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This paper reports characterization of sodium cobalt oxides related to a P3-phase superconductor (space
group R3m) newly found other than P2 phase (space gr&@&/mmg. a-NaCoQ used as a parent
compound for the synthesis of the superconductor was oxidized to heQ¥¢é,, in which the
rhombohedral structure in the parent phase providing octahedral coordination environment fon§Na
changed to a monoclinic lattice with trigonal prismatic sites. Hydration of the as-oxidizegdQ, to
the superconducting bilayer-hydrate phase was accompanied by the ion exchange betwash @™
ions and reductive insertion of 8" ions as observed in the formation of P2-phase superconductor.
Partial dehydration of the superconducting phase transformed its bilayer-hydrate structure into a monolayer-
hydrate one, in which the superconductivity disappeared again. Influence of the decreasing interlayer
distance caused by the dehydration upon the guest species is discussed in combination with the results

of Raman spectroscopy.

Introduction

A sodium cobalt oxide with bilayer-hydrate (BLH) struc-
ture was the first superconductor in a cobalt oxide system.
The superconducting cobalt oxide is composed of £00
layers built up from Co@octahedra sharing their edges and
insulating layers composed of guest species interposed
between them. The interesting properties may arise from the
triangular arrangement of Co ichand strongly correlated
electrons whose structure reflects Kagolaitice hidden in
the triangular lattic. Therefore, most of the studies for the
elucidation of the superconductivity from a physicists’
standpoint have been focused on the inside of the,G@r.

However, insight only into the CoQayer will never lead
us to the elucidation, because there are related nonsuper
conducting materials despite the identical Gd@yers in
them. The superconducting BLH-phase was synthesized from
y-Nap7C0Q,* as a parent compound by two-step soft-
chemical madification involving partial extraction of Na
ions in a bromine/acetonitrile solution and sebsequent
hydration of the oxidized powder in water. The oxidation
process decreased the Na content with a minor change in

the structure; for example, the interlayer distance slightly f

increased from 5.5 to 5.6 A. Neither the anhydrous (AH)
parent nor the as-oxidized phase is superconducting. In the

following hydration process, # molecules were inserted
into the compound and coordinated to thetNians to form
double layers in the galleries, which propped up the £00
layers to increase the interlayer distance largely to 9.8 A,
inducing superconductivity. Partial dehydration of the BLH-
phase resulted in a monolayer-hydrate (MLH) phase, in
which H,O molecules and Naions are on the intermediate
plane between the Co@ayers® This decreases the interlayer
distance from 9.8 to 6.9 A with disappearance of the
superconductivity:®

Comparison between these phases revealed that the CoO
layer with optimum carrier density is not sufficient to induce
the superconductivity. Besides the very similar Gd&yers
in structure, a nonsuperconducting phase sometimes has the
same oxidation state of Co, which corresponds to the carrier
density in the Co@layer, as the superconducting counterpart.
For instance, the carrier density in the nonsuperconducting
MLH-phase should be the same as that in the superconduct-
ing BLH-phase, because the partial removal gDHmol-
ecules transforming the BLH-phase into the MLH-phase
never changes the carrier density. Moreover, Co oxidation
states of the superconducting phase in recent studies range
rom +3.26 to+3.4677° Even the Co oxidation state in the
parenty-Nay 200, (+3.30) falls in this range; however, it
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v galleries. The new superconductor has three Jdagers in

the unit cell, being categorized as P3 structure (Figure 1 right;
hereinafter referred as to P3 phase). The P3 phase super-
conductor has many similarities to the P2 one. Despite the
A C different stacking sequence of the Colayers, its crystal
structure is very similar to that of the P2 counterpart;"Na
ions and HO™ ions are on the intermediate plane between
the CoQ layers, coordinated with #0 molecules forming
double layers in the galleries. The chemical composition
including the Co oxidation state was also similar, and the
P3 phase showed superconducting transition at almost the
same temperature (4.6 K) and a similar superconducting
volume fraction (12% and 13%t 2 K for the P3 and P2
phases, respectively). The P3 phase superconductor has
several related materials as the P2 one does. Comparison
between them will lead us to better understanding of the
superconductivity. The objective of the present study is
characterization of the related materials for the comparative
study. Very recently, a hydrous sodium cobalt oxide was
reported to have crystal structure and composition very
similar to the P3 phase superconducforDespite the
similarity, superconductivity was, surprisingly, not observed.

~ The results of the present characterization of the nonsuper-
P3 conducting materials may explain why the hydrate is not

Figure 1. Crystal structures of the P2 and P3 superconducfgrB, and superconducting.
C denote positions of oxygen atoms in hexagonal sheets.

(ve]
>

is not superconducting indeed. Consequently, what induces Experimental Section

the superconductivity may be found not in the Gdayers Synthesis.Three kinds of sodium cobalt oxides, the P3-phase
but, for example, in the arrangement of the guest species.superconductor and its related phases, were synthesized: anhydrous
Of course, the most distinguished difference between the (AH), or as-oxidized, Ng&CoQ,, which was obtained by chemical
related materials is in the interlayer distance, which is causedoxidation ofa-NaCoQ; BLH-Na,CoO, showing superconductivity,

by the different arrangement of the guest species. Only thewhich was obtained by the immersion of the AH:NaQ;, in water;
BLH-phase with the largest interlayer distance shows and MLH-NaCoO,, which was obtained by partial removal of®
superconductivity; therefore, the two-dimensionality en- molecules from BLH-NZC0O,.

hanced by the large separation between the Qagers is First of all, a-NaCoQ used as a parent oxide was synthesized
believed to play an important role for inducing the super- according to the procedure r(_eported in ref 4. Stoichiometric amounts
conductivity. However, there is another possibility that the °f N&Oz and CeO, were mixed and heated at 60C under an
arrangement of the guest species itself is a predominant.oxygen gas flow for 8 h. The obtained sample was ground and

factor. Na ions reside near oxygen atoms in the Gdaers immersed in an acetonitrile solution of bromine for 5 days to extract
: ! ! xyg ! part of Na ions. Ten-fold excess of bromine with respect to the

!n the AH and MLH-pha_lses, while 4 molecules are. Na content was used for the oxidation. After that, it was washed
interposed between them in the BLH-phase. They may shield\yith acetonitrile and dried under an argon gas flow to obtain AH-
the CoQ layers from the random coulomb potential gener- Na,Co0,. The AH-NaCoO, was hydrated to be BLH-N&00O; by
ated by the positively charged Naons to induce the  the immersion in distilled water for 1 day. The BLH-}&DO, was
superconductivity® That is the reason characterization of then partially dehydrated in a nitrogen gas atmosphere for one week
such related materials to clarify the difference is still to obtain MLH-NaCo0O,.
important to understanding the superconducting mechanism. In contrast to the materials belonging to the P3 series, materials
Only the BLH-phase had been a superconducting cobaltrelated to the P2 superconductor, P2 BLH- and P2 MLH-phases,
oxide for the comparative study with nonsuperconducting Were synthesized as previously reportéd.
ones. We recently found another superconducting phase of Chemical Analysis.The chemical composition of the materials
cobalt oxide! which was obtained from-NaCoG# in place was determined by inductively coupled_plasma e_ttomic emission
of y-Nay 7CoQ; for the previous superconductor. The previ- spectroscopy (ICPAES) and redox titration. A weighed amount

ous superconductor has P2 structure (hereinafter referred ag the samples was dissolved in a HCI solution for {O%ES.

to P2 phase dl_splayed n Flgur_e 1_Ie_ft), in which Gadyers . as a reducing agent. After the sample was dissolved in a HCI
are stgcked with two-layer per|_0d|C|ty, a_nd oxygen a’Foms N solution containing an excess amount of (COGNagsidual
the adjacent Cogayers form trigonal prismatic sites in the (COONa) was titrated by an aqueous solution of potassium
permanganate (KMng)to deduce the oxidation state of Co ions.

edox titration was performed using sodium oxalate, (CO@Na)

(10) Sakurai, H.; Takada, K.; lzumi, F.; Dilanian, R. A.; Sasaki, T.;
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The compositions of the hydrates were calculated on the basis  Table 1. Fractional Coordinates, Occupanciesg, and Isotropic

of a chemical formula, NgH30),(H.0),C00,, where the Na Atomic Displacement ParametersU, for the AH-Phase®
contentx, was determined by the ICFAES. The oxonium content, atom site X y z g UA2

y, was calculated using the equation;-4x — y = V(Co), where Co 2 0 0 0 1 0.0034(3)
V(Co) denotes an oxidation state of Co determined by the redox o0 4 0.387955) O 0.1703(3) 1 0.0078(5)
titration. The water content, was calculated by attributing it to Na § 0.8113(18) 0.083(4) 0.4911(11) 0.106 0.010(3)
the residual mass resulting from tReandy, instead of its direct aSpace groufc2/m (No. 12);a = 4.8700(5) Ab = 2.8101(3) Ac =

determination. It is known that determined directly by infrared 5.8265(6) A, angd = 105.586(49; Ryp = 11.33% 6= 1.50),R, = 7.68%,

spectroscopy for the evolved species from a heated sample wellRs = 2.87%, andRs = 2.46%. The Na content was fixed at the value
agrees with the calculated value. determined by the ICP-AES analysis in the refinement.

X-ray Powder Diffraction Measurements and Structure roceduré. The x achieved by the chemical oxidation is
Refinements.XRD data for P3 MLH-phase were collected on a P ' y

Bragg-Brentano-type diffractometer (RINT UltimaRigaku) with governed by 'Fhe oxidation power of bromini; that s,
Cu Ko radiation. The sample was placed in a sample chamber in decreases until the redox potential of the*@Go*" couple,

which the temperature and relative humidity were maintained at E(C0*"/Co*"), in AH-NaCoO, becomes equal to that of Br
25 °C and 3%, respectively, during the measurement. In case of Br. couple. The structure of the Ce@ayer is very similar
AH-Na,Co0,, the sample holder was covered with an aluminum between the P2 and P3 AH-phases, which is considered to
window to prevent the exposure of the sample to humid air. The result in the same compositions in their as-oxidized phases.
XRD data were measured in & 2ange from 5.0 to 140°0with a The difference in layer stacking hardly affects the redox
step of 0.02. behavior. In fact, electrochemical deintercalation of ans

The structure refinements were carried out by the Rietveld and from o-NaCoQ!” was reported to show a composition

maximum-entropy methods (MEM) using the computer programs dependence of thE(Co*"/Co*") similar to that fory-Nay ~
RIETAN-2000° and PRIMA}* respectively. Observed structure Co0,.18

factors,Fo(Rietveld)s, were estimated on the basis of the result of The oxidative deintercalation also brouaht about structural
the Rietveld analysis according to Rietveld’s proced@iamd then xidativi : : ug u uctu

they were analyzed by MEM to yield electron-density distribution Changes. The reflections from the AH-K@O, were not
over a unit cell. The whole powder pattern calculated by fixing indexable on a hexagonal or rhombohedral lattice, which the
structure factors atF(MEM)s, which were structure factors  Other related phases in the series adopt. For example, clearly-
evaluated by the Fourier transform of the electron densities, was Split reflections were observed at the diffraction angles where
fitted to the observed one to refine parameters irrelevant to the the 107 and 018 reflections on a rhombohedral lattice are
structure (MEM-based whole-pattern fitting: MPF)After that, expected. This strongly suggests the distortion into mono-
electron-density distribution was determined again by MEM using clinic structure. Actually, a satisfactory structure refinement
Fo(wpf)s estimated af_ter the _whole-pattern fitting in the same \yas achieved using a structure model with a space group of
manne_r as the calculation Eg(_R_letveId)s. In such amanr_wer, MEM _ C2/m based onﬁ-Nao,mCoOz.lg Table 1 lists the refined
analysis a_md whole-pattern fitting were alternately _carrled out until structure parameters, and Figug a shows the Rietveld
R factors in the latter no longer decreased appreciably (REMEDY = . .
cycles)ts refl.nement patterns. The fin& factors were low enough,
which further decreased to b, = 11.14% 6= 1.47),R,

Raman Spectroscopy.Raman spectra were recorded in a - -
backward microconfiguration, using a 514.5-nm line from ari Ar 7.50%Re = 1'58%_’ andRe = 1.22% after two REMEDY
cycles, to support this structure model.

laser ¢~0.1 mW) focused to a 2m-diameter spot on individual
grains of the samples. The scattered light was dispersed by a The CoQ layers ina-NaCoQ laterally glided with respect
subtractive triple spectrometer (T64000, Jobin-Yvon/Atago Bussan) to each other upon the deintercalation to change the Na
and collected with a liquid nitrogen cooled charge-coupled device coordination environment from octahedral to trigonal pris-
(CCD) detector. matic as displayed in Figure 3. The Co ions in starting
Magnetization Measurement.The magnetizations of the samples o-NaCoQ are in trivalent state and low spii$ & 0) with
were measured by a superconducting quantum interference device(tzg)ﬁ configuration. The deintercalation generate$‘dons
(SQUID) magnetometer (MPMS-XL, Quantum Design). They were with (t,,)> having a spirt/,, which will distort CoQ octahedra
measured under zero-field-cooling condition and a magnetic field by Jahr-Teller effect, lowering the symmetry froR3m to
of 10 Ge. C2/m. The distortion was slight: lattice parameters of a
monoclinic cell deduced from an ideal rhombohedral one
with the cell volume and the interlayer distance correspond-
Na Deintercalation from a-NaCoO,. The chemical ing to the observed monoclinic cell of the AH-phase were
analyses revealed that the chemical composition of the AH- = 4-87 A't_) =281 A,c=584 A, ands = 106.1°, which
phase obtained from-NaCoQ was Na o0, which was are only slightly dn‘ferept from the observed value. The AH-
in coincidence with that of an anhydrous (P2 AH-) phase Phase can be categorized intt8RBtructure.

obtained from y-Nay:dCo0, (Nax.41CoQ,) by the same The oxidation state of Co in the AH-phase should be
+3.58 that can be deduced from the Na content of 0.42,

Results and Discussion

(13) Izumi, F.; Ikeda, TMater. Sci. Forum200Q 321—324, 198.
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(15) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65. Res. Bull.198Q 15, 1797.
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Oikawa, K.Mater. Sci. Forum2001, 378-381, 59. J. Solid State Chen2002 166, 177.
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25000{{ (a) water in the aqueous solution used for the analysis should
T 20000 not promote further reduction of the Co ions.
8 15000 The reduction of the Co ions was reported to be promoted
£ 10000- by the highE(Co*/Cc®") in the AH-phase for the P2 seriés.
é 50001 When the AH-phase was immersed in watefQHnolecules
- 0 ff},;; dteeaas were inserted into its galleries, and simultaneously, part of
2o 20 o0 B0 100 150 1o the Na ions were gxchanged with 3ED+.ions. The ion
26 1° (Cu Ka) gxchange resulted in an aqueous sqlutlon of NaOH. The
25000, (o) increasing pH should ma.ke the OX|dat|0_n potgntlal of water
= 200001 lower?! thalj E(Co*"/Co*") in NaCoO,, Whlch will promote
3 150001 Fhe rgductlon of. the Cp ions accompanied py add'ltlonal
N 10000- insertion of HO™* ions. Since the aboye process is dominated
2 5000 _by E(Co*"/Cc®"), it should proc_eed in the P3 counterparts
E in the same way. Large separation between the adjacent CoO
0 J i Lo e layers by a thick insulating layer in the BLH-phases should
20 40 60 80 100 120 140 make their correlation much weaker than that in the AH-
28 /° (Cu Ka) phase, resulting in the same compositional dependence of

Figure 2. Rietveld refinement patterns for the AH- (a) and MLH- (b) phases E(Co*"/Co®") between the P2 and P3 BLH-phases and thus

in the P3 series. The observed diffraction intensities and the calculated tha similar formation process despite the different stacking.
patterns are represented by plus signs and solid lines, respectively. The

curves at the bottom represent the difference. Short bars below the observed 1h€ charge balancing species for the reduction was
and calculated patterns indicate the positions of allowed Bragg reflections. reported to be KD* ions for the P2 phasésryhich will stand

for the P3 ones. The presence ofH ions was evidenced
because only deintercalation of N&ns took place during  py Raman spectroscopy as will be described later.
the oxidation process. However, a lower valuet@.51 was The formation of the BLH-phase changed not only the
obtalne.d by the _redox titration. The reason for th|§ d|§crep- composition but also the crystallographic symmetry. The
ancy will be a highE(Co*/Co™) exceeding the oxidation  pigher symmetry (thombohedral) was recovered in the BLH-

potential of water. Not only (COONa)which was used as  phase. The decrease in‘Cdons should be responsible for
a reducing agent, but also the water in the aqueous HCliq release of the distortion.

solution used in the analysis should be oxidized owing to Partial Dehydration of the P3 BLH-Phase. Figure 4

. i~ . . )
:he hlgf]hi((oig‘N/Co3 )HV\;E'Ch trﬁsulteg n atg,mallller cc;ntiumg shows the XRD patterns for the P3 superconducting (BLH-)
lon of ( aj an us the underestimation of the Lo phase and the sample after the dehydration (P3 MLH-phase).

oxidation state. In fact, the oxidation state estimated from S .

o The drying in N gas atmosphere yielded a new layered phase
blo rglgalfligc%calcAlfJIatléd?]blaggcli ; r;thz Cﬁzo bondf;%?s with a basal spacing of 6.9 A as observed in dehydration of
(1. (12) Ax 4 and 1. (5) Ax 2) was +3.65, o by phase superconductr.

suggesting that the Co ions should have an oxidation state The transformation from the BLH-phase to the MLH-phase

higher than that determined by the redox titration. Similar o ; .
deviation was observed for AH-phase obtained froia, - guenched the superconductivity as observed in P2 s&fies.
' Figure 5 shows the magnetic susceptibilities for the P3 MLH-

CoQ,, i.e., AH-phase with P2 stacking. The oxidation states
of the AH-same))Ies were reported to%é; 56 and-3.487 sample as well as the P3 BLH-sample. The P3 MLH-phase
i L did not show superconducting transition down to 1.8 K.

which were lower thant+3.60 and+3.64, respectively, o .
expected from their Na contents € 0.40 in ref 8 and = The Na content and the Co omdapon state in the P3 MLH-
0.36 in ref 7). phase were 0.36 antd3.49, respectively, which lead to the
, composition of NazgHz0)o.15(H20)0.44C00,. The composi-
o I;Iydra;n(;n Prolceshs from AH- tofBLH-IThasle.lt hak\d belen tion and the Co oxidation state of the P3 BLH-phase were
elieved that only the insertion o -B molecu es takes place Nao.s(H30)o1(H20)1 2C00; and-+3.48, respectivelyt that
during the transformation process from AH- into BLH-phase is, the Na and oxonium contents practically remained

in P2 series. However, our recent study demonstrated thaﬁjﬁchanged upon the dehydration. On the other hand, #8e H
Na’/H;0" ion-exchange and reductive insertion ofH ions it decreased from 1.22 to 0.44. The decrease corre-
proceed as well; the former decreases the Na content andsponds to the weight loss of 11%, which well agreed with

thhe latter lowers trt])e Co do_xidtﬁtion stét?ng simtilar h the observed weight loss by the dehydration (12%). These
phenomena were observed in the presen System. 1N€asuits support the fact that the reaction during the drying is
Na content was decreased from 0.42 in the AH-phase to 0'360n|y partial removal of HO molecules.

'nhg; I\?\/I;\l;_gzgf -ngg tgoblé;x fglulovr\]/hsict;?]tivg]s tlg(\e/vgrstr?al_nH_ There was no change in crystallographic symmetry in this

E)LS 58 in the A%- hase. It .shc’)uld be noted that the Co dehydration process. All the reflections for the MLH-phase
o TP ) . ...~ were indexable on a rhombohedral cell with a space group

oxidation state in the hydrates determined by the titration of RAm. Two modes of layered stacking are possible with

method was much more reliable than that in the AH—phases.this space aroup: one is P3 phase and the other is O3 phase
Since the hydrates had been brought into contact with water, P group: P P '

(21) Li, W.; McKinnon, W. R.; Dahn, J. RJ. Electrochem. Socl994
(20) Brown, I. D.; Altermatt, D Acta Crystallogr. B1985 41, 244. 141, 2310.
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a-NaCoO2 AH-NaCoO2 BLH-NaCoO2 MLH-NaCoO2

Figure 3. Crystal structures of the parent-}, AH-, BLH-, and MLH-phases in the P3 series. Dashed lines indicate a monoclinic unit cell of the AH-Na
Co0.

Electron-density distribution displayed in Figure 6 resulting
from the MEM analysis revealed that electrons corresponding
to the guest species are spread over the intermediate planes
between the Co@layers, on which maximum number
density was observed aa3ites. Nd ions occupy the 8
sites in the refinement, which are the midpoints between two
oxygen atoms facing each other in the adjacent Jagers.

The O-0 distance over the gallery was 4.978(10) A. Since
R A A A A ionic rad?us ofan & ion_is 1.4 A, the_ ma_ximum radius of
20/° (Cu Ka) the species that can reside at the midpoint should be 1.1 A.
Figure 4. Powder XRD patterns for the BLH- (lower) and MLH-phases 1he Na ions can fit to this interstice, whereas®f ions
(upper). and HO molecules are too large. They occupy the trigonal
prismatic sites; 6 (%3, Y/, 0) sites at the centers of the trigonal
prisms were split into U8 (x, ¥/2, z, x ~ 0.43 andz ~ 0.00)
sites in the final refinement. This arrangement of the guest
species is very similar to that in the P2 MLH-phasEhe
O—0 distance over the gallery in the P2 MLH-phase was
-0.3 5.078(15) A, which is almost the same as that in the P3
04 MLH-phase.

0.5 Guest Species in the Hydratesln general, the guest
"2 3 4 56 7 8 9 10 species such as Nand HO™" ions and HO molecules do
TIK not make a large contribution to the XRD data, because they
Figure 5. Magnetic susceptibility) of P3 BLH- and MLH-phases as a  are composed of light elements. The guest species are highly
function of absolute temperature)( disordered in the arrangement, and moreover, all the species
have the same number of electrons: 10 each. This situation
The two structure models produce quite different structure limits detailed discussion on how the guest species are
factors, and only the P3 structure gave reasonable refinementiistributed in the interlayer gallery. On the other hand,
results. This means that the formation of the MLH-phase Raman spectroscopy is sensitive not only to chemical species
involved the interlayer shrinkage without the lateral gliding but also to site symmetry of the species. In fact, although
of the CoQ sheets. Figure 2b shows the Rietveld refinement the arrangements of the guest species in the P3 BLH- and
pattern, and Table 2 lists the structure parameters for theP3 MLH-phases are considered to be very similar to those
MLH-phase refined on the basis of the P3 structure model. in the P2 counterparts, Raman spectra of the former were
The resultantR factors were satisfactorily low to support different from the latter. This is helpful to obtain a deeper
the structure model. understanding of the configuration of the interlayer guests.

©
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Table 2. Fractional Coordinates, Occupanciesg, and Isotropic Atomic Displacement ParametersU, for the P3 MLH-Phase?

atom site X y z g UA2
Co Kol 1/3 2/3 1/6 1 0.066(8)
o) 6c 0 0 0.1209(3) 1 0.0146(11)
Na -} 0 0 0 0.359 0.070(4)
M (H20/H30) 18 0.430(6) = x(M)/2 0.0013(14) 0.0987 0.031(6)

aSpace groufR3m (No. 166);a = 2.8261(3) A,c = 20.588(4) ARy = 11.93% 6= 1.99),R, = 9.16%,Rs = 1.93%, andR= = 1.43%. M denotes
a virtual chemical species having a mean scattering amplitude®f ibns and HO molecules. The atomic scattering factors for #DHion and a HO
molecule were set equal to the sums of one oxygen atom and the corresponding numbers of hydrogen atoms.

C wavenumber regions lower than 800 chand higher than

W 2000 cm?, respectively. The former are attributable to

vibrations of the host lattices, while the latter are assignable

D °8o G to molecular vibration of-OH groups. The anhydrous phases
did not give any Raman peaks in the high-frequency region
CD () indeed (not shown). This study was focused on the changes
in the high-frequency region involved with the motion of
- —OH groups. The detailed analysis of the low-frequency
m—- spectra will be discussed elsewhere.
The broad bands observed for the P2 BLH-phase included
a peak at ca. 3000 crh This peak has been assigned as a
COD q characteristic stretching mode in®" ions, »(H3;0),?? and
3a thus, at least part of the other poorly resolved bands should
be originated from the O molecules. The former was also
m clearly observed for the P3 phase, whereas the latter were
largely suppressed.
Because the D molecules reside at the i 8ites in the
P3 BLH-phase, which are Raman-active as listed in Table
3, it is not the Raman-inactiveness but the high two-

dimensionality of the BLH-phase that attenuates their Raman
modes in the P3 BLH-phase. High two-dimensionality causes
degeneration of out-of-plane modes, i.A.and B modes.
Therefore, siXE modes out of nine from the @ molecules
should be clearly observed for the P2 BLH-phase, while half
of the six modes will be suppressed for the P3 BLH-phase,
3a (2/3,113,113) which may be the reason for the disappearance of the Raman
modes.
Dehydration from the P3 BLH-phase quencheditfid;O)
Raman mode. The structure analysis above revealed that the
Figure 6. Three-dimensional image of electron density distribution in 2 H3O™ ions occupy the same h&ites as the kD molecules

> 1 1 unit cells of the P3 MLH-phase (upper) and a bird's-eye view of jn the P3 MLH-phase; Raman modes from the species sitting
the number density distribution on the (0 0 3) plane (lower). Isosurfaces

corresponding to number density of electrons of 1.6 Are displayed in there (_See _Table 4) are suppresseq by the high two-
the three-dimensional image. dimensionality as described above. This may be the reason

v(H;0) for the disappearan.ce of the Ramgn mode frc_)m th®*H
P2 BLH ions. Another conceivable explanation for the disappearance
-l..k..______/ of the Raman mode from thes8" ions is that the KO
ions are deformed or dissociated into protons ang® H
x 5-.4&-L-L molecules in the MLH-phase.

P2 MLH x5 When a HO molecule is inserted near a Brgnsted acid
site of an oxide framework, it will form a ¥ ion, or

l P3 BLH

protonated water, by attracting a proton from the acid site,
__.1 P3 MLH X 5wt or remain as a kD molecule hydrogen-bonded to the acid
' 7 T T ! site. In fact, both of them were found in a zeolite, HSAPO-
1000 2000 3000 342 This result suggests that az®* ion in an oxide
Raman shift/ cm™* framework may be dissociated into a proton and ®H

Figure 7. Raman spectra for the samples. Dotted lines are expansion of molecule, to the contrary, by interaction with an oxygen atom
the spectra by five times. in the framework. Even if the D" ion is not dissociated,

Figure 7 shows Raman spectra for the BLH- and MLH- 22) Wikins, R, W. T.. Mt AAm. Miner 1974 59, 811
. ilkkins, R. W. T.; Mateen, m. Miner. , .
phases with _P_2 an(_j P3 structures. The Raman spectra_ of th%‘zg) Smith, L. Cheetham, A. K.: Morris, R. R.: Marchese. L.: Thomas, J.
phases exhibited intense modes and broad bands in the = M.; Wright, P. A.; Chen, JSciencel996 271, 799.
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Table 3. Raman-Active Modes in the BLH-Phases (Fractional Coordinates for P2 BLH- and P3 BLH-Phases Are Quoted from Refs 18 and 12,

Respectively)
P2 BLH P3 BLH
species position Raman modes position Raman modes

Co 2a(0, 0, 0) D (Y3, 23, Ye)

o) 4 (M3, %3,z z~ 0.05) Agg+ Eig+ Exg 6c (0, 0,z z~ 0.14) Ag+ Ey

Na"/Hs;O™ 4e (0, 0,z z~0.24) Agg+ Eig+ Exg 6¢ (l3, Y3,z z~ 0.00) A+ Eqg

2d (%13, Y3, 4a) Ezg
H20 12X (x, 2%,z x~ 0.14,z~ 0.17) Arg+ Azg + Bog + 3E24 + 3E14 18h (x, 2%,z x~ 0.18,z~ 0.05) Agg+ Azg+ 3Eg

12k (x, /2, z, x~ 0.90,z~ 0.17) Arg+ Aog + Bpg + 3Exg + 3E1g 18n (x, /2, z; x~ 0.42,z~ 0.05) Dgg+ Axg+ 3Eq

Table 4. Raman-Active Modes in the MLH-Phases (Fractional Coordinates for P2 MLH-phases Are Quoted from Ref 11)

P2 MLH P3 MLH
species position Raman modes position Raman modes
Co 2a (0, 0, 0) D (Y3, %3, Ye)
O 4f (Y3, %3,z 2~ 0.07) Arg+ Eig+ Exg 6¢ (0, 0,0.12) A+ Eg
Na* 2c (1/3, 2/3, 1/4) 3a (0, 0, 0)
H,O/H;0™ 6h (x, 2x, ¥4; x ~ 0.18) Aqg + Aoy + Erg+ 2Eog 18h (x, /2, z, X~ 0.43,z~ 0.00) Qg+ Axg+ 3Eg

it may be deformed to some extent by the interaction. ions changed upon the phase transifiothat is, change in
Actually, the HO™ ion in the zeolite was deformed; one of the framework modifies the shape of the®t ion. The
the O—H bonds was longer (1.14 A) than the other two (0.95 negligibly small peak from kD" ion may suggest a high
and 0.91 A). degree of dissociation of thes8" ions into HO molecules
Such deformation or dissociation of a®f ion should and protons in the MLH-phases; the latter may be bonded
take place when it is located near a framework oxygen atom. to oxygen atoms in Cofayers to form bridging hydroxyl
It is needless to say that the prominent difference betweengroups. Further study in combination with neutron diffraction
the BLH- and MLH-phases is in the interlayer distance. is necessary for final conclusion on the guest structure.
Although the HO™ ions are considered to reside on the  The hydrogen-bonding between the hydroxyl groups and
intermediate planes between the Gd@yers in both of the  the O molecules may be the reason the positions g H
phases, the shrinkage of tlteaxis upon the dehydration ~molecules are not the center of the trigonal prisnbs(® 0,
decreased the distance between th®Hions and oxygen  Ys) and 2 (%5, Y5, Y/4) for P2 and @ (?/3, Y5, 0) for P3, but
atoms in the Co@layers. The O (in a CoPlayer)-0O (in shifted to their edges. In addition, the formation of the
an HO* ion) distance decreased from 4.181(10) A in the hydroxyl groups may be the answer to the question of why
P3 BLH-phase4 to 2.68(3) A in the MLH-phases. The the superconductivity disappears by the dehydration, although
distance in the MLH-phases is coincident with those reported interlayer distance of 6.9 A in the MLH-phases seems large
for the zeolite (2.50 and 2.70 A for the dissociategDH enough to make the CoQayers highly two-dimensional. It
ion and 2.51 A for the deformeds®* ion). Therefore, itis ~ may modify the electronic structure of the Cplayers.
possible that such dissociation or deformation takes place

in the MLH-phases, which results in the disappearance of ) )
the HO* Raman mode. Phases related to a superconducting phase with P3 structure

The HO" ions in the P2 MLH-phase are in the same were characterized by chemical analysis, XRD, and Raman
situation; they are apart from the oxygen atoms in the £oO spectroscopy. They are very similar to those found for cobalt

layers by 2.655(10) A. The Raman spectrum for the P2 oxides with P2 structure. The redox potential of the*Co

MLH-phase had several bands from®molecules in the ~ CO" couple in the Co@layer plays an important role in
wavenumber region higher than 3200 dmas shown in the form_atlon_of the pha_ses, i.e., the transfprmatlon petween
Figure 6. Since the ¥0* ions are at the same crystal- them.. Since it will be little affected by dn‘ference_m_ the
lographic sites as the 0 moleculesy(Hs0) mode should ~ Stcking sequence of the Cpdayers, they are similar

be observed in the spectra as well: however, it was hardly Pétween the P2 and P3 systems. The results from Raman
observed. This may also suggest the deformation or dis- SPECtroscopy suggested that thedr ions in the supercon-
sociation of the HO™ ions in the MLH-phases. ductors are deformed or dissociated upon the transformation

Indeed, structure of framework will greatly influence the from the bilayer-hydrate to monolayer-hydrate phases.
degree of such dissociation or deformation. Only hydrogen-  Acknowledgment. We thank Mr. Satoshi Takenouchi for
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