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Abstract: A layered protonic titanate of lepidocrocite-type,Tib—4y4O04-HO (x ~ 0.7; 0, vacancy), has been
exfoliated on the action of an agueous solution of tetrabutylammonium (hereafter TBA) hydroxide, which resulted
in a stable colloidal suspension. A colloidal aggregate centrifuged from the suspension was examined by an in situ
X-ray diffraction technique under conditions where drying speed was controlled. The diffraction immediately after
separation from the liquid phase was principally amorphous except for a series of sharp reflections detected in a
small angle scattering region. On the basis of the line profile analysis, the latter diffraction feature was accounted
for by the fundamental intersheet interference of a spaeith§ nm, which demonstrates the existence of a novel
associated pair of the titanate nanosheets accommodating a large volume of water cluster between them. These
XRD data provide persuasive evidence for delamination into single layers. Upon drying, the amorphous halo
disappeared and changed into a well-ordered crystalline pattern. This can be explained by reassembling of the
individual sheets which was initiated from the paired species. A TBA intercalated compound was finally obtained
as a result of drying. The theoretical simulations on the XRD data revealed that the process involves increase of the
crystallites which grows in number of the sheets but shrinks in terms of intersheet distance. The dynamic process
from the colloidal nanosheets to the restacked layered structure was followed here for the first time, which throws
light upon the inherent nature of “single-layer colloidal suspensions” as inorganic macromolecules.

Despite their importance, the nature of the suspensions as
well as the degree of delamination has not been fully understood,
mainly due to lack of appropriate characterizations. “Single-
layer colloids” have been examined mostly by TEM observa-
tions, some of which are combined with platinum shadowing
by low-angle deposition techniques or with measurements of

Introduction

It is well-known that some clay minerals spontaneously
undergo delamination in water to produce “single-layer colloidal
suspensions”. Recently it has been reported that similar
exfoliation can be artificially achieved for several classes of

layered materials by some soft-chemical procedér&esulting Rutherford scattered intensiti€s1’ They found some distribu-

suspensions have attracted_conslderable attention both fromIion of stacked multiple sheets as well as single layers. Itis to
fundamental and practical veiwpoints. Exfoliated single layers be pointed out that TEM is inevitably concerned with dried

are expected to behave as a new kind of inorganic macromol- . ;
) . . . . products, which may not be a perfect reflection of the natural
ecule which may exhibit some unique properties different from - . s e
: . L ., state in suspensions. Therefore, it is preferable to study “single-
those of bulk materials. Novel materials, thin films, and organic/ laver colloids” as thev are since thev. especially for lavered
inorganic nanocomposites have been fabricated from &héfm. Y _as ey ey, esp y Y
.. _compounds with high charge density, tend to be restacked on
Most recently, they have been reported to be used as building . . )
drying. Joenseret al. have reported some X-ray diffraction

blocks to construct self-assembly multilayé#d4
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Figure 1. Schematic representation of the crystal structure for the
protonic titanate Ki,—x40xw4O4-H,O viewed down along tha axis.

The compound crystallizes as a body-centered orthorhombic system
(Immm) with cell parameters o = 0.3783(2) nmp = 1.8735(8) nm,
andc = 0.2978(2) nm (forx = 0.7 material? The host layer is of
lepidocrocite-type in which Ti@octahedra are combined via edge
sharing to produce a two-dimensional sheet of compositigmLiyOs .

Open and stippled circles designate interlayer water molecubes-at

0 andY,, respectively, 70% of which are protonated. A minus charge,
as a consequence of Ti site vacancy, is compensated for by the interlayer
oxonium ions.

In this paper, we present in situ XRD data, especially
focussing on those at a low angular range, for a colloidal o 20 3 a0 30 &0 7o
suspension of an exfoliated titanate to get insight into the 26 (Cu Ko)

inherent nature of “single-layer colloids”. A variety of layered Figure 2. X-ray diffraction patterns before and after the exfoliation:

titanates, HTiz07, HoTisOg-1.2H,0, H,TisO1:°.3H,0O, and

HyTiz—xa0wa04-H20 (x ~ 0.7;0, vacancy), have been synthe-
sized in protonic form$-22 and their ion-exchange and

intercalation properties have been studied extensirefy.

(a) a polycrystalline sample of Jfio—ya0ysO04HO and (b) a wet
colloidal aggregate centrifuged from the exfoliated titanate suspension
(the detailed pattern at a low angular range is in inset) and (c) dried
for 1 h at arelatively humidity of 20% and temperature of 30. The

However, there have been few reports on exfoliation of these intensity scale in ¢ is 20 times that in b.

materials. A single-layer titanate will be attractive because of
prospects for unusual optical properties, highly active photo-

catalytic actions, and so on. The protonic titanatglibd y4-

O,404°H20,22 with a lepidocrocite-like layered structure (see
Figure 1), was chosen since its exfoliation is expected to be

weakest due to its lowest charge density in comparison with
the otherg? Separation into single sheets (nanosHeand
their macromolecule-like behavior in the reassembling process
were demonstrated.

most feasible. The electrostatic interlayer interaction is the Results
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In Situ X-ray Diffraction. Changes in XRD data during
exfoliation and subsequent reassembling processes are sum-
marized in Figure 2. The data forsH,—x40x40-H>0 before
delamination (Figure 2a) are consistent with those of the body-
centered orthorhombic structure with the interlayer distance of
0.94 nm shown in Figure 1.

A stable colloidal suspension was obtained by treating the
protonic oxide with a TBA hydroxide solution. A colloidal
aggregate centrifuged from the suspension of typical composi-
tion (0.4 wt %, 5-fold excess of TBA ions over exchangeable
protons in the titanate) was subjected to XRD measurements
under the humid condition (relative humidity 95%, temperature
30°C) where drying is suppressed. The diffraction pattern for
the wet colloidal aggregate is characterized, for the most part,
by amorphouslike one (see Figure 2b), which should be
interpreted as a combination of scattering from water and the
titanate. Disappearance of the sharp diffraction pattern in Figure
2a confirms that the layered structure was collapsed.

Besides the broad character, two noticeable features can be
discerned. One is faint reflections at thé Ralues of~48°

(30) We use this term “nanosheet” for the individual host layers, the
thickness of which is approximately 0.75 nm (see Figure 1). The lateral
dimension was in a range of 6:3.0um for the material used in this study,
which should be dependent on preparation modes of the parent Cs
compound.
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and ~62°. These two can be indexed as@ and &2, y
respectively, giving unit periodicities of the host layer illustrated P NANANUVANVAN
in Figure 1. The asymmetric line shape with a tail toward the 10 WWWIWWW 0.075 nm
higher angle side is characteristic of diffraction from a two- "O’f‘_jL 0.15nm
dimensional lattice. This indicates that the covalent framework 0.25 nm
consisted of titanium and oxygen was preserved even in the
colloid.

The other feature is a series of sharp peaks in a very low

. . . . +0 H,O dy d,

angular range as emphasized by the inset. Their spacings were g o1o
5.4, 3.8, and 2.9 nm, which means that these are assignable as
020, 030, and 040 reflectiod’ respectively, of a spacing as
large as 1+12 nm. This diffraction can be elucidated by 025 nm
stacking of the nanosheets, which will be described below. In Ot — A § 0.15m
summary, the XRD data strongly suggest that the layered Ti.02 FFWWF MF 0.075 nm
structure was exfoliated to the individual nanosheets, a small = im Vs e Ve =
portion of which are stacked to give the small-angle scattering.

On drying, the amorphous diffraction pattern changed into a Atorm N )
very crystalline one as depicted in Figure 2c. This indicates
that almost all of the delaminated sheets were restacked again. Ti 09125 +d0/2-0.075
The reassembling process will also be detailed below. o1 1 +dyy/2- 0.225

Diffraction Profile Analysis. Itis intriguing to clarify what o2 ] o /20075
species gave the small-angle scattering (inset of Figure 2b) o
which was indicative of the exceptionally large spacing-a0 H0 d,/025 -d,/2~+d,/2 (continuous)

nm. The oscillating profile without a flat region between the
lines implies that only a very limited number of nanosheets were
stacked. In order to obtain accurate information, th® O
diffraction patterns were numerically simulated for the system
of N parallel nanosheets with the spacing dafp using the
following equations.

sin’(27Ndy, Sind/A)
Sin’(27d,, Sind/A)

1 + co<20 F2(0)
sif6cos)

1(6) =

where the first, second, and third terms are the Lorentz
polarization factor, structure factor, and interference function,
respectively. The notation®, and, are the scattering angle
and wavelength of the X-ray, respectively. The structure factor
was calculated as follows on the basis of the model illustrated
in Figure 3.

F(6) = 2 f;""(fo/0.25)cos2u(2y-sinbIz) dy
+ 2:0.9125,coszr[2(dy, /2 — 0.075)sinf/A]-
exp[—By;+(sind/A)?]
+ 2f,c0521{2(dy, 42 — 0.225)sing/A]-
exp[—By(sind/A)?]
+ 2focos2t[2(dy; /2 — 0.075)sing/A]-
exp[—Bg+(sing/A)?] 2)

wherefr, fo and By, Bo are the atomic scattering factors and
thermal parameters for the Ti and O atoms, respecti#felne
first term?®3 is the contribution from water of thicknesk, in

Figure 3. Structure model for the highly swollen titanate. Positional
parameters are listed at the bottom.

The scattering power of the intersheet water was modeled as
uniform electron density for liquid watéf. Its magnitude,
comparable to that of oxygen per 0.25 nm along yhexis,
was derived as follows. The volume of water molecule is
obtained as//N, (=2.99 x 10-2 nm?) whereV andN, are the
molar volume of liquid water at ambient conditions8 cn?
= 1.8 x 10?2 nm®) and Avogadro's number=6.022 x 10?3
mol~1), respectively. Division of this value with the cross-
sectional area of the unit host layer@.114 nm3 = 0.38 nmx
0.30 nm) gives the estimate of heightq.25 nm) for one water
molecule within the unit area. This value is consistent with
experimental data, that is, a difference in gallery heights of
monolayer £0.90 nm) and bilayer hydrates-{.15 nm) which
are formed in the alkali metal ion-exchange proced3es.

There are three variable parameters for simulation; the
intersheet separatiody;o, the number of the unit structurb,
and the thermal factor8ri, Bo. The latter thermal parameters
hardly affected the diffraction profile. Thus they were fixed as
Bri = 0.05 nn? andBo = 0.1 nn?, which may be reasonable
for this exceedingly thin system where larger positional disorder
is likely in comparison with normal crystallites.

The typical simulated XRD profiles are shown in Figure 4.
Table 1 summarizes the apparent spacing, line breadth, and
relative intensity for the KD reflections simulated fody;0 =
11, 12 nm andN = 1, 2, 3. The comparable data extracted
from the observed pattern are also tabulated. It is to be pointed
out that the system with a very limited number of repeating
unit cell produces diffraction peaks over an extended angular

the gallery and the other three are from the titanate sheets ofrange, the peak top of which deviates from a normal position
lepidocrocite-type. Since the structure has a center of symmetrypredicted from the Bragg equation. The departure is predomi-

with respect toy = 0, only cosine terms are taken into account.

nated by variations of the structure factbr,and the Lorentz
polarization term and is dependent dh The tendency is

(31) Although the 010 line was not visible at this stage being buried in actually observed for the experimental data which are best fit

a tail of the direct beam, it became perceptible as the intersheet distance

contracted (see Figure 5).

(32) International Tables for X-ray Crystallograph{he International
Union of Crystallography, The Kynoch Press: Birmingham, England, 1968;
pp 201-207.

(33) The integration can be transformed into the following term

= (f,/0.25) (sin(27(SiN0/A)+0,))/(27-SINOIA)

with the simulation fordgio = 12 nm andN = 1.
One of the most discriminable parameters is the line width
which also supports for the above conclusidr 1. WhenN

(34) The contribution from TBA ion is negligibly small because of its
small scattering power, similar to that of water, and its low population in
comparison with the number of water molecules.
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There are some other factors to be taken into account as
020 possible sources of line broadening. TKHe> 2 system with
(i) sheet bending or (ii) interstratification may yield broad
diffraction lines which are comparable to the case for the paired
assembly Nl = 1). The sheet bending may be regarded as
nonuniform distortion of the lattice. This random straip,
030 contributes to broaden diffraction lines as folloWs:
040 c ﬂstrain = Zntarﬂ (4)
%" oso The overall line widthSta, is Obtained as a sum of that arising
from random strainfsyain and that from crystallite siz@cryst
b ﬁtotal = ﬂstrain + ﬂ cryst (5)
A a If the observed line breadth can be explained as a consequence
VA Y ) from a crystallite ofN = 2 with nonuniform distortion, a plot
L TR betweenBia — Seystand tam should give a linear relationship
Figure 4. Simulated @0 diffraction patterns for th&\l parallel sheets \.N'th intercept O The terfloryst can be t.aken from .the values
with the spacing of 12 nm: () = 1, (b)N = 2, ()N = 3. in Table 1. Since the propprtlon_ahty_ is not obtalne_d for the
present data, the observed line width is not involved in such an
Table 1. Peak Profile Parameters for Simulated and Observed effect. Although the exfoliated single sheets are likely to be
(0k0) Reflections flexible, the bended nanosheets do not contribute to the
(a) Calculated for 11 nm diffraction observed. o
010 020 030 040 Another possibility, mterstratlflcanon_, is also e>_<c|uded.
Interference between more than two kinds of spacing could
N=1 d(nmp 9.03 5.00 3.49 2.67 produce very broad diffraction peaks, especially when they are
,I/J’C(deg)’ 58%351 108'370 3$ 382 2(? 385 randomly stacked. However, in such a case, the series of basal
N=2 d(nm) 9.74 5.24 3.58 272 reflections becomes irrational with large departure from integral
B (deg) 0.222 0.251 0.262 0.270 indices. Furthermore, the line width is variable from one mixed-
I 510 100 42 24 layered reflection to another. None of them was recognized.
N=3 d(nm) 10.2 5.36 3.63 2.74 The observed deviation of peak positions from those based on
'Ig (deg) 468'157 108'184 4 40'195 270'200 the Bragg law is relatively small and can systematically be
explained by the extremely small size of the crystallite, as
(b) Calculated for 12 nm mentioned above.
010 020 030 040 It is concluded from the above discussion that the diffraction
N=1 d(nm) 9.12 5.38 3.76 2.88 observed is produced by a novel associated pair of nanosheets
B (deg) 0.325 0.340 0.351 0.357 with an intersheet water cluster of thickness 12 nm. The
I 620 100 36 19 detection of such a pairwise assembly as well as the large
N=2 d(gm) 18-206 50-2520 ?882742 20-92349 volume of amorphous component provides cogent proof for
fg( €g) 530 100 42 23 delamination into the single-layer level.
N=3 d(m) 10.9 577 3.92 2.96 Dynamic Reassembling Processilt is of particular interest
B (deg) 0.149 0.161 0.179 0.186 to follow how the reassembling propagates from the paired
I 490 100 44 26 nanosheets. The conditioning at a relative humidity of 95%
(c) Observed brought about a gradual diminution in intersheet spacing, as
010 020 030 040 visualized by Figures 5 and 6a, which reached a constant value
of ~2.7 nm after 12 h. Further shrinkage resulted by lowering
g((gr;)) %“,;5 %%5 20'936 the relative humidity (Figure 6b). The intersheet separation
| g 100 40 20 changed smoothly except for a jump at-500% humidity3®
- - - - The discrete change, although it is not well-defined, suggests
@ Spacing from peak top.Full width at half maximum in @ (fwhm). an intermediate hydrated phase with the intersheet separation

Integrated refative intensity. of ~2.1 nm. The drying extinguished a large portion of the

amorphous component observed at the beginning and resulted
in a fairly well-ordered material (Figure 2c and Figure 5d) as a
principal product, which can be identified as the TBA interca-
lated compound having the gallery height of 1.75 nm. Its XRD
pattern was characteristic of irregular layer-to-layer regitry,
) ) 5 indicating the turbostratic nature of the material.

Bintrinsic = Bmeas — Binstr ©)) The line profile analyses similar to those described above

demonstrated that the restacking did not proceed very much

where Bmeasand Bins are experimentally measured width and  until the intersheet spacing shrank to a value-@f0 nm. For

> 2, fwhm quickly reduces to values much smaller than the
observed ones. Note that instrumental broadening is negligible
in the present case. The intrinsic angular breaithinsic can

be obtained from the Warren’s relatién.

instrumental resolution, respectively. SithgadBinst =5 (Binstr example, the intermediate phase with the intersheet separation
= - 1 1 I i 0 i
. O'_O?’ see Experlmental Section), the correction is 2% which (36) There is some hysteresis between drying and rehydration processes.
is within experimental error. (37) The XRD data (Figure 2c) were recorded for the sample in filmlike
texture as a result of the drying of the aggregate, in whiehreflections
(35) Cullity, B. D. Elements of X-ray Diffraction Addison-Wesley were suppressed due to preferred orientation. They were enhanced

Publishing Company, Inc.: Reading, MA, 1957. considerably for a well-ground sample.
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Figure 5. Change in X-ray diffraction patterns in the drying process Relative Humidity (%)

of the colloidal aggregate: (a) immediately after separation from the Figyre 6. (a) Time dependence of the intersheet spacing at a constant
liquid phase, (b) conditioned at a relative humidity of 95% for 7.7 h,  rejative humidity of 95%. (b) Change in spacing as a function of
(c) conditioned at a relative humidity of 95% for 11.7 h, (d) dried for  re|ative humidity. The product of process a was further examined in
1lh ata relative humidity of 20%. The intensity scale in b is 20 times  \with conditioning at various humidities (step: 10%) for 1 ©)(
thatin a. Temperature was regulated at*80throughout. downward, &) upward. The data points designated bydacorrespond

- to the XRD patterns in Figure 5.
of ~4.8 nm (b in Figure 5) was shown to be composed of two P g

to three sheet® The crystallites started to grow in terms of
stacking number particularly with drying at lower humidity. The
final TBA intercalated material was accounted for by a sequence
of fourteen to fifteen sheets.

The mode of the reassembling process can be modified by a
variety of parameters. Accelerated drying experiments condi-

. e 0 .
tioned at a lower humidity {90%) frequently gave rise to which possibility is the case. However, it is evident that

segregation, or coexistence of two phases with different inter- reassembling of nanosheets was initiated from the pairwise

sheet separations. This phenomena may be induced by heteroépecies. The process involves an increase in population of the

geneous drying, the speed being different between the Surfacecrystallites which grows in number of sheets but shrinks in terms

an\?v;h;gr;ﬁ[]ri?'ogsgmgSgg]sgg'on eas 1 and 2. how muchOf intersheet distance. In this sense, this species may be
gnly ’ q i regarded as a kind of reassembling nucleus.

of the nanosheets is crystallized at various stages. The observed
intensity ratio of 020 lines for Figures 2b and 2c wa$/12.
As described above, these two reflections stemmed from

crystallites consisting of 2 and 14/15 sheets, respectively. On  The associated pair is novel in terms of its large intersheet
the other hand, the theoretical intensity for each crystallite is spacing ¢ 10 nm) as well as its very limited number2) of
predicted to be 1/3.9. The discrepancy between these valuesonstituent nanosheets. The detection of such an elementary
means that population of the incoherent crystallites multiplied unit comprising only a pair of the nanosheets and its fundamental
approximately three times in the course of the drying. It follows " intersheet diffraction are of importance. Raw variation of the
that the number of sheets initially crystallized as the paired structure factor, strictly the square of it, is observed here as the
species corresponds to a percent orde8.9/12x 2/14.5) of  wavy profile without being modified by the Laue function.
the tota_l number, even if the sheets which remained amorphous  \wnat drives the association and subsequent growth process?
at the final stage were neglected. _ It is surprising that a pair of titanate sheets, more than 10 nm
It can at least be concluded that the titanate was almostapart’ arrange themselves in a parallel position. It seems
exfoliated to the elementary nanosheets. There are twopliely that the paired nanosheets directly interact with each
(38) The increment of the stacking number was not discrete but Other from such a distance. We speculate that the osmotic
continuous. For example, there was not an explicit transition point along pressure force is predominantly responsible for adopting such

the time evolution curve (Figure 6a) where the fit changes in an obvious 5 configuration. Water in the intersheet region is progressively
way from the pairwise assembly to three-sheet species. This may be

explained by a mixture of a lower aggregate and higher ones the proportion Withdrawn by being in contact with the atm_osphere at, more or
of which changes steadily. less, an unsaturated humidty. When the intersheet separation

explanations for the origin of the associated pair at the very
beginning of drying. It may be present in the suspension or be
evolved after separation from the liquid. It took a few minutes
to load the colloidal aggregate onto a sample holder. This
inevitably exposed the sample to air of ambient humidity, which
may initiate crystallization. It is inconclusive at the present stage

Discussion
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reaches~3 nm, some cohesive force between the sheets startsstudied by adding the appropriate amount of water to powdery
exerting itself, probably through electrostatic interaction via the clay minerals, which represents the forward process from a
TBA cation. This promotes the abrupt increase in stacking normal stacked structure to clloidal single sheets. The restacking
number after this point. behavior from dispersed single sheets of clay has not been
It is of great interest to compare the hydration behavior of reported. Thus conclusive discussion must await similar study
the titanate with that of smectite clay minerals since both for clay minerals to this experiments.
systems exhibit similar swellings which are very unusual in  The present study has demonstrated the complete exfoliation
comparison with other classes of inorganic layered compounds.to the single sheets and clarified the transient structural and
Dehydrated smectities take up moisture to be swollen in a chemical changes during the reassembling process. In these
stepwise fashion. Four distinct stages of hydration involving reactions, the nanosheets behave as individual molecular entities
0—3 water layers in the galleries are formed as a function of rather than as assemblies or crystals. “Inorganic macromol-
relative humidity3® Similar stepwise expansion is recognized ecules’ classically refer to compounds with covalent frameworks
for the titanate in the present study. The TBA intercalated such as silicates (mica, quartz) and carbon (graphite, diamond).
titanate, or the final product of drying, lost water upon heating However, their attributes are not of molecules but of crystals.
at 200°C without collapse of the lamellar structure. The gallery The colloidal nanosheets can be regarded as genuine macro-
height contracted from 1.75 to 1.45 nm with dehydration. As molecules in the sense that they behave individually. A similar
pointed out above, the2.1-nm phase was suggested from the nature may be found for some inorganic gels intermediately
shape of the curve in Figure 6b. The differences between thesepolymerized in sol-gel processes. Molecule-like aspects have
spacings are 0.360.35 nm, which is consistent with expansion been pointed out or predicted for some low-dimensional
for one additional water layer. Thus the 1.45-, 1.75-, a2dl- inorganic material3!4445 The data described here may repre-
nm phases are attributable for zero-, mono-, and bilayer hydratesent such features.
structures, respectively. The presence of trilayer hydrate is The nature of “single-layer colloids” has not been thoroughly
inconclusive from the present data. The stepwise hydration uncovered, especially with respect to their chemistry as mac-
behavior is common for a variety of layered compounds, e.g., romolecules. The parallel data to those in this study have not
the titanate®21.22b.249nd transition metal disulfidéshaving been reported even for colloids of clay minerals which have
alkali metal ions as guests. been investigated extensively for decades. The in situ diffraction

The unusual feature for the titanate and smectities is that Study presented here can be applied to a variety of other “single-
beyond the modest hydration above, they undergo a much highedayer colloids”, which will provide much information on these
degree of expansion where their intersheet spacings exceed 1Mew classes of “inorganic macromolecules” and consequently
nm. It is to be noted that hydration with expansion of this lead to better control of their chemistry.
magnitude has seldom been observed except for the materials .
discussed heré. This type of solvation for smectities, which ~ Conclusion
is achieved by being immersed in water, is referred to as the The layered protonic titanate, yFio—x40wsOsH20, was
osmotic swelling?®342 However, their diffraction patterns are  exfoliated into single layers by being treated with the TBA
generally poor exhibiting one broad line, which is interpreted hydroxide solution, which is the first example of a single-layer
as statistical distribution of the intersheet spacing. This is in titanate. The delaminated nanosheets were restacked again upon
contrast to the well-defined feature in the present case with drying, which was initiated from the novel pairwise association.
several higher order reflections which are from a single spacing. The number of stacked sheets increased from 2 for the paired
The difference may be associated with the lateral dimensionsassembly to 14/15 for the TBA intercalated compound as the
for the dispersed single sheets. The lateral size for titanatefinal dried product, through the process of which the intersheet
nanosheets studied here ought be in micrometer or submicromeseparation contracted from the unusually high degree of
ter scale®® On the other hand, typical clay minerals are much hydration ¢10 nm) to the usual value of 1.75 nm. The dynamic
smaller, probably being tens of nanomet&rsThis dimension  reassembling process particularly in terms of sheet-to-sheet
is in comparable order of the intersheet separation of osmotic interaction reveals macromolecule-like aspects for the individual
expansion, which may facilitate introduction of various stacking nanosheets. These features may be common for other “single-
disorder. layer colloids” including clay minerals and may give a clue to

It should be pointed out that there are still ambiguous points understanding their inherent nature as two-dimensional macro-
for full understanding of the swelling. The experimental data molecules.
discussed here for both systems may not necessarily reflect
comparable phenomenon. The osmotic swelling has beenExperimental Section
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cycles of acid exchange, the solid was washed with copious water to the suspension was centrifuged (15000 rpm, 30 min) to separate a glue-
remove excess acid, filtered, and then dried in air. The resulting like material which should be an aggregate of the nanosheets. The
protonic oxide was white polycrystalline powder, the grain of which information on the wet colloid itself, which should be close to the

was micrometer-sized platy microcrystals. natural state, was acquired by suppressing evaporation of water. The
Preparation of the Colloidal Suspensions by Exfoliation of the subsequent drying process was also monitored under conditions where

Titanate. A weighed amount (0.0251.0 g) of HTiz—wady4O4H20O the evaporating speed was controlled.

was shaken (150 rpm) with 100 érof an aqueous solution of TBA In order to obtain a precise profile, absorption correction was applied

hydroxide, which produced the stable colloidal suspensions. The TBA to the data using the following equatién.
concentration was 0.620.5 mol dnt3. The resulting dispersion was
translucent to opalescent, depending on the titanate content. The|C

suspension of typical composition (0.4 wt %, molar ratio of TBA in o

Sinf;
solution/H" in HyTiz-xa0xaOa'H20 = 5) was examined in depth in ~ C.| : diff [1 — exp(ut(cosed, . + cosed))]
this study. 0 (i, + COB i) inc diff
X-ray Diffraction. The XRD data for the colloidal suspensions (6)

were collected by a powder diffractometer (Rigaku Rint 2000S) with

graphite-monochromatized Cuokradiation ¢ = 0.15405 nm). The  \wherelobs lcor and fin, Oair are observed, corrected intensities and
system is based on Bragg-Bretano parafocussing geometry with ajncident, diffracted angles, respectivelfC is constant. The linear
goniometer circle radius of 185 nm. Slits such as divergence 6f 0.5 apsorption coefficienty, is 22—23 cnr? for the structural model with

scattering of 0.5 and receiving of 0.15 mm were employed to obtain  the intersheet distance of £12 nm. The sample thicknedsjs 0.05
good data at a low angular range. The diffractometer is equipped with ¢pm.

the horizontal sample stage in a humidity/temperature controllable
chamber. The instrumental resolution (fwhm) is 0.07 26 at the Acknowledgment. The authors are grateful to Dr. Mitsuko
low angular range @ < 5°) which was estimated using data for  Onpda of the National Institute for Research in Inorganic
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The XRD data for the suspension itself did not give significant

information on the titanate due to an enormous halo from water. Then JA960073B



