Chem. Mater. 1994, 6, 907-912 907

Synthesis of Anion-Deficient Layered Perovskites,
ACasNb3 M 010-x (A = Rb, Cs; M = Al, Fe), Exhibiting
Ion-Exchange and Intercalation. Evidence for the
Formation of Layered Brownmillerites, ACa:Nb2AlOy
(A = Cs, H)}

S. Uma and J. Gopalakrishnan®

Solid State and Structural Chemistry Unit, Indian Institute of Science,
Bangalore 560 012, India

Received November 12, 1993. Revised Manuscript Received April 19, 1994®

Anion-deficient layered perovskite oxides of the formula, ACa;Nb; ;MO0 (A = Rb,Cs; M
= Al, Fe) for 0 < x < 1.0, possessing tetragonal structures similar to the parent ACa;Nb;0;,
have been synthesized. The interlayer A cations in these materials are readily exchanged with
protons in aqueous HNOj to give the protonated derivatives, HCasNbs ;M 010 ,; the latter are
solid Bronsted acids intercalating a number of organic amines including aniline (pK, = 4.63).
The distribution of acid sites in the interlayer region of HCa;Nbo,MOg inferred from n-alkylamine
intercalation suggests that oxygen vacancies and Nb/M atoms are disordered in the ACa;Nb,-
MOyg samples prepared at 1100-1200 °C. Annealing a disordered sample of CsCazNbzAlQ, for
a long time at lower temperatures tends to order the Nb/Al atoms and oxygen vacancies to
produce octahedral (NbOg/)-tetrahedral (AlQy/s)—octahedral (NbOg/2) layer sequence remi-

niscent of the brownmillerite structure.

Introduction

A variety of oxide materials of current interest are
derived from the perovskite (CaTiOj) structure.! For
instance, the superconducting bismuthates,? (K,Ba)BiO;
and Ba(Pb,Bi)03, the superconducting cuprates,3 Lay_,-
A,CuO4 (A = Sr, Ba, Na, etc.) and YBasCusO,, the
ferromagnetic! StTRuQ; and La;_Sr,Co0;, and the fer-
roelectric* BaTiO3 and Bi;jTiz0;s are all perovskite-related
materials. Besides the large number of stoichiometric
(ABO3) perovskites,‘® several oxide materials that could
be regarded as derivatives of the perovskite structure are
known.5¢ These perovskite derivatives may be grouped
into two categories. The first category comprises non-
stoichiometric compositions such as ABOj;_,, where the
point defects are ordered in a specific manner to produce
perovskite supersturcutres. Typical examples of this
category would be the brownmillerite (CasFeAlOs) and
the YBayCusO7 structures. In the brownmillerite struc-
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ture,” oxygen vacancies are ordered along [110] of the cubic
perovskite structure resulting in alternate sheets of FeOg/2
octahedra (O) and AlOy/; tetrahedra (T) in the ¢ direction.
YBa;Cu307 represents a unique oxygen-vacancy ordering
in the perovskite structure,?® where sheets of CuOs/s
square-pyramids sandwich CuQOy,/; chains; the A-site atoms
(yttrium and barium) are ordered as well in this structure.
The second category of perovskite-derivative structures
is represented by the Ruddlesden-Popper phases® and
the Aurivillius phases.?® These materials contain two-
dimensional perovskite slabs of composition, [A, 1B,03,+1],
as one of the units building the layered structure. The
perovskite slabs may be regarded as formed by slicing the
three-dimensional perovskite structure along one of the
cubic directions, the thickness of each slab being deter-
mined by the number (n) of BOg octahedra in the direction
perpendicular to the slab. A series of layered oxides of
the formula, A’[A,_1B.O0sn+1] (A’ = K, Rb, Cs) discovered
by Dion et al.1? and extended by Jacobson et al.ll and
others!? also contain such perovskite slabs. This series,
of which CsCazNbyOyp is a typical n = 3 member, has
attracted considerable attention!? in recent times in view
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of the possibility to carry out interesting interlayer
chemistry between the perovskite slabs. Members of this
series also exhibit visible light induced photocatalytic
activity for hydrogen evolution reaction.!4

We envisaged that it would be possible to create anion
vacancies in the [A,_1B,0sn+1] perovskite slabs of the latter
series by suitable chemical substitution and, if the
vacancies were ordered to give rise to definite coordination
polyhedra around B atoms, we would have made new anion-
vacancy ordered layered perovskites. LasACuzQOg (A =
Ca, Sr)15 and LaSr;Fes_.Al,Og!¢ are two examples of such
materials, derived respectively from then =2andn =3
members of the Ruddlesden-Popper series. To realize
this possibility with the Dion—-Jacobson series'%!! of layered
perovskites, we chose the oxides ACagNb3Oq (A = Rb,
Cs) and sought to replace Nb(V) by AI(III)/Fe(III), which
would give the series ACasNbs_,M,010. (M = Al, Fe). We
could prepare such materials for the composition range 0
< x £ 1.0, for which the parent structure is retained at the
gross level. The Al/Fe-substituted materials exhibit ion
exchange and intercalation behavior similar to that of the
parent ACasNbsOyo. Our results, which are reported in
this paper, suggest that, while the anion vacancies are not
ordered in the as-prepared samples of ACagNbs  M,O10_y,
ordering seems to occur in long-annealed samples of Acas-
Nb3AlOy giving rise to octahedral (NbOg/s)-tetrahedral
(AlO4/9)-octahedral (NbOg/2) layer sequence. Accord-
ingly, ordered ACasNbsAlOg could be regarded as layered
analogs of the brownmillerite structure.

While LaSrsFes ,Al,O9!¢ could be regarded as an anion-
vacancy ordered derivative of the n = 3 Ruddlesden-
Popper phase, AjB3019, CsCasNb301,1° may be thought
of as an A-site-deficient derivative of A;B30;9. CsCas-
Nb;AlQg reported here represents a new derivative of
A4B301p where both ordered A-site vacancies as well as
anion vacancies are present.

Experimental Section

Formation of ACazNbs ;M;01_, for A=K, Rb,Cs and M =
Al or Fe was investigated by reacting appropriate quantities of
A;CO4, CaCOj3, Nb2O;, and M;03 at 1150 °C for 2 days with one
grinding in between. Excess (~25 mol %) of A;CO; was added
to compensate for the loss due to volatilization. The products
were washed with distilled water and dried in air at 100 °C,
Protonated derivatives, HCa;Nb; ;M.010, for 0 < x < 1.0, were
prepared from the rubidium/cesium compounds by ion-exchange
in aqueous 6 N HNOj at 60 °C. The exchange was found to be
complete in 3 days. Intercalation of various amines in HCa,-
Nbg M. 040, was investigated by refluxing the protonated solids
with a 10% solution of the amine in n-heptane for several days.
Aniline intercalated into HCayNbyAlQy was polymerized by
treating the aniline intercalate with an aqueous (0.4 M) solution
of (NH4)2SzOg.

27A]1 NMR spectra of CsCa;Nb;AlQp samples were recorded
with a Bruker MSL-300 spectrometer operating at 78.21 MHz.
A cylindrical rotor, with a spinning rate of 3-4 kHz was used to
record the spectra. Chemical shift values are expressed relative
to Al(H;0)¢3*. Other experimental procedures for the charac-
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Figure 1. X-ray powder diffraction patterns of (a) CsCazNbgs-
Aly 5095, (b) CsCasNbyAlQy, (c) CeCasNbysFeqs0gs, (d) CsCas-
szFGOg, and (e) KCanggFe09.

terization of the solid oxides and their intercalates were the same
as reported earlier.13d

Results and Discussion

We investigated the substitution of Alll/Felll for NbY
in ACagNbsO10 (A = K, Rb, Cs) by reacting the alkali
metal carbonates with the component oxides at 1100-1200
°C. Single-phase materials corresponding to the composi-
tion ACasNbs_,M,01¢_, were readily obtained for A = Rb
and Cs in the range 0< x < 1.0. Energy-dispersive X-ray
emission (EDX) analysis of the x = 1 members CsCa,-
NbaMOg (M = Al, Fe), showed that the Cs:Ca:Nb:M ratio
was 1:2:2:1 (within the experimental error) as expected
for the formula. For example, the percentages of Cs, Ca,
Nb and Al atoms in CsCasNbAlOg were 14.5(7), 34.0(6),
34.4(3), and 17.0(5), respectively, while the corresponding
calculated percentages are 16.67, 33.33, 33.33, and 16.67,
respectively. Powder X-ray diffraction patterns (Figure
1) revealed that the phases possessed tetragonal structures
similar to the parent ACasNbsO1o (A = Rb, Cs).10:18a In
Table 1, we give an indexing of the powder diffraction
data for CsCasNbyMQOg and, in Table 2, the lattice
parameters of all the members of the series synthesized.
The results show that it is indeed possible to substitute
Al(III)/Fe(II) for Nb(V) in ACasNb30q9 (A = Rb, Cs)
retaining the layered perovskite structure of the parents.
Interestingly, a similar substitution in KCasNb3Oyo did
not occur; for instance, KCazNboFeOg prepared by similar
means adopted a cubic perovskite structure with a = 3.932-
(4) A (Figure 1e), instead of a layered structure.

It is knownllbi%a that layered ACasNbsOpo readily
exchange the interlayer A cations for protons in aqueous
acids to give the corresponding protonated derivative,



Synthesis of Anion-Deficient Layered Perouskites

Table 1. X-ray Powder Diffraction Data for CsCa;Nb;AlOy

and CsCasNb.FeOy*
CsCagNbAlOy CsCagNbyFeOy
hkl  do(A) del@) I  dobe (D) deat(B) Lo
001 15.24 15.11 3 15.11 15.14 5

100 3.867 3.878 13 3.883 3.876 15
004 3.770 3.778 38 3.778 3.785 100
102 38.447 3.446 29 3.447 3.450 13
103 3.069 3.070 100 3.079 3.074 45
005 3.023 3.022 7 3.023 3.028 20
110 2.743 2.738 54 2.743 2.740 43
104 2.710 2.704 22 2.708

006 2.518 2.518 2 2.516 2.523 5
114 2.217 2.217 4 2.217 2.220 3
007 2.159 2.159 2.161 2.163 15
106 2.110 2.111 2.118 2.115 4
115 2.032 2.029 2.032

200 1.937 1.937 26 1.937 1.938 18

[ 0 2]

201 1.922 1.920 6 1.922
008 1.889 1.893

} 1.886 19 1.888 18
107 1.885 1.889
116 1.852 1.854 4 1.855 1.856 3
204 1.723 1.725

} 1.723 11 1.723
211 1.720 1.722

117 1.692 1.695 4 1.697 1.698 3
213 1.639 1.638 20 1.639 1.639 11
214 1.572 1.574 5 1.576 1.576 7

118 1.555 1.555 2 1.557
0011 1.374 1.376

} 1.370 4 1.370 5
220 1.369 1.370
208 1.362 1.354

} 1.352 : 4 1.352 5
211 1351 1.353

ag = 3.873(5); ¢ = 15.10(2) A. a = 3.876(8); ¢ = 15.14(3) A.

Table 2. Lattice Parameters of ACasNbsy ;M;010-, (0 < x <
1.0) (A = Rb, Cs; M = Al, Fe) and KCasNbyFeOy

compound ad) c(d)
CsCagNb3O1o 3.873(3) 15.08(1)
CsCasNbz.75AL0.2509.75 3.866(3) 15.09(1)
CsCagNbz s0Alo 500050 3.875(4) 15.13(2)
CsCasNbz 25A15.7500.25 3.873(5) 15.11(2)
CsCazNb2A10g 3.873(5) 15.10(2)
CsCasNbz soFe0.500s.50 3.875(5) 15.06(2)
CsCagNbzFeOq 3.876(8) 15.14(3)
RbCazNbyAlQy 3.864(5) 14.94(2)
RbCagNbsFeOq 3.885(7) 14.92(3)
KCasNboFeOq® 3.932(4)

o Cubic perovskite structure.

HCazNb30,0; the latter is a solid Bronsted acid exhibiting
intracrystalline reactivity and intercalation behavior
similar to clay minerals.!113> We anticipated that layered
ACapNbs .M. 0o, also would exhibit a similar reactivity.
Accordingly, we could readily prepare protonated deriva-
tives of ACagNbs  M,010_; by ion exchange in aqueous
HNO;. Thermogravimetric analyses (Figure 2, Table 3)
showed that the protonated derivatives were all hydrated,
containing 0.6-1.4 molecules of water/formula unit of the
oxide; the water molecules dehydrated around 80-100 °C.
EDX analysis of the protonated materials revealed that
the alkali ion was completely exchanged out and that the
Ca:Nb:M ratio was not altered during the ion exchange.
X-ray powder patterns (Figure 3) showed that the pro-
tonated materials were all isostructural with HCa;Nb3Oyo
and HCa;Nb30,¢-1.5H20,1% retaining the tetragonal struc-
tures of the parent materials (Table 3).

The protonated materials, HCa;Nbs ;M. 010, are solid
Bronsted acids, as is the parent HCaoNb30;,1% readily
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Figure 2. Thermogravimetric curves of (a) HCa;NbyAlQg-0.9H:0,
(b) HCa;Nb2A105:1.4H30, (c) (n-CeH1sNH3)os Ho.sCazNbAlOg
(obtained from HCBaszAlOs‘O.QHgO), (d) (n-CsHlsNHs)o,s Ho.z-
CazNboAlOg (obtained from HCa;NboAlOg:1.4H;0), and (e) CeHs-
NH;)o5Ho5CasNboAlOs. Sample (a) was obtained by ion-
exchange of as-prepared CsCasNbyAlQy; sample (b) was obtained
by ion-exchange of CsCagNbAlQy annealed at 1000-950 °C for
4 weeks,

Table 3. Lattice Parameters of HCa;Nbs ;M;0,05 (0 < x <
1.0) (M = Al, Fe) and Their Hydrates

compound a(d) c(A)
HCa3Nb304¢:1.5H,0 3.854(4) 16.23(2)
HCaNb3019 3.850(6) 14.38(3)
HCa2Nby.75Al.9509.75°1.1H20 3.858(4) 16.27(2)
HCazNba 754152504075 3.863(6) 14.43(2)
HCa3sNbs s0Al0.5009.60°1.0H:0 3.856(4) 16.20(2)
HCasNbs 50Alp.5009.50 3.859(7) 14.47(4)
HCaNbg 95Al0.7500.251.0H20 3.856(4) 16.26(2)
HCazNbg:asAlg 750925 3.865(6) 14.42(5)
HCazNbAlOy-0.9H20° 3.857(5) 16.22(2)
HCa;NbyAlQg-1.4H0? 3.866(4) 16.27(3)
HCagNb3AlOg 3.857(5) 14.41(2)
HCasNbs 75Feq.2509.75:1.1H0 3.857(6) 16.27(3)
HCasNbsg 75Fe0.25049.75 3.862(8) 14.47(3)
HCaszz,soFeo,mOQ_so'l.leo 3.853 (6) 16.22(3)
HCasNbs s0Fe0.5000.50 3.864(5) 14.42(2)
Hcaszg_st eo,7509_25'1.0H20 3.871 (6) 16.26(5)
HCazNbs.osFeo.7509.25 3.871(7) 14.42(7)
HCazNbFeOy:0.6H20 3.886(4) 16.25(5)
HCaxNbFeOq 3.885(7) 14.43(4)

¢ Sample obtained by ion exchange of as-prepared CsCa;NboAlQ,.
b Sample obtained by ion exchange of CsCaNb,AlQ, annealed at
1000-950 °C for 4 weeks.

Table 4, Composition and Lattice Parameters of
n-Hexylamine Intercalation Compounds of
HCa3sNby-yM;010-x (0 < x < 1.0) (M = Al, Fe)

amine lattice parameters (A)
host content a c

HCasNbsOqg 1.00 3.856(4) 28.36(2)
HCasNbs 75Al0.2504.75 0.80 3.860(6) 28.18(2)
HCasNbs 50Als.500s.50 0.75 3.858(4) 28.68(5)
HCasNbs 25A10.7509.25 0.70 3.866(7) 28.60(7)
HCagNbyAlOg® 0.60 3.851(7) 28.24(6)
HCa;NbsAlOgb 0.80 3.862(4) 28.48(5)
HCa;Nb; s0Fe0.5000.50 0.76 3.870(5) 28.39(7)
HCasNbg 2sFe0.7504.25 0.70 3.885(6) 28.24(8)
HCaNbyFeOqy 0.60 3.880(7) 28.28(6)

2 Sample obtained by ion exchange of as-prepared CsCazNboAlOs.
b Sample obtained by ion exchange of CsCazNb2AlOy annealed at
1000-950 °C for 4 weeks.

intercalating n-alkylamines to form n-alkylammonium
derivatives, (n-C,Hs,+1NH3).H;_,[CasNbs .M.010.,]1. In
Figure 4, we show the X-ray diffraction patterns of a few
typical intercalation compounds and in Tables 4 and 5, we
list the composition and lattice parameters of all the
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Table 5. Composition and Lattice Parameters of Intercalation Compounds of HCa;Nb.MOg (M = Al, Fe)

HCaszzAlOQ HCaszgFe09
intercalated lattice parameters (A) intercalated lattice parameters (&)
amine amine content a c amine content a [
n-hexylamine 0.60 3.851(7) - 28.24(6) 0.60 3.880(7) 28.28(6)
n-heptylamine 0.60 3.860(7) 30.39(4) 0.50 3.878(6) 30.50(4)
n-octylamine 0.60 3.859(5) 31.86(6) 0.50 3.886(5) 31.715(4)
n-nonylamine 0.60 3.856(6) 33.30(7) 0.50 3.887(6) 33.26(5)
n-decylamine 0.62 3.862(4) 34.61(5) 0.50 3.887(4) 34.72(4)
n-dodecylamine 0.58 3.860(5) 44.75(5) 0.50 3.887(7) 44.80(6)
n-dodecylamine® 0.50 3.861(4) 37.90(5) 0.50 3.885(4) 37.94(7)
n-hexadecylamine 0.63 3.857(6) 52.89(7) 0.60 3.886(4) 52.94(6)
n-hexadecylamine® 0.60 3.857(5) 44.63(4) 0.60 3.880(6) 44.65(4)
n-octadecylamine 0.50 3.855(7) 57.42(6) 0.44 3.879(7) 57.562(4)
pyridine 0.30 3.851(6) 18.39(7) 0.256 3.878(7) 1841(7)
aniline 0.50 3.87(5) 25.42(6) 0.50 3.880(6) 25.46(7)
@ Samples annealed around 100 °C.
s (a) 3 (o)
s gg g 3¢ s, o 8
S a8 Bio o
Q2R 8
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Figure 3. X-ray powder diffraction patterns of HCapNbg ,M,010.
and their hydrates: (a) HCasNbyAlOp-1.4H,0, (b) HCaNboAlQ,,
(c) HCangzFe09-0.6H20, and (d) HCaszgFe09.

A A

| 1 1 |

intercalation compounds of HCagNbs ,M.010.,. Besides
n-alkylamines, we could also intercalate pyridine (pK, =
5.25) and aniline (pK, = 4.63) in HCa;NbsMOg, revealing
that the Bronsted acidity of these materials is nearly the
same as HCasNb3Oy9. The latter intercalates pyridine
but not 3-bromopyridine (pK, = 2.8).13b Interestingly, we
could polymerize the monomer aniline intercalated into
HCa;NbaMOg by oxidation!? with (NH4)2S:0s giving novel
polyaniline/CasNbsMOg composites.!®

The n-alkylamine intercalation compounds of HCas-
Nb;_M.0O10-x show large expansions of the c-parameter
(Tables 4 and 5), the values being nearly the same as those
of HCagNb3O10.130 Accordingly, a plot of the c parameters
of the intercalation compounds of HCa;NbsMOg (M = Al,
Fe) against the number of carbon atoms in the n-

(17) Bissessur, R.; DeGroot, D. C.; Schindler, J. L.; Kannewurf, C.R.;
Kanatzidis, M. G. J. Chem. Soc., Chem. Commun. 1998, 687.
(18) Gopalakrishnan, J.; Uma, S., to be published.
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Figure 4. X-ray powder diffraction patterns of typical inter-
calation compounds of HCagNbs ,M,01¢,: (a) (n-CeH13sNHg)o 75
Ho25Ca2Nb2sAlo505.5, (b) n-C10Ho1NHa)oee Ho.3sCazNbsAlO,, (c)
gli)cl%‘z%%N Hs)o.s0Ho 50CazNb2FeOy, and (d) (CsHsNH)o 25Ho 2sCas-
2k eUs.

alkylamines (Figure 5) shows two linear regions, one for
C¢—Ci¢ amines and the other for C15—C s amines. The alkyl
chain orientation angles, , derived from the slopes of the
plots are 39.6° and 58° for the two regions. The cor-
responding angles are 40.5° and 62.3° for the n-alkylamine
intercalation compounds!3? of HCapNb3010. The results
clearly show that the Bronsted acidity and intercalation
behavior of HCa;Nbg_ .M, 010, members closely resembles
the behavior of HCasNb3Oy9. There is however one
significant difference, namely the quantity of the amine
intercalated. The data given in Tables 4 and 5 reveal that
the quantity of amine intercalated in HCa;Nb;_.M,010.x
decreases with x and that the average amine content of
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Figure 5. Plots of ¢ parameter versus the number of carbon
atomsin (a) (n'an2n+lNH8)zHl-lca2Nb2Alo9 and (b) (n'CnHZn+l'
NH3),H1.;C&2Nb2F309.

HCa;Nb;MOQy intercalates is around 0.6 mol of amine/
formula unit of the host solid. HCa;Nb3Oyg, on the other
hand, takes up 1 mol of amine/formula unit of the host
solid,!8b corresponding to the transformation of all the
interlayer protons to n-alkylammonium ions.

The intercalation of less than 1 mol of amine/formula
unit of the host most likely implies that, unlike in HCaj,-
Nb3Oyy, all the interlayer protons of HCagNbsMOg (M =
Al, Fe) do not have the same acidity. The differential
acidity of the protons in HCa;Nb,MOg would in turn imply
that the Nb and M atoms (as well as the oxygen vacancies)
in the perovskite slabs are not ordered. Assuming a
statistical distribution of Nb and M atoms in the triple-
perovskite slabs, [Ca;NbaMOg], one would expect that
Nb atoms occupy two-thirds of the octahedral sites and
Al atoms, one-third of the octahedral sites in every sheet.
The oxygen vacancies are most likely distributed around
the M atoms converting their octahedra into square
pyramids. Itis possible to visualize several models for the
disordered structure of ACasNbeMOg. Two such models,
which are speculative, are shown in Figure 6a,b.

The implication of such a disordered structure toward
the acidity of HCasNbsMOQgis that there are three different
kinds of protons in the interlayer region, viz., NbQ--H..
ONbD (I), NbO--H-~-OM (I), and MO--H---OM (III), their
relative proportion being approximately 44.5%, 44.5%,
and 11 %, respectively. Presumably, the acid strength of
these sites would vary in the order I > II > III. Intercala-
tion of about 0.50-0.60 mol of amine in HCa;NboMOy
(Table 5) is qualitatively in agreement with the above
model, indicating that the most acidic sites I and part of
acid sites II are probably involved in intercalation of
n-alkylamines.

As mentioned in the Introduction, the primary motiva-
tion for the present work was to prepare anion-vacancy
ordered layered perovskites of the type ACasNb,MOg (M
= Al,Fe). Since the materials of this composition prepared
at 1100-1200 °C turned out to be disordered, containing
most likely a statistical distribution of Nb/M atoms as
well as oxygen vacancies in the perovskite slabs, we
explored the possibility of ordering the atoms/vacancies
by annealing the samples for long periods. By trial and
error, we found that ordering occurs on annealing the as-
prepared CsCasNbyAlOQg at 1000-950 °C. A sample of
CsCasNbyAlQg annealed for 4 weeks yielded a HCasNb,-
AlQg that intercalated 0.80 mol of n-hexylamine/mol of
the solid (T'able 4). More importantly, another sample of
CsCasNbyAlQg annealed for 8 weeks at 1000 °C and slowly
cooled (1 °C/min) to 600 °C yielded a HCasNbyAlOy that
intercalated ~0.90 mol of n-hexylamine/mol of the oxide.
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Figure 6. Possible models for the structure of ACa;Nb,AlOg (A
= Rb, Cs): (a) and (b) disordered structures for as-prepared
samples; (¢) ordered structure for sample annealed for long time.
In (d), the structure of ACa;Nb3Oy is shown for comparison.
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Figure 7. 27Al NMR spectra of (a) CsCasNb,AlQp prepared at
1150 °C and (b) CsCa;NboAlQs annealed at 1000-950 °C for 8
weeks.

Accordingly, we believe that, on long-annealing, CsCas-
Nb2AlOg orders into a structure consisting of octahedral
(NbOg/2)-tetrahedral (AlO4/9)-octahedral (NbOg/s) layer
sequence in the [CagNbsAlOg] slabs (Figure 6¢). Such a
structure would be a two-dimensional analog of the
brownmillerite structure, in the same way as ACasNbgO1o
(Figure 6d) is a two-dimensional analog of the perovskite
structure. A similar octahedral~tetrahedral-octahedral,
brownmillerite-like, layered structure has recently been
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proposed for LaSrsFe,AlOQg, and evidence toward such an
ordering was indeed found for the composition, LaSrz(Fegs-
Aly2)30s.95, from a single-crystal X-ray and neutron powder
diffraction study.1® Confirmation of the ordered structure
proposed for ACa;NbeAlOg (A = Cs, H) in this work must
await a crystal structure determination.

In an attempt to provide further support to the
formation of an ordered CsCa;Nb2AlOg on annealing, we
recorded 27A1 NMR spectra of the as-prepared and long-
annealed samples. The spectrum of the as-prepared
sample (Figure 7a) shows a single resonance with a chemical
shift of ~3 ppm relative to AL(H;0)¢3*. Such a resonance
is characteristic of octahedral/near-octahedral coordina-
tion of AI(IT]) in oxides.!®-21 In contrast, the annealed
sample shows a sharp resonance at 76 ppm that has grown
at the expense of the resonance at 3 ppm (Figure 7b). The
resonance at 76 ppm is most likely due to tetrahedrally??
coordinated AL(III). 27A1 NMR experiments therefore
indicate that ordering of Al(III) indeed occurs in the long-
annealed samples of CsCa;NbyAlQg giving tetrahedral

(19) Pinnavaia, T. J.; Tzou, M.-S.; Landau, S. D.; Raythata, R. H. J.
Mol. Catal. 1984, 27, 195.

(20) Taulelle, F.; Loiseau, T.; Maquet, J.; Livage, J.; Ferey, G. J. Solid
State Chem. 1998, 105, 191.

(21) Dupree, R.; Lewis, M. H.; Smith, M. E. J. Appl. Crystallogr.
1988, 21, 109.

(22) Miiller, D.; Gessner, W.; Samoson, A.; Lippmaa, E.; Scheler, G.
J. Chem. Soc., Dalton. Trans. 1986, 1277.
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coordination to Al(IIT) and thus supporting the ordered
structure suggested in Figure 6c.

In summary, we have shown that it is possible to
substitute AI(III)/Fe(III) for Nb(V) in ACasNbgOqg (A =
Rb, Cs) giving ACasNbz .M;0;0-; (0 < x < 1.0) that retain
the layered structure of the parent materials. Interlayer
A cations in the Al(III)/Fe(III)-substituted materials are
readily exchanged with protons in aqueous HNO; to give
the corresponding protonated derivatives, HCa;Nbs_,-
M;010.. Thelatter aresolid Bronsted acids intercalating
n-alkylamines and aniline. From the quantity of n-
alkylamine intercalated into the x = 1 member, HCa,-
NbyMO,, we inferred that the oxygen vacancies as well as
the Nb and M atoms are not ordered in the as-prepared
samples. On annealing the as-prepared CsCa;NbyAlO,
for long periods, ordering seems to occur to give rise to
octahedral (NbOg)-tetrahedral (AlQ,)—octahedral (NbOg)
layer sequence, reminiscent of the brownmillerite struc-
ture.
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