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The structures of the new oxysulfide Ruddlesden—Popper phases La,LnMS,05 (Ln = La, Y; M = Nb, Ta) are
reported together with an iodide-containing variant: Las— \Nb; +,S,0sl5 (0 < x < 0.11). Structures were refined
against powder-neutron or single-crystal X-ray diffraction data. All of these compounds exhibit an intergrowth structure
with NaCl-type slabs [La,S;] alternating regularly with perovskite-type oxide slabs [LnMOs] or [La; — xNb; + XOslay].
In the oxide slabs, the trivalent and pentavalent cations are disordered on the long-length scale probed by diffraction
methods, but bond length considerations suggest that they must be ordered at least on the length scale of the unit
cell. The [LnMOs] block of the iodide-free compounds derive from the ideal [Ti,Os] blocks found in Ln,Ti,S;0s (Ln
= Nd-Er; Y) by the formal substitution of two Ti** ions with one Ln** and one M%*ion. The unusual partial insertion
of iodide in the perovskite voids of the [LaNbOs] block in LazNbS,0s was found to be coupled to a La/Nb substitution,
maintaining the charge balance within the [La; — xNbj + Osl2,J>~ block. The Nb%* ions were found to be too resistant
to reduction to undergo the intercalation of alkali metals observed in the Ln,Ti,S;0s series.

Introduction phases L§l,$,0s (Ln = Nd—Er; Y) are good examples of

In the past few years, oxychalcogenides have seen aSuch intergrowth structures with [b%] rock-salt-type layers
renewed interest with the discovery of low-dimensional alternating regularly with [FOs] perovskite-type layers?
compounds that exhibit interesting electrdfiend/or mag- ~ 1'€S€ compounds have been shown to have good photo-

netié properties. For oxychalcogenide and other mixed-anion c&talytic activity?1% and reductive intercalation of lithium
systems, the anionic segregation often leads to interesting®" SO_‘?"UTl l‘é‘”th'” the structure led to a metal-insulator
structural featurdssuch as low dimensionality. Many —transition _ _ o
families of oxychalcogenide compounds show original in- Perovskite phases are of particular importance in solid-
tergrowth structures based on the stacking of chalcogenideState chemistry as they often exhibit interesting physical

and oxide 2D block&-® The RuddlesdenPopper-related ~ Properties such as superconductivity, magnetoresistance,
ferroelectricity, or ionic conductivity. In that respect, it is of

* To whom correspondence should be addressed. E-mail: Iaurent.cario@great interest to find new intergrowth compounds with

cnrs-imn.fr. . . .
T Institut des Matdaux Jean Rouxel. perovskite-type blocks and study their structures and physical

¥ University of Oxford. properties. We have investigated several quaternary systems
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Ruddlesden-Popper-Related Oxysulfides

exploration of the La/Nb/S/O system, a new Ruddlestlen
Popper phase BIbS,0s was found. This article describes

Laboratory, U.K.). Diffraction patterns were measured by the time-
of-flight method in thed-spacing range 0.5 d < 8 A, using

the structural chemistry of this and other closely related detector banks at mean scattering angléso35, 90, and 145

compounds and attempts at alkali metal intercalation.

Experimental Section

Synthesis.Single-phase samples of IMS,0s (M = Nb, Ta)
were prepared by the reaction betweenQa(Aldrich 99.99%),
La,S; (synthesized from the elements (La, Aldrich 99.9%; S, Alfa
99.9995%) as described in ref 13) and®4 (Nb,Os, Aldrich
99.99%; TaOs, Alfa 99.999%) in the molar ratio 5:4:3. Subse-
quently, powder samples of bdMS,0s (M = Nb, Ta) were
prepared by reacting L@s, Y03 (Alfa 99.999%), LaS;, andA;Os

in the molar ratio 2:3:4:3. Prior to the synthesis of the quaternary

and quinary solids, the oxides were dried overnight at 900n

for a total integrated proton current at the production target of 600

uAhr for 2 g of LagNbS,0s, 400 uAhr for 2 g of LasTaS0s, 400
uAhr for 2 g of LaYNbS,0s, and 40QAhr for 2 g of LaYTaS0s.

These PND data were analyzed using the Rietveld profile refinement
suite GSAS* The background for each data bank was fit using a
10 term shifted Chebyschev function, and the peak profiles in each
data bank were modeled using a convolution of back-to-back
exponentials with a pseudo-Voigt function.

PND measurements on £ gNb; 035,0sl0.0s Were performed on
the high-resolution 3T-2 double-axis diffractometer in the Orphee
reactor of the Laboratoire’loam Brillouin (Saclay, France). The data
were collected at room temperature on a bankef detectors with

air, and the appropriate mixtures were ground together in an argon-2 Step size of 0.05 A monochromatic neutron bean € 1.225
filled dry box. Pellets (13 mm diameter) were placed in alumina A) Was used, and a cylindrical vanadium sample holder (5 mm in
crucibles, which were loaded in predried silica ampoules. The pellets diameter) was filled with 0.8 g of powder. The small sample size
were heated at 100 for three periods of 3 days with intermediate resulted in a fairly low signal/noise ratio. This sample was analyzed
regrinding in the dry box until single-phase products had been using simultaneous Rietveld refinement against PXRD and PND
produced according to the results of PXRD measurements. La data usingFullProf!®> and WinPlotr.16 In this analysis, the back-
NbS0s and LaTaSOs were yellow-orange in color; the Y- ground was defined by a linear interpolation between user-selected
containing compounds appeared gray in color. The products wereP0ints. A pseudo-Voigt function was used for the X-ray peak profile
found not to be air sensitive. and a pure Gaussian profile for the neutron profile. The March

Crystals of the iodide-containing material AggNb; 1:5,0sl0.22 Dollase model was used for preferred orientation (001 direction)
were obtained when the reaction product from a preliminary attempt in all of the refinements. The relative weights of the X-ray and
at the syntheses of a phase of compositiofNbaS,0; was reheated ~ Nneutron patterns was 60:40.

at 1000°C for 10 days in an evacuated silica tube containing a
small amount of iodine<5 mg/cn?). A powder sample of Lgyr-
Nb; 055,05l 0.0s cONtaminated by up to 12.5% by the mass of LablbO

Powder X-ray diffraction (PXRD) patterns for Rietveld analysis
were collected from a Siemens D5000 diffractometer (Cu K
radiation,A =1.540598 and 1.544390 A)/20 geometry; Kevex

was also obtained by the iodine transport method on a mixture of punctual detector). All of the powders were sieved at 260to
composition LgNbS,0s (La,O3, LayS;, NbO,, S in the ratio 2:1: obtain a plane-sample surface and minimize preferred orientation.

2:1). o _ - Single-crystal X-ray diffraction (SCXRD). Data collection on
Attempts at redgctlve |nter<_:alat|0n of Iltr_uum into MSZO_S, an orange plate-like crystal of baNb; 1:5,0sl0.22With dimensions
analogous to reactions on the isostructurafllis5,0s, were carried 60 x 90 x 100 um? was carried out at room temperature on a
out by reacting the powder with-BuLi in hexane at temperatures Kappa CCD diffractometer using graphite-monochromatized Mo
between 20 and 6TC for up to 1 month. The products were washed |54iation @ = 0.71069 A). A set of 706 frames was collectedpin
three times with dry hexane and dried under vacuum before being onq ¢, scans mode, with a rotation of &nd an exposure time of
removed to the dry box. All such attempts failed to result in any 15 ¢ per frame; the crystal-to-detector distance was 30 mm. The
changes in the PXRD pattern. The orange/yellow powder tumned g5, were corrected for Lorentz and polarization effects. Intensities

grayish in color possibly indicating some surface reaction. This
suggests that Nb is too resistant to reduction for a series of
intercalation reactions similar to those described foiTis85,051:12
to be possible.

Chemical Analysis. The precise composition of small crystals
contained in a powder sample of INbS,0s was checked by

were corrected for absorption (18.7 mnthrough the face-indexed
option (min. and max. transmission coefficient 0.2049 and
0.8446). The initial set of 5341 reflections was averaged according
to the 4mmmpoint group, leading to 320 independent reflections
(= all data), with Ry = 0.0589. The structure was solved by direct
methods $HELXS) and refined with the program JANA 2000

electron microprobe analysis performed at BRGM-CNRS laboratory by a full-matrix least-squares technique basedFdnagainst all

(Orleans, France). We found a formulationy basNbiS; 12(504.6(s)
that compares very well with the structural formulationNBS,Os.

Both samples obtained by iodine transport experiments were also
analyzed with a chemical EDX-equipped scanning electron micro-

scope JEOL 5800LV. Analysis of a large single crystal led to a
composition LagNb;S,04 6o, Very close to the structural formula-
tion Lap gd\by1.1:5,05l022 Analysis of the powder sample L&
Nby.035,0sl0.06 revealed a La/Nb/S ratio 3.0:1:1.8 and showed the
presence of iodide and oxygen in the sample.

Powder-Neutron and X-ray Diffraction. Powder neutron

diffraction (PND) measurements on single-phase powders of

LagMS,0s and LaYMS,0s were made o 2 g samples, using the
diffractometer POLARIS at the ISIS Facility (Rutherford Appleton

(13) Sleight, A. W.; Kelly, D. P.; Kershaw, R.; Wold, Anorg. Synth.
1973 14, 152.

datal®

Results

Recent exploration of the La/Nb/S/O system carried out
by some of us led to the discovery and characterization of

(14) Larson, A.; von Dreele, R. B5SAS: The General Structure Analysis
SystemLos Alamos National Laboratory: Los Alamos, NM, 1985.

(15) Rodfguez-Carvajal, J. 2001, FullProf, http://www-llb.cea.fr/fullweb/
fp2k/fp2k.htm.

(16) Roisnel, T.; Rodriguez-Carvajal, Mater. Sci. Forum2001, 378—
381, 118-123.

(17) Sheldrick, G. M.SHELXL97 University of Gdtingen: Gitingen,
Germany, 1997.

(18) Petricek, V.; Dusek, MJana2000, Structure Determination Software
Programs Institute of Physics AVCR: Praha, Czech Republic, 2000.
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Figure 2. The refinement of LiNbSOs against POLARIS PND data (145

detector bank). The measured (points), calculated (line), and difference

(lower line) profiles are shown. The tick marks show the positions of allowed

reflections.

normalised counts per microsecond

Figure 3. Local coordination geometries in the oxide slabs ofNIaS,0s

(left) and LaYNbS,0s (right) derived from refinements against POLARIS
PND data with displacement ellipsoids shown at the 99% level. Interatomic
distances are given in angstroms. The comparative values for the tantalum
analogues are shown in parentheses.

Figure 1. Idealized structure of the Ruddlesdefopper-related phases

Lag - xNbs + x$0sl2¢ (0 = x < 0.11) In LaNbS0s, LayS, rock-salt-type N

layers separate LaNk(perovskite-type blocks in which lanthanum and  the product La— xNby +,S0sl2 (X ~ 0.11) had a structure

niobium atoms (La2 and Nb2) share the same crystallographic site. The closely related to that of Sii,S,0s.78 Another synthesis

different sizes of these cations result in the atom O2 bemg_ dlsplacgd away attempt with iodine (Experimental Section) led to a powder

from the mirror plane perpendicular to the crystallographésis on which . L .

it lies in the idealized structure. In baxNby +,S0sl2 (0 < X < 0.11), sample corresponding to a similar phase but with a lower

the perovskite voids are partially filled with iodine, as indicated. content of iodine, namely lsa yNb; + xS;0sl o with x ~ 0.03.
Subsequently, the reaction of 1@, La,S; and NBOs in

. the ratio 5:4:3 as discussed in the experimental section led
19
the new compound LaodNbsSi0020™ This compound o pure iodide-free powder sample of;N#©S,Os. Follow-

exhibits a comple>_< inter.growth structure with rock-salt-type ing similar synthesis routes, a whole family of compounds
layers [LaS;]. During this work, another unknown layered of the composition L& nMS,0s (Ln = La, Y: M = Nb

oxysulfide vv.as.identified_but not fully characteriz@dlr? . Ta) was obtained as pure powder samples (Experimental
the hope of finding a new intergrowth compound containing Section). The structures of these compounds refined from

perovsklte-type bk,)CkS’ the }:aNb—S—O quaterngry system . PND data are also closely related to the;$i35,0s structure
was further investigated. First attempts to obtain crystals in type. In the discussion hereafter, we will first focus these

the hLad—NEb—S—_O syslteé\m by tTed'Od'Ee c;/_apor transt0rt iodine-free samples, and then we will describe the more-
method (Experimental Section) led to the discovery of large complex iodine-containing samples.

platy orange crystals. EDX analysis revealed a new phase Structures of La,LnMS,0s. (Ln = La, Y: M = Nb, Ta).

_(l:_c;]ntaining La, N?’ ShO andlin tge ratio 5'9:1'052:‘;‘8}0'2' Powder-neutron diffraction data of phase-purgNIaS;0s
€ strl:jcturebci this gorf?pouf.n was e(tjerm:jnef rorr revealed tetragonal symmetry with cell parametars=
SCXRD data (below), and the refinement produced a ormua4_0781(2) A,c = 25.230(1) A,V = 419.61(3) & and

L?GE’E;T(b“XISZOFI Zfl_\k"v.'th X~ O'llc’i very close to tr?e re;“':] systematic absences consistent with a body-centered Bravais
0 analysis. This structure determination showed that | auice - Structure refinement was carried out using, as a

(19) Boyer-Candalen, C.; Meerschaut, ASolid State Chen200 152 starting model, the structure of the cation-defective Ruddles-
348-352. den—-Popper phase Sifi,S,0s"8 (space groupd/mmm(No.
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Table 1. Results of PND Refinements at 295 K fordbS,0s5, LagTaS0s, LaaYNbS,05, and LaYTaS0s

compound LaNbS,0s LagTaS0s La,YNbS,0s La;YTaS,0s
radiation Neutron
POLARIS

instrument

physical form orange powder orange powder off-white powder off-white powder

T(K) 295 295 295 295

space group 14/mmm #/mmm #/mmm #/mmm

fw 653.7 741.8 603.74 691.78

a(A) 4.0781(2) 4.09423(5) 4.0523(2) 4.0522(2)

c(A) 25.230(1) 25.1937(4) 24.451(1) 24.450(1)

V (A)3 419.61(3) 422.32(1) 401.50(5) 401.47(3)

z 2 2 2 2

Rup 0.0237 0.0230 0.0239 0.0235

Re? 0.150 0.155 0.090 0.090

$2 2.297 1.452 3.374 3.262

Table 2. Atomic Coordinates and Isotropic Atomic Displacement on the ordered model with 3% ions located solely on the
Parameters for LbS,0s from Powder-Neutron Diffraction distorted-octahedral sites in the oxide layer. The refined
formula LaNbS05 interatomic distances around these sites (Figure 3 and Table
X oy z 100 xUisgedA2  s.of. 3) are between 0.1 and 0.25 A shorter inY®S,0s than
ta; 8 8 8-8?;?18 g-gggig é . in LagMS,0s, consistent with the difference of 0.13 A in
a : : : i i -+ 20
Nb2 o o0 0.09185(6) 0.65(4) o5 the 6-coordinate radii of & and_ Y3+.20 For, LaaYNbS,Os .
S 0 o0 0.20628(6) 0.74(4) 1 and LaYTaS0s, a stable refinement was once again
8; 8 léz %1012%73%(32 12%321(37) 1@5 obtained using a split site model for yttrium and niobium or
‘ © 34(7) ’ tantalum, although the difference in theoordinates of the

2 Not refined. two sites was only 45% of that in the $dS,0s compounds.

An alternative model with yttrium and niobium or tantalum
located on a single crystallographic site with a displacement
ellipsoid slightly elongated in the direction produced
refinements, which were only marginally poorer. The local
environments in the oxide slabs are shown in Figure 3. In
all of the compounds, O2 occupies a site split by the mirror
plane perpendicular to the principal axis as described above,
and the refinements showed that the ellipsoid was flattened
in thez direction and enlarged in they plane compared with
the ellipsoids for the other atoms. Attempts to locate O2 on
sites split around the mirror planes containing the principal
axis did not lead to improvement in the quality of the fit.
The ellipsoid of O1 is slightly elongated in the direction of
the two octahedral metal atoms to which it is bonded. These
‘observations are discussed further below.

139)), in which NaCl-type slabs [S#%] alternate regularly
with perovskite-type slabs [J©s], which contain empty 12-
coordinate sites (voids) similar to those normally occupied
by large cations in perovskites. The refined structure is shown
in Figure 1. Unsatisfactory refinements, as judged by the
agreement factors and the visual fit to the data were obtained
if the La2 and Nb2 atoms replacing the titanium atoms of
SmpTi»S,0s in the oxide slab were located at identical
positions 0 @z Furthermore, it was necessary to locate atom
02 in the central plane of the oxide slab on a split position
0 0+ z The larged-spacing range accessible on POLARIS
enabled the refinement to be carried out with all of the atoms
described using anisotropic displacement ellipsoids. The
refinement results are presented in Figure 2 and Table 1

and part of the structural model is depicted in Figure 3. Structure Determination and Refinement of lodine-

Atomlc coordinates are given in Table 2, atomic anisotropic Containing Samples.SCXRD analysis of the crystals of
displacement parameters are included as Supporting Informas

. . . . Lay sdNby 115,05l 22 revealed tetragonal symmetry with cell
EI[(;rkl)léTgble S1), and selected bond distances are given mparameteraz 4.0639(6) A.c = 25.735(5) AV = 425.0-

i (1) A3, and systematic absences consistent with a body-
poTJrr]fjsLv?lri%?g’p;raezg?otjrséoo%pa;r(ijsol;wagv\\(/;trgﬁéoc orir;] centered Bravais Lattice. Structure solution by direct methods
51

particular to investigate the effect of changing the size of in space group4/mmm(No. 139) p_roduced a.crystal structure
. . ) . . _that resembles that of the cation-defective Ruddlesden
the trivalent ion located on the distorted-octahedral sites in

: 78 .
the oxide layer. The results of refinement against POLARIS Eeo\?;: 22?;&36 %Tﬁﬁ; fesa;[trlljjrcet:r(la:irresftmtehrgedr?;tfr\{ggligta-
PND data, using the structure of dNbS,0O5 as a starting ) '

model, are summarized in Table 1. The best powder pattern.rl]_ieoér:?)I S|itse,fus|:ml(l)ircfloi;kclja:nolc_:cup,l\?g bySthalnlutr)n Il;loim
fit, the tables of atomic coordinates, and the anisotropic , .22 .~ y P 8- xNDL+ x> Jslox DY

displacement parameters are included as Supporting Informa—!‘az and Nb2 atoms (located on slightly different @ €ites)

tion (Figure S1 and Tables S&7). In the Y-containing N & manner that_ is not ordered on t_he scale probed by the
. ) o . diffraction experiment. Second, O2 in the central plane of
materials, it was initially assumed that Y solely occupies

e ioricd oveheda i (e La2 sic MBS0, 1 0'0e 340 s loaed o a e Gzt by rer
Attempts to distribute ¥ and L&" ions statistically over b : 9

the Lal and Laz2 sites produced significantly poorer agree- refinement of the structure of g, S0z, Conversely, the
ment factors. Refinements of the La/Y distibution converged (20) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.

Inorganic Chemistry, Vol. 46, No. 23, 2007 9587
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Table 3. Selected Interatomic Distances (Angstroms) i La\b; + xS;0sla (X &~ 0, 0.03 and 0.11), LAaS0s, La,YNbS,0s, and LaYTaS0s

Lag.oMNby 03 Lag.gNby 11
LagNbS05 S,0sl0.06 S,0sl0.22 LagTaS0s La,YNbS,05 La,YTaS0s
Lal S1 (4) 2.9889(4) 2.991(3) 2.9844(5) 3.0014(4) 2.9747(4) 2.9751(4)
s1 2.992(2) 2.970(13) 3.005(2) 2.982(2) 3.002(1) 3.000(1)
01 (x4) 2.6072(5) 2.612(7) 2.612(3) 2.6156(6) 2.5990(4) 2.5990(4)
La2/Y s1 3.349(2) 3.386(15) 3.471(2) 3.360(2) 3.113(6) 3.119(4)
01 (x4) 2.2447(5) 2.253(5) 2.275(2) 2.2526(5) 2.139(2) 2.140(1)
02 2.370(2) 2.333) 2.35(3) 2.349(2) 2.192(5) 2.189(4)
| (x4) 3.417(4) 3.4248(8)
Nb2/Ta s1 2.887(2) 2.874(16) 2.934(3) 2.888(2) 2.915(6) 2.906(4)
01 (x4) 2.0940(4) 2.087(3) 2.0893(11) 2.0999(4) 2.084(1) 2.0815(9)
02 1.803(2) 1.85(3) 1.92(3) 1.810(2) 1.803(6) 1.813(4)

observation of Fourier difference maps revealed that the voidsTable 4. Crystallographic Data, Data Collection, and Refinement Data
in the perovskite slab, which are empty in SiaS,05 and ~ for & Crystal of Lg - Nby +,S0sl2 (x ~ 0.11)

in LagNb;S,0s, are partially occupied in Lsa yNby 4 xS;0sl o crystallographic data
Initial attempts to locate some Eaions in approximately chemical formula LatsssajNb1 1121552051 0.225(4)
20% of the voids and to replace about 20% of tRe iBns fw (g-mol™) 676.6
by the I ions revealed by EDX analysis were unsatisfactory 7St SVt etragonal

y ! v y ysiswere u ' Y params a=4.0639(6) A
(Rops &~ 0.2). There was no indication that the heavieid c=25.735(5) A
present on the site occupied by-Sand furthermore, to v 425.03(12) &
achieve charge balance, this arrangement would result in an émd §.786 gler
approximate composition kg\bo ¢0sS; ¢lo.2, Which is a very dimensionsgm3) 60 x 90 x 100
La-rich composition compared with that suggested by EDX Data Collection and Reduction
analysis on the single crystals. A second model in which T 293(2) K
approximately 20% of the voids were filled by knd the "A"ggﬁ:g;'?;?]éé) (deg) 5038121395
La:Nb ratio was adjusted in favor of niobium to satisfy  h k, Iranges —6<h=<6,—-6<k=<5—-41<l<4l
charge balance produced a far more satisfactory refinement collected refins 5341
(Robs = 0.0236) and was in line with the results of EDX ?Sseeprsgg?glﬂ(nfzo(n) 2&19
analysis. Refinement of the site occupancy factors of |, La2, absorption correction Gaussian
and Nb2 was constrained to satisfy the charge balance absorption coefficient 16.947 mrh
according to the formula La yNb; + xS0sl2«. There was no ;W‘”/T’"ax 8'(2)2820'844
clear indication that1compensates for a deficiency of oxide " Reﬁn'emem Data
on the O2 site: refinement of the occupancy of the split O2  |efinement Least-squares b7
site resulted in a value of 0.42(3) with no improvement in  F(000) 588
the R values Rops = 0.0235), although a reliable refinement gaéilsrelsg';g‘(’lr;f’params B S e 0.0462
of this by X-ray diffraction is difficult, particularly given R (all data) R=0.0280, WR= 0.0467
the large O2 displacement ellipsoid. The final formula of extinction coefficient 0.31(3)

the compound as deduced from the refinement iggka  ©lectonicresidues (¢A°)  1.74et-2.98

Nb11:S5,0sl022 In good agreement with EDX analysis.
Subsequent refinement with the site occupancy factor for | Table 5. Atomic Coordinates and Equivalent or Isotropic Atomic
decoupled from the La2/Nb2 ratio led to a similar composi- DiSplacement Parameters for a Crystal o LaNbs +S20sl2x (x ~

. o " ! ) o041

tion within the standard deviations. The final refinement with ) : ;

all of the atoms apart from O2 refined anisotropically _&©°m ste x vy z 100 x Usored/A s-of

produced agreement factd®s,s= 0.0236 andRops= 0.0462 ta% ﬁ 8 8 8-85‘2123 % 1-1‘11??5)11) 3444(1)
. a . . .

for 294 reflec_tlons I( > 20(l)) and 23 parameters. The 1o 4 o o 0.09328 (7)  1.54(2) 0.556(1)

electron density residuals werel.74 and—2.98 e A3, I 2a 0 0 0.5 2.33(8) 0.225(4)

Crystal data and structure refinement are reported in Table 81 de 8 85 %—21%%758) %-22(21‘)1 i

4. Fractional atomic coordinates and equivalent isotropic 5, j’g 0o o 0:0188((1)2) 1b‘1§7)) 05

displacement parameters are reported in Table 5. Anisotropic

displacement parameters are given in the Supporting Infor-

mation (Table S8). Table 3 gives selected bond distances.equal to half the | occupancy, within standard deviation
To confirm the model established for L@Nb; 115,05l 22 limits. The split O2 site was also found to be half-filled (i.e.,

from SCXRD measurements we carried out a combined there was no indication from this experiment of oxide

refinement against PXRD and PND measurements on thedeficiency). This supports our assumption that iodide incor-

powder sample obtained by an iodine vapor transport poration is compensated by La/Nb nonstoichiometry. Final

experiment (Table S9 and S10 in the Supporting Informa- refinement with the La- yNb; 4+ xS,0sl o stoichiometry im-

tion). Free refinement of the occupancy factors for La2, Nb2, posed, and the displacement parameter for | fixed at the value

and | produced an Nb excess equal to La deficiency and obtained from the refinement against PND data only,
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converged satisfactorily, producing a refined composition for La,YNbS,Os produced bond-valence sums of 3.79 and

Laz.97aNb1.03(1320s 0.06(1) 4.28 for Y3+ and NB™, respectively. The apparent overbon-
_ . ding of L&®* or Y3tand underbonding of N is presumably
Discussion relieved by the disorder in the oxide-ion positions described

The crystal structures of iodine-free 4MS,0s and by the anisotropic displacement parameters, which is not
La,YMS,0s (M = Nb, Ta) are similar to the structures of accounted for in the bond-valence calculation. The discrep-
the series L§Ti»S,0s (Ln = Nd— Er; Y). Within [La,S] ancy between the. calculateq bond-valence sums and the
slabs, Lal atoms are coordinated by five sulfur atoms €xpected values is smaller in NbS,Os than in La-
distributed in a square-pyramidal arrangement and by four NPS:Os, and this mirrors the smaller size mismatch of the
oxygen atoms (O1) from the oxide slab, resulting in a frivalentand pentayalent cations _and_the_smaller anisotropy
monocapped square-antiprismatic coordination for Lal. of the O1 and O2 displacement ellipsoids in the Y-containing
Within the perovskite-like oxide slab, the metal cationd'La ~ C@SE€S.
or Y3 and NB* or T&* are accommodated in distorted-  In the samples that were prepared using iodine as a
octahedral sites composed of five oxygen atoms<(©1 transport agent, iodide ions fill up to 20% of the voids in
and 1x 02) and one sulfur atom. Particularly in the cases the perovskite-like oxide slabs. In the sampleia
of LasMS,0s, the very different radii of the 1% and Ni+ Nby.1:5,0sl0.22 analyzed by SCXRD, this site is coordinated
(or T&") cations means that these cannot be accommodatedPn average by four niobium ions at 3.74 and four lanthanum
on a single crystallographic site. The largefLaation is ions at 3.425 A. This is somewhat similar to the coordination
located closer to the central plane of the oxide slab than the€nvironment of some europium atoms in 2Hllo.7c
Nb5* or Téb* cation. This in turn requires that the oxide ion Cl1.30554012.% Eight O1 ions in the outer parts of the oxide
02, which ideally lies on the mirror plane in the center of Slabs are 3.53 A distant (a distance comparable to the sum
the oxide slab, must move away from its ideal site and away Of the I" and G~ ionic radif°). The four 02 contacts,
from the L&" ion to accommodate this Ba ion in a however, are a short 2.91 A. Whereas this distance is
6-coordinate site. This displacement of O2 must then comparable to the4O contact in the salt [RICO)H]I (2.92
preclude the presence of a second*Lmn coordinated to A),2 this distance seems short for an oxide iodide material.
02. The coordination requirements ofMand L& are thus One possibility that would minimize unfavorable repulsions
only satisfied if the sequence-MD2—La is strictly observed 1S partial vacancy of oxide coupled with the presence of
along thec direction in each unit cell. The structural models charge-compensating iodide ions, leading to a composition
derived from the diffraction results suggest that the orienta- of approximately LaNbOs¢Slo2 Whereas the SCXRD
tion of the M—02—La sequences is disordered on the long- 'efinement does not indicate any deficiency at the O2 site,
length scale probed in the X-ray or neutron diffraction this technique is insensitive to atoms of low atomic number,
experiments. If the smaller® is substituted for L#, these ~ and, furthermore, the displacement ellipsoid of O2 is
arguments still hold: O2 still occupies a split site, but is €xtremely large. However, the SCXRD refinement does
located closer to the mirror plane (i.e., the ideal position it indicate that the material is slightly niobium rich by an
adopts in the L§TTi,S,0s series). However, thed and NI+ amount exactly required to compensate for the presence of
(or T&*) sites are close enough to be modeled fairly iodide, without needing to invoke oxide deficiency. The large
satisfactorily, using a single site with an elongated displace- displacement parameter of O2 may be a consequence of the
ment ellipsoid. accommodation of iodide in the void site. Comparison of

In the results of all four refinements of the iodine-free the displacement ellipsoids in LabS0s (Table 2), in the
materials against PND data, the 02 ellipsoid was refined Impure sample of LaylND.055,0sloos (Table S10 in the
anisotropically and was found to be flattened in the ~ Supporting Information), and in L@d\by 1:5,0slo22 (Tables
direction and enlarged in they plane compared with the 5 and S8 in the Suppprtlng Information) supports t_hls |de_a.
ellipsoids for the other atoms. The ellipsoid of O1 is also 't reveals that the ratio of the oxygen-equivalent isotropic
anisotropic and is slightly elongated in the direction of the displacement parametet{O2)J(01) increases with the
two octahedral metal atoms to which it is bonded. Both of iodide content from 1.43 in LAIbS,Os to 2.88 in Laor
these features are most pronounced (Figure 3) in the ND1os>Osloosand 4.14 in LagdNb; 1:5,Oslo22 This suggests
LagMS,0s examples, suggesting that they are a consequence® local reorganization of the oxide slgb with an increase of
of the disorder of the different-sized cations and are thus e =02 contact on accommodation of iodide in the
more pronounced when the difference in the sizes of the Structure.
trivalent and pentavalent cations in the oxide slab is larger.

. . ) Conclusions
Bond valence calculations carried out onsNaS,0s using

the EUTAX packagé' and performed using an artificial In summary, we have synthesized new oxysulfide Rud-
model in the non-centrosymmetridmm sub-group ofl4/ dlesder-Popper-type phases 4aMS,0s (Lh = La, Y; M
mmm to allow the ordering of L& and NI ions in the = Nb, Ta). These compounds exhibit an intergrowth

oxide slabs, produced bond-valence sums of 4.02 and 4.03
3+ + i ; (22) Cario, L.; Cody, J. A.; Deudon, C.; Meerschaut,&.R. Acad. Sci.
for La®" and NB*, respectively. The analogous calculation Paris 1998 ¢. 1. Sgie 11 ¢, 115-121.

(23) Kampe, C. E.; Boag, N. M.; Knobler, C. B.; Kaesz, H.librg. Chem.
(21) Brese, N. E.; O’Keeffe, MActa Crystallogr., Sect. B991, 47, 192. 1984 23, 1390-1397.
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structure, with NaCl type slabs [L&] alternating regularly Nb*/Nb5" in this compound either by lithium intercalation
with perovskite-type slab [LnMg). The structure derives  or by direct synthesis have been unsuccessful.

from the ideal structure of SfMi,S,0s containing [THOs]

perovskite blocks by the formal substitution of 13tand 1 Acknowledgment. We acknowledge Y. Mde and O.
Nbs* for 2 Ti4*. Incorporation of iodide in the perovskite Rouer for help in microprobe analysis.

voids of LaNbS0s was found to be coupled to La/Nb

substitution on the metal site of the oxide block and leads —Supporting Information Available: ~Crystallographic informa-
to compounds with formula Lea «Nb; ; ,S;0sl that main- tion files (CIF). This material is available free of charge via the
tains the oxidation state equilibrium between*t,aNb5*, Internet at http://pubs.acs.org.
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