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The Crystal Structure of PbFe[AsO4] [AsO3(OH ) ] 
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Summary. Light green to nearly colourless crystals of PbFe[AsO,][~AsO3(OH)] were synthesized 
under moderate hydrothermal conditions (a = 4.846(2), b = 8.482(4), c = 15.560(6) A, /3 = 92.82(3) °, 
space group P21/n,  Z = 4). For a single-crystal structure determination, 110 variable parameters were 
refined to R = 0.042, R w = 0.031 (1545 X-ray reflections with F ° > 3a(Fo) and sin 0/)~ < 70°). The crystal 
structure is characterized by a three-dimensional corner-connection of the FeO 6 octahedra with the 
arsenate tetrahedra and the protonated arsenate groups. Each two PbO 7 polyhedra are edge- 
connected to Pb2012 dimers which are located within interstitial holes. 
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Die Kristallstruktur yon PbFe [AsO4] [AsO 3 (OH) ] 

Zusammenfassung. Hellgriine bis nahezu farhlose Kristalle von PbFe[AsO4] [AsO3(OH)] wurden 
unter niedrig-hydrothermalen Bedingungen synthetisiert (a = 4.846(2), b = 8.482(4), c = 15.560(6) A, 
/~ = 92.82(3) °, Raumgruppe P21/n, Z = 4). Ffir die Einkristall-Strukturbestimmung wurden 110 freie 
Parameter auf R = 0.042, R w = 0.031 verfeinert (1545 R6ntgenbeugungsreflexe mit F ° > 3a(Fo) und 
sin 0/2 ~< 70°). Die Kristallstruktur wird durch eine dreidimensionale Ecken-Verknfipfung der FeO 6- 
Oktaeder mit den Arsenattetraedern und den protonierten Arsenatgruppen charakterisiert. Jeweils zwei 
PbOT-Polyeder sind fiber eine Kante zu Pb20 lz-Dimeren verknfipft, die in Zwischenrfiumen angeordnet 
sind. 

Introduction 

A small number  of lead(II) arsenates(V) have been investigated so far. M a n y  of these 
c o m p o u n d s  are k n o w n  to occur  as minerals. Structures have been determined for e .9 .  

Pb3(AsO4) 2 [1], Pb(HAsO4)  (schultenite) [2], Pb[H2(As,  P)O4]2 [37, PbFe2  
(OH)z(AsO4)2 (carminite) [4], Pb2(Fe, Zn)(OH,  OH2)(AsO4)2 (arsenbrackebuschite) 
[5-1, Pb(Fe ,  Zn)2(OH, OH2)2(AsO4) 2 (mawbyi te  and tsumcori te)  [6, 7], PbCu(AsO4)  
[-8], Pb2CuT(AsO4) 6 [9,1, Pb2Cu2Cu6(AsO~)  6 [9], P b C u ( A s 2 0 7 )  [10,1, Pb(Cu,  Zn)3- 
(OH)z(AsO¢) 2 (bayldonite)  [-11-1, Pb(Fe ,  A1)3(OH)6[-(As , S)O4,12 (beudanti te)  [12],  
(Pb, Ca, Sr) (Cu, Mn)  (OH)  [(As, V)O4,1 (descloizite group)  [13], 
Pb2(Cu,  F e ) ( O H ) [ ( C r , M o ) O 4 ]  I-(As,P)O4] (fornacite and molybdofornacite)  [14, 15,1, 
PbsCI(AsO4)3 (mimetite and clinomimetite) [-16,17], and  Pb3Ca2CI(AsO~) 3 
(hedyphane)  [18,1. In the course  of syntheses in systems with Pb(II )O,  As (g )2os ,  
H 2 0 ,  and different t ransi t ion metals,  the new c o m p o u n d  PbFe[AsO4,1 [AsO3(OH)]  
was obtained; the crystal s tructure is described in the present  paper.  
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Results and Discussion 

The crystal structure of PbFe[AsO4] [AsOa(OH)] is characterized by a three- 
dimensional corner-connection of isolated FeO 6 octahedra, AsO 4 tetrahedra, and 
AsO3(OH) groups. The Pb atoms are located in interstitial holes which are arranged 
channel-like parallel to (100). Structural parameters are compiled in Table 1, selected 
interatomic bond lengths and bond strengths in Table 2. Topologically, the structure 
may be described as a two-dimensional linkage of the FeO6 octahedra and the PbO7 
polyhedra parallel to (101); these layer-like arrangements are connected by the 
arsenate tetrahedra and by the hydrogen bonds (Fig. 1). Such a formal layer formed 
by the lead and iron polyhedra with the arsenate tetrahedra and hydrogen bonds 
beneath is shown in Fig. 2. It should be mentioned that the topological description as 
"layers" does not correspond with the order of strengths for the particular in- 
teratomic bonds. 

The Pb atom is coordinated to seven ligands from 2.41 to 2.89 A, the average 
bond length is 2.624 A; the longest bond (2.89 ~) is formed with the oxygen atom of 
the hydroxyl group. Further Pb -O distances exceed 3.38 A and are excluded from 
discussion of coordination. The ligands are placed at the corners of a compressed 
tetragonal antiprism whose eighth corner remains unoccupied. The basis and top 
faces are formed by the atoms O(14)-O(22)-O(23) 0(24) and O(14)-O(13)-O(21) 
-[5]. [] is the vacant corner; in its region, the stereochemically active lone-pair 
electrons are expected. The distortion of the coordination is predominantly caused 
by the edge-connection with two FeO6 octahedra (O(21)-O(23)= 2.70]k, O(21) 

Pb-O(23) = 59.3(2)°; O(13)-O(22) = 2.79 A, O(13)-Pb-O(22) = 67.8(2) °) and with 
the AsO3(OH) group (O(23)-O(24)=2.63A, O(23)-Pb-O(24)= 56.6(2)°). The 
PbO7 polyhedra are edge-connected to Pb2012 dimers with symmetry 1: O(14) 
-O(14) = 2.94 A, O(14)-Pb-O(14) = 71.3(2)°; Pb-Pb  -- 4.09 ,~. 

Coordinations for divalent Pb atoms like that in PbFe[AsO4] [AsO3(OH)] are 
rare; due to electrostatic reasons, seven ligands are scarce: energetically, six or even 
eight ligands are clearly favoured. On the other hand, the Pb(H) atoms show 
a tendency towards a coordination with three to four nearest neighbours; usually 
a noticeable gap to the next-nearest ligands is observed. Examples for a coordination 
with more or less equally distributed seven Pb-O bond distances have been found 
for some inorganic compounds only; cf e.g. K2Pb(PO3)4 [22], atom Pb(2) in 
Pb3(P309)2.3H20 [23], PbWO4 (raspite) [24], PbG%O7 [25], atom Pb(2) in 
Pb2(UO2)(TeO3)3 [26], atom Pb(3) in Pb3P4013 [27], atom Pb(2) in (NH4)Pb(PO3) 3 
[28], and LiPb2(PO3)s [291. For these PbO7 polyhedra, the average Pb -O  bond 
lengths vary only from 2.61 to 2.65 A. It should be mentioned that the consideration 
of examples for PbO7 coordinations featuring a splitting of the bond-length 
distribution into two or even three groups causes a rapid change of the average 
( P b - O )  distance. 

The Fe atom exhibits an octahedral coordination with an average ( F e - O )  
distance of 2.028 A as characteristic for trivalent iron atoms. The O - F e - O  bond 
angles vary from 82.7(3) to 101.9(3) ° for ligands in a cis-arrangement and they are 
> 169 ° for trans-arranged ligands. 

As expected, the two pentavalent As atoms are tetrahedrally 4-coordinated with 
average (As O )  bond lengths of 1.694 and 1.687 A. The O-As -O  bond angles vary 
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Table 2. Interatomic distances (A) and bond strengths v (v.u.) 
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Pb-O(14), v 2.413(7) 0.44 
Pb-O(13), v 2.478(8) 0.37 
Pb-O(22), v 2.518(7) 0.33 
Pb O(14), v 2.622(7) 0.25 
Pb-O(23), v 2.639(7) 0.24 
Pb-O(21), v 2.804(7) 0.15 
Pb-O(24), v 2.891(7) 0.12 
~v  1.90 

Fe O(11), v 1.949(7) 0.60 
Fe-O(21), v 2.013(7) 0.50 
Fe-O(13), v 2.014(8) 0.50 
Fe-O(12), v 2.023(8) 0.49 
Fe O(23), v 2.116(8) 0.45 
Fe-O(22), v 2.116(8) 0.38 
Y v 2.92 

As(1)-O(t4), v 1.683(8) 1.25 
As(1)-O(11), v 1.684(8) 1.25 
As(1)-O(12), v 1.703(7) 1.19 
As(l) O(13), v 1.707(7) 1.18 
~v  4.87 

0(24)...O(12) 2.648(10) 

As(2)-O(21), v 1.671(8) 1.30 
As(2)-O(23), v 1.674(7) 1.29 
As(2)-O(22), v 1.674(7) 1.29 
As(2) O(24), v 1.730(7) 1.01 
~v  4.89 

Bond strengths according to Ref. [20] 

Fig. 1. The crystal structure of 
PbFe[AsO4] [AsO3(OH)] in a projec- 
tion parallel to [010]; program 
ATOMS [21] 
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Fig. 2. The crystal structure of PbFe[AsO4] [AsO3(OH)] in a projection on [101]; program ATOMS 
[21] 

o 

from 101.1(4) to 118.4(4) °, O - O  edges from 2.63(1) to 2.89(1)A: the smallest values 
are caused by edge-sharing between the As(2)O 4 tetrahedron and the PbO 7 polyhed- 
ron. Due to the formation of the hydrogen bond, the two crystallographically different 
arsenate groups show definitely distinct A s - O  bond lengths. The long As(2)-O(24) 
distance is a hint that the a tom 0(24) is the donor  of the hydrogen bond. Such long 
bonds are characteristic for protonated oxoanions; after Ferraris and Ivaldi [30], the 
average < As(V)-O(H) ) value in inorganic compounds  is 1.731/~. These geometrical 
considerations are in accordance with the bond valences [20]: values from 1.75 to 
2.05 v.u. were calculated for all atoms but 0(24) and O(12), the values for the two 
latter atoms being 1.13 and 1.68 v.u. Including the contribution of  the hydrogen 
bond to the acceptor a tom O(12) and to the donor  a tom 0(24) according to [31] 
gives in total 2.00 and 1.81 v.u. for these two O atoms. Fur thermore,  the 0 (24 ) -  
H . . .  O(12) distance of 2.65(1)A represents the shortest O - O  contact that forms no 
edge in any of the coordination polyhedra. 

Experimental 

Crystals of PbFe[AsO4] [AsO3(OH)] suitable for structure investigations were synthesized under 
hydrothermal conditions as described in Ref. [9]. The compound is soft light green to nearly colourless. 
The crystals show symmetry 2/rn. The crystallographic forms {011}, {001}, and {100} have been 
observed; the obtained crystals are prismatic parallel to (100). Diameters to not exceed some tenths of 
a millimeter. 
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Table 3. Crystal data, X-ray data collection, and structure determination 
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a = 4.846(2) 
b = 8.482(4) 
c = 15.560(6) 
/~ = 92.82(3) ° 
V = 638.8 ~3 

space group P21/n (no. 14) 

Z = 4  
p~,~o = 5.64 gcm- 3 
#(MoK~) = 388 cm-  1 

R = 0.042 

R w = 0.031 
w = 0.995 [~ (Fo)] -2 

110 variable parameters 
max A/a <~ 0.001 

crystal dimensions: 0.032 x 0.036 x 0.28 mm 3 
cell parameters from 60 values with 26.2 ° < 20 < 34.9 ° 
20/o) scan mode, scan time 0.9 to 3.6 ° min - 1 

scan width: 0.75 ° (increased for ~1 - ~2 dispersion) 
0.36 ° for background correction 
3 standard reflections, interval 120 min 
maximal variation of intensity + 2.11% 
range of data collection: 4 ° < 20 < 70 ° 
4164 total measured reflections (_+ h, + k, _+ l) 

1879 observed unique reflections: Rin t = 0.045 
1545 reflections with Fo > 3or (Fo) for refinements 
numerical absorption correction according to the shape 
transmission factors from 0.354 to 0.276 
final difference Fourier summation: - 3 . 4  to 2.53 e~,-3 

The crystal used for structure investigation was checked by Weissenber 9 type film methods first. For 
further investigations, a STOE AED 2 four-circle diffractometer (Mo tube, graphite monochromator) was 
used. Details on cell metric, data collection, and structure refinement are given in Table 3. Data were 
corrected for Lorentz and polarization effects; neutral atomic complex scattering functions were taken 
from [32]. The positions of the Pb atoms were derived from a Patterson summation; the other atoms 
were located by subsequent Fourier and difference Fourier calculations. The structural parameters 
including the parameter for the correction of the isotropic extinction were refined by full-matrix 
least-squares techniques [33, 34]. The highest peaks in the final difference Fourier summation are 
located in the surroundings of the Pb atoms. 
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