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Abstract

The synthesis and structural study of three né\(SB’sFe" 0.5)(PQy)2 (A = Ba, Sr,
Pb,) phosphates belonging to the A-Sh-Fe-P-O systera reported here for the first
time. Structures of [Ba], [Sr] and [Pb] compounditained by solid state reaction in
air atmosphere, were determined at room temperé#tome X-ray powder diffraction
using the Rietveld method. B&b’oFe" 0.5)(POs), [Ba] features the yavapaiite-type
structure, with space grou@2/m, Z = 2 and a=8.1568(4) A; b=5.1996(3) A
c= 7.8290(4) Ap = 94.53(1)°. A(Sb’osF€" 5.5)(PQu)2 (A = Sr, Pb) compounds have a
distorted yavapaiite structure with space gr@@fic, Z = 4 and a = 16.5215(2) A;
b=5.1891(1) A &8.0489(1) A; p=115.70(1)° for [Sr]; & 16.6925(2)A;
b=5.1832(1) A ¢ =8.1215(1) Ap = 115.03(1)° for [Pb]. Raman and Infrared
spectroscopic study was used to obtain furthecttral information about the nature
of bonding in selected compositions.

Keywords: Antimony and Iron phosphate; yavapaiite structuRaman and IR
spectroscopy; Rietveld analysis.

Abbreviations:  Ba'(Sb’osFe"05) (PO, = [Ba],  SF(Sb’osFe" 09)(PQy)2 = [SH],
PH'(Sb’.sF€" 0.5)(POy), = [Pb], TY = True YavapaiiteDY = Distorted Yavapaiite.



I ntroduction

Crystal structures of AA'xPOs phases have been revealed in previous studies.
Such materials can include a mixing Af/A’" ions leading to A'osA' " 05)PO,
phases [1-3] or a mixture of "A A" and A"V ions as in the case of
AyA M A VPO, (A" = Mg, Ca, Cd, SIA" = Sm, Gd, Nd A" = Zr, Ce, Th)
compounds [4]. As a result of various cationic siilison in A sites of A'PQy
phases, new family of oxides crystallizing in seVestructural types as Monazite,
Zircon (Xenotime), Scheelite, Cheralite, Nasicord aravapaiite type compounds
have been synthesized and characterized [1-18].sRaller M’ ions, as in the
Ba'0sM"0sPO: (MY = Ti, Zr, Hf, Ge, Sn, Mo) series, a monoclinicustiure isotypic

of the KysF&5SQ, yavapaite €2/m space group) is obtained [6-9]. Note that these
phases have a structure which is made of layeBsbtations in tenfold coordination,
alternating with dense slabs built up of cornerrmmied of M'Og octahedra and RO
tetrahedra. This structure changes into a trigame at high temperaturé>-3ml)
through a simple mechanism involving the unfoldaighe [M(PQ)].> layers [19].
Numerous compounds among thB\RY (PQ,), (A= Ba, Pb, Sr, Ca; M = Ge, Ti, Mo,
Zr, Sn, Pu, Np, U, Th) family have structures whiak related to the yavapaiite type
structure. In facttheir structure is strongly dependant to the natun@/or size of the
A" and M cations. More recently the relationships betweemmosition and crystal
structure of some M'" (PQy), compounds are established [20]. Thus, Morin et al.
have shown that the structure of PbSnfR@space grougP2i/n) is related to the
yavapaiite type but the lead atoms are locatedgirag tunnels instead of layers [10].
This last structure was explained by the presehem active Pb lone pair which has
been localized from electrostatic interactions. Aa&(POy), (A=Ca, Sr and Ba) have

a different crystal structure at room temperatuvéhereas BaZr(Pg£), has a

monoclinic yavapaiite structure, the SrZr(fpQs triclinic (P1 space group) at room
temperature and during heating, the compound shwather polymorphic forms.
SrZr(PQ), undergoes a triclinic to monoclinic transition 405 K, and then to
trigonal at 1196K [11]. Structural study of the §20,),—BaZr(PQ), system reveals
the occurrence of two phase transitions during ingaand the space group has
changed fromP2/c to C2/m at 400 K followed by monoclinic-to-hexagonal (or
trigonal) transition at 1060 K [21]. THe2/c-C2/m phase transition can be explained
by the fact that th®2/c space group is a Maximklassengleiche subgroups ©2/m
(n°12) as a result of the loss of centring traistet [22]. In the case of CaZr(RRQ
the structure was first shown to be orthorhomlie; 4,2, space group) and totally
different from the yavapaite one [12]. Recentlyeithcrystal structure has been
revised by ab initio Rietveld analysis of X-ray piev diffraction data [13]. The
structure is shown to be orthorhombic with spacagiPna2;. A reversible second
order transition was confirmed by high temperat¥iRD analysis and the space
group is Pnma, Z = 4). Results of single—crystal X-ray difframi analysis show that
both SrMY(PQy), (M = Ti, Sn) materials are isostructural and ailiste in a distorted
yavapaiite-structureY) with monoclinic C2/c space group [14]. X-ray Rietveld
analysis shows also that high-temperatfir8rGe(PQ). (C2/m space group) are
isotypic with the true yavapaiitd'{) whereas the low-temperatweSrGe(PQ), and
the CaGe(Pg). (C2/c space group) are distorted derivatives [8}thin same context
note that the phase transition fr&@g/c to C2/m, which was reported for SrGe(BPQ

is in good agreement with the fact ti@&#/c is a maximal klassengleiche subgroups of
C2/m resulting from an enlargement of the unit cell][2®ctinide barium phosphate,
BaAn" (PQy), (An" = Th, Np) can also be seen as modified yavapditgvatives



with increased coordination numbers for Ba (XIV)danh/Np (VIII) [23]. On the
other hand, SrNp(P£» structure is more related to cheralite than tcapanite [24].
Recently intensive research activities, realizeddaye of us, are particularly focused
on characterization of phosphates belonging taAt#&b-Fe-P-O (A = Mn, Ca, Cd, Sr,
Pb) systems. Results of investigations led padityl to synthesis and
characterization of a series of &¢Sb’Fée" (PQy)s (A = Mn, Ca, Cd, Sr, Pb) Nasicon

phases R3 space group). Structures of'#&Sh’'Fé" (POy)s compounds show an
ordered distribution of Aions in M1 sites and SK€" ions within the Nasicon
framework [15-18]. In our more recently reported rkg the phosphate
cd'yaBi" 15Sh'16POs which include a mixture oA", A" and A"V ions has been
isolated [25]. It crystallizes with the high tematmre BiPQ monoclinic structure
variety P2:/m space group). So, in a continuation of our sdiensearch for new
materials likely to exhibit interesting physicaloperties and belonging to the
A-Sb-Fe-P-O systems, synthesis and structural ctersation of the three
A"(ShosFE" 0.5)(POy)2 (A = Ba, Sr, Pb) compounds are undertaken. In aalebtain
further structural information about the naturebohding in the crystalline solids, a
Raman and Infrared spectroscopic study of selgutedes is also presented.

I1. Experimental

Syntheses of XSb’ysFe"05)(PQy). (A = Ba, Sr, Pb) phases, abbreviated as
[Ba], [Sr] and [PDb] respectively, were carried auging conventional solid-state
reaction techniques. Powder crystalline samplesewsepared from mixtures of
FeO3 (Prolabo, 99 %), Sk; (Riedel-de Haén, 99.9 %), NH.PO, (Riedel-de Haén,
99 %) and carbonates SrgBaCQ; (Riedel-de Haén, 99 %) or nitrates Pb@O
(Prolabo, 99 %) in stoichiometric proportions. Thmixtures were heated
progressively with intermittent grinding at 200 (€2 h), 600 °C (24 h), 750 °C (24
h) and 800 °C (48 h) in air. Additional treatmeungsto 850°C (48 h) are necessary for
obtaining a pure sample. The products of reacti@rewcharacterised by X-ray
diffraction (XRD) at room temperature with a Paniall X'Pert-PRO -20)
diffractometer; (Culg) radiation (45 kV, 40 mA). The data were collectacer 8 h
from 10 to 140° (), in steps of 0.01313° for [Sr] and [Pb] phases fiom 5 to 100°
(20), in steps of 0.016711° for [Ba]. The Rietveldimement of the structure was
performed using the Fullprof progrg6].
The infrared spectra were recorded in the form Bf I§ellets in the wave number
range 1500-400 cth using a Bruker's VERTEX 70 spectrometer and then®a
spectra are recorded on RENISHAW 1000B spectronietdre wave number range
50-1500 cm'. All the spectra have been recorded at room teatype.

3. Resultsand discussion

According to the literature data, peak positionsl @ntensities of the XRPD
patterns of Ba(ShyFe s)(POy). were close to those of the room temperature ywaoiet
Bazr(PQ), (C2/m space group, Z =2) [6], therefore its XRPD paitecan be
indexed, in a first approximation, on a similar roolnic cell. In the case of the
A(Shy sF&y5)(PQy), (A = Sr, Pb) monophosphates, the peak positions refative
intensities of the XRPD patterns were almost simtla those of the yavapaiite
Bazr(PQ), type-phase; however several additional weak exéfteations were
observed.

3.1. Rietveld refinement and structural description of Ba(SbosFeys)(PO4). phase



The Rietveld analysis in Le Bail’s (profile matcg)rmode confirmed thdBa] phase
is compatible with theC2/m space group. Sanitial starting parameters for the Rietveld
refinement of Ba(SixFey 5)(POy), were based on those already reported by Fukuda et
al. for the true yavapaiitel{) BaZr(PQ), phase in the&C2/m space group [6]Soft
constraints were applied to the P-O distancEkis refinement leads to acceptable
reliability factors. A comparison of the experimainand calculated XRD profile of
[Ba] material is given in Figure 1. Results of tReetveld refinement and selected
interatomic distances are given in Tables 1 ande&ectively. X-ray powder
diffraction data, obtained from the “observed md#ies” of the Rietveld refinement
(CuKal : 1.540 56 A), of [Ba] phase is presented inl@&h
Structure of Ba(SfaFey.5)(POy)2 consists of three types of polyhedra, Ba®Q, and
Sb(Fe)Q (Fig. 2). It can also be viewed as being composed of altegnatdge-
sharing BaGy bicapped square antiprism and Sb(Rei@tahedra forming chains
parallel to c-axis (Fig. 2b). There are five chgwes unit cell (Fig. 2a). Each Sb(Fg)O
octahedralis bound by its vertice® six PQ, tetrahedra and shares two of its edges
(i.e., O(3)-O(3) one) to two Ba@polyhedra (Fig. 3a and 3b). The framework can be
described as consisting of dense slabs of Sb@e¢ahedra and POtetrahedra
interconnected via corner-sharing, alternating @loine c-axis with layers of Ba
cations in ten-fold coordination (Fig. 2a and Zd)e ten oxygen atoms of each BaO
polyhedron belong to six phosphate J,°/goups. Eight of the oxygen atoms come
from four bidentate POgroups and the two other oxygens belong to therato
monodentate POgroups (Fig. 3a and Fig. 3b). Projection onto déne of the
structure of [Ba] compound shows that every Bagblyhedron is connected, via its
O(1)-O(1) edges, to six neighbouring B@gOpolyhedra (Fig.3c). The six
neighbouring Ba-Ba distances values vary betw&&36(3) A and 5.200(3) A. In
fact, within each Ba@ polyhedron, the Ba-O distances values can dividéwo
groups (Table 2). The first group contains six treédy shortest Ba-O distances with
values varying between 2.75 and 2.83 A whereasé¢end group is formed by four
longest Ba-O distances with a value of 3.11 A. &fme, the coordinence of Ba
atoms in Ba(SfsFes)(POy), can be considered as 6+4. Obtained Sb(Fe)-O
interatomic distances are consistent with the atysidii values in six coordination of
s>t and F&" ions [27]. Note that the similarity of the crystabdii of Fé* (0.785 A,
HS) and SB" (0.74 A) ions is in favor of their distribution ithe same site. P-O
distances values match well with those typicallyseed in phosphates and the
O-P-O angles vary between 105 and 118°. In orderhdwe more structural
information, the bond valence sum (BVS) based omdbstrength analysis [28] for
Ba(Sh sFeys)(POy), were also computed. As shown in Table 2, the B\&luas
calculated for Ba, Fe, Sb and P sites are relgteehsistent with the expected formal

oxidation state of B3, F&*. sSband P ions.

3.2. Rietveld refinement and structural description of A(SbgsFens)(PO4). (A =
Sr, Pb) phases

An attempt to refine the diffraction patterns oé tA(Sky sFeys)(PQy)2 (A = Sr,
Pb) compounds with the knowmY) BaZr(PQ), structural modelG2/m space group)
yielded to anomalous high reliability factors antensity residuals. Figure 4a gives,
for example, a comparison between observed, cadzylaand difference XRD
patterns of [Pb] in the 10-35° {2Zange). Note that several small peaks which are
indicated by a vertical arrow at the vicinity di2equal to 18, 25, 28 and 29 remain
unindexed. In fact, in the case of P& s(POy), [Ph], this last refinement gives
values of the unit-cell parametersn(=8.121 A, bry=5.181 A, cry=7.587 A,



Py = 94.0° andVry = 319 &) which are relatively comparable to those obtaifwd
the (TY) Ba(Sh sFev.s)(PQy)-.

In the following section, the indexing of the [Sahd [Pb] XRPD patterns was
performed by means of the computer program DICVQR].[ The first 40 peak
positions, with a maximal absolute error of 0.029)( were used as input data. For
each phase, four monoclinic cells were found buy one result corresponding to a
satisfactory figure of merit [29] is retained fdret next stages of refinements. Note,
for example, that in the case of Pb{§H, 5)(POy), the obtained unit-cell parameters
are a=8.121A; b=5.181A, c=15.152 A, #=94.0° and V=636 B. The
corresponding figures of merit are (M20/F20 = 14%536.9(0.0013, 65) and
(F(31) = 48.7(0.0015, 434)). A careful analysighu$ last result shows that the unit
cell volume (V = 636 A is doubled as result of the doubling of the ¢attparameter
c in the DY (Distorted Yavapaiite) (ie.apy = ary = 8.121 A, bpy =bry = 5.181 A,
Coy = 2xcry = 15.152 A, angpy = 94.0°). Until this stage of refinement, we caimit
the existence of a group subgroup relationship éetwthe space group of [Pb] and
that of theC2/m space group of th@Y. This last group-subgroup relation is a
consequence direct of the enlargement of the ualit [22]. The Check-Group
program, which is integrated within tifellprof-suite program [30], has been used to
obtain the ordered list of possible space grosps details in [Pb] Cell choice 3.spg

as supplementary information file). Among the thirteen possible space groups (ie.
[112/a1(n°15) 11al(n°®9), 1121(n°5) 11m1(n°8) 112/m1(n°12) P12;/c1(n°14) Plcl
(n°7), P12/c1(n°13) P121 (n°4) P12/ml(n°11l) P12/ml1 (n°10) P1m1(n°6)
P121(n°3)), the2/a (n°15) was found with the satisfactory merit fastaGiven that
112/a1 (cell choice 3) is not a standard space growpc#tl edges of the doubled-cell
DY in the standardC2/c (n°15) space group (cell choice 1) can be dedimethe
following vectorial relations & = -as-c3, by =bs ¢; =ag) (Fig. 5) [31]. Calculated
values of the derived unit-cell parameters, in gh@ndardC2/c space group, are
a; = 16.681 A;by; = 5.183 A,c; = 8.121 A ands; = 115.04°. By using the following
vectorial relations & = -a;-c;, b, =b; ¢; =a;), values of the cell parameters in the
non-standard A2/n (n°15) space groups (cell ch@cean also be easily deduced
(Fig. 5) (ie.a, = 15.152 Ao, = 5.181 A,c; = 16.681 A angh, = 150.96°). In order to
reverified the correctness of the choice of thadadad space group (cell choice 1), the
use of Check-Group program with the unit-cell pastars of @ b, ¢ and

B1 = 115.04° was performedee details in [Pb] Cell choice 1.spg as supplementary
information file). The results show that among the thirteen passipace groups only
the Cc (n°9) andC2/c (n°15) space groups were found with the satisfsctoerit
factors (Table 4). Results of the Le Bail fittingrdfile matching) progranj32],
realized in bothCc and C2/c space grougdor the [Sr] and [Pb] materialshow
comparable antbwer reliability factors. Comparison between obseérand calculated
XRD patterns obtained from the Le Bail fitting pragnof Pb(Sk sF&) 5)(POy)2, in the
10-35° (@ range) is given in figure 4b. As it will be shown latehe unindexed
reflections in figure 4a appear as td = 2n+1 superstructure reflections ofG2/c
doubled cell similar to that obtained by Zhao etfat SrTi(PQ), [14]. Note that
among the two possibléc andC2/c space groups, the choice of structural refinement
in the high-symmetnZ2/c space group seems to be the most probable.

In the succeeding step of Rietveld refinementititeal starting structural parameters
were based on those already reported for SrTjPRthase C2/c space group). The A
and Sb(Fe) atoms in A(gkre 5)(PQy), phases are supposed to occupy respectively
the two special 4e (0, -y, 3/4) and 4c (1/4, 1)MW\gckoff positions whereas the P,
and O atoms are located in the general 8f Wyckofitmns. During the Rietveld



refinement, a soft constraint were applied to th@ &istances and anisotropic thermal
factors for Pb atoms in Pb(&Fe 5)(POy). phase are also used. For both [Sr] and
[Pb] phases, the last hypothesis of structurahegfient led to lower reliability factors
(Tables 5 and 6). Observed, calculated, and diffsse XRD patterns of both
compounds are shown in Figures 6 and 7. Selectedatomic distances of [Sr] and
[Pb] phases are gathered in Tables 7 and 8 regplctiX-ray powder diffraction
data, obtained from the “observed intensities” d¢fie Rietveld refinement
(CuKa1l : 1.540 56 A), of both phases are given in TaBlaad 10.

Given that [Sr] and [Pb] compounds are isomorphoosly the structure of
Sr(Sh sk 5)(POy). will be discussed in detail as a representatiStssFey 5)(POy)2

is a 3D diorthophosphate which crystallises insaatted yavapaiite structure-type. In
fact, although the [Sr] phase hasCa/c space groumnd theira-parameter is the
double in comparison to that of Bacgbe 5)(PQs)2, both materials have a similar 3D
network. The structure of [Sr] can be describedcasstructed by alternating
[(Sho sFey5)(POy)2 2 anionic sheets and Brcationic sheets along the [101] direction
(Fig. 8). The St sheets reside among those of [($teys)(PQy)]*> sheets
alternatively and join them through Coulombic actaf SF* cations and © anions to
form the 3D framework of Sr(SkFes)(POy).. The Sr atom is coordinated by ten
oxygen atoms from six PQetrahedra (two of them in a unidentate fashiod far

of them in edge-sharing fashion) (Fig. 8b). Caredohlysis of the A-O distances
(A = Sr, Pb) within AQ polyhedron of [Sr] and [Pb] compounds shows thattém

is surrounded by eight oxygen atoms with ‘normalon8d distances
(2.585(2)-2.792(2) A for [Sr] and 2.651(3)-2.697&)for [Pb]) and two oxygen
atoms with ‘abnormal’ bond distances (3.448(2) A [®r] and 3.546(3) A for [Pb])
(Tables 7 and 8). Therefore, the coordinence otdina in both A(SksFe) s)(POy),
(A =Sr, Pb) phases can be considered as 8+2.llnaaks A-O distances values
(A = Sr, Pb) are comparable with those of the SxHd Pb-O ones which are already
obtained for SrTi(Pg), and PbTi(PQ. materials [14,33]. Within the Srcationic
sheets every SrHQ polyhedron is connected, via its O(4)-O(4) edgts, six
neighbouring Sr@ polyhedra (Fig. 8c). The six neighbouring Sr-Sstalice values
vary betweer4.536(3) A and 5.189(3) A. In [Pb] phase, the cspmnding Pb-Pb
distances, within the Bb cationic sheets, are ranging between 4.510(3) A and
5.518(3) A. The dispersion of A-A distances (A = Bb) values is in close relation
with the connection mode between the:APolyedra. Every Sb(Fe)®ctahedron is
interconnectedia common corners (O(1), O(2) and O(3) atoms) to € etrahedra
and shares two of its edges (i.e., O(1)-O(2) onepmo SrQo polyhedra (Fig. 8b).
Obtained Sb(Fe)-O interatomic distances are camistith the crystal radii values in
six coordination of SB and F&" ions (Tables 7 and 8) [27]. P-O distances values
match well with those typically observed in orthopphates. In order to have more
structural information, the bond valence sum (B33] for A(ShsFeys)(POy).
(A = Sr, Pb) phases were also computed. As showialrtes 7 and 8, the BVS values
calculated for A, Fe, Sb and P sites are relaticelysistent with the expected formal
oxidation state of A", Fe"*, st’*and P* ions.

It is of interest to note that our attempts to besize CaShFe s(POy), was not
satisfactory, although identical synthesis condgiohave been applied. Indeed
analysis of the obtained XRD spectra shows prirlgifthe presence of a mixture of
the already known GasSbFe(PQ)s Nasicon phase and two ££a0; (PDF number
81-2257) and SbhOPO(PDF number 84-830) phosphates which are idedtifie
minority phases [16,34,35]. Our experimental restiows that [ShFeys(POs)2]*
yavapaiite framework appears well adapted to biggetr P and B&" cations.



This last result agrees with the recent report doyes of us about the relationships
between composition and crystal structure [20jdeed we can conclude that for
alkaline earth metal cations of smaller and/or éqize than the G4 ions, the
[SbFe(PQ)s]” Nasicon framework seems to be the more stable.

3.3 Raman spectroscopy

Raman and Infrared spectroscopic study was uri@gerten order to obtain
further structural information about the nature bminding in A(ShsFes)(POy)2
(A = Sr, Pb) phases. Given that the yavapaiitectire contains both isolated PO
groups and isolated Sb(Fe)@roups, the vibrational pattern is obviously tygbiof an
orthophosphate. Note that the vibrational modeetwahedral POmolecules are well

known [36]. Generally the IR and Raman spectroscaudy of orthophosphate
shows that phosphate group vibrations are strongpeoed to the lattice modes and
metal-oxygen vibrations. The IR and Raman bandtiposi of the four(;, v, v3 and

v4) modes observed in the spectra of the [Sr] and pRPlases (Figs. 9 and 10) are
close to those expected for yavapaiite phosphgte tyaterials [37]. Thus, the
symmetric non degenerate PO stretching modgsafe observed in the range 920-
1040 cm* while antisymmetric doubly degenerate PO stretgkis) are located in the
430-480 crit range. The symmetric, triply degenerate OPO ben(is) is observed
between 1070-1170 c¢hand the triply degenerate, antisymmetric and haim®PO
bending {.) is observed in the range 540-650tm

The Sb-O...P bonds existing in both compounds havevenage length of 2.00 A.
Their stretching vibrations are probably couplethvthe O-P-O bending, mode. As
was already observed for SbOP@hase [38], the frequencies found between 575 and
650 cm® in Raman and Infrared spectra of [Sr] and [Pb]sesaan be assigned
empirically to Sb-O stretching modes involving SEHPQinkage. In the lattice modes
region, the translational modes of'®r PH*, Fe*, Sb* and PQ* ions as well as
librational modes of P§Y ions and Fe§ SbQ groups should be expected. At
wavenumbers below 450 émstrong coupling between the different bending
vibrations O-P-O, O-Sb-O, Sb-O-P is expected [J%le Raman bands observed at
364 and 370 cihcould be assigned to £eO stretching modes of vibrations similar
to those observed in Jke,(POy)3 [40]. The low frequency modes observed below 270
cm® can be easily attributed to translational modethefSf*or Pi*, F€*, SB™* and
(POy)* ions.

Conclusion

A new family of double phosphate with general folma" (Sb’o.sF€" 0.5)(PQy)2
(A =Ba, Sr, Pb) were prepared by solid state reaagnethod and caracterised from
X-ray powder diffraction using the Rietveld methdébte that phases with a mixing
of Sb’ and F& ions in the octahedral M sites of thd'MY(PQ,), yavapaiite
structure-types were studied here for the firstetiBa(StosFe" 0.5)(POy), features
the yavapaiite-type structure, with space gr@®im. Sr(SHosFe' o5 (PQy), and
Pb(SH,sF€"05)(POy), crystallize in monoclinic system with space groGg/c
(distorted yavapaiite type structure). The [t s)(POy),]> yavapaiite framework
appears well adapted to bigge'Sr PF* and B&" cations. Contrary to these last
results, for smaller alkaline earth metal cationsCat’, the [SbFe(PQs]” Nasicon
framework seems to be the more stable. Furtherstigagions on the relationships
between composition and crystal structure, as agetiesearch on potential application
of phases of general formuld (MY, sB" 5 5)(POs), were in progress.
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Figures captions

Figure 1. Experimental «+¢) calculated [l ), and difference profile of the XRD
pattern of Ba(S§sFe.5)(POy)2.

Figure 2. View of the structure of Ba(9kFe s)(PQy), (a); rows of Ba@, PQ, and
Sb(Fe)Q polyhedra along c-axis (b) and projection in thekane (c).

Figure 3. Array of BaQpolyhedra in @) and (b); view of Bag{BaGy)s polyhedra in
(c) within the structure of Ba(SEF&.5)(POy)-.

Figure 4. Experimental «++) calculated [l ), and difference profile of the XRD
pattern, in the 10-35° (2range), of Pb(ShFe s)(PQy). with refinement inC2/m in
(a) andC2/c in (b). Unindexed peaks are indicated by a varacrow.

Figure 5. View along the b-axis of the three Monoclinic spapgeups C2/c (cell
choice 1), A2/n (cell choice 2) and 12/a (cell @d®B). The unique b-axis points
upwards from the page and the subscripts of theldadf the axes indicate the cell
choice.

Figure 6. Experimental {+) calculated [(l ), and difference profile of the XRD
pattern of Sr(ShsFey 5)(POy)..

Figure 7. Experimental {++) calculated [(l ), and difference profile of the XRD
pattern of Pb(SfFey 5)(POy)..

Figure 8. Projection of the structure of Sr(Pes)(POy). in the ac plane (a);
rows of polyhedra along a-axis (b) and &&)Gs)s polyhedra (c)

Figure9. Raman spectra of Sr(SfFe s)(PQy)2 (a) and Pb(SIFe 5)(POy)2 (D).
Figure10. | R. Spectra of of Sr(gFe.s)(POy), (2) and Pb(ShFe s)(POy)2 (b).

Tables captions

Table 1. Results of the Rietveld refinement of Baf gk 5)(POy).

Table 2. Selected interatomic distances and calculateddB@ahence sum (BVS) for
Ba(Sh sFey.s)(PQy)2.

Table 3. Powder diffraction data of Ba(&8-&5)(POy). (CuKa; ; A = 1.5406 A)



Table4. Ordered list of possible space groups obtainednfthe Check-Group
program for Pb(Sf3Fey 5)(POy)2

Table 5. Results of the Rietveld refinement of Si{§He) 5)(POy)2.

Table 6. Results of the Rietveld refinement of Py St 5)(POQy)..

Table 7. Selected interatomic distances and calculateddB@ahence sum (BVS) for
Sr(Sh sFe.5)(POy)e.

Table 8. Selected interatomic distances and calculateddB@ahence sum (BVS) for
Pb(Sh sF&y.5)(POy)a.

Table 9. Powder diffraction data of Sr(S¥e.5)(PQy)2 (CuKa: ; A = 1.5406 A).
Table 10. Powder diffraction data of Pb(§4Fey5)(PQs), (CuKas ; A = 1.5406 A).



Table 1. Results of the Rietveld refinement of BgEbey 5)(POy),.

Ba(Sh sFe&.5)(PO)

Space groupC2/m (N°12); [Z = 2; a = 8.1568(4) A; b = 5.1996(3) A7.8290(4) A;p = 94.53(1) °;
V =331(1) A

Profile parameters

Pseudo-Voigt function, PV gL + (1-n)G; n = 0.27(1)

Half-width parameters, U = 0.126(4), V = 0.012@E)d W = 0.010(1)

Conventional Rietveld R-factors,Rr= 9.6%; R =6.9%; R = 3.9%; R = 2.6%

Atom Site Atomic coordinates Biso(A?) Occupancy
Ba 2c 0 0 0.5 1.3(1) 1
(Sh,Fe) 2a 0 0 0 0.5(1) 0.5/0.5
P 4 0.3645(2) 0 0.2024(3) 0.8(1) 1
o) 4 0.3111(6) 0 0.3871(4) 0.7(1) 1
0() 4 0.2309(6) 0 0.0516(6) 0.7(1) 1
0@3) 8j 0.4766(5)  0.2351(5)  0.1833(5) 0.7(1) 1




Table 2. Selected interatomic distances and cataiBond valence sum (BVS) for Ba(sbe s5)(PQy)2.

Ba(Sh :F&.5) (PO,

Sb(Fe)-O distances (A)
2xSh(Fe)-0(2) = 1.895(5)
4xSb(Fe)-0(3) = 2.009 (3)
Aver.<Sb(Fe)-O> = 1.95(1)

Bond Valence Sums (BVS)
BVS(Sh(Fe)) = 4.7
(should be 4)

P-O distances (A)
P-O(1) = 1.543(4)
P-0(2) = 1.542(5)
2xP-0O(3) = 1.541(4)
Aver. <P-O> = 1.54(1)

BVS (P) = 4.9

Ba-O distances (A)
2xBa-O(1) = 2.752(6)
4xBa-O(3) = 2.829(4)
4xBa-O(1) = 3.114(3)
Aver. <Ba-O> = 2.92(1)

BVS (Ba) = 1.8




Table 3. Powder diffraction data of Ba(gbes)(POs), (CuKa: ; A = 1.5406 A)

hki obs (A) 1001/l 1001/I, hkl dobs(A) 1001/, 1001/l,

(obs) (cal) (obs) (cal)
001 7.8045 4 4 132 1.5455 6 5
110 4.3805 100 90 -422 1.5150 6 5
200 4.0656 60 69 -224 1.4887 5 4
002 3.9023 33 31 -512 1.4811 3 3
-111 3.8913 30 30 314 1.4654 4 5
111 3.7524 33 33 -404 1.4667 4 4
-201 3.7284 21 21 330 1.4602 7 6
201 3.4944 3 4 422 1.4502 5 6
-112 2.9774 85 78 224 1.4271 2 !
-202 2.9334 10 10 512 1.4063 2 3
112 2.8541 50 50 -332 1.3871 1 1
202 2.7104 9 10 600 1.3552 2 2
020 2.5998 30 28 332 1.3489 1 1
310 2.4035 34 36 040 1.3000 3 3
-311 2.3437 1 1 -134 1.2902 2 2
-203 2.2744 3 2 134 1.2693 2 2
311 2.2531 2 2 -116 1.2617 5 4
220 2.1903 5 4 240 1.2382 1 1
022 2.1636 18 17 042 1.2333 1 1
-221 2.1326 7 6 206 1.2114 2 1
-312 2.1136 14 12 424 1.2017 3 3
400 2.0328 5 6 530 1.1859 1 1
312 1.9853 6 6 -316 1.1791 1 1
004 1.9511 16 14 514 1.1724 3 2
222 1.8762 9 9 043 1.1628 1 1
-402 1.8642 4 4 -425 1.1542 2 1
-313 1.8304 3 3 334 1.1459 2 2
-204 1.8159 9 9 532 1.1169 1 1
-114 1.8112 11 10 316 1.1118 2 2
114 1.7548 7 7 440 1.0951 2 2
402 1.7472 6 9 044 1.0818 1 1
130 1.6951 4 3 712 1.0668 2 1
131 1.6509 1 1 -244 1.0569 2 1
420 1.6014 2 2 -534 1.0403 3 2
-132 1.5642 8 8 800 1.0164 1 1
510 1.5521 5 5

2 Diffraction lines withl,,< 1 are omitted.



Table 4. Ordered list of possible space groups obtained from the Check-Group program for Pb(Sbg sFe5)(PO4)2

Space-groups Hermann-Mauguin Symbol of Merit
number space groups factors
9 Clc1 2.70
15 Cl2lc1 2.70
5 Cl21 1.97
8 Cimil 1.97
12 Cl12m1 1.97
14 P12j/c1 138
7 Pic1l 135
13 P12/c1 135
4 P12;1 101
1 P12/m1 101
10 P12/m1 1.00
6 Pim1 1.00
3 P121 1.00




Table 5. Results of the Rietveld refinement of 8§5& 5)(POy)..

Sr(Sh.sFey.5)(POy).

Space group, C2/c (N°15); [Z=4; a=16.5215(2)A; b=5.1891(1) Ac = 8.0489(1) A;
B =115.70(1)°; V = 622(1) A

Profile parameters

Pseudo-Voigt function, PV gL + (1-n)G; n = 0.384(3)

Half-width parameters, U = 0.0122(2), V = -0.0054&hd W = 0.0045(1)

Conventional Rietveld R-factors,R=4.1%; R =2.8%; R = 4.3%; R = 2.6%

Atom Site Atomic coordinate Biso(A%) Occupanc
Si s 0 0.2985(1 0.7¢ 1.0(1 1
(Sb,Fe) 4c 0.25 0.25 0 0.14(1) 0.5/0.5
P 8f 0.1431(1) 0.7579(3)  0.7588(1)  0.45(2) 1
o) 8f 0.1449(2)  1.0196(5) 0.8615(5)  0.22(3) 1
0() 8f 0.1591(2)  0.5270(5)  0.8954(4)  0.22(3) 1
0@3) 8f 0.2219(2)  0.7647(6)  0.7067(4)  0.22(3) 1
0(4) 8f 0.0498(2) 0.7225(6)  0.6017(4)  0.22(3) 1




Table 6. Results of the Rietveld refinement of PEBe, 5)(POy)s.

Pb(Sh sFe.5)(POy)2

Space group, C2/c  (N°15); [Z=4; a=16.6925(2)A; b=5.1832(1) Ac =8.1215(1) A;
B =115.03(1)°; V =637(1) A

Profile parameters

Pseudo-Voigt function, PV gL + (1-0)G; n = 0.438(4)

Half-width parameters, U = 0.048(1), V = -0.008@)d W = 0.005(1)

Conventional Rietveld R-factors,R=4.1%; R =6.1%; R = 4.5%; R = 3.1%

Atom Site Atomic coordinates Biso(A%) Occupancy
Pb de 0 0.3106(7 ) 075 - 1
(Sb,Fe) 4c 0.25 0.25 0 0.06(1) 0.5/0.5
P 8f 0.1455(3)  0.7587(6) 0.7626(2)  0.57(5) 1
o) 8f 0.1444(2)  1.0213(6) 0.8636(3)  0.07(1) 1
0(2) 8f 0.1612(3)  0.5326(6) 0.9013(3)  0.07(1) 1
0@3) 8f 0.2212(7)  0.7634(4)  0.7049(6)  0.07(2) 1
0(4) 8f 0.0520(2) 0.7107(5) 0.6090(5)  0.07(2) 1
Anisotropic Bi1 B, Bas B1o B1s
Betasx10

Pb 18.8(05) | 76.4(3.1) | 202.8(26) |O 35.7(0.9)




Table 7. Selected interatomic distances and catiBond valence sum (BVS) for Srg3bey 5)(POy)..

Sr(Sky.sFe€o.5)(PCs)2

Sb(Fe-O distances (£ P-O distances (A Si-O distances (/
2xSh(Fe)-0(1) = 2.002(3) P-O(1) = 1.583(3) 2xSr-O(1) = 2.601(3)
2xSbh(Fe)-O(2) = 1.982(3) P-O(2) = 1.569(3) 2xSr-0(2) = 2.650(3)
2xSb(Fe)-0(3) = 1.913(4) P-O(3) = 1.532(4) 2xSr-0(4) = 2.585(3)
Aver.<Sb(Fe)-O> = 1.97(1) P-O(4) = 1.522(3) 2xSr-0O(4) = 2.792(3)

Aver. <P-O> = 155(1) 2><S|’-O(4) - 3448(3)

Aver. <Sr-O> = 2.65(1)
Bond Valence Sums (BVS)

BVS(Sb(Fe)) = 4.4 BVS (P) = 4.8 BVS (Sr) = 1.9
(should be 4)




Table 8. Selected interatomic distances and cadkdildBond valence sum (BVS) for
Pb(Sh.sFey.5)(PQy)2.

Pb(Sky sF€.5)(PCa)2

Sb(Fe-O distances (£ P-O distances (£ Pt-O distances (£

2xSh(Fe)-O(1) = 2.022(5)  P-O(1) = 1.593(6) 2xPb-O(1) = 2.651(6)

2xSh(Fe)-0(2) = 1.995(5)  P-O(2) = 1.569(6) 2xPb-0(2) = 2.697(6)

2xSb(Fe)-0(3) = 1.920(8) P-O(3) = 1.522(9) 2xPb-0(4) = 2.684(6)

Aver.<Sbh(Fe)-O>=1.98(1) P-O(4) = 1.552(5) 2xPh-0(4) = 2.669(5)
Aver. <P-O> = 1.55(1) 2xPb-O(4) = 3.546(6)

Aver. <Pb-O> = 2.67(1)
Bond Valence Sums (BVS)
(should be 4)




Table 9. Powder diffraction data of Sr(gbe, 5)(PQy), (CuKay ; A = 1.5406 A)

hki obs (A) 1001/l 1001/I, hkl dobs(A) 1001/, 1001/l,
(obs) (cal) (obs) (cal)
200 7.4435 10 9 -912 1.7301 4 4
110 4.9000 4 4 602 1.7280 19 16
-111 4.3591 58 56 -804 1.7254 14 15
-202 4.0174 54 53 -623 1.7214 1 1
111 3.8154 28 26 130 1.7182 2 1
400 3.7217 19 18 -911 1.6919 15 14
-311 3.7099 19 17 -131 1.6910 5 5
002 3.6263 11 10 -913 1.6741 1 1
310 3.5864 3 3 422 1.6642 3 2
-402 3.4509 16 17 131 1.6534 6 5
-312 3.0774 2 2 -10 02 1.6516 3 3
311 2.8765 100 100 330 1.6333 2 2
202 2.8146 6 7 114 1.6266 1 1
-511 2.7865 74 75 223 1.6098 1 2
-602 2.6529 10 11 -821 1.5970 1 1
020 2.5946 39 40 -424 1.5883 3 2
510 2.5825 3 3 -132 1.5837 1 1
600 2.4812 4 3 -332 1.5759 1 1
021 2.4430 3 3 -224 1.5684 2 1
-313 2.3799 67 69 331 1.5468 11 10
221 2.2268 4 4 -515 1.5350 8 9
312 2.2250 3 3 -531 1.5323 7 7
-421 2.1946 5 5 132 1.5235 1 1
511 2.1868 3 3 820 1.5122 8 7
-222 2.1795 1 1 513 1.5049 5 4
420 2.1284 32 30 -532 1.5029 1 1
-711 2.1271 6 6 530 1.4956 1 1
-712 2.1233 2 2 10 00 1.4887 3 3
002 2.1101 4 3 -715 1.4868 3 3
-422 2.0738 2 2 024 1.4862 18 16
-802 2.0572 3 3 -333 1.4530 10 9
113 2.0548 17 16 -115 1.4483 4 4
-404 2.0087 14 15 622 1.4382 11 11
-713 1.9588 9 9 -824 1.4367 15 15
421 1.9178 1 1 -1113 1.4299 10 10
222 1.9077 22 19 332 1.4155 1 1
-621 1.8838 2 2 404 1.4073 2 2
800 1.8609 13 12 531 1.4055 1 1
-223 1.8586 2 2 -1111 1.3952 2 1
-622 1.8549 18 16 -10 22 1.3933 3 2
-514 1.8460 1 1 -915 1.3916 4 4
-423 1.8398 1 1 -731 1.3893 1 1
004 1.8131 8 7 133 1.3685 2 2
620 1.7932 2 1 224 1.3671 2 2
023 1.7687 3 3 -10 21 1.3628 1 1
313 1.7646 3 3 730 1.3419 1 1
711 1.7317 9 8 115 1.3398 1 1
-606 1.3391 4 4 -12 24 1.1811 3 3
-12 04 1.3265 1 2 -535 1.1773 3 3
-10 24 1.3101 3 3 -641 1.1725 1 1
-534 1.3013 1 1 -243 1.1663 1 1
040 1.2973 4 4 -14 02 1.1660 5 5
713 1.2931 1 1 -642 1.1654 1 1
532 1.2873 1 1 533 1.1634 1 1
-206 1.2845 1 1 -735 1.1551 1 1
240 1.2780 1 1 -1315 1.1525 2 2
041 1.2770 1 1 -226 1.1512 5 5




-241
731
-931
12 00
-242
-13 13
315
-442
10 02
1111
-626
-1311

1.2750
1.2593
1.2438
1.2406
1.2345
1.2333
1.2185
1.2143
1.2057
1.2034
1.1900
1.1832

PNORNORRRENERR

PNORNNRRRNRER

1133
913
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10 22
-841
-317
-444
804

-15 13
840

-14 22

1.1278
1.1246
1.1188
1.1087
1.0934
1.0926
1.0907
1.0898
1.0846
1.0771
1.0642
1.0636
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2 Diffraction lines withl,,< 1 are omitted.



Table 10. Powder diffraction data of Pb§ge, 5)(POy), (CuK oy ; A = 1.5406 A)

hki obs (A) 1001/l 1001/I, hkl dows(A) 1001/l 1001/l
(obs) (cal) (obs) (cal)
200 7.5625 5 5 -804 1.7357 7 9
110 4.9033 13 13 -623 1.7262 3 2
-111 4.3661 99 92 130 1.7166 5 5
-202 4.0508 61 69 -911 1.7116 12 11
400 3.7812 37 34 -131 1.6897 3 2
-311 3.7210 49 44 -10 02 1.6691 3 3
002 3.6795 29 22 131 1.6542 1 1
310 3.6140 11 9 114 1.6497 1 1
-112 3.1583 3 3 -331 1.6440 2 2
-312 3.0888 4 5 330 1.6344 4 4
311 2.9131 100 100 223 1.6261 1 1
202 2.8658 14 14 -821 1.6089 2 2
-511 2.8065 77 78 -424 1.5959 2 2
112 2.7665 2 2 -132 1.5850 3 3
-602 2.6726 14 18 -332 1.5760 3 2
-512 2.6321 2 3 -823 1.5572 2 2
510 2.6126 5 5 331 1.5511 6 5
020 2.5916 26 30 -515 1.5465 6 6
600 2.5208 10 9 -521 1.5344 4 3
021 2.4444 8 8 -10 04 1.5277 9 7
-221 2.4279 7 7 -532 1.5039 3 2
-313 2.3950 51 56 530 1.5003 11 9
-113 2.3251 3 2 -115 1.4661 3 3
312 2.2585 5 4 622 1.4566 9 8
-513 2.2436 5 5 -1113 1.4412 11 12
221 2.2358 8 7 404 1.4329 1 1
402 2.2107 3 2 332 1.4230 2 2
-421 2.1985 11 10 -1111 1.4128 2 2
-222 2.1831 5 4 821 1.4031 4 3
-711 2.1483 2 2 -915 1.3991 2 3
420 2.1377 28 25 -732 1.3913 2 1
022 2.1188 6 5 133 1.5757 2 2
113 2.0825 16 15 730 1.3494 3 3
-802 2.0762 7 10 -12 04 1.3363 1 1
-404 2.0254 10 11 -334 1.3147 1 1
710 1.9944 1 1 -534 1.3044 1 1
-713 1.9689 10 10 -206 1.3007 1 1
421 1.9327 4 3 040 1.2958 2 2
222 1.9222 17 13 -134 1.2863 1 1
800 1.8906 12 12 -1115 1.2807 1 1
-223 1.8668 3 3 041 1.2762 2 2
-622 1.8605 16 13 -241 1.2738 2 2
-423 1.8449 4 3 -932 1.2638 1 1
004 1.8397 6 5 12 00 1.2604 1 1
313 1.7927 4 4 -734 1.2581 1 1
023 1.7815 5 4 -931 1.2509 1 1
602 1.7610 17 16 -735 1.1587 1 1
241 1.2435 1 1 -11 32 1.1392 1 1
-441 1.2370 4 4 12 20 1.1335 2 1
1111 1.2233 4 3 -643 1.1306 1 1
-442 1.2140 1 1 641 1.1063 1 1
930 1.2047 1 1 -11 34 1.1010 1 1
-626 1.1975 1 1 -841 1.0957 1 1
-934 1.1861 2 2 -1513 1.0879 1 1
-535 1.1819 2 2 -843 1.0789 1 1
-14 02 1.1803 2 2 -14 22 1.0742 2 1
-641 1.1738 1 1 733 1.0690 1 1




ACCEPTED MANUSCRIPT

732 1.1708 1 1 1221 1.0612 1 1
-243 1.1675 1 1
-443 1.1621 2 2

2 Diffraction lines withl,,< 1 are omitted.
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Highlights

-anew A" (SbYosFe"05)(PO4)2 (A = Sr, Pb, Ba) family of yavapaiite was described
-a strategy of structural determination was applied

- IR and Raman of A"'Sb"sFe'"5(PO4). (A = Sr, Pb) was studied



