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Abstract: We report transformations of the Ruddlese&opper (R-P) oxide, KlLayTizO10, to layered
perovskite oxides, (BO2)LayTizO10, MLaTizO10 (M = Pb, Ba, Sr), and (VO)LA 3010, by a novel metathesis
reaction with BiOCI, MC}, and VOSQ:-3H,0, respectively. The formation of (VO)k&i30;0, Which occurs

in aqueous medium around 10Q, suggests that the reaction is most likely topotactic, where the structural
integrity of the perovskite sheet is preserved. We believe that the method described here provides a new
general route for the synthesis/assembly of layered perovskite materials containingXpétéets, as indeed
shown by the independent report of (CuX)Laib synthesis by a similar reaction.

Introduction between the perovskite sheets. Accordingly, we expected that
R—P phases such as;Ka,;TizO1p and K;SrTgO; could be
transformed to other layered perovskites such as the A phases
in metathetical reactions of the kind

Among the several lamellar materials derived from the
perovskite (CaTi@ = ABOj) structure! the Ruddlesden
Popper (R-P) phased,Aj[A 1-1BnOsn+1], and the Aurivillius
(A) phases, (Bi202)[An-1BnOan+1], are widely investigated for

several materials propertié$he perovskite sheet, [A1BrOzn+1], KolAn-1ByOspa] + 2BIOCI—

which may be thought of as derived by slicing the three- (Bi,0,)[A-1B,O5n11] + 2KCI (1)
dimensional (3-D) perovskite structure along one of the cubic
directions, is common for both series of oxides;T3Ds, Indeed the reaction occurs around 8@DO0 °C transforming

SrsTi207, and SiTisOo are representative members of theR — jyoth R-P phases to the corresponding A phases, 83012
series and BWOsg, Bl;SrTagOg, and BiTi3O12 are typical and BpSrTa0,, in near-quantitative yields.

membe_rs of the A family. Members of the-#® fam_lly such as Having succeeded in the-fP — A transformation, we ex-
KzLapTisO10 (n = 3) and KSrTa07 (n = 2) containing alkali plored the synthesis of new layered perovskites by this strategy.
cations between perovskite shéé&tsxhibit an interlayer reactiv- W . _

) T o e could prepare several MEEizO10 (M = Pb, Ba, Sr) and,

ity (K*/H* exchange) that suggests that the alkali cations are more importantly, a novel layered perovskite (VOYT&O10

weakly bound to the perovskite sheets in these materials. Ain similar metathetical reactions with MCAnd VOSQ-3H,0,

similar reactivity is not exhibited by RP phases such as . - . .
) i - : . respectively. While the formation of MLili3O019 phasesA =
STisOw and SgTi:0; containing divalent (Sr) cations alkali, Ln = rare earth) has been reported alreaéy, layered

* To whom correspondence should be addressed. perovskite containing interlayer (V&) cation has not been

lfnﬂigrf;ﬁ?ﬁ Sggaféﬁuggﬁ?r'fhemis”y Unit. reported. The facile formation of (VO)L®&izO1 in aqueous
(1) () Tilley, R. J. D. InChemical Physics of Solids and Their Surfaces Medium around 100°C suggests that the transformation,

The Royal Society of Chemistry: London, 1980; Vol. 8, pp +480. (b) KoLapTisO10 — (VO)LaTisO10, is most likely topotactic,
Wells, A. F. Structural Inorganic Chemistrysth ed.; Clarendon Press:  replacing the weakly bound interlayer Hons in the R-P phase
Oxford, 1984, by the (VOF+ oxocation. We believe that the metathesis

(2) Ruddlesden, S. N.; Popper,Atta Crystallogr 1957 10, 538-539.

Ruddlesden, S. N.; Popper, Rcta Crystaliogr 1958 11, 54—55. reactions reported here provide a novel route for the assembly
(?a) éurivg[us, B. Ark. Kemi1949 1, 463-480. Aurivillius, B. Ark. Kemi of new layered perovskites containing MX#Xk sheets, includ-

195Q 2, 519-527. : : X Lo -
(4) (a) Metallicity and superconductivity: Bednorz, J. G.7IMg K. A. 'T‘g t.he teChnOIOQ.Ica”y |mpo_rtant A phases,_ which find applica

Z. Phys. B1986 64, 189-193. Fukuoka, H.; Isami, T.; Yamanaka,Gem. tion in ferroelectric nonvolatile memory devic#8.Indeed after

Lett 1997 8, 703—-704. Armstrong, A. R.; Anderson, P. Anorg. Chem the present work was submitted for publication, Kodenkandath

1994 33, 4366-4369. (b) Magnetism and colossal magnetoresistance: 10 i i imi
Moritomo, Y.; Asamitsu, A.; Kuwahara, H.; Tokura, Wature1996 380, et al’® reported the synthesis of (CuX)Lablly in a similar

141-144. (c) Photocatalytic activity: Takata, T.; Furumi, Y.; Shinohara, reaction between KLaNf; and CuX (X = Cl, Br).
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Experimental Section

Synthesis.K,La,TizO010, K2SrTa07, and KLaNbO; were prepared
as reported in the literatuPé:'1 K,La,TizO10 (10 mmol) was prepared
by reacting stoichiometric quantities of KNQ.a,O3 (predried at 900
°C), and TiQ at 1000°C for 2 days with one intermediate grinding.
Excess KNQ (25 mol %) was added to compensate for the loss due to
volatilization. After the reaction, the product was washed with distilled
water and dried in air at 200C. KLaNb,O; was prepared similarly at
1100°C and the washed product was dried at 1Cdn air. K,SrTaO;
was obtained from reaction of stoichiometric quantities of KNO
SrCQ;, and TaOs with a 200% molar excess of KN@&t 1050°C for
12 h and 115C°C for 24 h in air with intermediate grindings. The
washed product was dried in air at 430. BiOCl was obtained by
reacting B3Oz with hot 3 N HCI followed by hydrolysis with excess
water!? PbBiO,Cl was prepared by reacting BiOCl and red PbO at
670°C for 36 h in airt® Blue crystals of VOS®3H,O were obtained
by passing S@into a suspension of ¥Ds in concentrated k80, as
described in the literaturé.

Reaction between Ka,TizO1/K,SrTa0; and BiOCI in the solid

state was investigated by heating stoichiometric mixtures of the reactants

at various temperatures and duration in air. Examination of the products
by powder X-ray diffraction (XRD) revealed that the reaction occurred
according to eq 1 around 86@00°C forming A-type phases and KCI

as products. With KLa,TizO10, the reaction was complete at 810

after 9 h, while with kSrTa05, the reaction required higher temper-
atures (900°C for 6 h).

Reaction of KkLa,TizO:0 with MCl, (M = Pb, Ba, Sr) was found to
occur at 600°C for M = Pb (flowing nitrogen, 48 h) and 75T (air,

12 h) for M= Ba, Sr. The reaction betweenlka,TizO;0 and VOSQ-
3H,0 readily occurred in aqueous medium. A sample of 1 mmol of
K3La,TizO10 and 1.5 mmol of VOS®3H,O in 100 mL of distilled
water was refluxed. The reaction was found to be complete in 5 days
as judged by EDS analysis and XRD of the product. The solid products
in all cases were washed with distilled water and dried in air at"@0

(at room temperature and 18C for (VO)LaTi3O010).

Characterization. Analyses of chemical composition were carried
out by energy-dispersive X-ray spectroscopy (EDS) using a JEOL JSM
840-A scanning electron microscope equipped with an EDAX micro-
analytical system. Structural characterization was made by powder XRD
using a Siemens D-5005 powder diffractometer (Qurkdiation). Unit
cell parameters were least-squares refined by the PROSgitgram.
Powder XRD intensities were calculated in select cases using the LAZY
PULVERIX* program. Electron diffraction (ED) patterns of,Bag-
TizO12 Were recorded using a JEOL JEM 200-CX transmission electron
microscope, and infrared spectra were recorded in KBr pellets using a
Perkin-Elmer FTIR spectrometer, model 1000 D.

Results and Discussion

The XRD pattern (Figure 1) of produdtobtained from the
reaction between H a,TizO;0 and BiOCI is closely similar to
that of BiyTiz01,® and is indexable on an orthorhombic cell
with a = 5.441(1) A,b = 5.399(1) A, andc = 32.944(4) A.
Similarly, the XRD pattern of produc? obtained from the
reaction between $SrTg0O; and BiOCI could be indexed on
an orthorhombic cell witha = 5.531(1) A,b = 5.535(1) A,
andc = 24.965(5) A, the data being in close agreement with
the values reported for BrTa0Qs in the literaturet’ In both
cases, the axis expands by ca. 3.2 A in going from the-R

(11) Gopalakrishnan, J.; Bhat, V.; Raveau,ater. Res. Bull1987,
22, 413-417.

(12) Brauer, GHandbook of Preparate Inorganic ChemistryAcademic
Press: New York, 1963; Vol. 1, pp 62523.

(13) Ketteres, J.; Kramer, \Mater. Res. Bull1985 20, 1031-1036.

(14) Brauer, GHandbook of Preparate Inorganic ChemistryAcademic
Press: New York, 1965; Vol. 2, pp 1289.286.

(15) Losocha, W.; Lewinski, KJ. Appl. Crystallogr 1994 27, 437—
438.

(16) JCPDS File No. 35-0795.

(17) Rae, A. D.; Thompson, J. G.; Withers, R Acta Crystallogr.1992
B48 418-428.
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Figure 1. Powder XRD patterns of (a) Ka;TizO10, (b) BizLayTizO12
obtained from part a, (c) #8rTa07, and (d) B;SrTa0Oy obtained from
part c.
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phase to the A phase, corresponding to the replacement of
interlayer K" ions by [BbO,]?" units. EDS analyses of both
products show the expected metal atom ratios and the absence
of K. For productl, we have calculated powder XRD intensities
assuming the structure of BiizO1 (space grouB2ch),'® where
Bi(1) are replaced by La. A comparison of the calculated and
observed XRD intensities (Table 1) reveals that the structure
of productl is indeed similar to that of BTi3O;,, where Bi
atoms in the perovskite sheets are replaced by La. Electron
diffraction (ED) and lattice images provide further support to
the formation of A phases; for produdtt(Figure 2), we see
clearly a ca. 5.5¢ 5.5 A cell in thea—b plane with a repeat of

ca. 16.4 A in the direction, which is consistent with the powder
XRD data. Accordingly, we formulate reaction produttand

(18) Dorrian, J. F.; Newnham, R. E.; Smith, D. K.; Kay, M.
Ferroelectrics1971, 3, 17—27.



Transformations of Ruddlesde®opper Oxides

Table 1. X-ray Powder Diffraction Data for BLa;TizO12 (1)

h k I Ctbi'&) dea® (A) lobs Ir:alb

0 0 2 16.532 16.472 31 30
0 0 4 8.239 8.236 11 10
0 0 6 5.487 5.491 14 7
0 0 8 4.119 4.118 6 4
1 1 1 3.794 3.806 10 13
1 1 3 3.610 3.618 4 7
0 0 10 3.302 3.294 14 15
1 1 7 2.967 2.972 100 100
0 0 12 2.746 2.745 6 4
0 2 0 2.702 2.700 35 39
0 2 4 2.567 2.565 3 3
0 2 6 2.422 2.422 4 4
1 11 1 2.359 4

2.352 19
0 0 14 2.353 12
0 2 8 2.259 2.258 17 17
1 1 13 2.113 2.114 4 2
0 2 10 2.088 2.088 1 1
0 0 16 2.059 2.058 2 1
0 2 12 1.926 1.925 7 7
2 2 0 1.912 1.916 22 21
2 2 4 1.863 1.866 2 2
0 0 18 1.830 1.830 2 1
2 2 6 1.805 1.809 2 2
2 0 14 1.779 10
1.777 22

0 2 14 1.774 10
1 1 17 1.729 1.729 3 3
1 1 3 1.706 1.706 2 2
2 1 14 1.691 1.690 1 1
2 2 10 1.654 1.656 4 3
1 3 7 1.607 1.606 26 34
1 1 19 1.579 1.580 5 5
2 2 12 1.570 1.571 3 3
0 2 18 1.515 1.515 1 1
0 0 22 1.496 1.497 1 1
2 2 14 1.484 1.485 9 11
1 1 21 1.453 1.452 8 9
1 3 13 1.417 1.417 2 1
2 2 16 1.402 1.402 1 1
0 4 0 1.350 1.350 6 7

aa = 5.441(1) A,b = 5.399(1) A, c = 32.944(4) A’ Intensities
are calculated by LAZY PULVERIX using the atomic coordinates of
Bi4sTi30:12 where Bi(1) is replaced by La (ref 18).

2 as BplLa,yTiz0O12 and BbSrTa0Oy, respectively, having been
formed in the metathetical reactions 2 and 3.

K,La,Ti;0,, + 2BiOCI— (Bi,0,)La,Ti;0;, + 2KCl  (2)

K,SrTa0, + 2BiOCI— (Bi,0,)SITa0, + 2KCl (3)

In Figure 3, we show schematically the transformation of
KoLasTisO1g to BisLasTizO12. In a similar reaction between
KLaNb,O; and PbBIiQCI at 810°C for 9 h, we could prepare
another layered perovskite of the formula (PbBI&Nb,O;
indicating that (PbBi@™ could replace the Kin KLaNb,O;

in between the perovskite sheets.

We investigated the applicability of the metathesis route for .

the synthesis of other layered perovskites. Thus we could
synthesize MLgli30;¢ Dion—Jacobson (B-J) phases for M

= Pb, Ba, Sr in a reaction betweenl,TizO;0 and MC).
Similar transformations of RP phases to BJ phases with other
rare-earth and M cations have been reported in the literafure.
Powder XRD patterns of MLAi30;0 could be indexed on

(19) (a) Dion, M.; Ganne, M.; Tournoux, MMater. Res. Bull 1981
16, 1429-1435. (b) Dion, M.; Ganne, M.; Tournoux, M.; Ravez,Rev.
Chim. Miner 1984 21, 92-103. (c) Jacobson, A. J.; Johnson, J. W.;
Lewandowski, J. TInorg. Chem 1985 24, 3727-3729.
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Figure 2. (a) Electron diffraction (ED) pattern of Ria,TizO12 showing
an ca. 5.5« 5.5 A cell in thea—b plane. (b) Lattice image of Riay-
TisO12 showing an ca. 16.4 A repeat along thelirection. The inset
shows the corresponding ED pattern.

orthorhombic (M= Ba) or monoclinic (M= Pb, Sr) systems.
The lattice parameters are listed in Table 2. The orthorhombic
lattice parameters of the M Ba phase are in agreement with
the values reported in the literatéPefor BaLaTizO10. The
monoclinic M= Pb, Sr phases have not been reported to our
knowledge. In view of the close similarity of the powder XRD
patterns and lattice parameters of ML&O10 (M = Pb, Sr) to
those of BaNgTizO10%! we believe that the MLAi3010
members are isotypic with BaN@i;O10 consisting of triple
perovskite sheets interleaved by largé™ons.

We have prepared a novel layered perovskite (V@)is10

in the following reaction.

K,La,Ti;0;, + VOSO,-3H,0 —
(VO)La,Ti,0,, + K,SO, + 3H,0 (4)

Interestingly, the reaction occurs in agueous medium under
reflux (~100 °C). As-prepared material (dried in air at room

(20) Guha, J. PJ. Am. Ceram. Socl99], 74, 878-880; JCPDS file
No. 42-0418.
(21) Olsen, A.; Roth, R. Sl. Solid State Chen1985 60, 347—357.
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Figure 4. Powder XRD patterns of (a) (VO)L&iz010-H.0 and (b)
(VO) Lale 3010.

mainly 00 reflections in the XRD pattern, which could also be
indexed on a tetragonal cell of approximate lattice parameters
a = 3.82 A andc = 29.46 A. As compared to the lattice
parameters of the parentlka,TizO10 [a = 3.8769(1) A anc:

= 29.824(1) A}, there is a considerable decreas2.{5 A) in

thec parameter of anhydrous (VO)kE 30,0, Which is consistent
with the replacement of the two larger'Kons (ionic radius

Figure 3. Schematic representation of the metathetical reaction betweenq 55 A in 9-coordination) by the smaller €502+ cation (bond
KaLagTiOu (left) and BIOCI yielding Bil.aTisOy, (right) showing  distance~1.63 AP2in the interlayer space. The presence of a
replacement of interlayer Kby (Bi-O)*" sheets. strong infrared absorption around 1010 émwhich is charac-

Table 2. Lattice Parameters of Layered Perovskites teristic of the (V=O)** stretc#® both in the hydrated and

anhydrous materials and the near absence of K in the EDS

compd crystal system unit cell parameters (A) together with the V:La:Ti atomic ratio of 0.98:2:3 (expected
(Biz02)LazTiz010 orthorhombic a=5.441(1) ratio for stioichiometric (VO)LaTizO1is 1:2:3) clearly reveals
2: 3'23821(&21) that the metathesis reaction proceeds according to eq 4, yielding
(Bi,0,)SITa0; orthorhombic a=5531(1) a new layered perovskite (VO)bBizOso
b=5.535(1) While the metathesis reactions with BiOCI, PbB@, and
c = 24.965(5) MCI, which occur at considerably high temperatures (600
(PbBIG)LaNb,O;  tetragonal a=3.896(1) 900 °C) are not likely topotactic, the facile occurrence of
PbLaTi:Ox0 monoclinic gz %%gg% reaction 4 in aqueous.medium arougleO °.C suggests that it.
b=7.651(3) is most_llkely topotactic, where the integrity of the p_erovsklte
c=14.48(1) sheets is preserved during the chemical transformation. Further
B =197.8(1y work is essential to establish the actual structure of (V@)La
BaLaTizO10 orthorhombic g= 28622531()3) TisO10 and the topotactic nature of reaction 4.
c=3.869(1 .
SrLaTiz010 monoclinic a= 7.841((23 Conclusion
b=7.641(2) While metathesis reactions involving exchange of atomic/
;;11‘(1)'01;%%3) ionic species between the reactants are well-known in solid-
(VO)La:TizO10 tetragonal a= 3.869(2) state chemistry? for examp_le Mod] + 5/2NaQ_S — MoS, +
c=27.65(1) 5NaCl+ Y,S, the metathesis reported here is unique in that it

involves replacement of interlayer alkali cations ifrrR phases
by structural entities such as g8i)2", (PbBiG,)™, and (VO¥+.

temperature) is monohydrate (as revealed by thermogravimetry).the formation of (VO)LaTizOwis particularly significant since
The water of hydration is lost around 15CQ giving a green
crystalline product whose powder XRD pattern (Figure 4) could ~ (22) Longo J. M.; Amnott, R. JJ. Solid State Chen197Q 1, 394-398.
be indexed on a tetragonal cell with= 3.809(2) A andc = (23) Nakamoto, K.Im_‘rared Spectra qf Inorganic and C;oordmanon

A . Compounds2nd ed.; Wiley-Interscience: New York, 1970; p 114.
27.65(1) A. As compared to the anhydrous (VO)LaO1o, the (24) (a) Wiley, J. B.; Kaner, R. BSciencel992 255 1093-1097. (b)
hydrated material is rather poorly crystalline showing broad, Gillan, E. G.; Kaner, R. BChem. Mater1996 8, 333-343.
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it occurs at~100 °C in aqueous medium. We believe the 97), for financial support. We also thank Professor K. Ven-
significance of the present work goes beyond the transformationkatesan for helpful discussions on the crystal structure of
of R—P phases reported here; the strategy could in principle be Bi,TizO12.

extended to the synthesis/assembly of novel layered materials

containing dimensionally compatible [MX}[M2X,]"" layered Supporting Information Available: Powder XRD data for
units, as indeed is shown by the recent synthesis of (CuX)- (PbBiOy)LaNb,O; and MLaTizO1 (M = Ba, Sr, Pb) (PDB).
LaNb;O7 by Kodenkandath et & This material is available free of charge via the Internet at
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