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An aspect of organophilic modification for the delamination is described for the layered rare-earth hydroxides
in this paper. The interlayer property of RE2(OH)sNOs-nH,O, where RE=Eu (LEuH) and Tb (LTbH), was
modified by the exchange reaction of nitrate ion with oleate anion that is one of the representative dispersion
agents in nonpolar solvents. The bilayer arrangement of long oleate anions in the gallery of RE>(OH)sNO;-#nH,O
could effectively weaken the stacking of the hydroxide layers. Highly organophilic environment of the
interlayer space promoted the introduction of toluene to delaminate the layered structure into their individual
sheets. When irradiated with 365 nm UV, the resulting transparent colloidal solutions of toluene containing
LEuH and LTbH nanosheets yielded typical red and green emissions, respectively, which are visible to the

naked eye.
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Introduction

Colloidal solutions containing the inorganic monolayers
of ultimate two-dimensional anisotropy can be produced by
the delamination of layered compounds. The classical ex-
ample would refer to the infinite swelling of clay minerals.'
When the layer charge density is high, the colloidal sus-
pension is obtained by an interlayer modification of minerals.>*
The clay minerals are delaminated to generate the negatively
charged nanosheets which can be considered as macroanions.
Several layered compounds such as metal phosphates,’
transition-metal dichalcogenides,® and metal oxides’”® were
previously delaminated through the similar modification
process including the exchange reaction of interlayer ions.

The layered double hydroxides (LDHs), known as anionic
clays, can generate the positively charged nanosheets, which
are complementary to such negatively charged sheets. How-
ever, a high charge density of layers attributed to a high con-
tent of anionic species and water molecules causes a strong
electrostatic interactions between the layers of LDHs.” Con-
sequently, the colloidal solution of LDHs has been fre-
quently obtained after modifying the interlayer region with
intercalated organic anions'*'? or small inorganic anions.'>!*
The delaminated LDH nanosheets were used to fabricate the
composite thin films,”!® nanocomposites with organic poly-
mers,'®!” and hollow spheres.'®

Recently, a series of layered compounds consisting of pure
cationic rare-earth hydroxide layers have been reported by
several authors'®? and briefly reviewed.”* This class of
compounds, called the layered rare-earth hydroxides (LRHs),
is represented by the general formula RE>(OH)sX:-nH,O
where X is the organic or inorganic interlayer anions. LRHs
are structurally similar to LDHs and composed of alternating
positively charged hydroxocation layers and charge-com-

pensating anion layers. Owing to the capacity to take high
payload of guest molecules with high affinity, the family of
LRHs is the attractive layered host material for a wide range
of active molecules. Furthermore, the magnetic resonance
relaxation property of the colloidal solution of layered
gadolinium hydroxychloride (Gd»(OH)sCl-nH,0O) exhibited
the sufficient positive contrast effect for magnetic resonance
imaging (MRI).”® However, while their structural characteri-
stics as a layered compound have been well demonstrated,
the colloidal solutions of LRH nanosheets have not yet been
well investigated. Although it was reported that LRHs and
LRHs containing the alkali-metal salts in the interlayer
gallery can produce the formamide and aqueous colloidal
suspension, respectively,’*?” an improvement of the concen-
tration and stability of colloidal solutions is still challenging
for the wide field of applications.

In general, the intercalation of long chain organic mole-
cules or surfactants into the layered materials can separate
the layers apart from each other, giving a large interlayer
spacing. If the solvent molecules are able to solvate the
hydrophobic tails of molecules intercalated into the inter-
layer space, the delamination of layers is then facilitated in
such solvents. In our previous study,”® the hydrophobic
sheets of oleate exchanged-gadolinium hydroxide could be
rendered hydrophilic by the phospholipids with poly(ethyl-
ene glycol) tail groups. The resulting aqueous colloidal sus-
pension of fluorescent gadolinium hydroxide sheets showed
a potential as a multimodal probe combining optical and MR
imaging. In an attempt to further understand the colloidal
solution containing rare-earth hydroxide nanosheets, our
effort was made to prepare the transparent colloidal solu-
tions of LRH family in nonpolar solvents. In this paper, we
describe the general aspect of organophilic modification of
hydroxide layers for delamination and the photolumine-
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scence behaviour of the colloidal suspensions in toluene.
Because the Eu** and Tb** cations are widely applied for the
red- and green-emission, respectively, RE=Eu and Tb
members of RE>(OH)sNO3-#H,0O family were selected.

Experimental

Materials. Any reagent including RE,Os and RE(NOs);-6H,0O
(RE = Eu and Tb) and sodium oleate was used as purchased
without any purification.

Preparation of LEuH and LTbH. Layered europium
hydroxynitrate (LEuH) and layered terbium hydroxynitrate
(LTbH) were synthesized via a hydrothermal reaction.!
Typically, ~1.5 g of RE>O; (RE = Eu and Tb) was dissolved
in 40 mL of 10% HNO; solution. After clear solution was
formed by uniform stirring, aqueous KOH (10%) solution
was dropwise added with vigorous stirring at room temper-
ature until the pH of solution was adjusted to 6.5-6.9 at 30
°C. The resulting mixtures for LEuH and LTbH were put
into a Teflon-lined stainless steel autoclave with a capacity
of 100 mL. The autoclave was sealed and maintained at 130-
160 °C for 12-16 hr. The solution was continuously stirred
during the solvothermal treatment. The reaction temperature
was then lowered to 60 °C for aging for 12 hr. After the
reaction was completed, the solid product was collected by
filtration, washed with distilled water, and dried at 40 °C for
a day.

Exchange Reaction between NO; and Oleate Anion.
Intercalation of oleate anions was achieved using the ion-
exchange method. In a typical synthesis of LEuH-OA and
LTbH-OA, 0.25 g of LRH powder was dispersed into an
aqueous anionic solution containing 3-fold molar excess of
sodium oleate. The ion-exchange reaction between NOs and
oleate (C17H33COQO") anions was carried out at room temper-
ature for 24 hr in air while stirring. Resulting precipitates
were recovered by filtration, washed with water, and dried at
40 °C for a day.

Preparation of Colloidal Solutions of LEuH and
LTbH. Delamination was accomplished by adding LEuH-
OA and LTbH-OA (0.2-1.0 g) in 50.0 mL of toluene. To
facilitate the delamination, the dispersion was ultrasonically
treated in successive intervals of 10 min. A translucent
colloidal solution was yielded after repeated ultrasonic
treatments of the mixtures within 1 hr at room temperature,
suggesting the occurrence of delamination. To remove
possible unexfoliated particles, the resulting suspensions
were further treated by centrifugation at 2000 rpm for 5 min
before analyses.

Characterization. The chemical compositions of LRHs
and LRH-OAs were confirmed by inductively coupled plasma
(ICP; Thermo Elemental Thermo ICAP 6000), thermogravi-
metry (TG; Seiko Instruments TG/DTA320 SSC/5200 S11),
and elemental analysis (EA; CE Instruments Flash EA1112).
The powder X-ray diffraction patterns were recorded on a
rotating anode installed diffractometer (MacScience Model
M18XHF). The Cu Ko radiation used was monochromated
by a curved-crystal graphite. Field emission scanning elec-
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tron microscopy (FE-SEM) was carried out with a Carl Zeiss
LEO SUPRA 55 electron microscope operating at 30 kV.
Specimens for electron microscope were coated with Pt-Rh
for 180 s under vacuum. Transmission electron microscopy
(TEM) and selected area electron diffraction (SAED)
observations were made with a JEOL JEM-2100F electron
microscope operating at 300 kV. Atomic force microscopy
(AFM) was carried out by using Pucostation STD. To de-
posit the nanosheets on the substrate, the Si wafer was
cleaned successively with methanol/HCI solution and con-
centrated H,SOy, rinsed with deionized water, and dried by
high purity N, gas. The surface of Si wafer was then hydro-
phobically primed with a microwave treated CH4 + Ar mix-
ed gas for 5 min. The substrate was then dipped in a colloi-
dal suspension (0.1 g L™") of LRH nanosheets for 30 min,
washed with toluene several times, and dried with a nitrogen
gas flow. The photoluminescence spectra were measured at
room temperature using FP-6600 spectrophotometer (JASCO)
with a Xenon flash lamp. The emission spectra were record-
ed at the excitation wavelength with a maximum intensity.

Results and Discussion

Synthesis and Structure of Pristine LEuH and LTbH.
General structure of well known layered double hydroxides
(LDHs) is compared with that of LRHs in Figure 1. The
(transition) metal cations are coordinated mainly by six
intralayer OH groups in LDHs. Interlayer water molecules
are often coordinated to the metal cations in the layer,

Figure 1. Schematic comparison of the structures for (a) layered
double hydroxide (LDH) and (b) layered rare-earth hydroxide
(LRH). Gray and white spheres represent the oxygen atoms from
intralayer OH groups and interlayer H»O, respectively.
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Figure 2. (a, b) Powder X-ray diffraction patterns and (c, d) SAED
patterns of LEuH and LTbH, respectively.

providing seven-coordinated sites. Although the rare-earth
elements doped LDHs have been reported,” their sizes are
too large to be stabilized in such coordination polyhedra.
Instead, the trivalent rare-earth cations in LRHs occupy the
eight-coordinated and the nine-coordinated sites formed by
the intralayer OH groups and the interlayer water molecules
(Figure 1(b)).""?>% Nevertheless, the structures of LDHs
and LRHs are quite similar to each other. The OH groups in
the layer of both structures are shared by three polyhedral
cations and their hydrogen atoms are directed to the inter-
layer space.

Figures 2(a) and (b) show the powder X-ray diffraction
(XRD) patterns of layered europium hydroxynitrate (LEuH)
and layered terbium hydroxynitrate (LTbH). The strong
(00/) reflections, which are characteristic of a layered phase,
are ascribed to the interlayer separation of ~0.83 nm.
Because of very weak intensity and insufficient number of
non-(00/) reflections observed, the arrangement mode within
the ab plane was measured by the selected area electron
diffraction (SAED). As observed in Figures 2(c) and (d), the
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rectangularly arranged spots are also typical patterns indicat-
ing an order within the ab plane of LRHs. The determined
lattice parameters are @ = 0.75 and 0.74 nm and 5 = 1.32 and
1.31 nm for LEuH and LTbH, respectively. The composition
of these compounds was confirmed to be Eu,(OH)sNO3;-H,O
and Tby(OH)sNOs;'H,O (n~1.0) by inductively coupled
plasma (ICP), thermogravimetry (TG), and elemental analy-
sis (EA). All the results were in agreement with those of
previous reports.”**

Aspect of Interlayer Modification. The anion-exchange
reaction was carried out to modify the interlayer charac-
teristics of LRHs so that they undergo an efficient delamin-
ation to produce a stable colloid in an appropriate solvent. It
is known that the classical LDHs containing surfactants have
been successfully delaminated in various solvents.'*1%3
Therefore, after comparative study for modifying LRHs with
several anionic surfactants, the oleate (C7H33COQ") that is
one of the representative dispersion agents in nonpolar
solvents was selected to achieve highly efficient delamina-
tion.® The replacement of NO; by the oleate anions was
confirmed by the disappearance of characteristic reflections
of the host LRH lattices in XRD patterns. The chemical
compositions of oleate-exchanged derivatives (LEuH-OA
and LTbH-OA), determined by ICP and EA are summarized
in Table 1. Similarly to that of the host materials, the amount
of interlayer water was variable depending on the synthetic
conditions. The absence of nitrogen in the oleate-exchanged
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Figure 3. Thermogravimetric (TG) analysis curves of oleate

exchanged derevatives; (a) Eux(OH)s(oleate)-nH,O and (b) Tbs-
(OH)s(oleate)-nH-O.

Table 1. Elemental analysis data for the oleate-exchanged products of LEuH and LTbH

Elemental analysis (%)

Compound Basal spacing (nm

P Observed Calculated pacing (nm)
Euz(OH)s(C17H33CO2)(C17H33CO2H)0.65°1.5H,0 C(41.05), H(7.40) C(40.49), H(7.22) 4.63
Tb,(OH)s(C17H33CO2)(C17H33CO2H)0.602H20 C(41.39), H(7.87) C(38.87), H(7.07) 4.59
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Table 2. Comparison of the observed and calculated values for water evolution and total ignition loss of the oleate-exchanged products of

LEuH and LTbH

H,0 evolution (%)

Total weight loss (%)

Chemical formula
Observed

Calculated Observed Calculated

Eua(OH)s(C17H33C05)(C17H33CO2H)o 65 1.5H,0 2.94
Tha(OH)s(C17H33C05)(C17H3CO2H)o 60-2Ha0 434

3.07 60.08 60.05
4.05 59.01 58.89

products supported a completion of exchange reaction.
Figure 3 shows the TG curves of LEuH and LTbH ex-
changed with oleate anions. The weight loss below 200 °C
corresponds to the amount of cointercalated water. If we
consider that the heat treatment of layered hydroxides above
800 °C yields the corresponding oxides, the observed total
weight losses are close to those calculated from the proposed
chemical formula as compared in Table 2.

It is noted that the elemental analysis data for both LEuH-
OA and LTbH-OA exhibited a higher amount of carbon than
was anticipated from the amount of oleate needed to balance
the charge of the layers. No change in the amount of oleate
was observed even after several repeated washings with
water or nonpolar solvents, implying a significant interaction
between the excess oleate units and the hydroxide matrix.
When we extensively washed LRH-OAs with organic solvent
such as toluene and chloroform, the delamination process
was initiated. Because ICP analysis revealed no sodium
content in LRH-OAs, a possibility of incorporation as oleate
sodium salt could be ignored. A strong lateral dispersion
interaction between long chain alkyl ions often induces an
inclusion exceeding the exchange capacity.?''? It is accord-
ingly postulated that the neutral oleic acid might be incorpo-
rated in the interlayer space of LRHs with the maintenance
of charge neutrality. An intercalation of excess guest mole-
cules has been also observed in the LDH-phosphonates,
where a rapid proton exchange was supposed between the
neutral phosphonic acid and phosphonate or between phos-
phonate units and the interlayer water molecules.*

As can be seen in Figure 4, XRD patterns of LRH-OAs
display a series of intense basal (00/) reflections in the
region of low diffraction angle, indicating the incorporation
of long oleate anions into the interlayer galleries of LRHs.
The interlayer spacings of LEuH-OA and LTbH-OA calcu-
lated from the systematic indexation of (00/) reflections were
4.63 and 4.59 nm, respectively (Table 1). The arrangement
mode of organic hydrocarbon chains in the interlayer space
is often different depending on the nature of hosts and
functional groups. It has been proposed that the hydrocarbon
chains stand vertically or tilt at an angle with respect to the
host layer so as to form interdigitating monolayer, normal
bilayer, or partly interpenetrating bilayers.***® Considering
the expected length of oleate chain (~2.2 nm), the expansion
of interlayer spacing from ~0.84 to ~4.6 nm after inter-
calation of oleate anions is too large to be accounted for by a
monolayer arrangement of anions between the layers. Accord-
ing to the packing mode of oleate (cis-isomer) and elaidate
(trans-isomer) in the interlayer of LDHs,*” the interlayer
separations are predicted to be ~3.6 nm and ~4.8 nm for a
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Figure 4. Powder X-ray diffraction patterns of (a) LEuH-OA and
(b) LTbH-OA.

partially interdigitated mode and a bilayer packing mode,
respectively. Therefore, a bilayer model could be adopted for
LRH-OA in the present work. The incorporation of excess
neutral oleic acid might be responsible for the bilayer arrange-
ment. An effective lateral hydrophobic interaction with ex-
cessively intercalated oleic acid molecules would keep the
oleate anions from interpenetrating each other. The formation
of bilayer has also been observed with different organic
carboxylate exchanged-LRHs.?! Transmission electron micro-
scopy (TEM) images of LEuH-OA and LEuH-OA are shown
in Figure 5. The observed fringes are associated with the
regular crystalline lattices. The distance between fringes is
close to 4.7 nm, which is comparable with the interlayer
spacings determined from XRD patterns of LEuH-OA and
LEuH-OA (Figure 4).

Colloidal Solutions. An appropriate combination of inter-
layer ion and solvent has been used to promote the delami-
nation of two-dimensionally ordered structures. It was found
that the nonpolar solvents such as toluene and chloroform
can effectively solvate the hydrophobic layers of LRHs
modified by oleate anions. The stable colloidal solution was
then obtained by delaminating LEuH-OA and LTbH-OA in
toluene. The exfoliation process was significantly accele-



Synthesis and Photoluminescence of Colloidal Solution

Figure 6. Photographs of colloidal suspension containing delami-
nated nanosheets of (a) LEuH and (b) LTbH in toluene (1.0 gL ™).
The light beam was irradiated from the side to demonstrate the
Tyndall effect.

rated by ultrasonication. The kind of interlayer anions have
great effects on the delamination behaviors of LRHs. For
instance, the dodecylsulfate (DS) anion would be one of the
most frequently used surfactants to delaminate the classical
LDHs.!*1238 Tt is of interest that, when they were inter-
calated into the interlayer of LRHs, the dodecylsulfate anions
are arranged in a tilted monolayer mode. Elemental analysis
of resulting LRH-DS suggested that no excess dodecylsulfate
group was intercalated in the interlayer space. The delamina-
tion of LRH-DS was much less efficient in comparison with
LRH-OA at room temperature.

As shown in Figure 6, the laser illumination to the sus-
pensions (1.0 gL™") of LEuH-OA and LTbH-OA in toluene
demonstrates the clear Tyndall light scattering, supporting
the presence of abundant delaminated nanosheets dispersed
in toluene. The colloidal suspensions of LRH-OAs were
stable and no aggregated sediment was observed for more
than a month. Figure 7 shows typical SAED patterns of LEuH
and LTbH nanosheets which were taken from a randomly
chosen particles in the colloidal solutions. The clear spots
indicate their crystalline nature. The rectangular arrangements
of spots are consistent with those of pristine LRHs (Figure
2).2%2! The estimated lattice parameters of @ = 0.75 and 0.73
nm and b = 1.32 and 1.30 nm are also comparable with the
in-plane structural parameters of LEuH and LTbH host
crystals, respectively. This agreement unambiguously indicates
that the intralayer structure of LRHs remains unchanged
during the anion-exchange reactions followed by the delami-
nation. The size and thickness of the delaminated nanosheets
were examined by AFM. In Figure 8, the lateral dimensions
of thin sheetlike objects detected by AFM observations are
in the range of 50-200 nm. The height profiles along the
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Figure 7. SAED patterns of delaminated (a) LEuH and (b) LTbH
nanosheets.
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Figure 8. AFM images and height profiles of (a) LEuH and (b)
LTbH nanosheets deposited on Si wafer.

white lines in the images reveal two distinct thicknesses of
~4 nm and ~8 nm. By considering the ~4.6 nm basal spacing
of LEuH-OA and LTbH-OA, such thicknesses suggest that
the majority of nanosheets delaminated in the suspension
consists of one or two monolayers carrying oleate anions at
the external surface.

Photoluminescence Spectra of Colloidal Solutions. When
irradiated with 365 nm UV, the transparent colloidal solu-
tions of toluene containing LEuH and LTbH nanosheets
yielded a red and green emission, respectively, which are
visible to the naked eye as shown in Figure 9 (insets). Such
characteristic colors of the UV irradiated suspensions support
again the presence of europium and terbium hydroxide
nanosheets dispersed in toluene. The excitation spectrum of
LEuH colloidal solution consisted of a series of bands with a
maximum at about 397 nm, which were attributed to the f-f
transitions in the Eu*" (4f°), 'Fo — °Dy4 (365 nm), 'Fy — °L;
(383 nm), and "Fy — °L¢ (397 nm). Figure 9(a) displays the
photoluminescence (PL) emission spectra of LEuH powder
and colloidal solution, which were excited at 397 nm. The
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Figure 9. Emission spectra (solid lines) of colloidal solution con-
taining (a) LEuH and (b) LTbH nanosheets. The emission spectra
of corresponding powders are represented by dotted lines. Insets:
photographs of toluene (right) and the transparent suspensions
(left) emitting characteristic red and green colors visible to the
naked eye under UV (365 nm) irradiation.

observed emission bands are assigned to "Dy — F, Dy —>
"F,, ’Do — 'F3, and *Dy — 'F transitions.*® In particular, the
sharp and intense band centered at around 615 nm and
ascribed to the >Dy — F, transition causes a red color of
colloidal solution containing LEuH nanosheets. The inten-
sity of magnetic dipole transition "Dy — ’F1) is independent
on the site symmetry of Eu*" ions while the forced electric
dipole transition "Dy — 'F») is sensitive to the symmetry of
site occupied with Eu®* ion in the host.***! Therefore, the
intensity ratio between two emissions (°Dy — 'F»)/(°Dy —
’F1), called the asymmetric ratio,*” can be a measure of
distortion from the inversion symmetry around Eu*" ion. The
eight-coordinated and the nine-coordinated sites for Eu®*
cations are formed by both the intralayer OH groups and the
interlayer water molecules in the pristine LEuH.""**% A
significant difference in the asymmetric ratio (Isis/Is03)
between the powder (dotted line) and the colloidal solution
(solid line) in Figure 9(a) would indicate that the distortion
from the inversion symmetry of the local environment
around Eu®" is enhanced by the release of weakly coordi-
nated water molecules after delamination.

In the excitation spectrum of LTbH colloidal solution
monitored at 545 nm, the highest intensity band assigned to

Byung-Il Lee et al.

the *D; — Fy transition of Tb*>" (4f*) was observed at about
372 nm. Thus the colloidal solution of LTbH could be well
excited at 372 nm. The PL emission spectrum of colloidal
solution (solid line) is compared with that (dotted line) of
pristine LTbH powder in Figure 9(b). Trivalent terbium (Tb*")
has been recognized as a blue-green luminescent center as a
result of °Dy — "F,(J = 6, 5, 4, 3) transitions.” The bands
assigned to the Dy — "F4 (490 nm) and °D4 — "Fs (545 nm)
transitions correspond to the blue and green emission,
respectively. It is accordingly evident that the most intense
emission centered at 545 nm is responsible for a green color
of UV irradiated colloidal solution containing LTbH nano-
sheets.

Conclusion

We demonstrated that the oleate (surfactant) and toluene
(solvent) is an effective combination for producing the
colloidal solution of layered compounds that consist of
purely cationic europium and terbium hydroxide layers. This
approach can be exploited as a general method employable
for the complete series of rare-earth cations. The develop-
ment of colloidal suspension containing the rare-earth hydr-
oxide nanosheets could broaden further the application field
of rare-earth materials as it accesses interesting new catalysts,
polymer/rare-earth nanocomposites, and bioactive nanocom-
posite materials. Furthermore, the rare-earth cations appli-
cable as a luminescent center exhibit their characteristic
photoluminescence after delamination in an appropriate
solvent, which are visible to the naked eye.
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