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Oriented films of layered rare-earth hydroxide crystallites self-assembled

at the hexane/water interfacef
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Layered rare-earth hydroxide crystallites self-assembled at the
hexane/water interface were transferred to various substrates to
form a monolayer film, which exhibited photoluminescence
properties and ion-exchange ability.

Nanoparticle self-assembly into the form of oriented films on
various substrates is an effective way to establish versatile
functional entities, and has been a focus of interest during the
past several decades.! Different approaches to nanoparticle
assembly, such as solvent evaporation,” layer-by-layer assem-
bly,? the Langmuir—Blodgett method* and spin-coating,® have
been developed. Recently, we synthesized a new layered rare-
earth hydroxide with the composition Eu(OH), 5Clj 5-0.9H,0,
which shows uniform rectangular platelet morphology with a
size of several micrometres.® This new layered compound
displays anion-exchange behavior similar to that of a
hydrotalcite-type layered double hydroxide (LDH),” and also
exhibits characteristic photoluminescence properties. The fab-
rication of film from these crystallites could hold great poten-
tial for various applications by combining the advantages of
anion-exchange and the photoluminescence properties.
However, traditional methods for film fabrication are not
suitable for the Eu(OH),sClj5-0.9H,O crystallites, because
they result in a poor quality film with low area coverage ratio
and an abundant congeries of crystallites. Recently a mono-
layer film of Mg/Al-based LDH crystallites (size less than
500 nm) was fabricated by dipping the substrate into a
suspension of LDH crystallites with ultrasonic treatment,
and the LDH crystallites were immobilized by the bonding
force between the positively-charged crystallites and the
negatively-charged surface of the substrate.® Nevertheless, this
method cannot be applied to the Eu(OH), sCly5:0.9H,O
crystallites, because the bonding force is not strong enough
to immobilize the larger-sized crystallites on the substrate.
Fabricating a high-quality film of micrometre-sized crystallites
remains a challenge that requires a new approach.
Fluid/fluid interfaces are the ideal template for self-assembly
of inorganic nanoparticles, and have received intensive
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attention.” Au, Ag, Pt, and SiO, nanoparticles and one-
dimensional carbon nanotubes have been self-assembled at
the toluene/water or hexane/water interfaces using ethanol as
the inducer.'® The main driving force for this assembly is
related to a decrease in interfacial energy of the nanoparticles
caused by the addition of ethanol.'' However, there are no
reports on the assembly of micrometre-sized platelet
crystallites by this simple approach. In this communication,
we present a self-assembly procedure for preparing a mono-
layer film of layered rare-earth hydroxide crystallites at the
hexane/water interface. After the film was transferred to a
substrate, its photoluminescence and ion-exchange properties
were studied.

In a typical experiment, 20 mg of Eu(OH), sClys-0.9H,O
crystallites were dispersed in 40 ml of Milli-Q water. Hexane
(10 ml) was added to the vessel to produce a hexane/water
interface. Next, ethanol (1.5 ml) was added to the interface at a
low rate (0.6 ml min~'), and the rare-earth hydroxide crystal-
lites were immediately trapped at the interface. Then most of
the hexane at the top of the vessel was carefully removed by
syringe, and the densely packed film was transferred to a quartz
or silicon substrate precoated with a polyanion (Fig. 1). After
deposition, the film was immersed in ethanol with ultrasonic
treatment for a few seconds, and then dried at room tempera-
ture to obtain a semitransparent monolayer film (Fig. S1, see
ESIt). Multilayer films were fabricated by multiple repetition of
the deposition process under the same conditions. Anion-
exchange experiments were carried out by immersing a mono-
layer film into an aqueous solution of 1 M NaNOs and 0.5 M
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Fig. 1 Schematic representation of the monolayer formation for the
Eu(OH), 5Cly 5:0.9H,0 crystallites at the hexane/water interface and
the transfer procedure.
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sodium dodecylsulfate (SDS, C;,H,50SO;Na) for 72 h at room
temperature.

Compared with the adhesion of crystallites on solid sub-
strates by solvent evaporation, the present method produced a
better-quality film with a higher area coverage ratio, which is
shown in Fig. 2. It can be seen that the substrate is densely
covered with the crystallites, although some small interspaces
are inevitable, which may be attributed to the electrostatic
repulsive force between the rare-earth hydroxide crystallites at
the hexane/water interface.'' Since the surface charge and
interface energy of the crystallites at the interface are con-
trolled by the amount of ethanol,” the addition of an appro-
priate quantity of ethanol is crucial for the formation of film
with a desirable quality. Too little ethanol results in a low area
coverage ratio, whereas too much ethanol leads to the obvious
overlapping of crystallites as shown in Fig. S2.¥ Even with an
optimal ethanol addition (i.e., 1.5 ml in Fig. 2a and b), some
aggregation of crystallites was still observed. A monolayer film
without noticeable aggregation can be fabricated after suitable
ultrasonic treatment (Fig. 2c and d), while mostly retaining the
high area coverage ratio. The cavitation force generated by
ultrasonic waves may remove the aggregation. For multilayer
films, a high area coverage ratio and oriented arrangement of
crystallites on the solid substrate are evident (Fig. S37).

The highly preferred orientation of the crystallites immobi-
lized on the substrate can be confirmed by the X-ray diffrac-
tion (XRD) pattern, as shown in Fig. 3b. Compared with the
XRD pattern for the powder sample in Fig. 3a, only 00/
diffraction peaks can be detected for the monolayer film.
Moreover, the diffraction peaks in Fig. 3b are much higher
in intensity than those of the powder sample. These results
demonstrate that all the crystallites in the film are aligned on
the substrate with their c¢-axis perpendicular to the substrate
surface.

Excitation and emission spectra of the multilayer films at
room temperature are shown in Fig. 4a and b, respectively,
which exhibit no apparent differences compared with those of
the powder sample. The excitation spectra consist of a series of

Fig. 2 Typical SEM images of the film of Eu(OH), sCly5-0.9H,O
platelet crystallites on a Si substrate (a, b) before and (c, d) after
ultrasonic treatment. Bright portions correspond to aggregation of
crystallites.
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Fig. 3 XRD patterns for (a) powder sample of Eu(OH), sCl, 5-0.9H,0;
(b) monolayer film of Eu(OH),sClys-0.9H,O crystallites. (Inset)
Enlarged view of the patterns from a high angle.

sharp lines ascribed to the intra-4f® transitions within the
electronic configuration of Eu®' 4f°. The emission spectra
display typical Dy-"F, (J = 0-4) transitions at 579.8, 595.2,
615.4, 651.2, and 701.1 nm, respectively.6 The intensity of the
emission peak at 701 nm increases roughly in proportion to
the number of layers. The photoluminescence properties of the
multilayer films can also be confirmed by the red-emission
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Fig. 4 Photoluminescence (a) excitation spectra monitored at 615 nm
and (b) emission spectra excited at 393 nm of the Eu(OH), sCl, 5-0.9H,0
multilayer films. The inset in (b) shows the red-light emission of the tri-
deposited multilayer film under UV irradiation (the weak violet color at
the edge of the film is caused by the violet components of the incident
light of the UV lamp).
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Fig. 5 XRD patterns of the monolayer film: (a) CI~ form before ion-
exchange; (b) NO3~ form after ion-exchange; (c) C;,H,50SO3™ form
after ion-exchange.
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Fig. 6 Typical AFM images of (a) pristine Cl™ form crystallites and
(b) the crystallites after ion-exchange with C;,H,s0SO;™ ions.

photograph under UV irradiation of the three-layer film, as
shown in the inset in Fig. 4b.

Fig. 5 shows the XRD patterns of the monolayer film before
and after anion-exchange reactions. The basal spacing, 8.66 A
for the pristine C1™ form, shifts to 8.34 A for the NO;™ form
and 24.1 A for the C;,H»5s0SO5~ form. The sharp diffraction
peaks demonstrate that the high crystallinity and oriented
arrangement of the rare-earth hydroxide crystallites can be
maintained during the ion-exchange process. The monolayer
film of Mg/Al-based LDH nanocrystals reported by Lee et al.
shows anion-exchange capacity under solvothermal treat-
ment.® In contrast, the current monolayer of Eu(OH), sCl s-
0.9H,0 is readily anion-exchangeable at room temperature,
which is simpler and more desirable.

Fig. 6 displays the atomic force microscopy (AFM) images
of the rare-earth hydroxide crystallites before and after ion-
exchange with C,H,s0SO5™ ions. It is apparent that the
rectangular platelet morphology of the crystallites is well
retained during the reaction. The crystallites show a smooth
surface for the pristine ClI- form, but the surface becomes
rather rough after ion-exchange with C;,H,50SO5™ ions. The

average height of the crystallites was obtained based on
statistical examination of more than 30 crystallites
(Fig. S47%). The average height of CI~ and C;,H,s0SO3™
crystallites measured 101 + 33 and 267 £ 62 nm, respectively,
indicating expansion by 2.7 times, which is consistent with the
change in basal spacing in the XRD data.

In summary, a simple method for organizing densely packed
monolayer and multilayer films of new layered rare-earth
hydroxide crystallites has been developed. The film of
Eu(OH), 5Cly5-0.9H,O platelet crystallites exhibits typical
photoluminescence properties and excellent anion-exchange
behavior, and may have potential applications in optical
devices efc.
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