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In recent years, many soft-chemical reactions of layered perovskites have been reported,
and they can be classified into sets of similar reactions. Simple ion-exchange and intercalation
reactions replace or modify the interlayer cations of layered perovskites, and more complex
metathesis reactions replace interlayer cations with cationic structural units. Topochemical
condensation reactions that involve dehydration and reduction provide access to a variety
of metastable structural features in three-dimensional perovskites, and similar reactions
can be used to convert among higher order layered perovskite homologues. Other techniques,
such as high pressure and anion intercalation/deintercalation, also yield interesting
metastable phases. When combined, the individual reactions complement each other, and a
powerful toolbox of solid-state reactions emerges. By using layered perovskites as templates,
it is possible to retrosynthetically design new product perovskites that retain the structural
features of the precursor layered phases. The toolbox of reactions was used to synthesize a
new Ruddlesden-Popper phase, Na2Sr2Nb2MnO10, and to demonstrate the first example of
a complete cycle of reactions of layered perovskites. In addition, topochemical dehydration
and reduction were combined to synthesize the new A-site defective cubic perovskite Ca0.67-
Eu1.33La0.67Ti3O9. It should be possible to extend the toolbox to include more complex systems
using layer-by-layer assembly of perovskite thin films, which provide access to “made to
order” stacking sequences.

Introduction

Solid-state inorganic chemistry thrives on the rich
variety of solids that can be synthesized using a wide
range of techniques,1,2 including traditional high-tem-
perature “heat and beat” solid-solid reactions and lower
temperature reactions involving hydrothermal3 and
sol-gel4 synthesis. These techniques are extremely
useful and have produced a wide variety of important
materials, but serendipity often dominates over rational
design and the solid-state chemist can be left with little
predictive ability beyond personal experience and intu-
ition. In contrast, organic chemists have access to a
large library of reactions that can be applied sequen-
tially to build up complex molecules in predictable ways.
Using the tools of retrosynthetic design and convergent
synthesis, these reactions provide access to a host of
natural products, macromolecules, and supramolecular
structures that would otherwise be impossible to make.

There are several synthetic approaches that attempt
to create new solids by rational design, and in recent
years this area has enjoyed a surge of research activity.
Crystal engineering is the purest form of rational
designsthe molecular precursors are chosen to yield
specific structural features (e.g., crystal symmetry, types
of bonds, and strengths of intermolecular interactions),
and the resulting structure sometimes matches quite

closely to what the chemist intended.5 Many interesting
open framework6 and porous solids that contain large
void spaces7 have been synthesized using these ideas,
and the related concept of using secondary building
units to assemble more complex systems will certainly
yield many important new solids in the future.8 The
dimensional reduction formalism is a useful tool for
viewing solids in a predictive way, allowing chemists
to decompose a structure into its component parts to
form lower dimensional “child” frameworks based on
higher dimensional “parent” networks.9 Thin-film meth-
ods such as molecular beam epitaxy,10 pulsed laser
deposition,11 electrodeposition,12 and evaporation13 also
provide direct access to complex heterostructures.

Another rational-design approach is that of chimie
douce, or soft chemistry, which involves the low-tem-
perature modification of existing solid structures to form
new solids that retain many of the structural features
of the precursor phase.2,14 Using the principles of soft
chemistry, it is possible to synthesize a variety of
metastable solids having structures that do not form
using more conventional solid-state reactions. Using this
approach, solid-state chemists can choose a precursor
phase and then design a sequence of low-temperature
reactions that will modify the structure in a stepwise
process to yield a target product phase. Much like the
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approach taken by organic chemists, soft chemistry is
retrosynthetic in nature. The ultimate goal is to first
identify a target structure and then work backward to
design a sequence of reactions that will form it from
conventional starting materials.

Unfortunately, most demonstrations of a successful
soft-chemistry approach involve isolated examples or
highly specialized systems in the precursor phase. The
ability to generalize a system of soft-chemical ap-
proaches to the point where it is feasible to retrosyn-
thetically design an inorganic solid with a variety of
useful (and otherwise inaccessible) structural features
would be a powerful tool for the solid-state chemist.
Such a system would significantly broaden the synthetic
tools available in solid-state chemistry, and it would
improve our ability to systematically study structure-
property relationships in rationally designed materials.

In recent years, there has been a growing interest in
using the principles of soft chemistry to design new
materials that are based on the perovskite structure.
Perovskites are generally metal oxides with the formula
ABO3, where B is a small transition metal cation and
A is a larger s-, d-, or f-block cation.15 In the perovskite
structure (Figure 1a), the B-site cation resides in the
interstitial site of an octahedron of oxygen anions, and
the perovskite unit cell is built from corner-sharing
BO6/2 octahedra that are connected through B-O-B
linkages. The A-site cation fits in the large cavity at the
center of eight corner-sharing BO6/2 octahedra.

Layered perovskites are intergrowths of perovskite
and other structures, and they consist of two-dimen-
sional perovskite slabs interleaved with cations or
cationic structural units (Figure 1b-d). The Dion-
Jacobson series of layered perovskites, A′[An-1BnO3n+1],
typified by the n ) 3 phase CsCa2Nb3O10 in Figure 1b,
has one interlayer cation per formula unit.16,17 Ruddles-
den-Popper phases, A′2[An-2BnO3n+1], such as K2La2-
Ti3O10 in Figure 1c, have two interlayer cations per

formula unit and possess twice the interlayer charge
density of the Dion-Jacobson phases.18,19 Aurivillius
phases, including Bi2W2O9 (or Bi2O2[W2O7] to emphasize
the location of the bismuth oxide in the interlayer)
shown in Figure 1d, are intergrowths of perovskite and
bismuth oxide and have a covalent network of Bi2O2

2+

between the two-dimensional perovskite slabs.20

Depending on the choice and stoichiometry of the A-
and B-site cations, perovskites and layered perovskites
can possess a wide variety of interesting properties
including superconductivity,21 colossal magnetoresis-
tance,22,23 ferroelectricity,24 and catalytic activity.25

Many of the desired structural features of these impor-
tant materials, such as specific sequences of CuO2
sheets in superconductors,26 ordered A- and B-site
cations in magnetoresistive materials,23 texture along
the poling direction in ferroelectrics,24 and spontane-
ously hydrated interlayer galleries in layered photo-
catalysts,27 are often difficult to control thermodynami-
cally.

Soft chemistry offers a potentially powerful alterna-
tive for controlling these thermodynamically inacces-
sible structural and morphological features at the
kinetic level.2,14 In recent years, perovskites have been
the target of many low-temperature chemical transfor-
mations, and the result is a well-developed system of
solid-state reactions. The interlayer cations or structural
units of layered perovskites can often be interchanged
at low temperatures, which facilitates their subsequent
conversion into new phases that are either layered or
three dimensionally bonded. Using these reactions, it
is now possible to rationally design a variety of interest-
ing structural features into a product perovskite phase
using a multistep sequence of low-temperature reac-
tions.

Many of these solid-state reactions are initially dem-
onstrated in a “proof of principle” context, and often the
full significance and potential of these reactions go

Figure 1. Representative structures of selected perovskites and layered perovskites. In (a), the construction of the perovskite
unit cell from the corner-sharing BO6 octahedra is shown. Typical members of the (b) Dion-Jacobson, (c) Ruddlesden-Popper,
and (d) Aurivillius families of layered perovskites are also shown. Small black circles represent O, large black circles represent
alkali cations, small light circles represent B-site cations, larger shaded circles represent A-site cations, and the light shaded
circles in (d) represent Bi.
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unrealized. When combined, these individual reactions
complement each other, and a powerful toolbox of solid-
state reactions emerges. Indeed, one could argue that
the individual reactions that make up the toolbox of
reactions for perovskites are analogous to the common
“name reactions” routinely used by organic chemists.
In this review, we present an overview of the reactions
that convert layered perovskites into new layered and
three-dimensional phases. More importantly, we place
these reactions in the context of a series of complemen-
tary textbook-style solid-state reactions that can be
sequentially applied to retrosynthetically design new
perovskites with controlled structural and morphologi-
cal features.

Overview of Soft Chemistry

While the field of soft chemistry has been reviewed
in the past,2,14 it is beneficial to consider briefly the main
principles that underlie the concept of a soft-chemical
reaction. First, soft-chemical reactions must preserve
most of the bond connectivity of the precursor phase,
which means that the structure of the final product
closely resembles the structure of the starting material.
Thus, ion-exchange, dehydration, and oxidation-reduc-
tion chemistry are commonly used techniques. Soft-
chemical reactions must also be carried out at a
temperature that is sufficiently low to prevent extensive
bond breaking and rearrangement of the structural
framework. This, in turn, often allows the product to
adopt a structure that is kinetically stabilized, providing
access to metastable or low-temperature phases that are
inaccessible thermodynamically.

In a soft-chemical solid-state reaction, most of the
bonds of the solid precursor remain unchanged, so all
chemical reactions are carried out at discrete reaction
sites within the crystal. Many such reactions involve
ion exchange, which interchanges weakly bonded cat-
ions and anions in a framework structure. A common
example is the exchange of cations in a porous zeolite
framework. Another approach is to convert a layered
structure into a three dimensionally bonded phase using
a topochemical condensation reaction. In this case,
selected terminal ligands are removed along a particular
crystallographic plane (e.g., removing O2- in combina-
tion with H2 to form H2O), which serves as a “zipper”
to form bonds between parallel planes. For example, the
layered titanoniobate HTiNbO5, formed by the exchange
of H+ for the mobile interlayer K+ cations in the
precursor phase KTiNbO5, topochemically dehydrates
to form TiNbO4.5 (or Ti2Nb2O9),28 which has a three-
dimensional framework. Likewise, new forms of binary
oxides, such as â-TiO2

29 and ReO3-type MoO3,30 can be
formed by dehydrating the appropriate precursors. A
recent example is the elegant single-crystal “zipper”
reaction that converts the two-dimensional intermetallic
phase Cs3Bi7Se12 into the three-dimensional phase
CsBi7Se12 through a two-step oxidative process.31

In this review, we will concentrate on the chimie
douce approaches to synthesizing new perovskites.
While there are also examples of organic/inorganic32 and
intermetallic perovskite33 phases that have interesting
properties, our focus will be on metal-oxide perovskites
because these are the phases for which most of the solid-
state reactions have been optimized.

Ion-Exchange Reactions of Layered Perovskites

Ion exchange is the most common low-temperature
solid-state reaction of layered perovskites, and it has
been used extensively to prepare a wide variety of new
layered solids. Figure 2 combines the individual ion-
exchange reactions of layered perovskites into a com-
plete set of complementary reactions. Initial inspection
of Figure 2 makes clear the ability to easily convert
among many types of layered perovskites. In addition,
it is possible to synthesize a large number of new
layered perovskites with interesting structures and
properties simply by exploiting the well-known concept
of ion exchange.

Dion-Jacobson phases16,17 (Figure 2g) were the first
reported examples of ion-exchangeable layered perov-
skites, and the initial ion-exchange reactions involved
the replacement of larger interlayer cations such as Cs+,
Rb+, and K+ with smaller cations such as Na+, Li+,
NH4

+, and Tl+ (Figure 2h) using molten nitrate salts
(Tm ∼ 300 °C) as the ion-exchange medium.16,34,35 Dion-
Jacobson phases containing small interlayer cations
such as Li+ or Na+ are often difficult to synthesize as
phase-pure materials at traditional reaction tempera-
tures (>1000 °C) where three-dimensional perovskites
are usually more stable. Larger cations, such as Cs+,
favor the formation of layered perovskites because Cs+

fits better in the large interlayer A′-site of a layered
perovskite than in the smaller A-site of a three-
dimensional perovskite.36 Smaller cations are often
desired between the layers, however, because of the
improved ionic conductivity37,38,39b and the cation-size
considerations that are crucial for subsequent low-
temperature reactions.40 Fortunately, ion exchange
provides access to these structures. Divalent ion ex-
change of Dion-Jacobson phases (not shown) is also
possible,41 although it results in phases that have less
than half of the interlayer sites filled. In addition, the
exchange efficiencies are often low compared with those
involving monovalent exchange.

The interlayer alkali cations of Dion-Jacobson phases
can also be replaced with protons by exchange in acid
(Figure 2f).16,42-44 Like many other layered solid acids,45

the proton forms of most Dion-Jacobson phases are
solid acids that intercalate a variety of organic bases
(Figure 2i)42,46 and alcohols.47 Typically, long-chain
alkylamines such as n-octylamine form paraffin-like
bilayers in the interlayer gallery.42 Depending on the
acidity of the protons attached to the terminal oxygen
atoms along the perovskite block, organic bases with a
range of pKb’s can intercalate. For example, alkyl-
amines, which typically have pKb’s near 3.4, are readily
intercalated into Dion-Jacobson phases such as HCa-
LaNb2TiO10.35 Gopalakrishnan and co-workers found
that similar reactivity does not occur in HLa2Ti2NbO10
(derived from KLa2Ti2NbO10), which has most of its
protons attached to TiO6 octahedra. These are not as
acidic as acid sites on NbO6 octahedra.35 Interestingly,
a recent investigation of the structure of CsLa2Ti2NbO10
and related phases revealed a unique B-site cation
ordering sequence of (Ti0.5Nb0.5)O6/2-TiO6/2-(Ti0.5Nb0.5)-
O6/2.46,48 Accordingly, HLa2Ti2NbO10 derived from CsLa2-
Ti2NbO10 was found to intercalate alkylamines because
a sufficient number of protons are attached to NbO6
octahedra, which enhances the interlayer reactivity.46
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Ruddlesden-Popper phases18,19 (Figure 2c) also un-
dergo ion-exchange reactions. Like the Dion-Jacobson
phases, the interlayer alkali cations of Ruddlesden-
Popper phases (typically Na+, K+, and sometimes Rb+)
can be replaced by smaller alkali cations such as Na+,
Li+, NH4

+, and Ag+ using molten salt ion-exchange
reactions (Figure 2b).19,38,49,50 Ruddlesden-Popper phases
are especially amenable to divalent ion exchange be-
cause two interlayer alkali cations can be replaced with
one divalent cation to form a Dion-Jacobson phase
(Figure 2a). Hyeon and Byeon prepared MIILa2Ti3O10
(M ) Co, Cu, Zn) by exchanging 2Na+ for M2+ using
the molten nitrates, chlorides, or eutectic mixtures.51

We used aqueous ion exchange to form AIIEu2Ti3O10
(A ) Ca, Sr) and MIIEu2Ti3O10 (M ) Ni, Cu, Zn),40 and
Gopalakrishnan and co-workers used a higher temper-
ature metathesis reaction (Figure 3d) to form AIILa2-
Ti3O10 (A ) Sr, Ba, Pb).52 Protons can also replace the
interlayer alkali cations (Figure 2c-d),19,39c,53-56 which
opens up the interlayer gallery to subsequent acid/base
reactions.

We recently reported a reaction that converts the
proton form of a Ruddlesden-Popper phase into its
alkali form (Figure 2d,c).57 Using this reaction, it is
possible to design new Ruddlesden-Popper phases that
have larger interlayer cations than those that are
normally stable. (Unlike the Dion-Jacobson phases,
which often require large interlayer cations to form, the

interlayer cations of Ruddlesden-Popper phases coor-
dinate with the terminal oxygen atoms of the perovskite
block to form a rock-salt-type layer, and larger cations

Figure 2. Ion-exchange and intercalation reactions of layered perovskites that involve discrete interlayer cations.

Figure 3. Ion-exchange reactions of layered perovskites that
involve replacing interlayer cations with cationic structural
units.
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are usually less stable in such a coordination environ-
ment.) For example, NaLnTiO4 (Ln ) lanthanide), a
series of single-layer Ruddlesden-Popper phases,39 has
a unique ordering of Na+ and Ln3+ cations in alternate
layers that depends crucially on both the similar size
and different charge of the Na+ and Ln3+ cations. Thus,
KLnTiO4 and LiLnTiO4, which have interlayer cations
that are larger and smaller than Na+, respectively, are
unstable at the high temperatures needed to synthesize
NaLnTiO4. Using HLnTiO4 as a template, we were able
to prepare KLnTiO4 (Ln ) La, Nd, Sm, Eu, Gd, Dy) by
reaction in hot aqueous KOH.57 (LiLnTiO4 can be
prepared by ion exchange of NaLnTiO4 in molten
LiNO3

38 or by the acid/base reaction of HLnTiO4 with
aqueous LiOH.58) A2Eu2Ti3O10 (A ) Li, Na) could also
be synthesized by the reaction of H2Eu2Ti3O10 (formed
by proton exchange of K2Eu2Ti3O10) with hot aqueous
AOH.58 Interestingly, the Dion-Jacobson phase HCa2-
Nb3O10 also intercalates alkali cations upon reaction
with AOH, but the equilibrium products are substo-
ichiometric (unless the interlayer gallery is first ex-
panded by the pre-intercalation of an alkylamine), and
the exchange efficiency depends on the size of the
exchanging cation.59

While the proton forms of most Dion-Jacobson phases
intercalate organic bases,42 Gopalakrishnan and co-
workers initially found that organic bases would not
intercalate into the interlayer gallery of Ruddlesden-
Popper titanates such as H2La2Ti3O10.60 Presumably,
the staggered layers are held together more strongly
than those of the Dion-Jacobson phases, which have
only half the interlayer charge density. Since then,
Sugahara and co-workers synthesized a Ruddlesden-
Popper niobate with the nominal composition H2-
SrNaNb3O10, and they discovered that the niobate
intercalated n-butylamine and n-octylamine.61 Likewise,
we recently found that Ruddlesden-Popper tantalates
such as H2CaNaTa3O10 and H2Ca2Ta2TiO10 also inter-
calate alkylamines (Figure 2j), suggesting that the
barrier to intercalation may be kinetic.54,62 Thus, com-
positionally tailoring the acidity of the interlayer pro-
tons by incorporating more acidic Ta5+ and Nb5+ cations
into the B-sites of layered perovskites makes it possible
to form interesting organic/inorganic hybrid materials
by intercalation into both Ruddlesden-Popper and
Dion-Jacobson phases.

In general, intercalating long-chain organic bases into
layered perovskites (and other layered solid acids) leads
to organic/inorganic hybrid solids because the van der
Waals forces that arise from the paraffin-like arrange-
ment of the organic chains stabilize the structure.45

However, intercalation of short-chain amines, such as
propylamine, or sterically bulky organic bases, such as
tetra-(n-butyl)ammonium hydroxide, does not lead to a
stable solid because the organic intercalates cannot pack
tightly. Instead, the interlayer gallery swells with
solvent until the forces that hold the layers together are
overcome, and the solid delaminates to form a colloidal
suspension of sheets (Figure 2k).43,62-64 An alternate
approach to exfoliation was recently reported by Choy
and co-workers,65 who showed that the triple-layer
Dion-Jacobson phase HCa2Nb3O10 reacts with 6-ami-
noundecanoic acid (AUA) in its cationic form (at low pH
where the amine is protonated) to form the stable

intercalation solid (AUA)Ca2Nb3O10. As the pH is in-
creased, the carboxylate groups deprotonate and repel
the negatively charged perovskite slabs in the bulk solid,
forcing the perovskite sheets to exfoliate. Regardless of
the method of exfoliation, these colloidal perovskite
sheets are essentially nanoscale single-crystal perov-
skites, and they are interesting building blocks for
nanoscale assemblies.

Another important intercalation reaction was re-
ported by Armstrong and Anderson, who demonstrated
that the Dion-Jacobson phase RbLaNb2O7 could be
converted into the Ruddlesden-Popper phase Rb2-
LaNb2O7 by reductive intercalation of Rb0 (Figure 2g-
c).66 In this reaction, rubidium vapor intercalates into
the interlayer gallery and adds to the Rb that is already
there. In the process, Nb5+ is reduced to Nb4+ as Rb0 is
oxidized to Rb+. More recently, Toda and co-workers
have elaborated this technique to synthesize reduced
tantalate Ruddlesden-Popper phases such as Na2Ca2-
Ta3O10, Li2Ca2Ta3O10, and Li2LaTa2O7 by reacting the
Dion-Jacobson phases NaCa2Ta3O10, LiCa2Ta3O10, and
LiLaTa2O7 (formed from the molten-salt ion exchange
of the corresponding Rb phases) with NaN3 and n-
butyllithium.67 Recently, Choy and co-workers synthe-
sized Li2Bi4Ti3O12 by the reaction of the triple-layer
Aurivillius phase Bi4Ti3O12 with n-butyllithium, which
indicates that Aurivillius phases are also amenable to
reductive intercalation.68

The reductive intercalation reaction is significant not
only because it converts between two families of layered
perovskites but also because it opens the door to valence
manipulation because the products have mixed-valent
Nb4+/5+ and Ta4+/5+. Accordingly, reports that suggest
the possibility that superconductivity exists in Na2Ca2-
Ta3O10

69 and LixKCa2Nb3O10
70 (formed by reductive

intercalation of KCa2Nb3O10 with n-butyllithium) indi-
cate that interesting electronic properties may be pos-
sible by exploiting these reactions.

Wiley and co-workers demonstrated a powerful mul-
tistep approach for fine-tuning the oxidation state of a
B-site cation in a layered perovskite by combining
several of the above reactions.71,72 For example, divalent
ion exchange of the Ruddlesden-Popper phase NaLa-
TiO4 forms Cax/2Na1-xLaTiO4. Because one Ca2+ re-
places two Na+ cations, vacant sites are left in the
interlayer gallery.71 Upon exposure to Na0, reductive
intercalation occurs to form Na1-x+yCax/2LaTiO4, where
the final oxidation state of Ti is controlled by the
number of vacant interlayer sites that can intercalate
Na0.71 A similar reaction was demonstrated for Na2-x+y-
Cax/2La2Ti3O10, and the products exhibit interesting
electron localization effects.72

Acid leaching is analogous to ion exchange because
it replaces cations or other structural units with protons.
Sugahara and co-workers developed an important reac-
tion that converts Aurivillius phases into the proton
form of a Ruddlesden-Popper phase by selectively
dissolving the interlayer bismuth oxide in acid, which
does not attack the perovskite block.61,73 Upon reaction
with HCl, the interlayer Bi2O2

2+ of an Aurivillius phase
such as Bi2O2[SrNaNb3O10] is leached and replaced with
two protons to form the triple-layer Ruddlesden-Popper
phase H2SrNaNb3O10, which also intercalates organic
bases as mentioned earlier.61
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When the ion-exchange reactions in Figure 2 are
combined, it becomes clear how easy it is to design new
layered perovskites in a stepwise manner. Using a
sequence of reactions taken from Figure 2, one could in
principle prepare an Aurivillius phase (Figure 2e) with
a B-site cation such as W6+ or V5+ (which are often found
in Aurivillius phases, but have not yet been incorporated
directly into the B-sites of Ruddlesden-Popper or Dion-
Jacobson phases), and then convert it to the proton form
of a Ruddlesden-Popper phase by acid leaching (Figure
2d), which makes it amenable to subsequent acid-base
chemistry. As such, the new Ruddlesden-Popper solid
acid could be exfoliated to form nanoscale colloidal
sheets (Figure 2k), or it could be reacted with base to
form a Ruddlesden-Popper phase with interlayer alkali
cations (Figure 2c). Likewise, divalent ion exchange
could be used to form a new Dion-Jacobson phase
(Figure 2e). Thus, using this and related sequences of
reactions, it should be possible to synthesize new
Ruddlesden-Popper and Dion-Jacobson phases with
a variety of B-site and interlayer cations that are not
normally stable in such phases.

Ion-Exchange Reactions Involving Interlayer
Structural Units

While Figure 2 highlighted the many ion-exchange
reactions that place discrete cations between the per-
ovskite layers, Figure 3 focuses on those metathesis
reactions that involve replacing the interlayer alkali
cations with structural units. Such ion-exchange reac-
tions are interesting because they can convert layered
perovskites into intergrowth structures that have more
complex stacking sequences.

Wiley and co-workers prepared a new series of per-
ovskite/metal halide intergrowth structures by replacing
the interlayer alkali cation of a variety of Dion-
Jacobson phases with CuX+ (X ) Cl, Br) by reaction
with CuX2 (Figure 3f).74 In a typical example, the
double-layer Dion-Jacobson phase RbLaNb2O7 reacts
with CuCl2 to form (CuCl)LaNb2O7 and RbCl, which is
a byproduct that can be washed away. (CuCl)LaNb2O7
and related phases are interesting layered perovskite
intergrowths because they contain an interconnected
CuCl+ network between the host perovskite layers. The
synthetic approach was recently generalized to include
a variety of systems. CuX+ exchanges with several
interlayer cations, including Rb+, K+, H+, Li+, and
NH4

+, and the reaction also works with many Dion-
Jacobson phases, including RbCa2Nb3O10 and RbLa2Ti2-
NbO10.75 The ion-exchange reaction was further ex-
tended to include the co-exchange of FeCl+ by reaction
of a Dion-Jacobson phase with FeCl2.76

Gopalakrishnan and co-workers independently re-
ported a metathesis reaction that converts the alkali
form of a Ruddlesden-Popper phase (Figure 3b) into
an Aurivillius phase (Figure 3a) by ion-exchange of 2K+

for Bi2O2
2+.52 For example, the Aurivillius phase

Bi2O2[La2Ti3O10] forms from the solid-state reaction of
K2La2Ti3O10 with BiOCl. Likewise, a related phase
PbBiO2[LaNb2O7] was shown to form from the reaction
of KLaNb2O7 with PbBiO2Cl.52 The same ion-exchange
approach was used to prepare the new Dion-Jacobson
phases AIILa2Ti3O10 (AII ) Sr, Ba, Pb) upon reaction
with ACl2 (Figure 3d).52 An interesting perovskite/

vanadium oxide intergrowth structure was also synthe-
sized by the lower temperature reaction of K2La2Ti3O10
with aqueous VOSO4 (Figure 3e).52

By combining the metathesis reactions reported by
Wiley and Gopalakrishnan, it is evident that one could
synthesize a wide variety of new intergrowth structures
from both Dion-Jacobson and Ruddlesden-Popper
precursors. Using these and related reactions, it may
also be possible to synthesize new solids with interesting
properties, such as new Aurivillius phases that are
ferroelectric or new intergrowth structures that have
interesting magnetic properties. Extending these ion-
exchange reactions to include other structural units,
such as two-dimensional copper oxide or manganese
oxide networks, could open the door to new supercon-
ductors or magnetoresistive materials.

Topochemical Condensation Reactions

Some of the most interesting low-temperature reac-
tions of layered perovskites involve topochemical con-
densation, which removes oxygen along the interlayer
gallery to form a three-dimensional perovskite. As
shown in Figure 4, reactions exist to transform both
Ruddlesden-Popper and Dion-Jacobson phases into
perovskites with a variety of interesting structural
features.

The most common topochemical condensation reaction
is dehydration, which removes a row of interlayer
oxygen atoms along with their attached protons as
water upon heating. While topochemical dehydration
has long been used to form new metastable solids (e.g.,
the synthesis of Ti2Nb2O9 from HTiNbO5

28), Gopalakrish-

Figure 4. Topochemical condensation reactions, including
dehydration (a, c) and reduction (f, i) that convert layered
perovskites into three-dimensional phases.
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nan and Bhat were the first to extend the reaction to
perovskites.19 Upon heating of a Ruddlesden-Popper
solid acid such as H2La2Ti3O10 (Figure 4b) to between
350 and 500 °C, water is lost along the interlayer
gallery, and the TiO6/2 octahedra of the perovskite block
collapse to form the three-dimensional perovskite La2-
Ti3O9 or La2/3TiO3 (Figure 4c).19 The product phase has
two-thirds of its A-sites filled with La3+, while the other
one-third of the A-sites are vacant or defective. Because
the La3+ cation is large and highly charged, it remains
in the original perovskite block, so La2/3TiO3 has ordered
A-site cations and defects in the sequence (La3+-La3+-
defect-)n. Interestingly, for the smaller lanthanides,
dehydration of H2Ln2Ti3O10 (Ln ) Nd, Sm, Eu, Gd, Dy)
does not yield a defective three-dimensional perovskite.
Instead, a layered structure with a highly contracted
stacking axis is retained upon dehydration,19,55,77,78 and
the layered structure is stabilized by the movement of
some of the Ln3+ from the perovskite block to the
interlayer gallery (Figure 4a).55 Further heating of
Ln2/3TiO3 forms pyrochlore-type Ln2Ti2O7.

The double-layer Ruddlesden-Popper phase H2-
SrTa2O7 also topochemically dehydrates to form the
defective perovskite SrTa2O6, which has only half of the
A-sites filled.53,56 Unlike La2Ti3O9, which retains the
A-site ordering of La3+ that was present in the layered
precursor, Sr2+ is randomly distributed among the
available A-sites of the perovskite lattice. Apparently,
the higher charge of La3+ provides a sufficient barrier
to disordering, while the lower charge of Sr2+ allows it
to move into the vacant sites at the temperature
required for the dehydration reaction to occur. We
recently found that the triple-layer Ruddlesden-Popper
tantalates and titanotantalates H2CaNaTa3O10, H2Ca2-
Ta2TiO10, and H2SrLaTi2TaO10 also topochemically
dehydrate to form the disordered, A-site defective
phases CaNaTa3O9, Ca2Ta2TiO9, and SrLaTi2TaO9,
respectively.54

Most Dion-Jacobson phases are usually not suscep-
tible to topochemical dehydration because they have
only half the number of interlayer protons than are
necessary to remove a row of oxygen atoms from the
lattice upon dehydration. However, HCa2Nb3O10 was
found to partially dehydrate to Ca4Nb6O19, and the
proposed structural model contains a buckled interlayer
arrangement where only half of the octahedra condense,
while the others remain separated.79 Upon further
heating, Ca4Nb6O19 decomposes to a mixture of CaNb2O6
and Ca2Nb2O7.

An alternate approach for condensing a Dion-Jacob-
son phase into a three-dimensional perovskite is to
introduce extra hydrogen into the interlayer gallery,
which can then combine with oxygen to fully dehy-
drate.40,80 To accomplish this, the cations in the per-
ovskite block must be easily reducible so that upon
intercalation, H2 can be oxidized as a perovskite-block
cation is reduced. While others have used Ti4+, Nb5+,
and Ta5+ as cations that can be reduced upon reaction
with Na0 or n-butyllithium, we chose to incorporate the
easily reducible Eu3+ cation into the A-sites of the
layered perovskite. When heated in hydrogen, Eu3+

reduces to Eu2+, which forces the removal of oxygen
from the perovskite block and facilitates the bridging
of the octahedra to form a three-dimensional perovskite.

Because the condensation occurs when hydrogen is
introduced into the interlayer gallery, the perovskite
slabs can collapse on top of any cation that is already
in the interlayer A′-site of a Dion-Jacobson phase, such
as Na+ or Ca2+. Using this approach, it is possible to
synthesize nondefective three-dimensional perovskites
that have ordered or disordered A-site cations.

The triple-layer Dion-Jacobson phase CsEu2Ti2-
NbO10 (Figure 4g) can be converted to AEu2Ti2NbO10
(A ) Na, Li) through molten salt ion exchange (Figure
4h) and then heated in hydrogen to reduce Eu3+ to Eu2+

and bridge the octahedra to form the nondefective
perovskite AEu2Ti2NbO9 (Figure 4i).40 Because Na+ and
Li+ are monovalent and relatively small, they can
disorder along with Eu2+ among the A-sites of the
perovskite lattice. (Eu2+ is approximately the same size
as Sr2+, which also disorders among the perovskite
A-sites in the lower temperature topochemical dehydra-
tion of H2SrTa2O7.53,56)

Using a set of reactions initially presented in Figure
2, Ruddlesden-Popper phases (Figure 4d) can be con-
verted into Dion-Jacobson phases by divalent ion
exchange (Figure 4e). For example, the triple-layer
Ruddlesden-Popper phase K2Eu2Ti3O10 forms AIIEu2-
Ti3O10 (AII ) Ca, Sr) by reaction in aqueous AII(NO3)2,
and subsequent reduction in hydrogen forms the three-
dimensional perovskite AIIEu2Ti3O9 (Figure 4f).40 In-
terestingly, the charge and size of the A2+ cations
provide a sufficient barrier to disordering, so the Eu2+

and A2+ cations in AIIEu2Ti3O9 remain ordered. Thus,
this approach provides a route to A-site ordered non-
defective perovskites that are inaccessible by other
synthetic techniques.

MIIEu2Ti3O10 (MII ) Ni, Cu, Zn), formed by divalent
ion exchange of K2Eu2Ti3O10 using aqueous MII(NO3)2,
can also be topochemically reduced in hydrogen to form
perovskite-type MIIEu2Ti3O9.40 Unlike AIIEu2Ti3O9, the
final product has disordered A-site cations (Figure 4f),
which indicates that the smaller M2+ cations are
susceptible to moving around the A-sites of the perov-
skite lattice. Interestingly, A-site ordered MIIEu2Ti3O9
is observed at intermediate stages of the reaction,40

which argues that the final disordered product is the
thermodynamically stable form of the ordered phase
that forms initially. Apparently, by tailoring the charge
and size of the interlayer cations in the layered precur-
sor, one can control the ordering of the A-site cations
in the final product.

Topochemical condensation reactions can also be
applied to the synthesis of layered perovskites that are
novel higher order homologues of existing lower order
layered phases (Figure 5). For example, Gopalakrishnan
and co-workers found that Ln20Ti2O7 (Ln ) La, Nd, Sm,
Gd), an A-site defective double-layer series of Ruddles-
den-Popper phases (Figure 5c) could be synthesized by
the controlled dehydration of the single-layer series
HLnTiO4 (Figure 5b), which is first formed by acid
exchange of NaLnTiO4 (Figure 5a).81 Likewise, we found
that divalent ion exchange of NaEuTiO4 (Figure 5a)
forms Ca0.5EuTiO4 (Figure 5d), which can be topochemi-
cally reduced in hydrogen to form Ca0.5EuTiO3.5 or Eu2-
CaTi2O7 to emphasize the fact that it is a nondefective
double-layer Ruddlesden-Popper phase (Figure 5e).80

The intermediate phase, Ca0.5EuTiO4 or CaEu2Ti2O8, is
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an interesting mixed Ruddlesden-Popper/Dion-Jacob-
son phase with alternating staggered and eclipsed
layers (Figure 5d), and it can be considered as an
intergrowth of the two structures.80

Topochemical dehydration and reduction are powerful
complementary approaches for controlling the defect
structure and ordering of A-site cations in product
perovskite phases. A variety of three-dimensional per-
ovskites have been synthesized from layered precursors
using these techniques, and the reactions are suf-
ficiently generalized to begin designing product phases
that have more complex structural features. Because
the electronic properties change as the dimensionality
of the solid network changes, the topochemical conden-
sation reactions could offer a way to fine-tune properties.
For example, magnetoresistance and superconductivity
occur in both layered and three-dimensional perovsites,
but their properties and Curie temperatures vary
depending on the dimensionality.21,23 Likewise, the
magnetoresistive properties of the Ruddlesden-Popper
series (La,Sr)n+1MnnO3n+1 vary with n or the number
of octahedra that stack in the perovskite block.23 By
converting among different homologues in a series of
layered perovskites, one could imagine fine-tuning such
properties.

Other Structural Transformations of
Perovskites

The reactions presented up to this point have dealt
primarily with ion-exchange and topochemical conden-
sation reactions. There are, however, several important
examples of structural transformations in perovskites
that do not necessarily fit into the above categories. For
example, there are high-pressure techniques that con-
vert layered perovskites into three-dimensional phases
without requiring any interlayer condensation reac-
tions.82,83 Low-temperature oxygen intercalation and

deintercalation reactions84-86 as well as fluorine inser-
tion reactions87-89 can be used to synthesize interesting
phases that are inaccessible by other routes. Finally,
there are multistep intercalation reactions of layered
superconductors that probe the nature of superconduc-
tivity as well as open the door to new organic/inorganic
hybrid superconductors.90-92

Byeon and co-workers transformed a layered perov-
skite directly into a nondefective three-dimensional
perovskite using a high-pressure technique rather than
a condensation reaction.82 While this approach does not
require reducible cations in the layered precursor, it
instead requires anion vacancies in the perovskite block.
Gopalakrishnan and co-workers found several years ago
that RbLaSrNb2MIIO9 forms a layered perovskite, even
though it has the ABO3 (or A3B3O9) stoichiometry, while
ALaSrNb2MIIO9 (A ) K, Na) forms a three-dimensional
perovskite as expected.36 The large Rb+ cation favors
the formation of a layered structure, and the incorpora-
tion of M2+ cations into the B-sites of the layered phase
creates anion vacancies in the perovskite lattice to
maintain charge balance.36 Because RbLaSrNb2MIIO9
has both the ABO3 stoichiometry and anion vacancies,
Byeon and co-workers recently discovered that it is
possible under high pressure to form the stable three-
dimensional perovskite phases of the same stoichiom-
etry.82 Interestingly, some of the RbLaSrNb2MIIO9
(MII ) Mg, Cu, Zn) phases remain cubic, while others
have a tetragonal distortion, depending on the choice
of the M2+ cation.82 This approach could possibly be
generalized to other phases to produce a variety of
metastable perovskite phases at high pressures.

Poeppelmeier and co-workers recently reported the
synthesis of La4Cu3MoO12, which under ambient condi-
tions is a hexagonal layered perovskite containing
cations in unusually low coordination environments.83

Because high pressure increases the coordination pref-
erences of the cations, La4Cu3MoO12 transforms to a
three-dimensional perovskite at 6 GPa and 1200 °C.83

The transformation is reversible, and upon heating of
the high-pressure form to 800 °C at ambient pressure,
the hexagonal layered phase is restored. Interestingly,
the high-pressure form of La4Cu3MoO12 adopts an
ordered arrangement of CuO6/2 and (Cu/Mo)O6/2 octa-
hedra.83 As such, the structure contains copper-oxygen
planes that are not mixed with other cations, which is
interesting from a superconductivity perspective.

Most structural transformations of perovskites deal
with the transformation of a layered perovskite into a
three-dimensional phase, but there is an important
example of the opposite approach. Rosseinsky and co-
workers recently developed a new topochemical reduc-
tion technique that uses oxygen deintercalation in a
cubic perovskite to form a highly metastable layered
phase.84,85 The Ni(III) perovskite LaNiO3 is reduced to
the Ni(I) layered perovskite LaNiO2 upon reaction with
solid NaH near 200 °C.84 The use of NaH as a reducing
agent is crucial to the success of this reaction because
higher temperatures are typically required to synthesize
reduced compounds such as LaNiO2, which are unstable
at such temperatures. Interestingly, the structure of
LaNiO2 is analogous to that of the “infinite layer”
cuprates, and the isolation of Ni(I) in an isostructural
compound could prove useful for understanding super-

Figure 5. Topochemical condensation reactions that convert
layered perovskites into high-order layered homologues.
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conductivity in the cuprates and related materials.84

The use of NaH as a powerful reducing agent was also
extended to the synthesis of highly reduced cobalt
oxides.85 In this example, Hayward and Rosseinsky
show that the n ) 1 Ruddlesden-Popper phase LaSr-
CoO4, which contains Co3+, could be reduced to LaSr-
CoO3.5-x by reaction with solid NaH.85 While similar
phases form from the reduction of LaSrCoO4 with H2
at higher temperatures, the reaction with NaH is
superior in its reducing power. In the reduced phase,
there is a mixture of Co2+ and Co1+, and the high
concentration of Co1+ in LaSrCoO3.5-x prepared using
NaH is unusual in an oxide environment.

In addition to the sodium hydride method, several
other chimie douce methods exist for intercalating or
deintercalating oxygen in perovskite-type solids.86 For
example, electrochemical oxidation can be used to form
La2NiO4+∂ from the n ) 1 Ruddlesden-Popper phase
La2NiO4, and similar results are obtained for the La2-
CuO4 system.86 Electrochemical reduction is useful in
removing oxygen from a perovskite lattice such as
La2-xBaxCuO4+∂, which typically has oxygen oversto-
ichiometry.86 Chemical reduction using borohydride
solution is a powerful technique for preparing oxide
nanoparticles and framework solids such as AxWO3
(A ) Li, Na, K, NH4), which intercalates cations into
the vacant A-sites upon reduction with ABH4.86,93

Fluorination methods are intriguing for preparing
new oxyfluoride perovskites that often have enhanced
properties. Greaves and co-workers prepared the su-
perconductor Sr2CuO2F2+∂ by fluorine insertion into Sr2-
CuO3, and the fluorine plays an important structural
role in the superconductivity.87 Since then, many other
perovskite oxyfluorides have been synthesized using
low-temperature fluorination reactions, and it appears
that this is a generalized approach to fine-tuning the
structure and properties of superconducting materials.88

Recently, this fluorination approach was extended to

Ruddlesden-Popper manganates, resulting in the novel
staged oxyfluoride LaSrMnO4F.89 This approach could
lead to interesting new magnetoresistive materials
because fluorine insertion is accompanied by a change
in the oxidation state of the B-site manganese.

Choy and co-workers have applied several interesting
low-temperature reactions to layered perovskite super-
conductors to study the two-dimensional nature of
superconductivity.90-92 The high-Tc cuprate supercon-
ductors Bi2Sr2Cam-1CumOy (m ) 1, 2) contain weakly
bound Bi2O2 double layers between the copper oxide
sheets, and although these interlayer galleries are not
ion-exchangeable, they are amenable to intercalation by
HgI2.91 Long-chain organic molecules are then interca-
lated by the reaction of HgI2[Bi2Sr2Cam-1CumOy] with
alkylpyridinium iodide, PyCnH2n+1I (n ) 1, 2, 4, 6, 8,
10, 12).91 Upon intercalation, the stacking axis of the
superconductor expands to accommodate the organic
intercalate, yet superconductivity is retained in the
organic/inorganic hybrids. This provides evidence for the
two-dimensional nature of superconductivity in the
cuprate superconductors. Interestingly, the hybrid su-
perconductors can also be exfoliated into nanoscale
colloidal sheets, and they have been spin-coated to form
superconducting thin films.92

The Toolbox of Solid-State Reactions

Each of the reactions in Figures 2-5 represents a
synthetic tool to use in rationally designing new per-
ovskites. When these individual reactions are combined,
a powerful toolbox of solid-state reactions emerges. The
previous sections highlighted several sets of low-tem-
perature reactions of layered perovskites, grouped ac-
cording to similar types of reactions. In Figure 6, we
combine some of the most powerful reactions from the
previous sets to form a toolbox of reactions for retrosyn-
thetically designing new perovskites.

Figure 6. The combined toolbox of solid-state reactions for perovskites, including ion exchange, topochemical dehydration, and
topochemical reduction.
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As already noted, it is possible to transform layered
perovskites into three-dimensional perovskites using
topochemical dehydration and reduction reactions, and
often the product phases have interesting structural
features, including A-site defects and ordered A-site
cations. Figure 6 shows that one could theoretically
convert a Dion-Jacobson, Ruddlesden-Popper, or Au-
rivillius phase into a three-dimensional perovskite with
structural features that resemble the precursor using
a multistep sequence of reactions.

Using this approach, it should be possible to take
advantage of the unique structural features of each of
the types of precursor phases in designing a product
phase. For example, Dion-Jacobson phases typically
have monovalent cations between the layers, and they
yield product phases with monovalent A-site cations
that disorder among the perovskite lattice sites. Thus,
it may be possible to design new ionic conductors by
placing small monovalent cations in the A-sites of the
product perovskite lattice. Likewise, some Dion-Jacob-
son phases were recently found to have ordered B-site
cations (Ti4+ and Nb5+/Ta5+),48 and this ordering could
be retained in a product perovskite phase. Ruddlesden-
Popper phases have twice the interlayer charge density
of the Dion-Jacobson phases, so they provide access to
three-dimensional phases that have divalent A-site
cations that can remain ordered in the perovskite
lattice. By introducing dn (n > 0) cations into the B-sites
of ion-exchangeable layered perovskites, it may be
possible to design new electronic or magnetic materials
that have ordered sequences of A- and/or B-site cations.
Electronically active B-site cations could be incorporated
directly into the parent Ruddlesden-Popper phase, as
in Na2La2Ti3-xRuxO10

94 and Na2Ln2Ti3-xMnxO10 (Ln )
Sm, Eu, Gd, Dy),50 or by topochemical methods such as
the reductive intercalation of a Dion-Jacobson phase,
as in the synthesis of Rb2LaNb2O7 from RbLaNb2O7.66

Finally, Aurivillius phases are more covalent than their
Ruddlesden-Popper and Dion-Jacobson counterparts,
so they can stabilize small, highly charged B-site cations
such as W6+, Mo6+, and V5+.20,95 By starting with
Aurivillius phases, it may be possible to expand the
choice of interesting electronic or magnetic cations in
designing new perovskites that yield interesting proper-
ties.

It is also possible to form mixed alkali/alkaline earth
or acid/alkali Ruddlesden-Popper phases by controlled
substoichiometric ion exchange. For example, Wiley and
co-workers found that Cax/2Na1-xLaTiO4 and Cax/2-
Na2-xLa2Ti3O10 are single-phase solid solutions.71,72

Recently, we found that H2Eu2Ti3O10 reacts with x equiv
of NaOH to form NaxH2-xEu2Ti3O10, and the solid
solution exists over the entire range of 0 e x e 2, as
determined by powder X-ray diffraction and elemental
analysis.96 By controlling the interlayer alkali content,
it is possible to synthesize new three-dimensional per-
ovskite phases that have intermediate numbers of
defects (see next section). The ability to vary the
stoichiometry of a layered perovskite solid solution
during ion exchange allows one to superimpose A-site
filling control and structural control to design product
phases with a complex combination of interesting
structural features and defect sites.

One other powerful consequence of the toolbox of
reactions is the complete cycle of reactions represented
by Figure 6e-g. This cycle indicates that one can
convert among Aurivillius phases and both the proton
and alkali forms of Ruddlesden-Popper phases. In
principle, one could begin with an Aurivillius phase,
convert it to a Ruddlesden-Popper solid acid by leach-
ing the Bi2O2

2+, and then react it with AOH to form an
alkali Ruddlesden-Popper phase, which could subse-
quently be reacted with BiOCl to form the Aurivillius
phase that was the original starting material. While
obtaining starting material after three reactions is
typically undesirable, it proves a useful concept. One
could begin at any point along the cycle of reactions and
obtain any of the other phases by using only a few well-
characterized reactions.

Applying the ToolboxsSynthesis of New
Perovskites with Controlled Structures

While many examples in the literature have demon-
strated the success of the reactions presented thus far,
their true power lies in the ability to combine them to
predictably design new phases. As we have seen, these
reactions work well individually and on selected ex-
amples, but they can also be generalized to new systems
to yield similar results. Indeed, these reactions are
complementary, and they work well together. The solid-
state toolbox of reactions can be used quickly and easily
to design new layered and three-dimensional perov-
skites, and its success rate is high. To show how easily
and successfully one can design product phases using
multistep sequences of reactions, we provide new ex-
amples of the use of solid-state retrosynthesis in pre-
paring new perovskites with interesting structural
features that are derived from the precursor phases.

A Cycle of Solid-State ReactionssSynthesis of
New B-Site Ordered Ruddlesden-Popper Phases.
One of the most important reactions for converting
among layered perovskites is the acid leaching of the
Bi2O2

2+ sheets from an Aurivillius phase to form a
Ruddlesden-Popper solid acid. It has been suggested
that this reaction will provide access to ion-exchange-
able layered perovskites that contain B-site cations not
normally seen in such phases, but to date this reaction
has only been demonstrated on niobates61 and tanta-
lates,73 which are already commonly incorporated into
many layered perovskites. In an effort to generalize this
reaction, we synthesized H2Sr2Nb2MnO10 and Na2Sr2-
Nb2MnO10, new Ruddlesden-Popper phases containing
ordered B-site Nb5+ and Mn4+. These phases have
structural features that cannot be directly incorporated
into ion-exchangeable layered perovskites.

Recently, Yu et al. reported the synthesis of the triple-
layer Aurivillius phase Bi2O2[Sr2Nb2MnO10], which they
found by Rietveld analysis to have ordered B-site cations
in the sequence Nb5+-Mn4+-Nb5+.97 The XRD pattern
for Bi2O2[Sr2Nb2MnO10], which matches the reference
pattern by Yu et al.,97 is shown in Figure 7a. By
applying the room-temperature acid leaching reaction
reported by Sugahara and co-workers,61 we were able
to convert Bi2O2[Sr2Nb2MnO10] into H2[Sr2Nb2MnO10],98

a triple-layer Ruddlesden-Popper solid acid (Figure 7b).
We then applied the ion-exchange reaction for convert-
ing the proton form of a Ruddlesden-Popper phase into
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its alkali form to synthesize Na2[Sr2Nb2MnO10],99 an
ion-exchangeable alkali Ruddlesden-Popper phase (Fig-
ure Gc).100 While Na2[Sr2Nb2MnO10] is stable to above
700 °C, H2[Sr2Nb2MnO10] begins decomposing at 500 °C.
Attempts to synthesize A2Sr2Nb2MnO10 (A ) Li, Na, K,
Rb) directly were unsuccessful. Considering the thermal
data and data from energy-dispersive X-ray spectros-
copy (EDS) that shows stoichiometric ion exchange of
Na+ for H+, it is evident that Na2[Sr2Nb2MnO10] was
formed as expected and is more stable than its proton
analogue. Upon reaction with a stoichiometric amount
of BiOCl at 800 °C, Na2[Sr2Nb2MnO10] is converted back
into Bi2O2[Sr2Nb2MnO10], and its XRD pattern (Figure
7d) matches that of the original starting phase (Figure
7a).

The reaction sequence in Figure 7 represents the first
example of a cyclic solid-state transformation of layered
perovskites, and it demonstrates the applicability of the
toolbox of solid-state reactions. Assuming that the B-site
cation ordering sequence of Bi2O2[Sr2Nb2MnO10] is
preserved in the product Ruddlesden-Popper phases,
which is reasonable considering the low-temperature
(<45 °C) of the reactions, this multistep approach offers
a route to ordered B-site cations in ion-exchangeable
Ruddlesden-Popper phases. Up until now, this cation
ordering sequence has only been observed in the
Na2La2Ti3-xRuxO10 system.94 We are currently analyz-

ing the detailed structure and magnetic properties of
the product Ruddlesden-Popper phases.

Combining Topochemical Dehydration and Re-
ductionsSynthesis of a New Defective Perovskite.
Topochemical dehydration of H2La2Ti3O10 yields an
A-site defective three-dimensional perovskite,19 while
topochemical reduction of CaEu2Ti3O10 yields a nonde-
fective three-dimensional perovskite with ordered A-site
cations.40 Thus, by combining topochemical dehydration
and reduction of an appropriate precursor phase, it
should be possible to synthesize a product perovskite
with an intermediate number of A-site defects.

To explore this possibility, we synthesized a Ruddles-
den-Popper phase with a mixture of Eu3+, which is
easily reduced to Eu2+ when heated in hydrogen, and
La3+, which is not reducible. Reduction of Eu3+ will
remove some oxygen from the lattice as in the synthesis
of CaEuII

2Ti3O9 from CaEuIII
2Ti3O10,40 but not enough

to effect complete condensation. By also incorporating
protons into the layered precursor, the remainder of the
oxygen can be removed by dehydration. For example,
in the solid solution Na2EuxLa2-xTi3O10, reduction of
Eu3+ to Eu2+ in hydrogen would remove only x/2 oxygen
atoms per unit cell, which is not sufficient for to-
pochemical condensation to occur. However, if we also
include 2-x protons per unit cell, dehydration would
remove the remaining (2 - x)/2 oxygen atoms for a total

Figure 7. X-ray diffraction patterns for the cycle of solid-state reactions, which includes (a) the Aurivillius phase Bi2O2[Sr2Nb2-
MnO10] synthesized as described in ref 98, the Ruddlesden-Popper solid acid H2[Sr2Nb2MnO10], the Ruddlesden-Popper alkali
phase Na2[Sr2Nb2MnO10], and the Aurivillius phase Bi2O2[Sr2Nb2MnO10] synthesized by the reaction of Na2[Sr2Nb2MnO10] with
BiOCl.
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loss of [x/2 + (2 - x)/2], or one oxygen atom per unit
cell, and topochemical condensation could then occur.

The XRD pattern for the x ) 1.33 member, Na2Eu1.33-
La0.67Ti3O10 [tetragonal, a ) 7.5823(6), c ) 28.253(1)],
is shown in Figure 8a. For Na2Eu1.33La0.67Ti3O10, reduc-
tion of Eu3+ to Eu2+ would remove only 0.67 oxygen
atoms per unit cell, and dehydration could be used to
remove the remaining 0.33 oxygen atoms to form a
three-dimensional perovskite with a nominal A3B3O9
stoichiometry. An appropriate precursor phase, such as
AyH0.67Eu1.33La0.67Ti3O10, can be formed using a multi-
step ion-exchange approach. Borrowing from the ap-
proach of Wiley and co-workers,71,72 we first used
divalent ion exchange of Na2Eu1.33La0.67Ti3O10 to form
Ca0.67Na0.67Eu1.33La0.67Ti3O10 [tetragonal, a ) 7.5841-
(4), c ) 28.268(1)],101 which is shown in Figure 8b. (The
NaNO3 byproduct is also shown in Figure 8b.) The
sodium cations in Ca0.67Na0.67Eu1.33La0.67Ti3O10 are then
leached out in acid to form Ca0.67H0.67Eu1.33La0.67Ti3O10
[tetragonal, a ) 7.5727(9), c ) 27.621(3)], which is
shown in Figure 8c. Both of these ion-exchanged phases
appear from XRD analysis to be single-phase materials,
and the lattice constants change only slightly to reflect

the different sizes of the interlayer cations. Likewise,
EDS analysis indicates a Ca:Eu ratio of 0.71:1.33 in
Ca0.67H0.67Eu1.33La0.67Ti3O10, which is consistent with
the expected stoichiometry, within experimental error.

When heated in flowing hydrogen for 1 h at 750 °C,
Ca0.67H0.67Eu1.33La0.67Ti3O10 forms Ca0.67Eu1.33La0.67-
Ti3O9 (Figure 8d), which is an SrTiO3-type cubic per-
ovskite. All of the major peaks index to a single cubic
phase with a ) 3.8825(4), which is slightly smaller than
EuTiO3 (a ) 3.905)102 and reflects the incorporation of
La3+ and Ca2+, which are smaller than Eu2+, into the
A-sites of the product perovskite. (A few broad, low-
intensity peaks in the XRD pattern of CaEu1.33La0.67-
Ti3O9 are consistent with the unexchanged parent phase
Na2Eu1.33La0.67Ti3O10, which reduces but does not col-
lapse. Similar results were obtained in the AEu2Ti3O9

system reported previously.40) The absence of a low-
angle reflection at ca. 3a, or 7.6° 2θ, indicates that Ca2+,
Eu2+, and La3+ are disordered among the A-sites of the
perovskite lattice, which is reasonable considering both
the temperature of the reaction and the availability of
vacant A-sites.

Figure 8. X-ray diffraction patterns for (a) Na2Eu1.33La0.67Ti3O10, (b) Ca0.67Na0.67Eu1.33La0.67Ti3O10 formed by divalent ion exchange
of (a), (c) Ca0.67H0.67Eu1.33La0.67Ti3O10 formed by leaching the sodium in (b) with acid, and (d) the three-dimensional perovskite
Ca0.67Eu1.33La0.67Ti3O10 formed by combining topochemical dehydration and reduction.
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By combining topochemical dehydration and reduc-
tion, we were able to synthesize a new perovskite
containing an intermediate number of A-site defects,
and this approach could be extended to include other
members of the Cax/2EuxLa2-xTi3O9 series as well as
other related phases. Using this approach, it is possible
to precisely define the number of defect sites in the
product perovskite simply by adjusting the ratio of Eu:
La in the layered precursor and the amount of Ca2+ that
is exchanged for Na+ in the ion-exchange step. By
applying this approach to layered perovskite precursors
that contain reducible B-site cations, such as Na2La2-
Ti3-xRuxO10

94 and Na2Ln2Ti3-xMnxO10,50 it may be pos-
sible to fine-tune the oxidation state of Ru or Mn in the
product perovskite phase by using substoichiometric ion
exchange followed by combined topochemical dehydra-
tion and reduction. Work along these lines is currently
in progress.

Extending the ToolboxsLayer-by-Layer
Assembly of Thin-Film Layered Perovskites

Most of the reactions in the toolbox begin with layered
perovskite precursors, and the reactions transform them
into new layered or three-dimensional phases. These
reactions are powerful, but they are somewhat limited
by the perovskite-block stacking sequences that are
accessible in the layered precursors, which are synthe-
sized at high temperatures. For example, the A-site
cations in CaEu2Ti3O9 are ordered and can be modified
in the ion-exchange step,40 but the perovskite block
stacking sequence is constrained to the EuTiO3-type
unit that is present in the precursor phase. Using this
solid-state approach, more complex stacking sequences,
such as intergrowths of titanate and manganate octa-
hedra in alternating triple-layer perovskite blocks, are
impossible to synthesize unless they can be formed
initially in the precursor phase.

An alternate approach for synthesizing new perov-
skites with complex “made-to-order” stacking sequences
is to exploit the exfoliation and layer-by-layer restacking
of layered perovskites as thin films. Upon reaction with

a bulky organic base such as tetra-(n-butyl)ammonium
hydroxide (TBA+OH-), the proton forms of many lay-
ered perovskites exfoliate into colloidal sheets (Figure
9b).43,62-64 For example, the triple-layer Dion-Jacobson
phase HCa2Nb3O10 exfoliates into TBAxH1-xCa2Nb3O10
sheets, shown in Figure 10a, upon reaction with
TBA+OH-.63,64 Other Dion-Jacobson phases, including
HSr2Nb3O10, HCaLaNb2TiO10, HLa2Ti2NbO10, and H-
LaNb2O7,64 and some Ruddlesden-Popper phases, in-
cluding H2SrLaTi2TaO10 and H2Ca2Ta2TiO10,62 behave
similarly.

In some cases, the exfoliation conditions can modify
the morphology of the nanoscale colloids. For example,
when reacted with TBA+OH- for several days at room
temperature, the Ruddlesden-Popper phase H2CaNa-
Ta3O10 forms a mixture of colloidal sheets and scrolls.62

By changing the reaction temperature to 35 °C, the
colloids cleave to form the nanoscale fibers shown in
Figure 10b. The Ruddlesden-Popper phase H2La2Ti3O10
can also adopt a variety of morphologies, depending on
the exfoliant. When exfoliated with TBA+OH- or n-
butylamine, colloidal sheets similar to those of HCa2-
Nb3O10 are formed.62 When exfoliated with a polymeric
surfactant, nearly monodisperse 100 × 20 nm scrolls
are formed (Figure 10c).62

Colloidal sheets made in this way are negatively
charged, and they can be self-assembled into monolayer
thin films on cationic substrates (Figure 9d).62-64 For
example, TBAxH1-xCa2Nb3O10 can be self-assembled
into a tiled monolayer of sheets on an oxidized Si(110)
surface that has been derivatized with the cationic
polymer poly(diallyldimethylammonium chloride) (PD-
DA).64 Because the thin-film growth method is electro-
static, deposition stops at monolayer coverage when all
of the positive charge has been compensated by the
negative charge of the sheets.103 Subsequently, PDDA
can be adsorbed on top of the negatively charged sheets,
which again renders the surface positively charged to
allow further deposition of sheets.

When this layer-by-layer process is used, any desired
stacking sequence can be assembled as a thin film.

Figure 9. Exfoliation and layer-by-layer assembly of thin-film layered perovskite heterostructures.
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Thus, we have succeeded in making a layered perovskite
thin film of PDDAxH1-x(Ca,Sr)Nb3O10, which is a poly-
mer intercalation compound of HCa2Nb3O10 and HSr2-
Nb3O10 with the Ca2+ and Sr2+ cations ordered in
successive triple-layer perovskite blocks.64 Likewise, the
more complex stacking sequence HCa2Nb3O10/HLaNb2O7/
HSr2Nb3O10/HLaNb2O7 (interleaved with PDDA) was
easily synthesized using layer-by-layer assembly.64 This
thin-film sequence represents an intergrowth of the
Dion-Jacobson phases HA2Nb3O10 (A ) Ca, Sr) and
HLaNb2O7, where the Ca2+ and Sr2+ cations are ordered
in successive layers of the triple-layer perovskite blocks,
which themselves are separated by double-layer [La-
Nb2O7]- blocks. Such complex stacking sequences are
impossible to synthesize using traditional high-temper-
ature methods.

By exploiting the layer-by-layer assembly of perov-
skite thin films, it is possible to synthesize layered
perovskites that contain complex stacking sequences.
Thus, applying the toolbox of solid-state reactions to the
thin-film heterostructures would be a powerful approach
for dramatically expanding the number of new perov-
skite phases that can be synthesized retrosynthetically

(Figure 9e). The thin-film layered perovskites, which
have a polycation between the layers, can be converted
to their proton forms by burning off the organic materi-
als between the layers.63 Using the toolbox of reactions,
one could begin converting these thin films into other
layered or three-dimensional perovskites. While the thin
films are well-ordered along the stacking axis, they are
randomly aligned in the plane of the perovskite sheets,
so subsequent topochemical reactions will be limited to
the formation of disordered polycrystalline films. Sev-
eral approaches for orienting these sheets epitaxially
on a surface are under study to greatly improve the
quality of the self-assembled thin films.

As a bulk-phase alternative to layer-by-layer as-
sembly, it is also possible to restack exfoliated perov-
skite colloids by flocculating them with a variety of ion-
exchange media (Figure 9c). For example, acid treatment
of TBAxH1-xCa2Nb3O10

63 or (ACA)Ca2Nb3O10
65 imme-

diately yields HCa2Nb3O10, although as in the thin films
there is significant orientational disorder in the plane
of the perovskite sheets. TBAxH1-xCa2Nb3O10 and re-
lated phases can also be restacked with a variety of
mono-, di-, and trivalent cations.104 Interestingly, we

Figure 10. Transmission electron micrographs of (a) colloidal TBAxH1-xCa2Nb3O10 sheets, (b) TBAxH2-xCaNaTa3O10 fibers formed
by reacting H2CaNaTa3O10 with TBA+OH- at 35 °C, and (c) monodisperse scrolls of H2La2Ti3O10 exfoliated with a polymeric
amine surfactant. A scanning electron micrograph of the A-site ordered perovskite CaEu2Ti3O9 synthesized by topochemical
reduction of CaEu2Ti3O10 is shown in (d) to highlight the anisotropic morphology of the microcrystallites.
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recently found that upon reaction of TBAxH1-xCa2Nb3O10
or TBAxH1-xLaNb2O7 with cetyltrimethylammonium
bromide (CTAB), the highly charged trimethylammo-
nium group of CTAB displaces the weakly bound TBA+

cations,104 resulting in a bulk-phase intercalation solid
that has a bilayer arrangement of the alkyl chains as
in n-C8H17NH3[Ca2Nb3O10].42 By restacking several
types of exfoliated layered perovskites into a single bulk
solid, it may be possible to form a variety of intergrowths
that could have interesting structures or properties.
Likewise, these bulk-phase materials could be useful
intermediates to their thin-film analogues, and subse-
quent topochemical reactions could also yield many new
interesting perovskite phases. Because both Ruddles-
den-Popper and Dion-Jacobson phases are amenable
to layer-by-layer assembly and because Aurivillius
phases can be converted into Ruddlesden-Popper solid
acids,61 one could in principle synthesize a rich variety
of new perovskites as thin films or bulk solids by
controlled restacking and layer-by-layer assembly.

Conclusions and Future Directions
In this review, we have proposed and demonstrated

the concept of retrosynthetic design using low-temper-
ature reactions of layered perovskites. The individual
reactions can be classified into sets involving ion
exchange of discrete interlayer cations, ion exchange of
cationic interlayer structural units, condensation of
interlayer oxide ligands, and other transformations that
involve high-pressure or low-temperature intercalation/
deintercalation processes. When all of these reactions
are combined, a powerful toolbox of solid-state reactions
emerges, and it is possible to rationally synthesize a
variety of new layered and three-dimensional perov-
skites as solids and thin films.

While we have shown many reactions and numerous
examples of solid-state retrosynthesis, the toolbox is not
yet complete, and its full potential has not yet been
realized. In fact, research into the rational synthesis of
new perovskites is just beginning, and several important
challenges remain. First, the product perovskites retain
the structural features of the layered precursors, which
means that synthesizing the appropriate precursors is
of primary importance. Although new examples fre-
quently appear in the literature, there are still only a
limited number of ion-exchangeable Ruddlesden-Pop-
per and Dion-Jacobson titanates, niobates, and tanta-
lates, and only a small number of Aurivillius phases
have been converted into ion-exchangeable layered
perovskites. Likewise, incorporating electronically and
magnetically interesting cations into the A- and B-sites
of ion-exchangeable layered perovskites remains a chal-
lenge, and to date the maximum doping level remains
at one-third of the B-site cations, as in Na2Sr2Nb2-
MnO10, Na2La2Ti2RuO10,94 Na2Ln2Ti2MnO10,50 and
CsLaSrNb2CuO9.36 Synthetic efforts are needed to
extend the level of doping as well as to explore other
interesting cations and structural features such as
B-site or A-site cation ordering within the perovskite
block. Likewise, detailed characterization is necessary
to fully understand the structures of the product per-
ovskites because disorder is inherent in these materials.
Once these synthetic and characterization challenges
are met, a wider range of perovskites can be synthesized
by design.

Another important challenge is to fully exploit the
rational design of perovskites to target the development
of new phases that have interesting and useful proper-
ties. Many of the interesting product phases contain
mixed-valent B-site cations, including the Cu2+/3+ su-
perconductors and the Mn3+/4+ magneoresistive materi-
als. By combining reactions such as ion exchange and
topochemical condensation, it may be possible to ret-
rosynthetically program the final oxidation state in a
product perovskite, much like Wiley and co-workers
have done for Na1-x+yCax/2LaTiO4.71 Likewise, these
rational approaches to property design could be ex-
tended to allow solid-state chemists to study structure/
relationships in similar phases. For instance, by care-
fully controlling the oxidation state of a product phase
by ion exchange or topochemical condensation, one could
monitor subtle changes in structure and properties, such
as magnetic susceptibility or electrical conductivity, as
a function of oxidation state in a homologous series of
phases. In addition, layered perovskites have highly
anisotropic crystallites and the topochemical transfor-
mations retain this morphology (Figure 10d), so it may
be possible to design highly textured cubic phases that
are magnetic or ferroic.

Finally, the reactions reported up to this point are
not exhaustive, and there are many additional reactions
that one could envision for synthesizing new types of
layered perovskites and for targeting new structural
features in three-dimensional perovskites. For example,
Gopalakrishnan and co-workers synthesized layered
perovskites with intermediate interlayer charges that
bridge the Ruddlesden-Popper and Dion-Jacobson
series,60 and a related series has a layer charge that
varies from 0 to +1.105 Developing reactions for these
phases with intermediate interlayer charge densities
could provide access to new intergrowth structures or
allow even more control over A-site defect concentration
and oxidation state. Reactions that focus on the anions
in the perovskite structure could also be important for
controlling properties and structural features because,
for example, superconductivity in cuprates can be
enhanced by the substitution of oxygen for fluorine.87

Such reactions could exploit new precursor phases such
as the ion-exchangeable Dion-Jacobson oxyfluorides
ASrNb2O6F (A ) Li, Na, Rb)106 and the Ruddlesden-
Popper oxysulfides Ln2Ti2S2O5 (Ln ) Nd, Pr, Sm).107

Developing analogous reactions for non-oxide perovskite
phases, such as the metal/organic layered perovskites,32

the pnictide-oxide K2NiF4-type structures,108 and the
superconducting intermetallic phases,33 could further
extend the scope and applicability of the toolbox and
allow one to target important properties and structural
features using the ideas of solid-state inorganic ret-
rosynthesis.
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