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“Chimie douce”, or soft chemistry, represents a simple
and useful route to metastable solid-state compounds.
These terms have historically been used to describe
several types of low-temperature solid—solid transfor-
mations such as intercalation/deintercalation, ion ex-
change, hydrolysis, and redox reactions.?2 The common
feature of soft chemical reactions is that they pro-
duce metastable compounds that are structurally re-
lated to the parent solid, by preserving the atomic
connectivity of small building blocks and/or extended
structural elements. Some interesting examples of
unusual phases made by soft chemistry include ReOs-
like M0O3,3 Ti>Nb,Og,* hexagonal WO3,° TiO,—B,6 VS,,”
and layered double hydroxides.® In general, it is not
possible to prepare these compounds using high-tem-
perature routes. Some of these low-temperature com-
pounds have special properties, such as reversible
intercalation, photoconductivity, or catalytic activity,
which are not found in high-temperature, stable phases
of the same composition.

We report in this paper a chimie douce reaction that
converts a layered perovskite phase into a metastable
three-dimensional perovskite. The topochemical trans-
formation is illustrated in Figure 1. In this series of
reactions, the lamellar compound K;SrTa,O7 and isos-
tructural K;SrTaz,—xNbO7 (x = 0.2, 0.4) are first ion-
exchanged to the corresponding acid forms and then
topochemically dehydrated to yield metastable perovs-
kite phases SrTa,Os and SrTa,—x«NbyOs. The process is
similar to that previously reported for ion-exchange and
condensation of K,L.n,Tiz010.1% Further heating causes
the transformation to the structurally unrelated tet-
ragonal tungsten bronze phases of the same composi-
tion. This transformation is interesting because Kp-
SrTa,O; is a member of a large class of structurally
related compounds® (the Ruddlesden—Popper phases,
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Figure 1. Schematic structural drawing of the transforma-
tions from Ruddelsden—Popper to perovskite to TTB phases.

AoMiM'14103n+4, N = 1—4), which could in principle
undergo similar reactions to form metastable perovs-
kites MnM'n+103n+3. Since some perovskites have useful
physical properties, such as superconductivity, colossal
magnetoresistance, and ferroelectricity, this reaction
may provide a route to interesting materials that are
inaccessible through high-temperature synthesis.

lon exchange of K,SrTa,—xNbyO; (x = 0.0, 0.2, 0.4)11
was carried out in water by slowly titrating the stirred
suspension with 0.5 M HCI to a pH of 6—7. If the pH is
allowed to drop below 6, hydrolysis occurs, as evidenced
by apparent loss of crystallinity in the X-ray powder
pattern. Complete exchange typically required 2—3
days of stirring. The X-ray powder diffraction pattern
of H,SrTa,—xNbyO7 (x = 0.4) was indexed to a tetragonal
phase, a = 3.89(4), c = 9.87(18) A. (Figure 2 and Table
1). The c axis dimension is halved upon proton ex-
change, because of a lateral shift of alternate layers, as
shown in Figure 1. This effect been previously observed
in the proton exchange of other hydrated Ruddlesden—
Popper and Dion—Jacobson phases.82

Upon heating, H,SrTa,—xNbsO; gradually loses water,
and the progression of layer lines (00l) in the powder
pattern is lost, leaving the observed perovskite pattern.
The metastable phase SrTa,-xNbsOg appears at 350—
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perovskite phase.
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Figure 2. X-ray powder diffraction patterns showing Rud-
dlesden—Popper to perovskite to TTB phase transformations:
(a) simulated and (b) observed patterns for K;SrTa; sNbg 40-.

Table 1. Indexing of X-ray Powder Diffraction Data

hkl d(obs) d(calc) lrel

K2SrTa; 6Nbo.4O7 Ruddlesden—Popper Phase
(a =3.96(3), c = 21.5(3))

002
004
101
006
103
105
perovskite
impurity
110
112
114
107
116
109
200
202
204

001
002
100
110
200

100
110
200

10.714
5.386
3.896
3.600
3.472
2.922
2.870

2.803
2.713
2.490
2.437
2.163
2.056
1.985
1.952
1.864

10.81 18
5.406 16
3.903 23
3.604 8
3.476 6
2.924 100

29
2.806 42
2.716 2
2.490 2
2.437 9
2.162 26
2.055 6
1.984 38
1.951 4
1.862 6

H>SrTai 6Nbg 4Oz Lamellar Phase

(a=3.89(4), c = 9.87(18) A)
9.88

4.93
3.88
2.75
1.95

9.88 67
9.86 20
3.88 55
3.89 57
3.91 100

SrTay gNbp 406 Perovskite Phase

(a=3.93(4) A).

3.92
2.78
1.97

3.94 41
2.78 77
1.97 100

SrTa; 6Nb4Os Tetragonal Tungsten Bronze Phase
(a=12.47(1), c = 3.897(4) A)

210
001
111
320
211
400
410
221
311
321
401
411
331
421
530
620
002
202
601

400 °C. The disappearance of the layer lines indicates
that the condensation of terminal OH groups to form

5.575
3.897
3.566
3.457
3.193
3.118
3.024
2.920
2.772
2.587
2.434
2.390
2.346
2.268
2.140
1.972
1.949
1.860
1.834

5.577 8
3.897 49
3.564 5
3.459 48
3.194 44
3.117 15
3.024 70
2.920 25
2.772 100
2.587 37
2.434 6
2.389 13
2.346 2
2.267 4
2.138 8
1.971 30
1.948 23
1.860 20
1.834 12
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Figure 3. (a) Observed X-ray powder diffraction pattern for
H,SrTa; sNbg 407, obtained by proton exchange of K;SrTa, 6-
Nbo.4O7; (b) simulated and (c) observed patterns for SrTa, -
Nbo 4Os with Sr ions disordered over half the perovskite A sites;
(d) observed pattern for the TTB phase obtained by heating
perovskite SrTa; sNbg 406 to 900 °C.

Ta—O—Taand Ta—O—Nb linkages between layers also
involves motion of Sr2* into the perovskite A-sites
formed in the reaction. The observed powder pattern
was accurately simulated as a three-dimensional cubic
perovskite, in which Sr2* occupies half of the available
A sites. An ordered structure, in which A sites are
occupied and unoccupied in alternate layers, would lead
to a progression of layer lines with ¢ ~ 2a = 7.86 A,
and this was not observed. The broadening of the
perovskite peaks that accompanies the topochemical
dehydration reaction indicates that there are relatively
small domains of order in the product. Interestingly,
perovskite is the stable polymorph of CaTa,Og, which
is made by high-temperature synthesis.’? Perovskite
SrTa,Og and SrTa,-xNbyOgs have not previously been
prepared, although unrelated low-temperature ortho-
rhombic phases have been reported.l® High-tempera-
ture synthesis of these compounds invariably yields the
tetragonal tungsten bronze (TTB) phase.

Sharp powder diffraction lines from tetragonal
SrTa,—xNbxOg began to grow in at 850—900 °C. The
TTB phase was completely formed at 950 °C, as shown
in Figure 3. This compound has been previously char-
acterized as isostructural with Kg5,WO3,2415 and all dif-
fraction lines could be indexed to this phase (Table 1).

Thermal gravimetric analysis/differential thermal
analysis (TGA/DTA)' and infrared spectroscopy were
also used to characterize the phase transitions of
H,SrTaz,-xNbO7 (x = 0.0, 0.2, and 0.4). IR spectra
showed loss of the OH stretching and bending bands
(at 3400 and 1700 cm™1, respectively) when the sample
was heated to 350 °C for 30 min. The weight loss
corresponding to the first phase transition was 1.5, 2.0,
and 3.2% (theoretical, 2.8, 2.9, 3.0%) for x = 0.0, 0.2,
and 0.4, respectively. Incomplete exchange or partial
formation of an amorphous phase is the likely cause of
the substoichiometric amount of water lost from the x
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Figure 4. DTA and TGA curves for H,SrTa; §Nbo 407 showing
dehydration to form perovskite SrTa; sNbg4Os and subsequent
transformation to the TTB phase.

= 0.0 and 0.2 samples. DTA and TGA data (Figure 4)
show that most of the weight loss is gradual but that
there is an endothermic DTA peak coincident with the
most rapid weight loss at 350—475 °C, and this is
coincident with the disappearance of layer lines in the
X-ray diffraction pattern. The second phase transition
appears as an endotherm at 725 °C, and involves no
change in mass because it is a transition between per-
ovskite and tungsten bronze phases of the same com-
position.

SrTa,;-xNbsOg is a member of a large family of meta-
tantalate and metaniobate solid solutions. While both
SrTa,06 and SrNb,Og are nonpolar compounds with the
TTB structure, related compounds containing Pb, Sr,
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Ba, Ca, and Mg ions are ferroic. Solid solutions of
barium and strontium metaniobates (SBN) also adopt
the TTB structure, which neither end member exhib-
its,12 and have applications in electrooptic,'” pyroelec-
tric,’® piezoelectric,’® and photorefractive?® devices.
Similar applications have been described for PbNb,Og
solid solutions. The chimie douce reaction described
here may provide a route to interesting metastable
perovskite solid solutions with the same MM',0¢ sto-
ichiometries. We also note that similar topochemical
reactions should occur for the structurally related Dion—
Jacobson phases,?! which have half the interlayer ion
exchange capacity of the Ruddlesden—Popper phases,
and for recently described compounds with intermediate
ion-exchange capacity.8” The ion-exchange/topochemi-
cal dehydration reactions of these compounds are cur-
rently being investigated and will be reported in a future
publication.
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