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The  crystal  s t ructures  of  the compounds  PbxM(O,F)3+x/2 (M = Nb, Ta; x - 0.25) have  been determined 
f rom single crystal  X-ray data. The apparent  symmet ry  is hexagonal  (space group P6/mmm) and the 
unit  cell d imens ions  are aNb = 7.567(1) .A and cyb = 3.928(1) A. The s t ructures  are related to the 
hexagonal  tungs ten  bronze type, but  differ from that  type in that the lead a toms are located in the 
tunnels  at approximate ly  the same level as the metal  a toms in the MX3 framework.  Some anions also 
reside in the hexagonal  tunnels .  A disordered supers t ruc ture  has been observed by electron diffraction 
me thods ;  it may  be explained by a model  implying lateral shifts of  the lead a toms and the formation of 
P b - X - P b  groups.  © 1985 Academic Press, Inc. 

Introduction 

In the course of studies of niobium and 
tantalum oxide fluorides containing diva- 
lent lead, a phase was discovered which 
had unit cell dimensions very similar to 
those of hexagonal tungsten bronze (HTB) 
(1, 2). The phase analysis indicated that the 
composition was PbxM(O,F)3+x/2 with x 
0.25 for both M = Nb and Ta. I attempted a 
single crystal X-ray structure analysis in or- 
der to investigate how Pb(II), with its ten- 
dency toward one-sided coordination due 
to the lone pair, is accommodated in the 
hexagonal tunnels of the HTB structure 
and, if possible, to find the reason for the 
deviation from normal HTB stoichiometry, 
AxM03. 

Experimental 

A crystal of the niobium compound in the 
0022-4696/85 $3.00 
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form of a hexagonal plate was selected from 
a single phase sample with the gross com- 
position Pb0.21Nb0.7901.87F0.63 prepared as in 
Ref. (1). Under the same conditions the 
corresponding tantalum compound was ob- 
tained from the gross composition Pb0.21 
Ta0.7901.87F0.63. This was a two-phase sam- 
ple, however, and contained a tetragonal 
phase, Pb3TanO12F2 (3) as well. This indi- 
cates that the hexagonal compound has a 
somewhat lower lead content than the Nb 
phase. The samples from which the crystals 
were chosen were all colourless. Crystallo- 
graphic data are given in Table I. 

Single crystals of both compounds were 
mounted on a Weissenberg camera with the 
c axis parallel to the rotation axis. Oscilla- 
tion and hkO-hk3 layer photographs were 
registered for both phases. In addition, the 
niobium crystal was remounted with a par- 
allel to the rotation axis, and oscillation and 
zero level photographs were taken. The 
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TABLE I 

CRYSTALLOGRAPmC DATA FOR PbxM(O,F)a+x/2 (M = Nb, Ta) 
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Nb (x = 0.26) Ta (x = 0.24) 

Unit cell (~) 
a 7.567(1) 7.548(2) 
c 3.928(1) 3.941(1) 

Space group P6/mmm 
Density (g cm -3) 

obs 5.11 - -  
calc 5.09 7.24 

Crystal size (mm 3) 0.094 x 0.074 x 0.022 0.078 x 0.074 x 0.038 
Absorption coefficient/z (cm -l) 193 559 
Scan type 0-20 0-20 
Scan speed (deg sec ~) 0.02 0.02 
Scan width (deg) 1.20 1.20 
20 range (deg) 4-60 4-60 
Number of registered reflections 211 236 
Number of reflections with 1 > 2.5 o'(/) 

used in least-squares refinement 112 164 

crystals were then mounted on a PW 1100 
automatic diffractometer. Details of the 
data collection are summarized in Table I. 

Structure Analysis 

The Weissenberg photographs showed 
the Laue symmetry to be 6/mmm for both 
crystals. They also confirmed that the unit 
cells, as derived from Guinier powder pho- 
tographs, were correct. No indication of ei- 
ther superstructure reflections or diffuse 
streaks could be detected. 

The structure analysis was started using 
data collected from the niobium compound. 
Scattering factors and anomalous scattering 
parameters were taken from (4). The calcu- 
lated Patterson function was fully consis- 
tent with the distribution of Pb in the point 
position la (0,0,0) and Nb in 3 f  (½,0,0) in 
space group P6/mrnm; i.e., all the metal at- 
oms are situated in one plane. Fourier and 
difference Fourier maps calculated with 
these metal coordinates showed peaks cor- 
responding to X atoms arranged as in the 
HTB structure type. A small peak was 
found at (0,0,~), however, which could be 

interpreted as 50% X occupation, in agree- 
ment with the assumed composition. Least- 
squares refinement of this structure model 
with isotropic thermal parameters for all at- 
oms (the temperature factor of the X atoms 
were fixed at U = 0.012 ~2) converged to R 
= 0.19. The temperature factor of Nb was, 
however, very large (U = 0.025 .&2) and 
strongly correlated to that of Pb. Aniso- 
tropic thermal parameters for Nb and Pb 
were introduced at this stage, but did not 
alleviate the problem. Several attempts 
were made to lower the symmetry, and the 
space group P6mm was found to give the 
most satisfactory results. The R value 
dropped to 0.11 with the isotropic tempera- 
ture factor fixed at U = 0.006 A 2 for Nb. 

Due to the high correlation of the Pb and 
Nb thermal parameters, attention was 
switched to the tantalum phase. The struc- 
ture model based on the space group P6/ 
mmm with Pb in position la and Ta in 3 f  
proved unsatisfactory in this case also. The 
correlation of the Pb and Ta temperature 
factors was, however, not as strong as that 
of Pb and Nb. 

It was found that a model with the lead 
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TABLE II 

POSITIONAL AND THERMAL PARAMETERS FOR Pb0.24Ta(O,F)3A2 (SPACE GROUP P6/mmm) 

Point Occupancy 
Atom position x y z factor UH a Uss U12 

Ta 3 f  ½ 0 0 1 0.0086(5) 0.0141(6) 0.0034(8) 
Pb 12o 0.0193(9) 0.0387(18) 0.0734(21) 0.059(2) 0.0263(39) 
X1 6/ 0.2108(17) 0.4217(34) 0 1 0.0198(37) 
X2 3g ½ 0 ½ 1 0.0157(43) 
X3 lb 0 0 ~ 0.36(2) 0.010 

Note. Standard deviations are given in parentheses. 
o Anisotropic temperature factors are given in the form exp{-27r2(hZa*ZUu + k2b*2U22 + 12c'2U33 + 

2hka*b*Ul2 + 2hla*c*Uj3 + 2hlb*c*U23)}. 

atom split across the mirror plane perpen- 
dicular to (001), i.e., Pb in position 2e with z 
= 0.06, converged to R = 0.07. A differ- 
ence Fourier map calculated from this 
model showed that it still did not give a 
good description of the lead position, since 
a ring of remaining electron density was 
found to surround it in the xy plane, while 
negative values appeared on each side 
along z. The anomaly was removed by in- 
troducing an anisotropic temperature factor 
for Pb, which became very large in the xy 
plane (Ull = U 2 2  = 0.047 ,~2) or by displac- 
ing the Pb atom not only out of the plane of 
the hexagonal ring but also to one side of it. 
No distinct peaks were observed in the dif- 
ference map; however, a small maximum 
with the coordinates 0.02, 0.04, 0.06 ap- 
peared, and a refinement with lead ran- 
domly distributed over the 12-fold position 
12o gave R = 0.068. The small peak re- 
mained at (0,0,½), corresponding in size to 
half occupancy of an anion site. The final 
refinements included an anion with 50% oc- 
cupancy situated at this site, but the R 
value did not improve significantly. 

The composition derived from this refine- 
ment is Pb0.z4TaX3A2, which, as expected, is 
somewhat lower than the gross composi- 
tion of the sample. The positional and ther- 
mal parameters are given in Table II, and 
the relevant interatomic distances are sum- 
marized in Table III. 

As the refined structure model comprises 
a lead atom displaced from the center of the 
tunnel in the HTB matrix and randomly dis- 
tributed over a 12-fold position, it was con- 
sidered reasonable to investigate, by elec- 
tron diffraction methods, whether this 
disorder is complete or whether there is any 
evidence of short range order. All available 
evidence indicated that the niobium and the 
tantalum compounds are identical, apart 
from a possible difference in the content; 
and since diffuse scattering due to disorder 
of the Pb atom would be relatively stronger 

TABLE III 

SOME INTERATOMIC DISTANCES IN ,~ IN 
Pb0.z4Ta(O,F)sA2 

Mean value 

Ta-X(1) 4 × 1.95(1) 1.96 
-X(2) 2 x 1.97(1) 

a. Distances obtained with Pb as a "spli t"  atom 
(point position 12o) 

Pb-X(1) 2.55(2) 
-X(I ' )  2 × 2.68(2) 
-X(1 '~) 2 x 2.93(2) 2.72 
-x(l') 3.05(2) 
-X(3) 2.27(1) 

b. Distances obtained with Pb situated 
at the origin (la) 

Pb-X(1) 6 x 2.78(1) 2.66 
-X(3) 1.97(1) 

Note. Standard deviations are given in parentheses. 
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FIG. 1. Electron diffractogram (hOl zone) recorded from a crystal of the Pbo.26Nb(O,F)3.13 phase. 
Note the faint superstructure streaks. 

in the Nb compound, the latter was studied 
by this technique. 

The hk0 and hOl zones were registrated in 
a Jeol 200CX microscope. No evidence of 
diffuse scattering or a superstructure was 
found in the hk0 zone, but in the hOl zone 
continuous streaks corresponding to a four- 
fold multiplicity of the c axis were observed 
(cf. Fig. 1). These very weak streaks indi- 
cate a disordered superstructure. 

Discussion 

Although the general type of the present 
structure (cf. Fig. 2) is HTB (5), there are 
several differences. First, the lead atoms 
are not located in the cages of anions be- 
tween the layers of transition metal atoms 
as the alkali atoms in normal HTB but 
rather, in these layers, are surrounded by a 
ring of six anions. Second, there are addi- 
tional anions in the tunnels at sites normally 
containing alkali atoms. Third, the tantalum 
atoms are located at the position (½,0,0) and 
are not displaced along x as in the alkali 
bronzes (where this gives rise to a doubling 
of the c axis). 

The streaks observed in the electron dif- 

fraction pattern of the Pb0.26NbX3.13 phase 
could be interpreted as a shift of the Nb 
atoms out of their ideal positions, as a dis- 
placement of the Pb atom out of the (0,0,0) 
position, or possibly both. The composi- 
tion, the unit cell dimensions and the ap- 
pearance of the X-ray diffraction patterns 
all indicate that the niobium and tantalum 
compounds are isomorphous. In both cases 
problems were encountered in refining the 
lead atom in position la, since areas of 
large positive and negative values were in- 
variably found in the Fourier difference 

a ~  ) a  

F1G. 2. The structure of Pb~M(O,F)3+~z viewed 
along [001]. The Pb atoms are located in the hexagonal 
tunnels at approximately the same level as the M at- 
oms. 
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maps. This may be taken as an indication 
that the disordered superstructure is mainly 
caused by a displacement of the Pb atom, 
although a simultaneous minor shift of the 
Nb atoms cannot be definitely excluded. It 
follows from the value of the Pb-X(3) dis- 
tance that the Pb atoms must be displaced 
in both compounds. If the Pb atoms are 
placed at (0,0,0), the Pb-X(3) distance will 
be 1.97 A (cf. Table IV) which is 0.15 
shorter than the shortest Pb-O distance re- 
ported. This short distance can be in- 
creased by an ordered displacement of the 
Pb atoms so as to form pairwise longer and 
shorter Pb-Pb distances along the hexago- 
nal tunnels. The X(3) atom is thus bridging 
the longer of these distances, forming Pb-  
X(3)-Pb groups. 

The short Pb-Pb  distance is approxi- 
mately 3.4 A, but insertion of an X atom 
would lead to a Pb -X  distance of 1.7 A, 
which is clearly much too short. On the 
other hand, the longer Pb-Pb distance 
along the tunnels is 4.5 A, and insertion of 
an X atom would yield a Pb-X distance of 
2.3 A, which seems reasonable in compari- 
son with, for example, PbO (2.30 ,~ in the 
tetragonal form (6) and 2.21 ,~ in the 
orthorhombic modification (7)). 

If the strength of the Pb-X(3) bond is cal- 
culated from the formula s = (R/Ro) -N, with 
the parameters R0 = 2.044 and N = 5.5 for 
Pb-O bonds (8), the proposed model gives 
Es = 1.1 for the X(3) position, suggesting 
that it is occupied by fluorine. If, on the 
other hand, X(3) is assumed to be oxygen, 
the Pb-X(3! distance required to give Es = 
2.0 is 2.04 A, which is shorter than any dis- 
tance previously reported for Pb-O bonds. 

Figure 3 shows a model of the ordering of 
Pb and X atoms along the hexagonal tunnel 
taking the observed Pb displacement into 
account. This model breaks the hexagonal 
symmetry of the crystal so as to leave maxi- 
mum room for the lone pairs on the Pb at- 
oms (cf. Fig. 3). It is, however, likely that 
all the six orientations of the Pb-X arrange- 

FIG. 3. A view of the suggested arrangement of Pb-  
X-Pb groups in the hexagonal tunnels. 

ment are present in the crystal and that this 
disorder is responsible for the streaking of 
the superstructure reflections. 

Table III summarizes the relevant inter- 
atomic distances for this structure model. 
The lead atom is surrounded by one X(3) 
anion at a distance of 2.27 A and six X at- 
oms at distances between 2.55 and 3.05 A. 
This type of PbX7 hexagonal pyramid has 
also been observed in lead niobates of 
pyrochlore type (9) with a quite similar dis- 
tribution of Pb -X  distances. The Ta atom is 
at the center of a quite regular octahedron 
with an average Ta-X distance of 1.96 ,~, in 
excellent agreement with 1.95 A in TaO2F 
(10). 

A general discussion of the crystal and 
coordination chemistry of lead in the 
present type of compounds is presented 
elsewhere (11). 
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