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Abstract

A deuterated n = 1 Ruddlesden—Popper compound, DL»nTiO, (HLnTiO4, Ln = La, Nd and Y), was prepared by an ion-exchange
reaction of Na™ ions in NaLnTiO4 with D" ions, and its structure was analyzed by Rietveld method using powder neutron diffraction
data. The structure analyses showed that DLaTiO, and DNdATiO, crystallized in the space group P4/mmm with a = 3.7232(1) and
c= 12.3088(1)1&, and a = 3.7039(1) and ¢ = 12.0883(1)1&, respectively. On the other hand, DYTiO, crystallized in the space group
P2 /¢ with a = 11.460(1), b = 5.2920(4), ¢ = 5.3628(5)A and f§ = 90.441(9)°. The loaded protons were found to statistically occupy the
sites around an apical oxygen of TiO4 octahedron in the interlayer of these compounds, rather than Na atom sites in NaLnTiOy.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Protonated forms of layered perovskite compounds have
attracted considerable attention because of the proton
conduction and Brensted acid, which brings intercalation
compounds with a variety of organic bases [1-5]. However,
circumstances of the protons have not been investigated
enough, although the protons loaded in the interlayer
induce interesting physical and chemical properties. The
crystal structure analysis of deuterated layered perovskite
compounds by Rietveld method, using powder neutron
diffraction data, brings the precise framework structure
including the protons loaded in the interlayer, which could
help scientists explain physical and chemical properties of
these compounds.

Recently, we have reported the structure refinement of
HLaTiO, (DLaTiO,4) [6], which is a layered perovskite
compound categorized as a Ruddlesden—Popper family
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with the general formula of A’5[4,_1B,03,+1] (4 and
A’ = alkali, alkaline or rare earth, B = transition metal)
[7]. The crystal structure of the parent NalLnTiOy4
reportedly depends on the size of Ln*" ion [8]. This result
predicts that the crystal structure of protonated compound,
HLnTiOy4 (Ln = rare earth), which was prepared by an ion-
exchange reaction from NaLnTiOy4 [9], is also dependent on
the size of Ln’" ion. The structural analysis by XRD
previously reported that HL#TiO4 (Ln = La, Nd, Sm and
Gd), however, was isostructural with each other [9]. Then,
we have performed the structure refinements of DLaTiOy
(HLaTiO,4), DNdTiO4 (HNdTiO4) and DYTiO4 (HYTiOy)
by Rietveld method using powder neutron diffraction data
in order to clarify the relation between the size of Lrn’" ion
and crystal structure. In this paper, we present the structure
refinements of a series of deuterated Ruddlesden—Popper
compounds, DNdTiO; and DYTiO4, and discuss these
compounds along with DLaTiO,4 from the point of view of
crystal chemistry. Deuterium was used instead of hydrogen
in the protonated layered perovskite compounds for
neutron diffraction measurement, because hydrogen with
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a large incoherent scattering cross section brings an
extreme increase of background, i.e., a decrease of S/N
ratio.

2. Experimental

The starting compound, NaLnTiO4 (Ln = Nd and Y),
was prepared by the conventional solid-state reaction
[8,10-12]. Prior to the preparation, Ln,O; was predehy-
drated at 900 °C for 9h, because Ln,O; agent contains a
small amount of Ln(OH);. Stoichiometric amounts of TiO,
and Ln,Os3 and 30% excess of Na,CO; were mixed, and
heated at 950°C for NaNdTiO4 and at 1000°C for
NaYTiO4 for 30min, respectively. The products were
washed to remove excess Na,O with distilled water and
dried at 160 °C. Deuterium exchanges of NaNdTiO,4 and
NaYTiO, were carried out in deuterium chloride, DCI,
solutions of 0.1 M (moldm™2), which were adjusted by
deuterium oxide, D,0, at room temperature in N, atmo-
sphere for 12 and 36h, respectively. The products were
washed with D,O and dried at room temperature in N,
atmosphere. The products were identified by powder X-ray
diffraction (XRD), using a Rigaku RINT2100/PC diffract-
ometer with monochromated CuKa radiation, and the ion-
exchange ratio was determined by measuring pH value and
Na " ion concentration in filtrate, using a TOA HM-5S pH
meter and a Shimadzu AA6800 atomic absorption spectro-
meter, respectively.

The neutron diffraction data of deuterated specimens
were measured on a time-of-flight (TOF) neutron diffract-
ometer at room temperature, using Vega at the pulsed
spallation neutron facility KENS, High Energy Accelerator
Research Organization in Japan. The specimens of ca. 5g
were sealed in a vanadium tube in Ar atmosphere, and set
on the diffractometer. The observed data as a function of
time were converted into those as a function of d values,
referring to intensity data observed in a separate measure-
ment of Si powder as a standard sample. The collected
diffraction data were analyzed by Rietveld method, using
the program RIETAN-TN for TOF neutron diffraction
[13,14].

3. Results and discussion

The XRD patterns and lattice parameters of the parent
NaNdTiO; and NaYTiO,; matched with those in a
previous report [8]. According to the previous report, the
crystal structure of the parent NaLnTiO4 (Ln = rare earth)
is dependent on the size of Ln>* ions as follows. NaLnTiO,
(Ln = La—Nd) compound crystallizes in the tetragonal
system with the ideal TiOg4 octahedral connections. On the
other hand, NaLnTiO4 (Ln = Sm—Lu and Y) compound
crystallizes in the orthorhombic system with the mutual
tilting of TiO¢ octahedra. That is, NaNdTiO, crystallized
in the tetragonal system with the space group P4/nmm,
while NaYTiO,4 crystallized in the orthorhombic system
with the space group Pbcm.

The pH values and Na " ion concentrations of the DCI
solutions increased during the contact with NaNdTiO4 and
NaYTiO,. The amounts of uptaken D" ions, which were
estimated from the pH change, and released Na™ ions,
which were estimated from atomic absorption, agreed with
each other for both compounds. Furthermore, the amount
of released Na " ions attained 100% of Na contents in the
samples used. From these results, it was found that all Na "
ions of NaNdTiO4 and NaYTiO,4 were perfectly exchanged
with D™ ions. In contrast to the parent compound,
NalLnTiOy4, the structure of the protonated compound,
HLnTiO4 (Ln = La, Nd, Sm and Gd), was reported to
belong to the tetragonal system with the space group
P4/nmm and be independent of the size of Ln*" ions [9].
The XRD peaks corresponding to the basal spacing of
DNdTiO4 and DYTiOy shifted toward the higher diffrac-
tion angle (26) side, compared with the parent NaNdTiO4
and NaYTiOy, respectively. The XRD patterns of both the
resulting DNdTiO4 and DYTiO,4 were indexed as the space
group P4/nmm, referring to the result of HLnTiO4
(Ln = La, Nd, Sm and Gd) [9]. Therefore, the resulting
materials were employed in the measurement for the
neutron diffraction.

As the neutron diffraction data of both DNdTiO,4 and
DYTiO4 included diffraction peaks of the vanadium
sample holder, the refinements were performed as a
mixture of two phases. For the refinements, the constraints
were applied to the site occupancy factors for all atoms,
assuming that the composition ratios of the samples were
ideal values. Furthermore, isotropic temperature factors
were applied to all atoms. Starting structural models of
DNdTiO, were constructed, referring to the result of
DLaTiO,4 [6], because the XRD pattern indicated that
HNdTiO, was isostructural with HLaTiO4. The atomic
positional data of DLaTiO4 were used as initial para-
meters, and the crystal structure of DNdTiO4 was refined
in the space group P4/mmm. After several cycles of the
least-square refinements, the observed and calculated
diffraction patterns were in good agreement with each
other as illustrated in Fig. 1.

Although the XRD pattern suggested that the crystal
structure of DYTiO,4 belongs to the tetragonal symmetry
with the space group P4/mmm, some of the observed
neutron diffraction peaks were too broad to index on the
basis of the tetragonal system. This suggests that some
diffraction peaks overlap with one another. Therefore, the
refinement of DYTiO4 was first performed using two
structural models; one is a model isostructural with
DNdATiOy,, belonging to the tetragonal symmetry with the
space group P4/mmm, and the other is a model based on
the parent NaYTiOy4 belonging to the orthorhombic
symmetry with the space group Pbcm [8]. In both the
models, the D atom was set at the general position in a
manner similar to that of DNdTiO, structural model, and
the constraints were applied to the bond distance and bond
angle between Ti and O atoms as well as the site occupancy
factors. However, neither of the patterns calculated by
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Fig. 1. Observed (plus signs), calculated (solid line) and difference (solid
line on the bottom) patterns for TOF neutron powder diffraction of
DNdTiO4. Vertical marks represent positions calculated for Bragg
reflections (upper; DNdTiO4 and lower; Vanadium holder).

these two models gave good fitness to the observed
patterns. The comparisons between observed and calcu-
lated patterns of the strongest peak at around d = 2.42A
on the diffraction pattern of DYTiO,4 are shown in inset of
Fig. 2. The result indicated that the broad peak included
extra shoulders at d =2.44 A, which could not be explained
by referring to tetragonal cell with the space group
P4 /nmm or orthorhombic cell with the space group Pbcm.
Moreover, some isotropic temperature factors’ values
became negative after refining these structural models.
Consequently, it was considered that DYTiO, crystallized
in the lower symmetry than the orthorhombic symmetry.
Then, the third structural model with the monoclinic cell
was constructed. The crystal structure was refined in the
space group P2;/c, which is one of the subgroups of the
space group Pbcm. The orientations of a-, b- and c-axes in
the space group P2; /¢ system correspond to those of c-axis
and a;- and a,- axes rotated with —n/4 around c-axis in the
space group P4/mmm system, respectively. The atomic
positional data of DYTiO4 based on Pbcm were converted
into those based on P2;/c, and used as initial parameters.
As a result, the fitness between the observed and calculated
patterns of the broad peak at d ~2.42A was significantly
improved, as shown in Fig. 2(c), and all the peaks were
indexed on the basis of the monoclinic symmetry with the
space group P2;/c. However, the refinement revealed that
this structural model was still poor, because the isotropic
temperature factor of D atom and the standard deviations
of isotropic temperature factors of Ti and Y atoms became
considerably large. Therefore, the structural model, where
the D atom was split into two different sites, i.e., D1 and
D2, was adopted in the refinement processes. The site
occupancy factor of D1 atom was employed as a para-
meter and that of D2 atom was reset. As a result, all the
atomic parameters converged into reasonable values. The
observed and calculated patterns of DYTiO,4 obtained after
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Fig. 2. Observed (plus signs), calculated (solid line) and difference (solid
line on the bottom) patterns for TOF neutron powder diffraction of
DYTiO,4. Vertical marks represent positions calculated for Bragg
reflections (upper; DYTiO,4 and lower; Vanadium holder). Comparison
between selected observed and calculated peak profiles based on the space
group (a) P4/nmm, (b) Pbem and (c) P2;/c.

several cycles of the least-square refinement were illustrated
in Fig. 2.

As the refined crystal structure of DYTiO4 by the
neutron diffraction study was different from that suggested
by the XRD study, re-indexing the XRD data of HYTiO4
was carried out on the basis of the monoclinic system. As a
result, all the observed peaks could be indexed on the basis
of the monoclinic system as well as the tetragonal system.
This is elucidated as follows; because it is difficult for XRD
to observe the reflections arisen from light elements such as
protons in compounds containing heavy elements, some
reflection peaks could not be detected in the XRD analysis.
Consequently, the monoclinic system with the space group
P2, /c was adopted as the space group of DYTiOy4. The
final structural parameters and R factors of DNdTiO4 and
DYTiO,, along with DLaTiO, are listed in Table 1.

The refined structural illustrations of DNdATiO, and
DYTiO,4 are shown in Fig. 3, together with that of
DLaTiO,4. The structure of DLnTiO4 (Ln = La, Nd and
Y) consists of (a) TiOg octahedral layers, (b) D interlayers
and (¢) LnOy polyhedral layers ordered with a sequence of
—(a)-(b)—(a)-(c)—-(a)- along the c-axis for DLaTiO4 and
DNdTiO4 and the g-axis for DYTiOy. In the DLaTiO4 and
DNdATiO, structures, the TiOg octahedra with the Ti-O
equatorial and mean apical bond lengths of 1.934(1) and
2.25A for DLaTiO, and 1.918(1) and 2.21 A for DNATiOy,
respectively, were ideally connected to each other in a
manner similar to those of the parent NaLaTiO4 and
NaNdTiOy [8]. On the other hand, the TiOg octahedra with
the mean Ti—O equatorial and apical bond lengths of 1.975
and 2.12A for DYTiOy, respectively, were distorted, and
connected to each other with the mutual tilting in a manner
similar to those of the parent NaYTiOy [8]. Although the
Na™ ions in the interlayer of the parent NaLnTiO,
occupied 9-coordinated site, the loaded protons in the
interlayer of DLnTiO4 occupied the sites different from the
Na sites. That is, the loaded protons statistically occupied
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Table 1

Structural parameters and final R values for DLnTiO4 (Ln = La, Nd and Y)

Sample Atom Site g X y z U, (A?)
DLaTiO," D 16k 1/8 0.114(1) 0.317(2) 0.4862(4) 0.037(1)
P4 /nmm (no. 129) La 2¢ 1.0 0 12 0.8823(1) 0.0047(2)
a=372320)A Ti 2¢ 1.0 0 1/2 0.2991(2) 0.0093(7)
¢ =12.3088(1) A Ol 4f 1.0 0 0 0.2563(1) 0.0064(3)
Ryp® =2.69% 02 2¢ 1.0 0 1/2 0.0772(2) 0.0077(4)
de =1.97% 03 2c 1.0 0 1/2 0.4429(2) 0.0234(6)
DNdTiO, D 16k 1/8 0.069(4) 0.322(3) 0.4905(6) 0.061(4)
P4 /nmm (no. 129) Nd 2¢ 1.0 0 1/2 0.8856(2) 0.0028(6)
a=3.7039(1) A Ti 2¢ 1.0 0 12 0.2923(4) 0.009(1)
¢ =12.0883(1)A Ol 4f 1.0 0 0 0.2507(2) 0.0023(5)
Ry, =2.73% 02 2¢ 1.0 0 1/2 0.0745(3) 0.006(1)
R, =2.17% 03 2¢ 1.0 0 1/2 0.4403(4) 0.021(1)
DYTiO, DI 4e 0.545(4) 0.464(4) 0.104(9) 0.319(10) 0.093(17)
P2y /c (no. 14) D2 4e 0.454 0.537(3) 0.278(9) 0.133(6) 0.0061(19)
a=11.460(1) A Y 4e 1.0 0.8980(5) 0.023(2) 0.254(1) 0.003(2)
b =5.2920(4) A Ti 4e 1.0 0.2826(8) —0.008(1) 0.246(3) 0.007(3)
¢ =53628(5) A 0Ol 4e 1.0 0.230(2) 0.261(6) 0.007(4) 0.026(8)
f =90.441(9)° 02 de 1.0 0.768(2) 0.267(5) 0.006(4) 0.012(5)
Ryp = 5.65% 03 4e 1.0 0.063(1) 0.045(3) 0.222(2) 0.027(4)
R, =4.14% 04 4e 1.0 0.4298(9) —0.010(3) 0.305(3) 0.013(4)

i‘Biso = 871:2 Uiso~

PRef. [6].

Rup = [ Wilbio = 3:)/ X wilyio) 12
dRp = Z [Yio *yic|/EJ’io-

Fig. 3. Schematic illustrations of the crystal structures of (a) DLaTiOy, (b) DNdTiO,4 and (c) DYTiOy,. It is noted that site occupancy factors of D atom in
DLnTiO4 (Ln = La and Nd) and DYTiO,4 are 1/8 and 1/2 (mean value), respectively.

the sites around an apical O atom of a TiOg octahedron.
Fig. 4 shows illustrations of local circumstance of the
loaded protons bonding to the apical O atom of a TiOgq
octahedron in the interlayer. The D-O bond lengths were
estimated to be 0.962(4) A for DLaTiO4, 0.930(7) A for
DNdTiO,4 and 0.72(4) and 1.22(4) A for DYTiOy4. The D-O
bond lengths for DLaTiO4 and DNdTiO4 and the mean
D-O bond lengths of 0.97 A for DYTiO4 were close to the
covalent O-H bond length, e.g., the O-H bond length in
ethanol is 0.971 A [15].

Fig. 5 shows the lattice parameters as a function of ionic
radius of the rare-earth ion for DLnTiO4 (Ln = La, Nd
and Y), together with those of the compound NaLnTiO4
(Ln=1La, Pr, Nd, Sm, Eu, Gd, Y and Lu). The cell
parameters of the orthorhombic and monoclinic systems
were normalized to those of the tetragonal system, i.e.,
average of the b/2'%+ ¢/2'/? lattice parameters and the a
lattice parameter of orthorhombic and monoclinic systems
were plotted as the « and c¢ lattice parameters of the
tetragonal system in Fig. 5, respectively. Whereas the a
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(a) /

Fig. 4. Schematic illustrations of local circumstance of loaded proton
bonding to the apical O atom of a TiOg4 octahedron in the interlayer of (a)
DLaTiOy, (b) DNdTiO4 and (c) DYTiOy4. Gray circle, D; Open circle, O.
It is noted that site occupancy factors of D atom in DLnTiO4 (Ln = La
and Nd) and DYTiO, are 1/8 and 1/2 (mean value), respectively.

lattice parameters of NaLnTiO4 were independent of the
ionic radius of Ln’" ion, the ¢ lattice parameters were
dependent on it. Furthermore, plots of the c¢ lattice
parameters for NaLnTiO4 (Ln = rare earth) were bent at
Ln = Nd. As mentioned above, the crystal structure of the
parent compound changes from P4/nmm (Ln = La—Nd) to
Pbem (Ln = Sm—Lu and Y) with decreasing ionic radius of
Ln*" ion. This structural change may lead the variety of
the ¢ lattice parameters to the bend in a series of NaLnTiOy4
(Ln = rare earth). The dependence of both the a and ¢
lattice parameters of DLnTiO4 (Ln = La, Nd and Y) on
the ionic radius of Ln*" ion showed behaviors similar to
those of NaLnTiO4 (Ln = rare earth). The indexing of the
XRD data of HGdTiO4, which was synthesized by the ion-
exchange reaction from NaGdTiOy, was carried out on the
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Fig. 5. The lattice parameters of DLnTiO, as a function of ionic radius of
the rare-earth (Ln) ion. The cell parameters of the orthorhombic and
monoclinic systems were normalized to those of the tetragonal system, i.e.,
average of the b/2' + ¢/2'7? lattice parameters and the « lattice parameter
of orthorhombic and monoclinic systems are plotted as the a and c¢ lattice
parameters of the tetragonal system, respectively. Open and filled symbols
represent DLnTiO4 and parent NaLnTiO4 (Ref. [9]), respectively.

basis of the monoclinic system to confirm these behaviors.
As a result, the estimated lattice parameters were success-
fully on the variety of the lattice parameters. Thus, the
plots suggest that HGdTiO, crystallized in the monoclinic
system with the same space group P2;/c as that of
DYTiO4. It was, however, difficult to judge whether the
HGAdTiO4 crystallized in the tetragonal system with
the space group P4/mmm or the monoclinic system with
the space group P2;/c, because neutron diffraction
measurement cannot be performed due to the large
absorption cross-section of gadolinium in HGATiOy.
Although the previous analyzed by the XRD reported that
HLnTiO4 (Ln = La, Nd, Sm and Gd) crystallized in the
tetragonal system with the space group P4/mmm [9], the
present exhibits that the crystal structures of HLaTiO4 and
HNdTiO4 are different from those of HYTiO4 (and
HGdTiO,4). Consequently, it was considered that the
crystal structure of HLnTiO, series changes between
Ln =Nd and Sm from P4/nmm to P2;/c, when the ionic
radius of Ln®" ion decreases.

4. Conclusions

Neutron diffraction study has concluded the crystal
structure of DLnTiO4 (HLrTiO4, Ln=La, Nd and Y)
prepared by the ion-exchange reaction of parent NaLnTiO4
as follows: DLaTiO4, and DNATiO, crystallized in the
tetragonal system with the space group P4/nmmm, while
DYTiO, crystallized in the monoclinic system with the
space group P2;/c. The loaded protons in the interlayer
were statistically located at the sites different from the Na
atom sites in the parent NaLnTiOy, i.e., the sites around
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the apical O atom of the TiOg4 octahedron, and covalently
bonded to the apical O atom. Furthermore, the cell
parameters of DLnTiO4 (HLnTiO4, Ln=La, Nd, Gd
and Y) as a function of the ionic radius of Ln*" ion
corresponded to the fact that the crystal structure of
DLnTiO,4 (Ln =rare earth) series changes at between
Ln = Nd and Sm from the space group P4/nmm to P2;/c.
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