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The Raman spectra of layered titanium oxides, NaLnTiO4,
Na2Ln2Ti3O10, HLnTiO4, and HLnTiO4 · xH2O (Ln 5 lanthan-
ides), were investigated. The assignment of the Raman bands was
based on the structural data. The characteristic major band
around 900 cm21 of parent sodium compounds, which is assigned
to the symmetric stretching mode of a short Ti–O bond, was not
observed for proton-exchanged derivatives but instead a broad
weak band around 820 cm21 appeared. Such a change is proposed
to result from the replacement of an ionic Ti–O2Na1 bond by
a covalent Ti–O–H bond. The difference in Brønsted acidity
between titanium oxides and niobium oxides with similar struc-
ture could be explained by comparison of their Raman spectra
before and after proton exchanges. A structural rearrangement
by the intercalation of a water molecule into a proton layer gave
two bands around 770 and 900 cm21, which were assigned to two
types of terminal Ti–O bonds with different bond orders. In
addition, several characteristic modes of layered-type titanium
oxides were systematically compared and assigned. (( 1997

Academic Press

INTRODUCTION

Layered oxides with structures related to that of perov-
skite can be generally formulated A

m
[A@

n~1
B
n
O

3n`1
], where

A@
n~1

B
n
O

3n`1
is the perovskite-type layer and A is an inter-

layer cation. Each layer has corner-shared BO
6

octahedra
with different extents of distortion. The large A@ cations
occupy 12-coordinate sites as found in the perovskite lattice.
The thickness of each perovskite layer is then given by the
value of n that determines the number of BO

6
octahedra

corner-shared perpendicular to the layers. When the layer
charge is low (m"1), the A cations occupy tetragonal
prismatic, trigonal prismatic, or tetrahedral sites depending
on their size. While a large Tl, Rb, or Cs occupies the
tetragonal prismatic site, for instance, a smaller K occupies
the trigonal prismatic site of ACa

2
Nb

3
O

10
(A"K, Rb, Cs,

Tl) with low layer charge density (1, 2). Many compounds of
this structure were observed to exchange interlayer cations
in molten salt or under acidic conditions (3—5). If the layer
1To whom correspondence should be addressed.
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charge density is higher, the A cations then occupy 9-
coordinate sites between the perovskite layers (6). Most of
the phases of this general type contain two interlayer A
cations (m"2) per formular unit and have shown no inter-
layer reaction chemistry. Only a few examples are found
to be reactive for ion exchange in the literature;
A

2
¸n

2
Ti

3
O

10
(A"K or Rb, ¸n"lanthanides) exhibiting

easy ion exchange of the alkali metal in aqueous or molten
salt media were reported (7). Another compound similar to
those with m"2, Na¸nTiO

4
(¸n"lanthanides) (8), was

also observed to exchange the interlayer sodium ion with
lithium (9), silver (10), and proton (11). The difference in
reactivity for ion exchange between the compounds with
m"1 and m"2 had been understood to be similar to that
between the readily exchangeable smectite of low interlayer
cation density and the hardly exchangeable micas of higher
interlayer cation density (12).

The compounds with m"1 and m"2 also show very
different intercalation reactivity of organic bases into the
layers. For instance, HCa

2
Nb

3
O

10
(m"1) reacts with

the weak bases such as pyridine and aniline (13), while
H

2
La

2
Ti

3
O

10
(m"2) does not intercalate even stron-

ger bases such as alkylamines (14). However, such a dif-
ference was proposed to be independent of the interlayer
cation density but dependent on the nature of the oc-
tahedra to which the protons are connected; the protons
attached to TiO

6
octahedra are assumed to be less acidic

than those attached to NbO
6

octahedra. The acidity of
HCa

2
Nb

3
O

10
, therefore, could be controlled by incorpora-

tion of Ti in the Nb site. A general trend showing that
protonated niobium oxides are more acidic than proto-
nated niobium—titanium oxides, which have higher acidity
than protonated titanium analogs (13, 15), supported this
assumption.

In this study, various layered titanium oxides and their
protonated and hydrated derivatives with different thick-
nesses of perovskite layer, Na¸nTiO

4
, Na

2
¸n

2
Ti

3
O

10
,

H¸nTiO
4
, and H¸nTiO

4 · xH
2
O (¸n"La, Nd, Sm, Gd),

were systematically characterized by Raman spectroscopy.
To investigate the main factor deciding the relative acid-
ity, all the Raman spectra were compared with those of
niobium compounds with similar structure. Interestingly,
0



4

TABLE 1
Unit Cell Parameters of Some Layered Titanate Oxides

Compounds a (As ) c (As )

NaLaTiO
4

3.77343(4) 13.0178(1)
NaNdTiO

4
3.75055(4) 12.8242(1)

NaSmTiO
4

3.76127(4) 12.6335(2)
NaGdTiO

4
3.77085(7) 12.4644(2)

HLaTiO
4

3.7200(1) 12.3012(2)
HLaTiO.

4 · 0.4H
2
O 3.7535(1) 28.1403(7)

HNdTiO
4

3.6971(1) 12.0928(1)
HSmTiO

4
3.6882(1) 11.9863(2)

HSmTiO.
4 · 0.5H

2
O 3.7253(1) 27.3496(9)

HGdTiO
4

3.7000(1) 11.7750(3)
Na

2
La

2
Ti

3
O

10
3.83608(5) 28.5383(4)

Na
2
Nd

2
Ti

3
O

10
3.8168(1) 28.2816(8)

Na
2
Sm

2
Ti

3
O

10
3.8031(1) 28.2337(9)

Na
2
Gd

2
Ti

3
O

10
3.7872(1) 28.2784(9)
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the Raman spectra of Na¸nTiO
4

and Na
2
¸n

2
Ti

3
O

10
re-

semble in several aspects those of KCa
2
Nb

3
O

10
,

HCa
2
Nb

3
O

10
, and HCa

2
Nb

3
O

10 · xH
2
O (16). As pre-

viously reported, the sodium ion of Na¸nTiO
4

and
Na

2
¸n

2
Ti

3
O

10
is exchanged by a proton in a topochemical

reaction (7, 11), while proton exchange of KCa
2
Nb

3
O

10
is

accompanied by structural rearrangement (3). If there is
a large difference in Brønsted acidity between layered tita-
nium oxides and niobium oxides, therefore, it can be ex-
pected that the Raman spectra of their protonated deriva-
tives will be considerably different from each other. From
this comparison, we could successfully assign several char-
acteristic modes of layered-type titanium oxides and explain
the difference in Brønsted acidity between titanium oxides
and niobium oxides with similar structure. Such results
could be used to assign the vibrational modes of other
titanium oxides with potential applications as acid catalysts
and photocatalysts.

EXPERIMENTAL

Na¸nTiO
4

(¸n"La, Nd, Sm, and Gd) and Na
2
¸n

2
Ti

3
O

10
(¸n"La, Nd, Sm, and Gd) were prepared as pre-

viously described (7, 8). The stoichiometric amounts of
¸n

2
O

3
, TiO

2
, and 20% excess of Na

2
CO

3
were mixed,

slowly heated to 800°C (2°C/min), and kept constant for
12 h in air. The residual powder was ground, heated at
900°C (for Na¸nTiO

4
) or at 1050°C (for Na

2
¸n

2
Ti

3
O

10
)

with intermittent grinding for 2 days, and cooled in the
furnace. After the reaction, the products were washed with
distilled water and dried at 120°C.

The parent Na¸nTiO
4

oxides were converted to the
hydrogen analogs by ion exchange in aqueous acid (11).
Na¸nTiO4 was stirred in 0.05—0.1 NHNO

3
solution for

24 h at room temperature. The product was filtered,
washed with distilled water, and dried at 120°C for 1 h.
Hydrated forms of HLaTiO

4
and HSmTiO

4
were obtained

when the sample was dried at room temperature after ex-
change rather than at 120°C. From several thermogravimet-
ric analyses, the average compositions of hydrated forms
were close to HLaTiO

4 · 0.4H
2
O and HSmTiO

4 · 0.5H
2
O,

respectively.
A double monochromator (Jobin-Ybon Model U1000)

with a photon counter (Stanford Model SR400) was used
to obtain Raman spectra. The samples were excited by
the 488-nm line of the Ar` laser (Lexel Model 95) with
10 mW of power. The laser beam was focused on the
sample and the scattered light was collimated into the
spectrometer by 180° angle configuration. The Raman
spectra were collected at room temperature and analyzed
with Igor Pro software (WaveMetrics). The overall spectral
resolution of the spectra was determined to be about
2 cm~1.
RESULTS AND DISCUSSION

X-ray diffraction patterns of all the compounds prepared
for this work were indexed based on tetragonal symmetry,
and estimated unit cell parameters are listed in Table 1.
As previously mentioned (11), a c-axis doubling by water
intercalation was observed in HLaTiO

4 · 0.4H
2
O and

HSmTiO
4 · 0.5H

2
O. The structures of Na¸nTiO

4
(P4/nmm,

Z"2) and Na
2
¸n

2
Ti

3
O

10
(I4/mmm, Z"2) are schemati-

cally compared in Fig. 1. The lengths of Ti—O bonds in
NaLaTiO

4
(8) and Na

2
La

2
Ti

3
O

10
(17) are illustrated as an

example in the boxes of Figs. 1a and 1b, respectively.
Na¸nTiO

4
consists of alternate (NaO)

2
and (¸nO)

2
double

layers arranged with a sequence of — (NaO)
2
—TiO

2
—

(¸nO)
2
—TiO

2
— along the c axis. The titanium atoms are

displaced out of plane toward (NaO)
2
double layers, leading

to a considerable distortion of TiO
6

octahedra with a very
short Ti—O2 bond (&1.72 As ) and a long Ti—O3 bond
(&2.66 As ). (¸nO)

2
layers are corrugated, while (NaO)

2
layers are almost flat. In Na

2
¸n

2
Ti

3
O

10
, triple perovskite-

like layers consisting of corner-shared TiO
6

octahedra are
separated by the (NaO)

2
layers only. As demonstrated in the

box of Fig. 1b, a displacement of the Ti atom toward the
(NaO)

2
double layers results in slightly distorted central

TiO
6

octahedra and highly distorted TiO
6

octahedra which
are similar to those of NaLaTiO

4
.

The TiO
6

octahedron in Na¸nTiO
4

is characterized by
C

4v
symmetry. Assuming that the other external modes are

well separated in first approximation, the internal mode
analysis of this group reveals 5A

1
, B

1
, 2B

2
, and 6E sym-

metry Raman active modes. Since the translations and rota-
tions span the representations A

1
#2E, 11 bands could be

expected in the Raman spectra for Na¸nTiO
4
. In Fig. 2, the

experimental Raman spectra of Na¸nTiO (¸n"La, Nd,



FIG. 1. Schematic illustrations of the structures of (a) Na¸nTiO
4

and (b) Na
2
¸n

2
Ti

3
O

10
(¸n"lanthanides) perpendicular to the c direction of the

tetragonal unit cell. The large shaded circles are the ¸n atoms, and the small shaded circles are the Na atoms. In proton-exchanged analogs, the hydrogen
atoms occupy the Na sites. Squares represent TiO

6
octahedra. The Ti—O distances in NaLaTiO

4
and Na

2
La

2
Ti

2
O

10
are introduced in the boxes of (a) and

(b), respectively.
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Sm, and Gd) are compared as a function of the ¸n atom.
The characteristic Raman bands are visible in the regions
270—340, 520—530, 600—610, and 890—910 cm~1. The
Raman bands around 300, 530, and 900 cm~1 are not mark-
edly dependent on the ¸n atoms. The Raman band at
272 cm~1 in NaLaTiO

4
shifts toward higher wavenumber

upon replacement of La by Nd, Sm, and Gd and is super-
posed to the band around 300 cm~1 in NaSmTiO

4
(302 cm~1) and NaGdTiO

4
(312 cm~1). The frequency of

the band around 320—340 cm~1 also gradually increases,
while the frequency of the band around 600—620 cm~1 goes
through a maximum for ¸n"Nd (624 cm~1). From inter-
nal mode analysis of the Raman and infrared spectra of
NaLaTiO

4
and NaYTiO

4
, Blasse and Van Den Heuvel (18)

assigned the strong band around 900 cm~1 to the symmet-
ric stretching mode (l

1
) of the short Ti—O bond, the band

around 600 cm~1 to the asymmetric stretching mode (l
3
),

and the bands below 400 cm~1 to external modes located in
the (¸nO)

2
layer. Such assignments are in agreement with

Fig. 2 and the structural data of Na¸nTiO
4

(¸n"La, Nd,
Sm, and Gd) (8). The band around 900 cm~1, which is not
observed in the Raman spectra of Sr

2
TiO

4
, Sr

3
Ti

2
O

7
, and

Sr
4
Ti

3
O

10
with similar arrangement or in other titanium
oxides (19), must be related to a very short Ti—O distance
(&1.72 As ). This symmetric stretching mode is comparable
with that (930 cm~1) of the Nb—O bond with double bond
character in KCa

2
Nb

3
O

10
(16). The high intensity band

around 600 cm~1, which is completely forbidden for the
octahedron with inversion symmetry, is also consistent with
the strong deviation from the regular TiO

6
octahedron. The

differences in position and relative intensity of this band
indicate the different extent of octahedral distortion as
a function of ¸n and agree well with the structural data. If
we compare Fig. 2 with the bond angles and bond lengths in
Table 2, for instance, the most intense band in this region is
observed in NaNdTiO

4
, where O1—Ti—O1 angle (see Fig. 1)

is the smallest of those in the four compounds. Moreover,
the position of this band changes as a function of the Ti—O1
distance, the highest frequency band being also observed
with NaNdTiO

4
of the shortest Ti—O1 bond. Such a dif-

ferent extent of distortion would be induced by high flexibil-
ity in corrugation of the (¸nO)

2
layer (8). Although the

bands below 400 cm~1 could be related to the rock-salt-
type layer-related modes (20, 21), the assignments are not
straightforward with these spectra. A comparison of the
Raman spectra of Na¸nTiO

4
with those of Na

2
¸n

2
Ti

3
O

10



FIG. 2. Raman spectra of Na¸nTiO
4

(¸n"La, Nd, Sm, and Gd). FIG. 3. Raman spectra of Na
2
¸n

2
Ti

3
O

10
(¸n"La, Nd, Sm, and Gd).
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and H¸nTiO
4

was required to give successful assignments
to the bands in this region.

Figure 3 shows the Raman spectra of Na
2
¸n

2
Ti

3
O

10
(¸n"La, Nd, Sm, and Gd). Similar to the case of Na¸n
TiO

4
, a strong sharp band around 900 cm~1 is common to

all these oxides. The bands around 520 and 580 cm~1 are
also observed. Unlike Na¸nTiO

4
, however, Na

2
¸n

2
Ti

3
O

10
possesses only one strong band below 400 cm~1 and addi-
TABLE 2
Selected Bond Angles and Bond Lengths of NaLnTiO4 and

Na2Ln2Ti3O10 (8, 17)

Na¸nTiO
4

Na
2
¸n

2
Ti

3
O

10

Bond angle (°) Bond length (As ) Bond angle (°) Bond length (As )
¸n (O1—Ti—O1) (Ti—O1) (O4—Ti—O4) (Ti—O4)

La 154.3 1.953 158.1 1.96
Nd 153.4 1.927 152.1 1.97
Sm 153.8 1.931 152.7 1.96
Gd 153.8 1.936 152.7 1.96
tional bands in the regions 450—470 and &680 cm~1. As
illustrated in Fig. 1, the structure of Na

2
¸n

2
Ti

3
O

10
contains

a highly distorted TiO
6

octahedron as found in Na¸nTiO
4

as well as a slightly distorted central one. In addition, there
is only a (NaO)

2
layer in this structure, all the lanthanide

atoms occupying 12-coordinated sites. These structural
features reflect the fact that the band around 900 cm~1 in
Fig. 3 is associated with the symmetric stretching mode of
highly distorted TiO

6
octahedra, and the bands around 520

and 580 cm~1, which are also observed around 520 and
600 cm~1 in Na¸nTiO

4
, are related to the asymmetric

modes of highly distorted TiO
6

octahedra. A change in the
intensity of the band around 580 cm~1, similar to that of the
band around 600 cm~1 of Na¸nTiO4, is well correlated
with the change of the O4—Ti—O4 bond angle (Table 2). The
independence of the band position on the ¸n atom agrees
with constant Ti—O4 distance within experimental errors. In
contrast, the band around 520 cm~1 shifts to a higher
frequency region from ¸n"La to Gd, showing a different
tendency from that of the band around 528 cm~1

of Na¸nTiO
4
. Such behavior is likely because the central

perovskite layer in Na ¸n Ti O is not flexible (8).

2 2 3 10



FIG. 4. Raman spectra of H¸nTiO
4

and H¸nTiO
4 · xH

2
O (¸n"La,

Nd, Sm, and Gd).
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Although the unit cell a parameter does not show any
decreasing tendency with Na¸nTiO

4
, that for

Na
2
¸n

2
Ti

3
O

10
gradually decreases when the lanthanide ion

becomes smaller, as shown in Table 1. This structural con-
sideration would suggest that the Raman active mode re-
lated to the plane perpendicular to the c axis will be depen-
dent on the size of the ¸n atom. Additional bands in the
regions 450—470 and &680 cm~1, which are absent in
the spectra of Na¸nTiO

4
, must consequently be due to the

slightly distorted central TiO
6

octahedra. For TiO
6

octa-
hedra with inversion centers, a strong band is generally
observed in the 500—720 cm~1 region (18, 22, 23). The
spectra below 400 cm~1 are quite different from those of
Na¸nTiO

4
possessing both (¸nO)

2
and (NaO)

2
layers.

When the absence of (¸nO)
2

layers in Na
2
¸n

2
Ti

3
O

10
is

considered, it is evident that the band around 298 cm~1 in
Fig. 3 corresponds to the (NaO)

2
layer-related mode. The

fact that the frequency of this band remains constant despite
the change in ¸n supports this picture. Hence, it is con-
cluded that the band around 300 cm~1 in Fig. 2 is similarly
associated with the (NaO)

2
layers while the bands that shift

from 272 and 326 cm~1 to higher wavenumber upon the
replacement of La with Nd, Sm, and Gd can be assigned to
the (¸nO)

2
layer-related modes. Such assignments are con-

firmed again by the scattering patterns of protonated com-
pounds.

The Raman spectra of H¸nTiO
4

(¸n"La, Nd, Sm, and
Gd) are shown in Fig. 4. When these are compared with the
spectra of the parent sodium compounds (Fig. 2), two differ-
ences in the scattering patterns can be pointed out: (i) Only
two bands are visible below 400 cm~1. The band around
300 cm~1 that is observed in Na¸nTiO

4
or Na

2
¸n

2
Ti

3
O

10
disappears. (ii) The major band around 900 cm~1 is absent
but a new weak band appears around 820 cm~1. An absence
of one band lower than 400 cm~1 clearly reflects that an
(NaO)

2
layer does not exist in H¸nTiO

4
. The gradual shift

to higher wavenumber of two bands in this region from
¸n"La to Gd is explained by the change in the (¸nO)

2
layer. The band around 526 cm~1 is not influenced by the
exchange of a sodium ion with a proton and the position of
this band is independent of the ¸n atom. The band in the
570—610 cm~1 region shows a dependence on ¸n similar to
that of parent sodium compounds. A decrease in relative
intensity and frequency of this band suggests a decrease in
TiO

6
octahedral distortion. When the highest frequency

band is compared, a marked change is induced by proton
exchange. The major Raman band around 900 cm~1 for
parent Na¸nTiO

4
disappears and instead a broad band

with significantly decreased intensity appears around
820 cm~1, which is almost constant for all the protonated
compounds. The disappearance of the band around
900 cm~1 must result from the absence of a Ti—O2—Na
connection with a very short Ti—O2 bond along the c direc-
tion. As a consequence, the appearance of the band around
820 cm~1 is associated with the formation of a Ti—O2—H
connection in H¸nTiO

4
. Since Raman spectroscopy is sen-

sitive to the bond order in the structure (24, 25), a large shift
of the Raman frequency from &900 to &820 cm~1 would
suggest a weakening of the Ti—O2 bond. Thus, it can be
deduced that an O2—H bond with highly covalent character
is formed when sodium forming a highly ionic bond with O2
is replaced by hydrogen. Recently, the Raman spectra of
KCa

2
Nb

3
O

10
and HCa

2
Nb

3
O

10
and its hydrated deriva-

tive were investigated (16). A highly distorted NbO
6

oc-
tahedron, resembling the TiO

6
octahedron in Na¸nTiO

4
and Na

2
¸n

2
Ti

3
O

10
, is present in these compounds. While

there are terminal Nb—O bonds with double bond character
in KCa

2
Nb

3
O

10
, in contrast, there is no terminal Ti—O

bond in Na¸nTiO
4

and Na
2
¸n

2
Ti

3
O

10
, all the interlayered

terminal oxygens form Ti—O—Na bonds. It is surprising
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that, despite such structural difference, the Raman spectra of
these niobium compounds are quite similar to those of
layered titanium compounds in this work. Therefore, we
expected that the change in the Raman spectra of parent
potassium niobium compounds after proton exchange will
be similar to that for titanium compounds. Of interest to us,
however, is the fact that a strong Raman band at frequency
higher than 900 cm~1 was observed in a proton-exchanged
HCa

2
Nb

3
O

10
(&960 cm~1) as well as a parent

KCa
2
Nb

3
O

10
(&930 cm~1). The proton exchange of this

compound is accompanied by structural transformation
(1, 2). When hydrogen replaces potassium, the interlayered
terminal oxygen forms an —OH group that interacts with the
terminal oxygen in the adjacent layer by the connection
NbO—H2ONb. The observation of a strong band at
&960 cm~1 in the Raman spectra of HCa

2
Nb

3
O

10
shows

that the terminal Nb—O bond order does not decrease after
the replacement of terminal Nb—O or Nb—O—K by the
Nb—O—H linkage, indicating the low covalent character of
the O—H bond. Such a weak O—H bond may explain the
higher Brønsted acidity for the niobium compounds than
for the titanium compounds with similar structure (14).

The Raman spectra of the hydrated titanium oxides,
HLaTiO

4 · 0.4H
2
O and HSmTiO

4 · 0.5H
2
O, are compared

with those of homologous compounds in Fig. 4. The vibra-
tional frequencies of the bands at 510—610 cm~1 and lower
than 400 cm~1 remain almost the same as those of unhyd-
rated types. This result suggests that water intercalation
does not influence the (¸nO)

2
layer-related modes and the

distortion of TiO
6

octahedra. The band at &820 cm~1 is,
however, absent but two broad weak bands are observed at
FIG. 5. Idealized representations of proton layers. The octahedra corresp
sodium phase, the protons occupying the sodium sites and the adjacen
H¸nTiO

4 · xH
2
O (¸n"lanthanides, x+0.5), the adjacent blocks separated

The terminal Ti—O bonds are induced by such displacement; about half of th
circle is a water molecule intercalated into the layer and the large open circ
&770 and &900 cm~1. This difference is associated with
the structural change in the proton layer with hydration.
H¸nTiO

4
retains the structure of parent Na¸nTiO

4
(Fig. 1),

adjacent layers having the staggered conformation shown in
Fig. 5a. Due to the relative displacement of the proton layer
toward eclipsed conformation, on the contrary, a doubling
of the c axis is induced with hydration. Such a structural
rearrangement is illustrated in Fig. 5b. Considering that the
position of the hydrogen atom is variable, two possible
explanations could be given. Since the amount of inter-
calated water (&0.5 H

2
O per formula unit) indicates that

about 50% of the possible sites for the water molecule are
vacant, it is likely that the band around 900 cm~1 is due to
the Ti—O~H

3
O` bond and that around 770 cm~1 is due to

the Ti—O—H bond. A decrease from &820 (H¸nTiO
4
) to

&770 cm~1 could be induced by an electron density shift
from the neighboring Ti—O~ bond. From another point of
view, the intercalation of a water molecule into a proton
layer is expected to give two types of Ti—O bond along the
c direction as shown in Fig. 5; one is a terminal Ti—O bond
which may have a double bond character, as the Nb—O
bond in KCa

2
Nb

3
O

10
, and the other is also a terminal

Ti—O bond but is directly hydrogen bonded to the water
molecule. The translation of adjacent layers to form opti-
mum hydrogen bondings is observed in the hydrated types
of many protonated oxides (26, 27). Such a hydrogen bond-
ing via a water molecule results in a decrease in the Ti—O
bond order and corresponding vibrational frequency. A
similar Raman shift with hydration was also observed in
HCa

2
Nb

3
O

10 · xH
2
O (16). Accordingly, the bands at &770

and &900 cm~1 could be assigned to the Ti—O bond of
ond to the TiO
6
unit. (a) H¸nTiO

4
retains the layered structure of the parent

t blocks having the staggered conformation. (b) In the hydrated type,
by a proton layer are displaced toward eclipsed conformation of each other.
em are directly hydrogen bonded to the water molecule. The large shaded
les are vacant sites for water molecules.
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lower bond order due to the hydrogen bonding with the
water molecule and the terminal Ti—O bond of higher bond
order around the vacant site, respectively.

CONCLUSION

When the Raman spectra of Na¸nTiO
4

and Na
2
¸n

2
Ti

3
O

10
, both of which contain highly distorted TiO

6
oc-

tahedra, are compared, the bands around 900 and
580—610 cm~1 are assigned to the symmetric stretching and
asymmetric stretching modes of distorted TiO

6
octahedra,

respectively. If we consider the fact that Na¸nTiO
4

pos-
sesses (NaO)

2
and (¸nO)

2
layers while there are only (NaO)

2
layers in Na

2
¸n

2
Ti

3
O

10
, the band at around 300 cm~1

observed in both types of compounds can be assigned to the
(NaO)

2
layer-related mode. The other bands at 200—400

cm~1 must consequently be related to the (¸nO)
2

layer.
A large shift of the highest frequency band of Na¸nTiO

4
toward lower wavenumber, indicating a considerable de-
crease in Ti—O bond order, is observed upon proton ex-
change. Weakening of the Ti—O bond along the c direction
results from the formation of a strong O—H bond. The
highly covalent character of the O—H bond makes proto-
nated titanium oxides less acidic than homologous niobium
oxides that contain the O—H bond of ionic character. Water
intercalation accompanied by structural rearrangement
gives two types of Ti—O bonds, which is evidenced by the
observation of two bands at around 770 and 900 cm~1. It is
expected, therefore, that structural displacement will strong-
ly decrease the covalent character of the O—H bond. The
results of this work imply that the intercalation of water into
the layer of similar protonated titanium oxides would in-
duce much higher Brønsted acidity.
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