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The cesium-sodium ion exchange on the hydrated molyb-
denum bronze was investigated, and the proton in the intralayer
site was found to prevent the complete ion-exchange of Cs/Na.
The hydrated bronze of Cs with a larger ionic radius showed
hydration behavior different than the bronzes of other alkali
metals. Furthermore, the low-temperature synthesis route from
hydrated molybdenum bronzes to alkali-metal molybdenum
bronzes was investigated, and it was found that the route led to
the formation of a new Cs molybdenum bronze, which was
related to the family of blue alkali-metal molybdenum bronze
A¢3Mo00O;. The lattice constants of thg bronze were a=
19.362(8), b = 7.567(2), and ¢ = 10.506(4) A, and f =121.07(3)°

(monoclinic system). © 1998 Academic Press

INTRODUCTION

Hydrated molybdenum bronzes are intercalation com-
pounds of layered molybdenum trioxide. Such compounds
have been expected to be interesting catalysts with special
reaction fields and/or ion conductors. For such applica-
tions, it has been desired that a variety of ions can be
intercalated into the host material, although so far only
specific ions (i.e., alkali-metal ions, alkaline-earth metal
ions, and a few transition-metal ions) have been intercalated
(1-3). It has been known that large ions are not directly
intercalated, and the ion-exchange technique is used for the
preparation of intercalation compounds of such ions (1). In
order to enable a variety of ions to be intercalated, it is
important to reveal the factors which control the ion-ex-
change behavior on the hydrated bronze, so we have been
studying the ion-exchange behavior over the past few years
(4-6). And, in the present work, we investigated the ion
exchange of Cs/Na.
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Furthermore, we have proposed that the hydrated bronze
becomes an effective starting material for preparation of
alkali metal molybdenum bronzes, which exhibit interesting
low-dimensional electronic properties, among others (5-9).
The alkali metal bronzes are formed from the hydrated
bronzes at temperatures about 200 K lower than the forma-
tion temperature of the usual preparation methods (using
A,M00,~MoOj; or A,MoO,~MoO;—MoO, melts) (10-12).
The formation in our low temperature route proceeds in
a solid-phase process different than those in the usual
methods. We have been studying the low temperature route,
expectig that it will provide industrial and/or scientific meri-
ts (handling easiness, formation of new types of metal
bronzes, and so on) (7). So far, four kinds of cesium molyb-
denum bronzes have been known: (i) Csy33M00; [red,
a=15862b=7728, ¢ =64080A, and = 94.37° (mono-
clinic, C2/m), characterized by infinite sheets composed of
corner-sharing subunits of six edge-sharing MoQOg octa-
hedra (eclipsed hump-double chains)] (13), (ii) Csg.,sM0O;
[copper, a = 6.425, b = 7.543, ¢ = 8.169 A, and = 96.50°
(monoclinic, P2;/m), infinite sheets composed of corner-
sharing subunits of six edge-sharing MoOg octahedra (stag-
gered hump-double chains)] (14), (iii) Csy.;oM0O, g5 (15) or
CsMo,-Oq,, (x ~0.13) (16) [blackish-blue, a = 19.063,
b =55827, ¢ =12.1147 Z\, and f = 118.94° (monoclinic,
C2/m), infinite polyhedral sheets with corner-sharing MoO,
tetrahedra and MoQOyg octahedra], and (iv) Csg.14M0O;
[dark blue, a =10.620, ¢ = 37224 (hexagonal, P6s/m),
hexagonal tungsten bronze type structure] (17). The low-
temperature technique provided a new cesium molybdenum
bronze, which was different than the above four types of Cs
molybdenum bronzes, but was isostructural with the well
known alkali metal bronze 4, 3;0M00; (4 =K, Rb, T,
usually called ‘blue bronze’) (18-21). Recently, the Man-
thiram group has reported another low-temperature route
for the preparation of alkali metal molybdenum bronzes
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(22). However, they have never reported the formation of
new alkali metal bronzes.

In this paper, we will report the interesting findings of
Cs-Na ion exchange on the hydrated bronze and details of
the formation of new cesium molybdenum bronze by our
low-temperature route.

EXPERIMENTAL
Starting Material

The starting material for the ion exchange was prepared
by the method of Thomas and McCarron (3), and its typical
composition was (Na-nH,0)p,5Hp.08-0.12M003, n =2
(vacuum dried [VD] type) or 5-6 (air-dried [AD] type).? In
order to investigate the effects of the interlayer spacing size
on the ion-exchange behavior, two types of starting mater-
ials with a different interlayer spacing (i.e., AD- and VD-
type hydrated bronzes) were used.

Since the starting materials were partially protonated,
deprotonated materials, which were obtained by treating
the original materials suspended in water with bubbled O,
gas, were also used. Various deprotonation conditions were
tried, and the completely deprotonated sample was ob-
tained by treating the material at 323 K for a week.

lon-Exchange Procedure

In a typical ion-exchange procedure, 2 g of the starting
material was suspended in 40 ml of 0.8 M cesium chloride
solution at 303 K for 24 h. N, gas was bubbled through the
suspension during the exchange. After the exchange, the
sample was filtrated and washed wth water. The unwashed
sample was also investigated to obtain reliable structural
information on the sample in suspension, if necessary.

Heat-treatment in N, of the lon-Exchanged Samples

The heat treatment of the samples was performed on
a MAC Science TG-DTA system 2010 with 100 ml/min of
N, flow. The sample was ground with a mortar and pestle,
and placed in an Al or Pt cell, with 20-40 mg of sample
treated per batch. Several batches of samples were collected,
if necessary.

Measurements and Analyses

The structure of the sample was investigated using
a RIGAKU RINT 1200 M diffractometer with CuKo radi-

2 The partially protonated compound was usually obtained according to
the preparation method of Thomas and McCarron, even if the buffer was
used to keep the solution neutral. We have already investigated why
protons were inserted during the preparation. The results will be reported
elsewhere.

ation (40 KV, 40 mA). In usual measurements the diffraction
data were collected at 20 intervals of 0.02° at a scanning rate
of 3°/min. For precise measurements, the stepwise measure-
ment with 20 intervals of 0.002° and integration time of 1s
for each step was used. For identification, the XRD patterns
were simulated using the Rietveld analysis program,
RIETAN-94 (23,24), if necessary. TG and DTA were per-
formed on the TG-TDA unit mentioned above, at a heating
rate of 10K -min~!. The Na, Cs, and Mo contents of the
samples were measured using a Hitachi atomic absorption
spectrophotometer with the 5890.0A line of Na, the
8521.0 A line of Cs, and the 3132.6 A line of Mo, respectively.
The Mo>* content of the samples was determined by the
method of Choain and Marion (25). The magnetic suscepti-
bility of the sample was measured on a Quantum Design
MPMS-2 SQUID magnetometer at 1 T of applied field. The
sample was pressed into a pellet and placed in a plastic
straw. The background caused by the straw was also meas-
ured and was used to correct susceptibility of the sample.

RESULTS

Cs/Na lon Exchange and Formation of Hydrated
Cesium Molybdenum Bronze

Figure 1 shows the XRD patterns of the samples prepared
by treating the AD-type hydrated sodium bronze (with
a larger interlayer spacing, do,o, =~ 11.4 /OX) with the Cs chlor-
ide solution, varying the treatment time. This figure shows

(¢)
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FIG 1. XRD patterns of (a) the hydrated Na bronze (AD type) and the

samples ion-exchanged for various times: (b) 30s, (c) 1h, (d) 12h, (e) 24 h,
and (f) 48 h.



14 EDA ET AL.

that 30s of treatment time is sufficient for the sample to
change its structure from the hydrated sodium bronze type
to the hydrated Cs bronze type, and suggests that the ion
exchange proceeds rapidly, similar to those of K/Na and
Rb/Na (5,6). However, according to the analysis of the
samples’ composition, the Cs/Na ion exchange was special.
Figure 2 shows the changes in the alkali-metal contents of
the sample with treatment time. About 0.05 alkali metal
(A)/Mo of Na ion was left in the sample after 48 h of ion
exchange treatment. Further ion-exchange procedure with
fresh Cs chloride solution after the 48 h treatment did not
reduce the Na content of the sample. These facts imply that
the ion exchange is not achieved completely for this case, in
contrast to the ion exchanges of K/Na and Rb/Na. The
ion-exchanged sample initiated on the VD hydrated bronze
(with a smaller interlayer spacing, dg,o = 9.7 /0\) had a high-
er Na content, as shown in Table 1, and it was suggested
that the ion exchange of Cs/Na was prevented by the small-
er interlayer spacing. Furthemore, after many efforts to
improve the ion-exchange ratio, we found that proton con-
tamination in the starting material prevented the complete
Cs/Na ion exchange. Table 1 also shows a comparison
between the samples initiated on a deprotonated Na molyb-
denum bronze and on the original hydrated Na bronze
(treatment time = 24h). The complete ion exchange was
achieved on the starting material with no proton contami-
nation, and the hydrated Cs bronze with the highest Cs
content (~023 A/Mo) was obtained. We should note that

0.25 N N
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|
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Treatment Time / h

FIG. 2. The changes in alkali-metal contents for the sample with the
treatment time. A and O indicate Na and Cs contents, respectively.

TABLE 1
Chemical Compositions of the Samples Ion-Exchanged for 24 h

Initial Final

Starting materials Na/Mo Mo**/Mo  Na/Mo Cs/Mo Mo®*/Mo

AD original bronze 0.25 0.36 0.06 0.19 0.30
VD original bronze 0.25 0.36 0.14 0.10 0.27
AD deprotonated bronze 0.23 0.23 0.00 0.23 0.23

such contamination did not affect the ion exchange for
K/Na and Rb/Na (4-6). Furthermore, we should mention
that the hydrated Cs bronze shows different behavior than
the other hydrated bronzes. So far, three types of hydrated
bronze structure have been known (3): (i) AD-type structure,
where the inserted alkali-metal ions are coordinated by only
hydration water molecules, (ii)) VD(6) structure, where the
ions are six-coordinated by two hydration water molecules
and four terminal oxygen ions of the host layer, and (iii)
VD(8) structure, where the ions are eight-coordinated by
terminal oxygen ions. The AD-type structure of the three
has the largest interlayer spacing and is usually observed in
the as-prepared sample. This type of bronze has been ob-
served for Li, Na, K, and Rb (1, 3, 6), but was not found for
hydrated Cs bronze, even in the wet as-prepared sample just
after filtration.

Structural Changes by Heat Treatments
of the lon Exchanged Samples

The alkali metal bronze can be prepared by heat-treating
the hydrated bronze in N,. This synthesis route is expected
to provide some merits, for example, in the preparation of
any alkali metal bronze, as mentioned. Therefore, structural
changes of the hydrated Cs bronze by heat-treatment in
N, were investigated. TG and DTA curves in N, of the
fully ion-exchanged sample with the composition
[Cs-0.7H,0O]y.,3M003 are shown in Fig. 3. This sample
shows endothermic peaks below approximately 520 K with
large weight loss, an exothermic peak at 623K with no
weight change, and endothermic peaks with no weight
change near 800 K. The endothermic peaks below about
520K are attributed to release of water from the sample,?
while the endothermic peaks near 800 K are ascribed to the
formation of melts. According to our experience, the
exothermic peak seemed to result from the structural
change from the hydrated bronze to an alkali metal bronze.
And the weight loss above 900 K is ascribed to decomposi-
tion of the sample. Figure 4 shows the XRD patterns of the

3 Grinding the sample tended to increase its water content. The in-
crement seemed to be due to physisorption of water.
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FIG.3. TG-DTA curves in N, of the fully ion-exchanged, hydrated Cs
bronze.

fully ion-exchanged samples heat-treated in N, at various
temperatures just before or just after the DTA peaks. The
sample below the exothermic peak at 623 K maintained the
hydrated Cs bronze structure (Figs. 4a and b), but a struc-
tural change is observed above 623 K (Fig. 4c). This struc-
tural change seemed to be due to the change from the
hydrated bronze structure to alkali metal bronze structure,
but the resultant XRD pattern could not be identified with
any JCPDS data for the compounds composed of Mo, Cs
and O. Details in identification of this phase will be given
below in Discussion. A pattern similar to that of alkali
decamolybdate, 4,Mo,,03,-nH,O (26), appeared in the
range 673-773 K and is marked with symbol @ in the figure
(Fig. 4d). This change was not associated with any obvious
changes in TG and DTA curves. The heat treatment at
973K (temperature above the melting point) resulted in
some changes in the XRD pattern (Fig. 4c).*

Figure 5 shows a comparison betweeen the fully ion-
exchanged and the Na-contaminated (prepared from the
original hydrated sodium bronze with proton contamina-
tion) bronzes for the structure after the exothermic peak at
about 620 K. This figure also shows the XRD pattern of the
sample initiated on the original hydrated sodium bronze
(Fig. 5c), which is mainly attributed to the purple sodium
molybdenum bronze, Nay, MosO;-,. The incomplete ion-
exchanged sample (with 0.06 Na/Mo and 0.19 Cs/Mo)
showed some peaks due to Nay ¢MosO4 - (Fig. 5b), indicat-
ing that the Na contamination resulted in the formation of

“In the XRD pattern, the lines due to the decamolybdate-like phase
disappeared (Figs. 4d and 4e). We think that some of the other changes in
the XRD pattern are related to crystal growth in a particular direction
during solidifying, but the resultant pattern has not been fully identified yet.

XRD Intensity

Two Theta / degree

FIG. 4. The changes in XRD pattern of the fully ion-exchanged hy-
drated Cs bronze with the heat-treatment temperature: (a) no heat treat-
ment, (b) 463K, (c) 673K, (d) 773K, and (¢) 973 K. @ indicates the peaks
newly appeared in the temperature range 673-773 K.

Nag.oMogO;-. The lines, especially that at 20 = 23.1°, were
rather large, although the Na content was not so large (the
sample contained about 35wt % of Nay oMocO17, if all Na
ions in the sample were used to form Nay ¢MosO;5). And
the line at 20 = 23.1° (indicated by a dotted line) could be
used to check qualitatively whether the ion-exchange
sample was contaminated by Na™.

DISCUSSION

Cesium—Sodium lon Exchange Behavior on
the Hydrated Bronze

As mentioned above, the complete ion exchange of Cs/Na
was prevented by protons in the intralayer sites, in contrast
to the ion exchange of K/Na and Rb/Na. At first, the
prevention of complete ion exchange seemed to result from
the larger ionic radius of Cs, since a similar effect was seen in
the case where hydrogen was inserted into alkali de-
camolybdates with large one-dimensional channels (tun-
nels) in their structure.’ Figure 6 shows schematic models of
the hydrated bronzes. The hydrated Cs bronze adopts only

5 Hydrogen insertion to alkali decamolybdate was prevented by large
alkali ions in tunnel sites. This effect was suggested to result from the
electrostatic repulsion between proton and alkali-metal ions. The details
will be reported elsewhere.
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FIG. 5. The XRD patterns of the samples after the exothermic peak
near 620 K initiated on (a) the fully ion-exchanged, hydrated Cs bronze, (b)
the Na-contaminated, hydrated Cs bronze, and (c) the hydrated Na bronze.
@ indicates the peaks of Nag oMogOy .

TABLE 2
Interlayer Spacing of the Hydrated Bronzes®
Ionic radii® AD VD(6) VD(8)
Guest ion r6) r(8) doyo spacing  doyo spacing  doyo Spacing
Na 1.16 132 1144 524 9.69 349 — —
K 1.52 1.65 1140 5.20 10.56 4.36 9.24 3.04
Rb 1.66 175 11.29 5.09 — — 9.42 3.22
Cs 1.81 1.88 — — — — 9.73 3.53

“The values are given in A. Spacing is calculated by an equation, dy,o — 6.20, where
the value 6.20 is the thickness of the layer calculated from the atomic positions of
terminal oxygen of the layer (27).

by (6) and r (8) indicate ionic radii for six-coordination, and eight-coordination,
respectively (28).

the VD(8) structure (Fig. 6¢), and the prevention of complete
ion exchange can be explained by the electrostatic repulsion
between Cs™ ions in the interlayer sites and protons (H") in
the intralayer sites. As shown in Table 2, the interlayer
spacing (‘spacing’ in the table) varies with the size of alkali-
metal ion in the interlayer site for VD(8)-type bronzes, and
this fact means that the separation between the alkali ion
and proton in the intralayer site does not vary much with
the size of the cation. So, the repulsion in the VD(8)-type
hydrated bronzes of the other alkali metals (K, Rb) is

: Alkali-metal fon, N A
O R Oxygen ion (z=0, z=0.5), /\/\\/\ Zig-zag chain
e N

r " A Y
i . :
®’ e } :Hydration water,

Hydrated
alkali-metal
ion

(a) AD type structure
A =Li,Na,K,Rb

@ :Molybdenum ion, 5 .

(b) VD (6) type structure
A =Li,Na, K

: Proton site

(c) VD (8) type structure
A =K,Rb, Cs

FIG. 6. Schematic models of the hydrated alkali metal bronzes. (a,b) were drawn for Na, while (c) for Cs. For the lattice constant ¢ and atomic
positions for Mo and O, the values obtained from the Rietveld analysis of powder neutron diffraction for the VD (6) type of hydrated Na bronze (27) were
used in common, and for the basal spacing, dy,0, the respective values in Table 2 were used. Oxygen and alkali-metal ions were expressed in a correct
reducing scale using their ionic radii given in the literature (28).
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expected to be similar. However, the complete ion exchange
was observed for K/Na and Rb/Na ion exchanges with
formation of VD(8)-type bronzes. For these two ion ex-
changes, the structure during the exchange process was
usually the AD-type (Fig. 6a), where the repulsion was not
likely to occur because of the hydration of the alkali-metal
ion. Only for the ion exchange of Cs/Na, was the VD
structure directly formed during the ion exchange process.
Thus, we suggest that this difference in structure during the
exchange process (i.e., the difference in hydration behavior
of the bronze) resulted in the prevention of complete ion
exchange only for the case of Cs/Na exchange.

Formation of New Cesium Molybdenum Bronze

To identify the phases formed by the heat treatment, we
used the XRD pattern obtained by the precise measurement
described above in Experimental. And, since JCPDS data
are not available for all known compounds, we calculated
the XRD patterns of all Cs molybdenum bronzes known so
far using the crystal data from the literature in order to
compare the XRD pattern of the present sample with them.
Figure 7 shows a comparison of the observed XRD pattern
with simulated ones. Although the XRD patterns of

XRD Intensity

10 20 30 40 50 60
Two Theta / degree

FIG.7. XRD patterns: (a) observed pattern for the fully ion-exchanged
bronze heated at 773K in N,, and simulated patterns (b) Cs decamolyb-
date, (c) Cs molybdenum bronze with K4 3;MoO;-type structure, (d) Csg ;5
MoOs, (e) Csy.14M003, (f) CsMo,_,O4,, and (g) Csy.33M00;.

Csg.14M0O; and Cs-decamolybdate® are very similar, the
XRD pattern of the phase in the sample appeared in the
temperature range 673-773 K (cf,, Figs 4c and d) and match-
ed the XRD pattern of the decamolybdate better than that
of Csy14M00O; (Figs. 7a, b, and ¢). Thus, the phase was
attributed to Cs-decamolybdate. The rest of the lines of the
XRD pattern in Fig. 7a could be indexed by a monoclinic
cell. The lattice parameters were a = 19.362(8), b = 7.567(2),
¢ = 10.506(4) A, and p =121.07(3)°, based on a least-
squares fit of 27 powder diffraction lines, which were not
overlapped with those of Cs-decamolybdate, with 20 < 60°.
These lattice parameters were similar to those of the blue
alkali metal molybdenum bronze A, 3;Mo0OQO;. The pattern
for the blue bronze structure of Cs was simulated using the
atomic positions of K, 3M00Oj5 (19).” The simulated pattern
is shown in Fig. 7c, and agrees well with the observed one
(Fig. 7a). Thus, the phase appearing with the exothermic
peak at 623K is suggested to have 4, 3M00O; type struc-
ture. This fact indicates the formation of new Cs molyb-
denum bronze, since the Cs analogue of 4, ;Mo0QO; has not
been found or has been known not to form. As the blue
bronzes have been known to exhibit a metal-to-insulator
transition (MIT) at about 180K (29-31), the magnetic
behavior of the sample in the temperature range where the
MIT can be observed was also measured. The result is
shown in Fig. 8, together with the literature data for
Ky.3M00;. For the Cs sample as well as K, ;M00;, the
transition from paramagnetic to diamagnetic susceptibility
is seen at about 180 K, indicating the MIT. This result also
supported the formation of the blue bronze type phase.

CONCLUSION

In the present work, we investigated the ion-exchange
behavior of hydrated molybdenum bronzes and revealed
that the protons in the intralayer sites played an important
role in the ion exchange of guest ions in the interlayer sites.
This finding indicates that the introduction of protons be-
comes an effective modification of host structure, and it
appears that such modification can be used to control the
ion-exchange behavior of materials. Moreover, we found
that our low-temperature route led to the formation of
a new Cs molybdenum bronze which was isostructural with
Ao.3M005;, A =K, Rb, Tl. The Cs analogue of the blue
molybdenum bronzes could not be prepared previously by

®We determined the structural parameters of cesium decamolybdate
with the composition Csg 7, M0(03¢.55°2.77H,0 by the Rietveld analysis
of powder X-ray diffraction. The values were used for simulation. The
structural data will be reported elsewhere.

7 The atomic positions given in Ref. (19) were transformed to a C2/m unit
cell and used for the simulation. Since we never refined the atomic positions
and so on, the calculated intensity cannot be related to the observed
intensity exactly.
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FIG. 8. Magnetic susceptibility of the samples: (O) for fully ion-ex-
changed, hydrated bronze heated at 773 K in N, () for K.3:Mo00O; (29),
and (A) for Ky 3;Mo0O3, (30). Diamagnetic contributions of the lattice and
inserted alkali-metal ions were not subtracted.

conventional high-temperature techniques. Such low-tem-
perature routes are likely to provide many opportunities for
obtaining new materials.

The thermodynamical estimation of the effects due to the
modification and preparation of single phase alkali-metal
molybdenum bronzes by our synthesis route will be re-
ported fully in the future.
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