomodation of lead in the so-
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dium site appears possible by a simple rota-
tion of the Fe(1)F¢ octahedra around the
axis joining its two bridging fluorines F(4).
Consequently, the F(2) fluorines corre-
sponding to the two shortest Na—F bonds
can substantially move more far from the
sodium atoms; then the site becomes credi-
ble for the occupation by lead.

In order to obtain a better understanding
of this new structure type, a magnetic char-
acterization of NaPbFe,F, is intended. The
two sites of iron offer opportunities to ob-
tain isolated magnetic chains of corner
linked octahedra, if ordered substitutions
are possible with gallium or indium. Inves-
tigations are in progress.
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