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DEDICATED TO PROFESSOR J. M. HONIG
Several new ion-exchangeable Ruddlesden+Popper phases
were synthesized and characterized. K2CaNaTa3O10, which cry-
stallizes in space group I4/mmm and has lattice constants of
a 5 3.9185(1) and c 5 29.519(2), is the 5rst all-tantalum(V) ana-
logue of K2La2Ti3O10. K2Ca2Ta2TiO10 immediately hydrates in
air to K2Ca2Ta2TiO10 ' 0.8H2O, which belongs to space group
P4/mmm with a 5 3.8903(1) and c 5 16.709(1). K2SrLaTi2-
TaO10 ' 2H2O, which contains a large perovskite impurity, also
crystallizes in space group P4/mmm and has lattice constants of
a 5 3.9028(3) and c "16.896(2). All of the phases undergo ion
exchange in dilute acid to form the corresponding solid acids.
The solid acids topochemically dehydrate around 5003C to form
A-site defective cubic perovskites. ( 2000 Acdemic Press

INTRODUCTION

Ruddlesden}Popper phases (1), A
2
[A@

n~1
B
n
O

3n`1
] (A,

A@"alkali, alkaline earth, or rare earth, and B"transition
metal), can be described as intergrowths of the perovskite
and rocksalt structures. Members of the Ruddlesden}Pop-
per family of layered perovskites possess interesting proper-
ties depending on the choice of A- and B-site cations. For
example, Ruddlesden}Popper cuprates such as
La

2~x
Ba

x
CuO

4
are high-¹

#
superconductors (2), and man-

ganite phases such as La
2~2x

Sr
1`2x

Mn
2
O

7
exhibit colossal

magnetoresistance (3). Many Ruddlesden}Popper and
structurally related Dion}Jacobson (4) compounds that
contain TiO

6
, NbO

6
, and TaO

6
octahedra readily exchange

their interlayer alkali cations for protons (5}8) or other
monovalent (9) and divalent (10) cations, and some of these
phases have interesting dielectric (11), catalytic (12), and
superconductive (13) properties.

From the point of view of the rational synthesis of new,
metastable solids (14), ion-exchangeable Ruddlesden}
1This paper is dedicated to Professor J. M. Honig, in thanks for his
friendship, his scienti"c accomplishments, and his many years of service to
the community of solid state chemistry.

46
0022-4596/00 $35.00
Copyright ( 2000 by Academic Press
All rights of reproduction in any form reserved.
Popper phases provide convenient precursors that can be
chemically modi"ed at low ((6003C) temperatures and
transformed into novel three-dimensional phases. For
example, divalent ion exchange of the n"3 phase
K

2
Eu

2
Ti

3
O

10
and subsequent topochemical reduction

forms the A-site ordered nondefective perovskites
AEu

2
Ti

3
O

9
(A"Ca, Sr) (15). Novel A-site defective cubic

perovskites such as La
2@3

TiO
3

(7) and SrTa
2~x

Nb
x
O

6
(16)

and defective Ruddlesden}Popper phases such as Ln
2
Ti

2
O

7
(17) can be synthesized by topochemically dehydrating the
appropriate Ruddlesden}Popper acids. Interesting Aurivil-
lius phases (18) and perovskite}copper halide intergrowths
(19) can also be topochemically synthesized from Ruddles-
den}Popper and Dion}Jacobson phases.

One of the challenges limiting the rational design of new
solids from lamellar precursors is the availability of the
appropriate Ruddlesden}Popper phases. Only a small num-
ber of ion-exchangeable Ruddlesden}Popper phases have
been reported, and their syntheses are often hindered by
decomposition to more stable ABO

3
phases or by competi-

tion between multiple lamellar phases that are thermodyn-
amically stable. In this paper, we present the direct synthesis
and characterization of several new n"3 members of the
Ruddlesden}Popper series. These new tantalum-rich phases
readily exchange their interlayer alkali cations for protons,
and the resulting solid acids can be topochemically dehy-
drated to form new A-site defective cubic perovskites.

EXPERIMENTAL

Synthesis

K
2
CaNaTa

3
O

10
was initially synthesized by the solid-

state reaction of K
2
CO

3
(Aldrich, 99.99%), CaCO

3
(Aldrich, 99.995%), Na

2
CO

3
(Aldrich, 99.95%), and Ta

2
O

5
(Aldrich, 99.99%) at 13003C for 12 h. Higher-purity
K

2
CaNaTa

3
O

10
was synthesized using a procedure similar

to that of Kodenkandath and Wiley (20), substituting KOH
(Aldrich, 85%) for K

2
CO

3
and reacting the intimately

mixed solids for 12 h at 10503C, followed by 6 h at 11003C.



TABLE 1
Lattice Parametersa

Compound a, As c, As

K
2
CaNaTa

3
O

10
3.9185(1) 29.519(2)

K
2
Ca

2
Ta

2
TiO

10
)0.8H

2
O 3.8903(1) 16.709(1)

K
2
Sr

2
Ta

2
TiO

10
)xH

2
O 3.9124(4) 16.906(2)

K
2
SrLaTi

2
TaO

10
)2H

2
O 3.9028(3) 16.896(2)

K
2
CaLaTi

2
TaO

10
)xH

2
O 3.8897(3) 16.799(5)

H
2
CaNaTa

3
O

10
3.8851(7) 26.98(1)

H
2
Ca

2
Ta

2
TiO

10
3.8843(5) 26.66(2)

H
2
Sr

2
Ta

2
TiO

10
3.9101(3) 27.646(2)

H
2
SrLaTi

2
TaO

10
)xH

2
O 3.898(2) 31.20(2)

H
2
CaLaTi

2
TaO

10
)xH

2
O 3.895(2) 31.97(1)

CaNaTa
3
O

9
3.890(1)

Ca
2
Ta

2
TiO

9
3.867(1) 3.950(2)

Sr
2
Ta

2
TiO

9
3.9137(7)

SrLaTi
2
TaO

9
3.911(1)

CaLaTi
2
TaO

9
3.914(2)

a Standard deviations are given in parentheses.
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K
2
Ca

2
Ta

2
TiO

10
was synthesized by heating KOH, CaCO

3
,

Ta
2
O

5
, and TiO

2
(Aldrich, 99.9%) to 13003C for 60 min.

K
2
Sr

2
Ta

2
TiO

10
was synthesized by heating K

2
CO

3
, SrCO

3
(Alfa}Aesar, 99.99%), Ta

2
O

5
, and TiO

2
to 12003C for 12 h.

K
2
SrLaTi

2
TaO

10
was synthesized by heating K

2
CO

3
,

SrCO
3
, La

2
O

3
(Aldrich, 99.99%), TiO

2
, and Ta

2
O

5
at

13003C for 12 h. K
2
CaLaTi

2
TaO

10
was synthesized by re-

acting KOH, CaCO
3
, La

2
O

3
, TiO

2
, and Ta

2
O

5
at 13003C

for 60 min. In all cases, a 40% excess of alkali carbonate and
alkali hydroxide was used to account for loss due to volatil-
ization and for water content in the hydroxide.

All of the layered solids were proton-exchanged in 0.1
M HNO

3
for 5 days at room temperature. The acid was

renewed daily to ensure complete exchange. In some cases,
only one or two days were necessary for complete exchange
to occur. The solid acids were topochemically dehydrated
by heating them to 5003C for 4 h.

Instrumentation

X-ray di!raction (XRD) patterns were obtained on a Phi-
lips X-Pert MPD di!ractometer using monochromatized
CuKa (j"1.5418 As ) radiation. Di!raction patterns from
powdered samples held on a quartz zero background plate
were obtained in 2h geometry. Lattice parameters and
atomic positions were determined by the Rietveld method
using the GSAS structure re"nement package (21).

Energy-dispersive X-ray emission analysis (EDAX) was
performed using a JEOL-JSM 5400 scanning electron
microscope at 30 kV accelerating voltage. EDAX data was
obtained at the Electron Microscope Facility for the Life
Sciences in the Biotechnology Institute at the Pennsylvania
State University. Typically, data from several acquisitions
were averaged to obtain the reported results.

Thermal gravimetric analysis (TGA) was obtained using
a TA Instruments TGA 2050. Data were collected in air
from 25 to 10003C at a heating rate of 103C/min.

RESULTS AND DISCUSSION

Synthesis of New Ruddlesden}Popper Phases

Synthesizing new ion-exchangeable Ruddlesden}Popper
phases is often problematic, since decomposition and ther-
modynamic instabilities limit the compositions that can
form the layered perovskite structure. While phases such as
K

2
La

2
Ti

3
O

10
are easily synthesized by reacting the con-

stituent oxides and carbonates at 11003C for one day (7),
synthesizing other phases requires some modi"ed ap-
proaches. For example, the n"2 phase K

2
SrTa

2
O

7
has an

ABO
3

impurity phase (16), which can be minimized using
KOH as the alkali source (20). The n"1 phase NaLaTiO

4
is unstable relative to the n"3 phase Na

2
La

2
Ti

3
O

10
, so

a short 30-min reaction time isolates the desired kinetic
phase (22). In contrast, the thermodynamic n"2 phase
Li
2
SrNb

2
O

7
requires several days of heating to produce

a phase-pure material (23).
In the case of the n"3 Ruddlesden}Popper phases, few

examples other than the well-studied K
2
¸n

2
Ti

3
O

10
series

exist (7). Substitution of Nb5` for Ti4` has allowed for the
synthesis of K

2
Ca

2
Nb

2
TiO

10
, which contains a large

amount of perovskite impurity (8). Also, the mixed-valent
tantalates A

2
Ca

2
Ta

3
O

10
(A"Na, Li) have been topo-

chemically synthesized from phase-pure Dion}Jacobson
compounds by using reductive intercalation (24). To our
knowledge, no examples of n"3 Ruddlesden}Popper tan-
talates and titanotantalates that contain only Ta5` (and not
Nb5`) have been reported to date.

By combining several synthetic approaches, we were able
to synthesize several new n"3 Ruddlesden}Popper phases.
K

2
CaNaTa

3
O

10
, the "rst all-tantalum(V) analogue of

K
2
La

2
Ti

3
O

10
, can be synthesized using K

2
CO

3
at 13003C,

but the high reaction temperature guarantees that de-
composition will occur. Following the approach of
Kodenkandath and Wiley (20), we used the lower-melting
KOH instead of K

2
CO

3
to lower the reaction temperature

(in this case, to 11003C) and minimize the decomposition.
The next member of the titanotantalate series,
K

2
Ca

2
Ta

2
TiO

10
) 0.8H

2
O, was synthesized as a phase-pure

material by using KOH and limiting the reaction time to
60 min. The titanotantalate K

2
SrLaTi

2
TaO

10
)2H

2
O could

only be synthesized at 13003C using K
2
CO

3
, so a perovskite

impurity phase was unavoidable.

Structure of K2CaNaTa3O10

K
2
CaNaTa

3
O

10
crystallizes in space group I4/mmm and

is isostructural with its titanium analogue, K
2
La

2
Ti

3
O

10
(25). As indicated in Table 1, the a axis lattice parameter of



FIG. 1. Rietveld re"nements of (a) K
2
CaNaTa

3
O

10
, (b) K

2
Ca

2
Ta

2
TiO

10
)0.8H

2
O, and (c) K

2
SrLaTi

2
TaO

10
)2H

2
O, showing the calculated

(top, solid line) and observed (top, crosses) XRD patterns. The di!erence
curves (bottom, solid line) indicate the agreement between the observed
and calculated patterns. Bragg re#ections are marked below the peaks.
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K
2
CaNaTa

3
O

10
is 3.9185 As , which is signi"cantly larger

than that of K
2
La

2
Ti

3
O

10
(3.8769 As ) and re#ects the larger

size of the Ta5` cation. The c axis lattice parameter of
K

2
CaNaTa

3
O

10
(29.519 As ) is contracted slightly relative to

that of K
2
La

2
Ti

3
O

10
(29.824 As ). The di!erence may re#ect

the electrostatic repulsion of the interlayer potassium and
the trivalent lanthanum ions in the perovskite block of
K

2
La

2
Ti

3
O

10
; by comparison, there is lower A-site charge

from Ca2`/Na` in K
2
CaNaTa

3
O

10
.

EDAX indicates that the stoichiometric ratio of
K:Ca:Na:Ta is 2.0:0.85:0.89:3.4, which is consistent with the
formula K

2
CaNaTa

3
O

10
along with a minor potassium

tantalate impurity. EDAX analysis of the proton-exchanged
form H

2
CaNaTa

3
O

10
indicates that most (approx. 90%) of

the potassium is removed during the ion exchange, which is
consistent with the structural model that places the sodium
in the A site of the perovskite block rather than mixed with
the potassium in the interlayer gallery.

Rietveld structural analysis, shown in Fig. 1, con"rms
that K

2
CaNaTa

3
O

10
is an n"3 member of the Ruddlesden}

Popper series. The fractional coordinates, site occupancies,
and thermal parameters obtained from the re"nement are
given in Table 2. The re"nement converged reasonably well
to give R2

&
"8.52%, R

81
"12.98%, R

1
"9.70%, and

s2"2.36. The reliability factors are somewhat high due to
the presence of a small perovskite impurity. The impurity
peaks, which are characterized by low-intensity broadened
bands in the X-ray di!raction pattern, are evident in the
di!erence curve of the Rietveld re"nement. No low-angle
re#ections consistent with lower-order n"1 or n"2
layered perovskite phases were observed, so the impurity is
likely an ABO

3
perovskite phase. High-resolution electron

microscopy studies may prove useful in identifying the impu-
rity phase(s). Attempts to include the impurity phase in the
re"nement model gave only slight improvements in the "t.

The structure of K
2
CaNaTa

3
O

10
, shown in Fig. 2a, con-

sists of CaNaTa
3
O2~

10
triple-layer perovskite slabs inter-

leaved with K` in a rocksalt-type layer. The perovskite
layers are staggered along the (110) direction. The Ca and
Na cations are statistically distributed among the perov-
skite A sites, while Ta occupies the B sites. As in most
layered perovskites, the Ta atoms closest to the interlayer
gallery are displaced out of the symmetric octahedron, al-
though the distortion is not as signi"cant as in
K

2
Ca

2
Ta

2
TiO

10
)0.8H

2
O or K

2
La

2
Ti

3
O

10
)2H

2
O. Typi-

cally, divalent and trivalent cations occupy the perovskite
A sites, and the outer B-site cations (Ta5`, Ti4`) move away
from the A-site cations toward the monovalent interlayer
cations, which have less positive charge (26). Since mono-
valent Na` occupies half of the A sites in the perovskite
block of K

2
CaNaTa

3
O

10
, there is less electrostatic repul-

sion to force the B-site cation toward the interlayer.
There are three distinct Ta}O bond lengths in

K
2
CaNaTa

3
O

10
, although they span a narrow range. The
outer octahedra, which have the Ta shifted slightly toward
the interlayer, have a Ta(2)}O(4) bond length of 1.848 As ,
while the inner Ta(2)}O(2) bond is 1.963 As . The inner Ta(1)-
O(2) bonds are slightly longer at 2.096 As . All of these bond
lengths are consistent with those found in other Ruddlesden}
Popper tantalates (27).

Like its titanium analogue, K
2
CaNaTa

3
O

10
hydrates

over time under ambient conditions. While K
2
La

2
Ti

3
O

10
forms a crystalline dihydrate (25), K

2
CaNaTa

3
O

10
appears

to have several levels of hydration. When exposed to a fully



TABLE 2
Crystallographic Data for K2CaNaTa3O10, K2Ca2Ta2TiO10'0.8H2O, and K2SrLaTi2TaO10'2H2O

Site Wycko!
Compound Atom occupancy x y z 100 ;

*40
(As 2) symmetry

K
2
CaNaTa

3
O

10
a K 1.09(2) 0 0 0.2904(4) 0.8(2) 4e

Ca 0.55(1) 0 0 0.4229(4) 0.3(2) 4e
Na 0.56(3) 0 0 0.4229(4) 0.3(2) 4e

Ta(1) 1.01(1) 0 0 0 0.65(10) 2a
Ta(2) 0.96(1) 0 0 0.1375(1) 0.77(6) 4e
O(1) 0.94(6) 0 0.5 0 0.9(8) 4c
O(2) 0.96(4) 0 0 0.071(2) 3.0(9) 4e
O(3) 0.94(5) 0 0.5 0.134(1) 2.9(7) 8g
O(4) 0.99(6) 0 0 0.2001(9) 1.4(9) 4e

K
2
Ca

2
Ta

2
TiO

10
)0.8H

2
Ob K 0.94(1) 0.5 0.5 0.381(1) 3.7(3) 2h

Ca 1.04(1) 0.5 0.5 0.1190(7) 1.8(2) 2h
Ta(1) 0.653(6) 0 0 0 0.09(8) 1a
Ta(2) 0.675(6) 0 0 0.2444(2) 0.19(6) 2g
Ti(1) 0.29(2) 0 0 0 0.09(8) 1a
Ti(2) 0.35(2) 0 0 0.2444(2) 0.19(6) 2g
O(1) 0.99(5) 0 0.5 0 2.5(8) 2f
O(2) 0.95(3) 0 0 0.106(2) 3.2(9) 2g
O(3) 1.00(3) 0 0.5 0.232(2) 2.4(6) 4i
O(4) 0.96(3) 0 0 0.365(2) 5.5(9) 2g
O(5) 0.41(2) 0.21(1) 0 0.5 6(2) 4m

K
2
SrLaTi

2
TaO

10
)2H

2
Oc K 1.03(3) 0.5 0.5 0.380(1) 0.9(5) 2h

Sr 0.40(1) 0.5 0.5 0.1198(7) 1.2(2) 2h
La 0.466(9) 0.5 0.5 0.1198(7) 1.2(2) 2h

Ti(1) 0.54(3) 0 0 0 1.2(3) 1a
Ti(2) 0.78(2) 0 0 0.2485(4) 0.1(1) 2g
Ta(1) 0.313(8) 0 0 0 1.2(3) 1a
Ta(2) 0.358(6) 0 0 0.2485(4) 0.1(1) 2g
O(1) 1.15(7) 0 0.5 0 3.1(9) 2f
O(2) 0.95(5) 0 0 0.108(2) 1.4(9) 2g
O(3) 1.04(4) 0 0.5 0.222(2) 1.0(7) 4I
O(4) 0.91(5) 0 0 0.356(3) 4(2) 2g

a I4/mmm (No. 139), a"3.9185(1) As , c"29.519(2) As .
b P4/mmm (No. 123), a"3.8903(1) As , c"16.709(1) As .
c P4/mmm (No. 123), a"3.9028(3) As , c"16.896(2) As .
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hydrated atmosphere for three days, K
2
CaNaTa

3
O

10
inter-

calates approximately 10 water molecules per formula unit.
No plateau of water intake was observed. The resulting
solid is poorly crystalline, as evidenced by signi"cant line
broadening of the (00l) peaks.

Structure of K2Ca2¹a2¹iO10 )0.8H2O

Anhydrous K
2
Ca

2
Ta

2
TiO

10
hydrates immediately upon

exposure to air. TGA analysis indicates that there are 0.8
waters of hydration per formula unit. While most hydrated
layered perovskites intercalate two water molecules per unit
cell, other examples such as NaEuTiO

4
)0.5H

2
O (28),

NaEuTiO
4
)0.8H

2
O (28), and NaLaNb

2
O

7
)1.6H

2
O (29)

have been reported. K
2
Ca

2
Ta

2
TiO

10
)0.8H

2
O crystallizes in

space group P4/mmm and is isostructural with
K

2
La

2
Ti

3
O

10
)2H

2
O (25). EDAX analysis con"rms that the
elemental ratios of K:Ca:Ta:Ti are 2.0:2.4:2.0:1.2, which
matches the predicted stoichiometry and a small calcium
titanate impurity.

The lattice parameters of K
2
Ca

2
Ta

2
TiO

10
)0.8H

2
O are

a"3.8903 As and c"16.709 As , which are slightly smaller
than those of K

2
CaNaTa

3
O

10
, re#ecting the smaller size of

the Ti4` cation that occupies 1/3 of the perovskite B sites.
The smaller lattice parameters could also indicate a slight
contraction of the unit cell due to the higher A-site charge
density in K

2
Ca

2
Ta

2
TiO

10
)0.8H

2
O relative to K

2
Ca-

NaTa
3
O

10
. As expected, the a axis lattice parameter is

slightly larger than that of K
2
La

2
Ti

3
O

10
)2H

2
O (a"

3.8585 As , c"16.814 As ), whereas the c axis parameter is
slightly contracted.

Rietveld structure re"nement, shown in Fig. 1b, con"rms
that K

2
Ca

2
Ta

2
TiO

10
)0.8H

2
O is isostructural with

K
2
La

2
Ti

3
O

10
)2H

2
O (25). The re"nement in space group



FIG. 2. Crystal structures of (a) K
2
CaNaTa

3
O

10
and (b) K

2
Ca

2
Ta

2
TiO

10
)0.8H

2
O, viewed along the a axis. Atom numbering is the same as in Table

2. Note the more pronounced distortions of the MO
6

octahedra in K
2
Ca

2
Ta

2
TiO

10
)0.8H

2
O.
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P4/mmm quickly converged, yielding R2
&
"9.73%,

R
81

"12.65%, R
1
"9.95%, and s2"1.96. The site occu-

pancies did not deviate signi"cantly from those expected
from stoichiometry. The atomic positions and thermal para-
meters changed slightly, re#ecting the structural distortions
that are discussed below. The fractional coordinates, site
occupancies, and thermal parameters are given in Table 2.
Attempts to re"ne the structure in lower symmetry space
groups were unsuccessful.

Unlike K
2
CaNaTa

3
O

10
, which forms a poorly crystalline

hydrate, K
2
Ca

2
Ta

2
TiO

10
)0.8H

2
O remains highly crystal-

line upon intercalation of water. The oxygen atoms of the
interlayer water molecules were included in the re"nement,
placed on the 4m site as in K

2
La

2
Ti

3
O

10
)2H

2
O (25). Re-

"nements that did not include the oxygen atoms of the
interlayer water yielded slightly higher R2

&
values. A small

perovskite impurity phase that is most likely CaTiO
3
, based
on the higher elemental ratios of Ca and Ti relative to Na
and Ta, was observed but not included in the "nal re"ne-
ment.

K
2
Ca

2
Ta

2
TiO

10
)0.8H

2
O (Fig. 2b) consists of Ca

2
Ta

2
-

TiO2~
10

slabs that are eclipsed along the (110) direction. The
eclipsed con"guration has been noted in other hydrated
layered perovskites (20, 28), and most likely allows better
coordination of the interlayer potassium with the interca-
lated water.

The TaO
6
/TiO

6
octahedra in K

2
Ca

2
Ta

2
TiO

10
)0.8H

2
O

are axially distorted relative to the bonds in K
2
La

2
Ti

3
O

10
.

In the triple-layer perovskite slab, the Ta/Ti cations on the
2g site are displaced toward the interlayer relative to the
plane of the equatorial oxygen atoms. This distortion "xes
the Ta(2)}O(4) bond at 2.014 As and the Ta(2)}O(2) bond at
2.305 As . These values are consistent with the weakest bonds
in other hydrated Ruddlesden}Popper phases such as
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K
2
SrTa

2
O

7
)2H

2
O (20) and NaEuTiO

4
)0.8H

2
O (28). The

Ta(1)}O(2) bond is relatively short at 1.777 As , but this bond
length is not unreasonable for a 6-coordinate Ta}O bond
along the interlayer gallery of a layered perovskite (27).

The Ti and Ta ions are statistically distributed among the
B sites of the perovskite block. The possibility that Ti
occupies the middle row of the triple perovskite block and
that Ta occupies the sites adjacent to the interlayer was
explored, but the structural model based on B-site ordering
was not consistent with the powder di!raction data. Like-
wise, re"nement of the site occupancies for the Ti and Ta at
both sites did not diverge signi"cantly from the stoichiomet-
ric ratios 1/3 and 2/3, respectively. The high thermal para-
meters for the interlayer potassium and O(4) oxygen atom
indicate that there may be some disorder and distortion
along the interlayer gallery, from the waters of hydration
that may be partially amorphous.

K
2
Sr

2
Ta

2
TiO

10
)xH

2
O could also be synthesized, but

only using K
2
CO

3
and heating the reaction mixture to

12003C for several hours. As a result, a large amount of
perovskite impurity was present. As shown in Table 1,
K

2
Sr

2
Ta

2
TiO

10
)xH

2
O had slightly larger lattice para-

meters than K
2
Ca

2
Ta

2
TiO

10
)0.8H

2
O, re#ecting the larger

Sr2` cation relative to Ca2`.

Structure of K2SrLaTi2TaO10 )2H2O

Like K
2
Ca

2
Ta

2
TiO

10
, K

2
SrLaTi

2
TaO

10
hydrates im-

mediately upon exposure to air, so its anhydrous form could
not be isolated. TGA analysis shows two waters of hy-
dration per formula unit (30). High-temperature XRD
shows that the anhydrous form has I4/mmm symmetry as in
K

2
La

2
Ti

3
O

10
, but the hydrate adopts the eclipsed P4/mmm

symmetry. The lattice parameters of K
2
SrLaTi

2
TaO

10
)

2H
2
O are slightly larger than those of K

2
Ca

2
Ta

2
TiO

10
)

0.8H
2
O, re#ecting the larger Sr2` and La3` cations. EDAX

analysis indicates that the stoichiometric ratios of
K:Sr:La:Ti:Ta are 3.1:0.68:0.78:1.8:2.0, which is consistent
with the stoichiometry of K

2
SrLaTi

2
TaO

10
and a large

amount of potassium tantalate impurity.
Rietveld structure re"nement showed that K

2
SrLaTi

2
-

TaO
10
)2H

2
O is isostructural with K

2
Ca

2
Ta

2
TiO

10
)

0.8H
2
O. The structure re"nement in space group P4/mmm,

shown in Fig. 1c, converged to R2
&
"10.91%, R

81
"

10.39%, R
1
"7.90%, and s2"3.02, which included a sec-

ond perovskite impurity phase. The atomic positions and
thermal parameters, which are included in Table 2, are
similar to those of K

2
Ca

2
Ta

2
TiO

10
)0.8H

2
O (Fig. 2b), indic-

ating that the same structural distortions of the TaO
6
/TiO

6
octahedra occur in K

2
SrLaTi

2
TaO

10
)2H

2
O. The Ta and Ti

cations are statistically distributed among the perovskite
B sites, and Sr and La are statistically distributed among the
A sites. Based on the re"ned site occupancies, Ti seems
to have a slight preference for the 2g site relative to the
1a site. B-site cation ordering was considered, but the
structural models were inconsistent with the powder di!rac-
tion data.

K
2
CaLaTi

2
TaO

10
)xH

2
O could also be synthesized, but

only using KOH and limiting the synthesis time to 60 min at
13003C. A major ABO

3
impurity could not be avoided, even

with careful synthesis considerations. K
2
CaLaTi

2
TaO

10
)

xH
2
O has slightly smaller lattice parameters than K

2
SrLa-

Ti
2
TaO

10
)2H

2
O, which is consistent with the smaller size of

the Ca2` cation relative to Sr2`.

Proton Exchange of Ruddlesden-Popper Phases

All of the Ruddlesden}Popper tantalates and titanotan-
talates exchange their interlayer potassium cations for pro-
tons in dilute acid, resulting in solid layered acids. Most ion
exchanges in Ruddlesden}Popper and Dion}Jacobson
phases are nearly stoichiometric, but it is not uncommon to
retain a few percent of residual alkali after the ion exchange
is complete, presumably due to the substitution of alkali
into the A sites of the perovskite block (11). For the tanta-
lates and titanotantalates presented in this study, the per-
cent exchange was judged to be as complete as exchanges in
other Ruddlesden}Popper systems. EDAX con"rmed that
much of the potassium was gone after several days of proton
exchange, but residual potassium was observed. Quantitat-
ion is di$cult, since in many cases potassium tantalate or
other alkali impurities that remain unchanged throughout
the acid exchange add to the potassium signal during
EDAX analysis.

H
2
CaNaTa

3
O

10
, the powder pattern of which is shown in

Fig. 3a, retains the I4/mmm symmetry of its alkali form. The
lattice parameter for the a axis decreases slightly to
3.8851 As , while the c axis contracts substantially from
29.519 As in K

2
CaNaTa

3
O

10
to 26.98 As in H

2
CaNaTa

3
O

10
.

As shown in Fig. 3b, H
2
Ca

2
Ta

2
TiO

10
, is isostructural with

H
2
CaNaTa

3
O

10
, indicating that the proton-exchanged

form does not hydrate like the alkali K
2
Ca

2
Ta

2
TiO

10
)

0.8H
2
O form. As expected, the lattice parameter in the

a direction decreases slightly to 3.8843 As , and the c axis
contracts to 26.66 As . The presence of broad peaks in the
di!raction patterns of H

2
CaNaTa

3
O

10
and H

2
Ca

2
Ta

2
TiO

10
indicates the possibility that a small amount of acid

hydrolysis occurred during the proton exchange.
H

2
SrLaTi

2
TaO

10
and H

2
CaLaTi

2
TaO

10
exist in both

anhydrous and hydrated forms. The hydrated forms, shown
in Fig. 3c, appear to adopt I4/mmm symmetry rather than
the eclipsed P4/mmm symmetry of the hydrated alkali forms.
Drying the solid acids at 1003C yields the anhydrous forms
(which are also I4/mmm), but the anhydrous forms cannot
be isolated without the onset of irreversible phase
transitions since the solids begin to topochemically dehy-
drate around 1003C. In Figs. 3a}3c, peaks such as those
near 403 (which correspond to the cubic perovskite phase



FIG. 3. X-ray powder di!raction patterns of (a) H
2
CaNaTa

3
O

10
,

(b) H
2
Ca

2
Ta

2
TiO

10
, and (c) H

2
SrLaTi

2
TaO

10
)xH

2
O.

FIG. 5. X-ray powder di!raction patterns of (a) CaNaTa
3
O

9
,

(b) SrLaTi
2
TaO

9
, and (c) Ca

2
Ta

2
TiO

9
.
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and not the lamellar phases) are evidence of low-temper-
ature topochemical dehydration.

Topochemical Dehydration of Ruddlesden}Popper Acids

An interesting feature of many Ruddlesden}Popper acids
is that at relatively low temperatures ((5003C), the inter-
layer protons can be eliminated together with the terminal
oxygen atoms of the perovskite block in the topochemical
dehydration reaction shown in Fig. 4 (7, 16). Removal of
water from the interlayer allows the BO

6
octahedra along

the interlayer to collapse, transforming the two-dimensional
layered structure into a three-dimensional phase. The result-
FIG. 4. Schematic representation of the topochemical dehydration of
a Ruddlesden}Popper acid to an A-site defective cubic perovskite. The
octahedra are MO

6
units, and the shaded circles represent the A-site and

interlayer cations.
ing cubic phases are inherently A-site defective, since only
two-thirds of the cations required to "ll the A sites are
contained in the perovskite blocks of the lamellar phases.
While many layered perovskites, such as H

2
La

2
Ti

3
O

10
and

H
2
SrTa

2
O

7
, topochemically dehydrate and form three-

dimensional phases, H
2
Nd

2
Ti

3
O

10
retains its layered

structure upon dehydration to Nd
2
Ti

3
O

9
(31). Our results

indicate that all of the solid Ruddlesden}Popper acids pre-
sented in this study topochemically dehydrate to form A-site
de"cient three-dimensional perovskites. Additionally, the
A-site cations disorder into the vacant A sites created from
the collapse at the interlayer. Similar A-site disordering was
observed during the topochemical synthesis of
SrTa

2~x
Nb

x
O

6
(16), AEu

2
Ti

2
NbO

9
(A"Li, Na) (15), and

MEu
2
Ti

3
O

9
(M"Ni, Cu, Zn) (15).

H
2
CaNaTa

3
O

10
topochemically dehydrates around

5003C to form CaNaTa
3
O

9
, shown in Fig. 5a. The cubic

perovskite peaks are broad, indicating some disorder during
the topochemical collapse. Peak broadening has been ob-
served previously in similar systems (16) and is likely due to
disorder along the c axis during the dehydration reaction or
random expansion and contraction of the lattice as the
A-site cations disorder into the vacant A sites. A weak
low-angle re#ection around 63 2h is most likely due to
regions of unexchanged K

2
CaNaTa

3
O

10
that cannot dehy-

drate. (A structural model based on A-site ordering would
predict a peak around 7.53 2h, as in AEu

2
Ti

3
O

9
(15).) Other

unindexed peaks are consistent with small regions of the
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crystallites that do not topochemically collapse, as well as
the small perovskite impurity present in the original sample.
Evidence that topochemical dehydration occurs rather than
decomposition to other binary or ternary oxides is provided
by the powder di!raction pattern and the lattice para-
meters. First, no peaks corresponding to other oxide phases
could be identi"ed. Second, the lattice parameter for a pos-
sible decomposition product KTaO

3
is 3.989 As , while the

lattice parameter for CaNaTa
3
O

9
is only 3.890 As .

H
2
Ca

2
Ta

2
TiO

10
and H

2
Sr

2
Ta

2
TiO

10
also dehydrate to

form Ca
2
Ta

2
TiO

9
and Sr

2
Ta

2
TiO

9
, respectively. The lattice

parameters for the dehydrated phases, shown in Table 1, are
similar to the lattice parameters for the a axes of the corre-
sponding alkali phases. H

2
SrLaTi

2
TaO

10
and H

2
CaLa-

Ti
2
TaO

10
topochemically dehydrate to form SrLaTi

2
TaO

9
and CaLaTi

2
TaO

9
, shown in Fig. 5b. The lattice parameters

for Sr
2
Ta

2
TiO

9
, SrLaTi

2
TaO

9
, and CaLaTi

2
TaO

9
are all

around 3.91 As . These values are larger than the lattice
parameter of CaNaTa

3
O

9
, which is reasonable considering

that the larger Sr2` and La3` cations "ll the A sites rather
than Ca2` and Na`. This is also consistent with the size
variation in the ABO

3
perovskites CaTiO

3
/SrTiO

3
and

NaTaO
3
/KTaO

3
where the size of the A-site cation signi"-

cantly a!ects the size of the unit cell (for perovskites having
the same B-site cations). Likewise, the smaller Ca2` cation
in the A site of CaTiO

3
results in orthorhombic symmetry,

just as Ca
2
Ta

2
TiO

9
, shown in Fig. 5c, adopts tetragonal

symmetry, which is lower symmetry than in the other
topochemically synthesized perovskites that have larger
A-site cations.

CONCLUSIONS

In this paper, we describe the synthesis of new tantalates
and titanotantalates that are n"3 members of the Ruddles-
den}Popper series of layered perovskites. By optimizing the
heating times and temperatures for each system, new and
higher-purity phases can be synthesized. The titanotan-
talates appear to be more susceptible to hydration than
their titanate counterparts, which could indicate a high
a$nity for intercalation and ion exchange that could result
in new metastable phases. The proton-exchanged forms of
these tantalates and titanotantalates appear to be more
acidic than the layered titanates, and have recently been
found to intercalate tetrabutylammonium hydroxide, which
leads to delamination of the solid into unilamellar colloidal
sheets (32). Subsequent layer-by-layer assembly of these
sheets, followed by topochemical dehydration, could lead to
interesting new thin "lm perovskites and rationally designed
metastable solids.
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