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A
ssembled nanocrystal superlattices
composed of one or more types
of nanocrystals have been shown

to have novel collective properties.1�4

Among the vast collection of nanocrystal
building blocks, anisotropic nanocrystals
offer a new design criterion for tuning
assemblies, allowing formation of liquid
crystalline phases with differing orienta-
tional and positional order.5,6 Nanorods
are well-known anisotropic building blocks
which formoriented liquid crystalline super-
lattices, previously fabricated by drying-
mediated self-assembly,7 electric-field-as-
sisted assembly,8 depletion attraction,9 the
Langmuir�Blodgett technique,10 and de-
stabilization by slow diffusion of a non-
solvent.11 Liquid crystalline assemblies of na-
noplates have also been demonstrated.12�19

Cao et al. demonstrated highly ordered as-
semblies of gadolinium oxide (Gd2O3) square
nanoplates.12 However, systematic control of
the macroscopic orientation of the super-
lattice over a large area has remained a
challenge.
To understand the origin of the collective

interactions between nanocrystals as-
sembled into superlattices, the structure
must be precisely characterized. Structural
parameters, such as the symmetry, domain
orientation, interparticle spacing, and de-
gree of order, all influence the mutual inter-
actions between nanocrystal building
blocks.20�23 Although there aremanymeth-
ods to investigate superlattice structure,
small-angle X-ray scattering (SAXS) is one
of the best tools because it is a nonde-
structive method for collecting statistical
information over a large area with high
accuracy.2,24 In addition, SAXS offers quan-
titative information on both the nanocryst-
als and the assembled superlattices.25 After
assembling nanocrystal superlattices by
controlled methods and characterizing the

structure with SAXS, the relationship be-
tween structure and collective properties
can be discerned. This understanding al-
lows us to design the properties of new
solids from a set of building blocks, which
are distinct from those of individual nano-
particles or molecules.
Grazing-incidence small-angle X-ray scat-

tering (GISAXS) is a powerful method to
measure the scattering patterns of periodic
nanocrystal superlattices. Two-dimensional
area detectors allow for collection of in-plane
andout-of-plane scattering frommonolayers,
multilayers, and binary superlattices.25�27

High intensity synchrotron radiation sources
offer large X-ray scattering intensities with
lowbackground and in situ capabilities allow-
ing the kinetics of assembly to be studied.28

However, the accessibility of synchrotron
radiation has limited GISAXS use as a more
routine structural probe.
Herein, we report directed liquid crystal-

line assembly of GdF3 nanoplates by liquid
interfacial assembly. Liquid interfacial as-
sembly is a simple, robust, and reproducible
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ABSTRACT Directed self-assembly of colloidal nanocrystals into ordered superlattices enables

the preparation of novel metamaterials with diverse functionalities. Structural control and precise

characterization of these superlattices allow the interactions between individual nanocrystal

building blocks and the origin of their collective properties to be understood. Here, we report the

directed liquid interfacial assembly of gadolinium trifluoride (GdF3) nanoplates into liquid crystalline

assemblies displaying long-range orientational and positional order. The macroscopic orientation of

superlattices is controlled by changing the subphases upon which liquid interfacial assembly occurs.

The assembled structures are characterized by a combination of transmission electron microscopy

(TEM) and small-angle X-ray scattering (SAXS) measurements performed on a laboratory

diffractometer. By doping GdF3 nanoplates with europium (Eu3þ), luminescent phosphorescent

superlattices with controlled structure are produced and enable detailed structural and optical

characterization.

KEYWORDS: nanocrystals . nanoplates . superlattices . SAXS . liquid crystalline .
self-assembly
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method to fabricate nanocrystal superlattices.29�31 We
observe that anisotropic GdF3 nanoplates assemble to
form uniform liquid crystalline superlattices with long-
range orientational and positional order and demon-
strate that liquid crystalline structure is controlled by
changing the subphase during the process. Liquid
crystalline superlattices are characterized by out-of-
plane and in-plane small-angle X-ray scattering tech-
niques with a laboratory X-ray diffractometer. We
observed X-ray scattering patterns of oriented films
corresponding to characteristic liquid crystalline struc-
tures. In addition, phosphorescent superlattices are
demonstrated by using europium (Eu3þ)-doped GdF3
nanoplates.

RESULTS AND DISCUSSION

GdF3 nanoplates are chosen as the nanocrystal build-
ingblocksbecause thenanoplates aremonodisperseand
tunable in shape and size. Ellipsoidal and rhombic GdF3
nanoplates are synthesized via high-temperature colloi-
dal synthesis. Transmission electron microscopy (TEM)
images indicate that ellipsoidal nanoplates are 16 nm
along the longaxis and10nmalong the short axis (Figure
1a), and rhombic nanoplates are 35 nm along the long
axis and 25 nm along short axis (Figure 1b).

Liquid crystalline superlattices are formed using a
liquid interfacial assembly and transfer technique, in
which a drop of a nanocrystal suspension in a volatile
solvent is slowly dried on glycol-type polar subphases
in a Teflon well covered with a glass slide, and then the
resulting nanocrystal film is transferred to a substrate.
Both ellipsoidal and rhombic nanoplates are observed
to stack preferentially face-to-face, forming 1-D or-
dered assemblies (Figure 1a,b). Upon liquid interfacial
assembly, edge-to-edge interactions also affect order-
ing simultaneously, building 3-D close-packed super-
lattices. Two different liquid crystalline structures are
observed in films assembled on the surface of diethy-
lene glycol. In some regions of the superlattice film,
nanoplates assemble into columnar liquid crystalline
structures, wherein the plates lie flat on the subphase
and stack to form columns oriented out-of-plane
(Figure 1c for ellipsoidal plates, Figure 1d for rhombic
plates). In other regions, ordered lamellar structures are
observed, in which the nanoplates assemble by stand-
ing edge-on, forming a lamellar liquid crystalline struc-
ture parallel to the liquid interface (Figure 1e for
ellipsoidal plate, Figure 1f for rhombic plates).
The columnar assembly of ellipsoidal nanoplates

shows short-range positional order with quasi-long-range

Figure 1. TEM images of (a) ellipsoidal, (b) rhombic nanoplates assembled into (c,d) columnar and (e,f) lamellar liquid
crystalline superlattices through a liquid interfacial assembly technique. The top inset is a high-magnification TEM image,
and the bottom inset is small-angle electron diffraction pattern.
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orientational order (see Figure 1c). A hexagonal small-
angle electron diffraction pattern indicates that the
phase of the columnar assembly of ellipsoidal nano-
plates is hexatic.32 Locally, the plates' long axes are
oriented in the same direction, forming a centered
rectangular columnar phase (see Figure 1c inset). Each
column reflects the shape of an isolated nanoplate,
which indicates that the nanoplates within each col-
umn perfectly overlap to maximize the face-to-face
interaction. The electron diffraction patterns of colum-
nar assemblies of rhombic nanoplates show two-fold
symmetry representing a rectangular columnar liquid
crystalline phase (see Figure 1d inset). Electron diffrac-
tion patterns for lamellar superlattices of both ellipsoi-
dal and rhombic nanoplates also have two-fold
symmetry (see Figure 1e and 1f inset). This is due to
the periodicity of the nanoplates stacking face-to-face
and the layering of each stack orthogonal to the
stacking direction, indicating a smectic liquid crystal-
line phase (Figure S1 in Supporting Information). Only
two sets of diffraction spots are observed even in
multilayer superlattices, meaning that all nanoplates
are oriented identically in the plane of the substrate.
Liquid crystalline structures with long-range orienta-

tional and positional order are observed over large
areas (Figures S2 and S3). Figure 2 displays TEM images
of columnar superlattices of rhombic nanoplates at
increasing magnifications. The low-magnification im-
age in Figure 2a shows that the domain size ranges
between 1 and 10 μm2. The flat edges of rhombic
plates enable the nanoplates to be crystallographically
oriented as reflected in the wide-angle single crystal-
line electron diffraction pattern (inset Figure 2d). Dif-
fraction spots were indexed as the {101}, {301}, {002},
and {200} families of planes, which is consistent with

the fast Fourier transform (FFT) of the high-resolution
TEM (HRTEM) image of an isolated nanoplate (Figure
S4). In addition, rhombic nanoplates are observed to
pack efficiently by perfect space filling analogous to
tiling of building blocks, leaving minimal space except
for the ligand bound to the surface.
The lamellar liquid crystalline structures of rhombic

nanoplates also exhibit long-range order and charac-
teristic single crystalline electron diffraction patterns
(Figure S5). Due to the fact that these films form
multilayered structures, scanning electron microscopy
(SEM) images are preferential to visualize the surface
structure of the nanoplates assembled edge-on
(Figure 3b and Figure S6). We observe that the nano-
plates are not oriented perpendicular to the substrate
but are tilted with respect to the substrate. TEM tilt
analysis shows that the nanoplates in the lamellar
structure also preserve translational order along the
nanoplate stacks (Figure 3c,d). In addition to single
component superlattices, binary superlattices in which
plates are coassembled with spherical nanocrystals
may be formed in the lamellar liquid crystalline struc-
ture (Figure 3e,f). TEM images show that the long axis
of each nanoplate aligns parallel to the substrate
(Figure 3e), and that the spherical 9 nm hexagonal
phase sodium gadolinium tetrafluoride (β-NaGdF4)
nanocrystals are located in the void between the plate
stacks (Figure 3f). This result demonstrates that the
long-range ordered lamellar structure of rhombic nano-
plates may be used as a dielectric template directing
nanocrystals into periodic one-dimensional arrays.
Phosphorescent assemblies can be fabricated by

using europium (Eu3þ)-doped GdF3 nanoplates. A
lanthanide element has a partially filled f electron inner
shell that is responsible for its characteristic optical

Figure 2. Series of TEM images of columnar liquid crystalline phase domains of rhombic GdF3 nanoplates from low
magnification to high magnification. Bottom inset is a wide-angle electron diffraction pattern.
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properties. Europium dopant is known as a highly
efficient red emitter.33 We find that the emission
spectra of europium-doped GdF3 nanoplates are per-
turbed depending on the structure of the liquid crystal-
line superlattice films (see Table 1). Figure 4 shows the
excitation and emission spectrum of 1% Eu3þ-doped
GdF3 nanoplates suspended in hexanes, drop-casted
onto films, and assembled into the two liquid crystal-
line superlattices. Characteristic Eu3þ red emission
which corresponds to 5D0 f 7FJ line emissions
(J = 0, 1, 2, 3, 4) is observed in all samples. Emission

spectra obtained from solution and drop-casted films
are nearly identical. However, the relative intensities of

Figure 3. (a) Schematic and (b) SEM image of lamellar liquid crystalline structure of rhombic nanoplates. TEM images of
laterally assembledGdF3 nanoplates collected by tilting the TEMholder from (c) 0� to (d) 53�. TEM images of (e) lamellar liquid
crystalline structure and (f) binary superlattices with β-NaGdF4 spherical nanoparticles. Inset in e: TEM image of β-NaGdF4
spherical nanocrystals.

TABLE 1. Intensity Ratio between Emission Peaks of 1%

Eu3þ-Doped GdF3 Nanoplates in Defined Structures

(Intensity Ratio Is Normalized by the Emission Intensity at

586 nm)

5D0 f
7F0

5D0 f
7F1

5D0 f
7F2

I554 nm/I586 nm I586 nm/I586 nm I592 nm/I586 nm I614 nm/I586 nm

solution 0.14 1 1.49 0.94
drop-casted film 0.18 1 1.58 0.80
columnar assembly 0.15 1 0.96 0.63
lamellar assembly 0.22 1 2.34 0.47

Figure 4. (a) Excitation and (b) emission spectra of 1% Eu3þ-
doped rhombic GdF3 nanoplate in solution, in drop-cast film,
and liquid crystalline superlattice films measured at room
temperature. Excitation wavelength is set as 394 nm, and
emission spectra are collected at 90� with a 30� angle
between light source and the sampleplane (emission spectra
are found to be independent of this angle). Excitation
spectrum is recorded bymonitoring the emission at 592 nm.
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the peaks contributing to the 5D0 f 7F1 transition,
which is a knownmagnetic dipole transition, are varied
depending on the structure of the assembly. The
reason for structure-dependent emission remains un-
clear. However, the effect of assembly on the optical
properties of the film indicates the importance of
controlling the formation and precisely characterizing
the structure of superlattices, allowing structure�property
relationships to be understood and the properties of
superlattices to be controlled.
To fully characterize the assembled superlattices, it is

essential to first determine the structure of each in-
dividual building block. While the width and length of
the plates is easily measured by TEM, the thickness of
the nanoplates is more difficult to measure due to the
tilt in the sample orientation when lying edge-on.
Titling experiments conducted on the rhombic nano-
plates indicate that the thickness is about 2.4 nm
(Figure 3d). To confirm the size and shape of the
rhombic nanoplates, powder X-ray diffraction (PXRD)
and transmission small-angle X-ray scattering (TSAXS)
are simulated based on atomistic models of nano-
plates, generated from the statistical analysis of TEM
images. The GdF3 nanoplate models are constructed
using the orthorhombic unit cell (JCPDS no. 49-1804).34

Atomic coordinates and scattering factors are entered
into the Debye formula to generate the simulated
patterns.35 A size series of nanocrystals were simulated
and entered into a Gaussian dispersion equation, thus
introducing a size distribution into simulated patterns.
Due to the tendency of the nanoplates to align face-to-
face, nanoplates on drop-cast films are found to have a
preferred orientation. This results in inaccurate ratios of
diffraction intensities in the experimental data. To
circumvent this issue, we collect PXRD patterns of
concentrated nanocrystal solutions filled in a glass
capillary using the Laue geometry, enabling the dif-
fraction patterns to be obtained for randomly oriented
nanoplates. Figure 5 shows the TSAXS and PXRD
patterns and the simulation results. The input param-
eters for the simulation are varied to fit the experimental

pattern yielding a length of 35 nm, a width of 25 nm, a
thickness of 2.4 nm, and a dispersion in the length and
width (defined as the standard deviation divided by the
mean size) of 8%. The average length and dispersion,
determined bymeasuring the length of 150 nanocrystals
in TEM images, are 34.9 nmand 4%, respectively, which is
in accordance to the values obtained from X-ray simula-
tion. In PXRD patterns of drop-cast films on a glass
substrate, the (101) diffraction peak is overempha-
sized compared to the nanoplate solution, indicating
that the nanoplates preferentially align in the edge-on
direction (Figure S7).
After rhombic nanocrystal building blocks are prop-

erly characterized, the anisotropic nanocrystal super-
lattices are investigated using reflection small-angle
X-ray scattering (RSAXS) and in-plane small-angle X-ray
scattering (in-plane SAXS) measurements on a labora-
tory X-ray diffractometer equipped with a graded
multilayer mirror. The parabolically curved graded
multilayer mirror converts the divergent X-ray beam
generated from a point source into a parallel beam.
This allows a laboratory diffractometer to be used in
reflectometry, grazing-incidence, and high-resolution
diffractometry with significant improvements in the
X-ray intensity.36 In the RSAXS measurement, X-ray
beam scatters off the nanocrystal film on the substrate,
as illustrated in Figure 6, and the scattered beam is
collected in θ/2θ geometry. An offset scan (θþ δθ/2θ)
is performed to avoid strong specular reflection.37

Bragg diffraction patterns obtained from RSAXS mea-
surements indicate out-of-plane ordering. On the
other hand, in-plane SAXS measurements utilize a
grazing incident geometry (Ri), and the scattered beam
is collected by a scanning detector in a plane parallel to
the film surface. In-plane SAXS provides scattering
information about in-plane ordering. Therefore, the
two scattering measurements are complementary
and provide precise structural information to confirm
the orientation of the liquid crystalline assemblies.
Figure 6 shows RSAXS and in-plane SAXS results for

assemblies of rhombic nanoplates made by liquid
interfacial assembly using diethylene glycol as the
subphase. Periodicity in the RSAXS and in-plane SAXS
patterns indicates that columnar and lamellar phases
coexist in the assembled structure. In RSAXS measure-
ments, up to a ninth order of Bragg diffractions is
observed with equal spacing that is the result of
scattering from the face-to-face ordering of the nano-
plates (Figure S8). High-order diffractions indicate that
long-range translational order existswithin thenanoplate
stacks. Peak broadening in SAXS patterns reflects the
average domain size of the assembled structure, and
an average grain size is calculated using the Scherrer
equation.14,38 SAXS patterns of assembled films are
much narrower than those of drop-cast films and are
limited by instrumental broadening (Figure S9), in-
dicating that more extensive long-range order is

Figure 5. (a) TEM image of rhombic nanoplates used for
powder X-ray simulation. (b) Atomisticmodel generated for
simulation. (c) TSAXS and (d) PXRD patterns of rhombic
nanoplates; the experimental data (black line) is plotted
together with the simulation pattern (red dot) for SAXS and
PXRD.
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obtained from liquid interfacial assembly. The aver-
age domain size of out-of-plane ordering in columnar
assemblies is approximately 0.1 μm, which corre-
sponds to the assembly of 20 nanoplates.
The scattering angles of the peaks in the SAXS

pattern are used to determine the average interparticle
spacing, where the center-to-center distance between
nearest neighbors in the nanoplate stacks is given by
d = 2π/q. In RSAXS, the position of the first diffraction
peak is 0.127 A�1, which corresponds to a 4.9 nm of
center-to-center distance. Average interparticle spa-
cing is obtained by subtracting the nanoplate thick-
ness from center-to-center distance. The thickness of
rhombic nanoplate as calculated by X-ray simulation is
2.4 nm; therefore, the average interparticle spacing in
columnar assembled nanoplates is 2.5 nm. Recently,
Shevchenko et al. reported GISAXS results for 7 nm PbS
spherical nanocrystal superlattices.27 The interparticle
spacing of the closed-packed structure was found to
be 1.4 nm, which is shorter than those of columnar
assembly. It might be expected that the edge of the
nanoplates in each columnar stack are intercalated

into the void between nanoplates in the next stacks,
which increases interparticle spacing (Figure S10). On
the other hand, the position of the first diffraction peak
from in-plane SAXS is 0.115 A�1, and the lattice spacing
in lamellar ordering is 5.5 nm. As described earlier,
nanoplates in lamellar assemblies do not lie perpendi-
cular to the substrate but are tilted at an angle of
around 50� as measured by TEM tilting analysis
(Figure 3c,d). Longer lattice spacing between nano-
plates in the lamellar structuremay be attributed to the
tilt of the nanoplates.
Subphases selected for liquid interfacial assembly

play an important role in controlling the macroscopic
orientation of superlattices. To confirm a subphase
effect, assemblies are producedwith samples that have
been extensively purified to remove any additional
surfactant, avoiding the effects of depletion attraction
or change in the surface wetting properties. Four
different glycol-type subphases that have different
dielectric constants are tested to reveal the subphase
effect. RSAXS and in-plane SAXS measurements con-
firm the trend observed with macroscopic orientation
of superlattices (Figure 7). Periodic Bragg peaks in
RSAXS are observed on films made over tetraethylene
glycol and triethylene glycol subphases. However, in-
plane SAXS did not show any characteristic diffraction
peaks. This suggests that tetraethylene glycol and
triethylene glycol subphases selectively induce the for-
mation of columnar liquid crystalline superlattices as
was corroborated by our TEM studies. For ethylene
glycol, which has higher dielectric constant than tri- or
tetraethylene glycol, the in-plane SAXS result shows

Figure 6. Schematics of a small-angle X-ray scattering
experiment. (a) RSAXS), (b) in-plane SAXS, and (c) RSAXS
patterns showing fringe patterns corresponding to colum-
nar assembly. (d) In-plane SAXS result indicating lamellar
assembly.

Figure 7. (a) Reflection SAXS and (b) in-plane SAXS mea-
surements of rhombic GdF3 nanoplate superlattices as-
sembled by liquid interfacial assembly over different
subphases. Red arrows indicate diffraction peaks corre-
sponding to 2-D layer ordering of lamellar superlattices.
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Bragg peaks, while the intensities of Bragg reflections in
RSAXS are weaker relative to those of films assembled
over less polar subphases. Laterally ordered nanoplates
are tilted with respect to the surface. Therefore, out-of-
plane order of tilted nanoplate stacks could contribute
to produce Bragg diffraction patterns in RSAXS mea-
surement. Multilayers of the 2-D lamellar structure also
produce Bragg peaks in the region smaller than the first
scattering peak of face-to-face ordering (Figure 7, red
arrows). The RSAXS pattern of assembled films over the
ethylene glycol clearly shows the Bragg reflections
due to layer-by-layer ordering. Results from both
RSAXS and in-plane SAXS reveal that lamellar struc-
ture is predominant in films assembled over the
ethylene glycol subphase. Therefore, the less polar
subphases predominantly form columnar superlat-
tices, while more polar subphases tend to form la-
mellar superlattice structures.
The subphase effect suggests that the assembly in

this study is occurring at the liquid�liquid interface
rather than the liquid�air interface as has been re-
ported for other systems.28,39�41 The SAXS results also
indicate that the subphase affects the orientation of
liquid crystalline superlattices due to the change of
dielectric constants because the subphases used for
assemblies have similar values of surface tensions but
vary in dielectric constant (see Table S1 in the Support-
ing Information). In the TEM image of columnar assem-
bly, we observed that the superlattice is assembled
from the first monolayer and extended to multilayers
(Figure S11). Facets of nanoplates are covered by oleic
acid, which makes the facets hydrophobic. Therefore,
nanoplates on the first layer, which directly contact the
subphase, could tend to stand edge-on relative to the
polar subphase. On less polar subphases, such as tri-
and tetraethylene glycol, the nanoplates lie flat with
their faces directly in contact with the subphase. This is

similar to previously reported trends of nanorod align-
ment in the formationof liquid crystalline superlattices.7,42

After formation of the first layer on the subphase, strong
face-to-face interaction between nanoplates can induce
self-ordering to overlap facets and build 3-D liquid crystal-
line superlattices by matching orientation of plates.43

To further understand the influence of subphase on
superlattice formation, we perform the nanoplates'
assemblies without covering the solution container
to facilitate faster drying of hexane. It is known that
assemblies occur at the liquid�air interface rather
than at the liquid�liquid interface under fast drying
conditions.28,39 Therefore, assemblies would not be
affected by the subphase. We observe that domain
orientations in assembled films are independent of
variation of subphases and that the nanoplates lie flat
on the substrate. This result supports the idea that the
liquid crystalline structure formed by liquid interfacial
assembly can be directed by subphases when assem-
blies occur on the subphases.

CONCLUSION

We demonstrate that columnar and lamellar
liquid crystalline superlattices of GdF3 nanoplates are
achieved by liquid interfacial assembly with long-
range orientational and positional order. The choice
of subphase is found to be an important factor in
directing the orientation of the superlattices, where a
more polar subphase favors lamellar liquid crystalline
structure and a less polar subphase favors columnar
liquid crystalline assemblies of GdF3 nanoplates. The
structure was characterized by RSAXS and in-plane
SAXS using a laboratory X-ray diffractometer. Charac-
teristic fringe scattering patterns in RSAXS and in-plane
SAXS confirm this subphase effect. Furthermore, we
identify structure-dependent optical properties of as-
sembled Eu3þ-doped GdF3 nanoplates.

MATERIALS AND METHODS
Materials. All chemicals were used as purchased without any

further purification. Gadolinium(III) oxide (99.99%), oleic acid
(technical grade, 90%), 1-octadecene (technical grade, 90%),
and lithium fluoride (99.98%) were purchased from Sigma
Aldrich. Trifluoroacetic acid (99.5þ%) was purchased from
Alfa Aesar. Gadolinium trifluoroacetate precursors were
prepared with the literature method using gadolinium(III)
oxide and trifluoroacetic acid as reactants.44 Ethylene glycol
(99.5%), diethylene glycol (99%), triethylene glycol (99%), and
tetraethylene glycol (99.5%) were purchased from Acros
Organics.

Synthesis of GdF3 Nanoplates. Two millimolar of gadolinium
trifluoroacetate and 6 mmol of lithium fluoride were added to
a 125 mL three-neck flask containing 30 mL of oleic acid and
30mL of 1-octadecene. This solution was degassed at 125 �C for
1 h. Then, the solution was heated to 290 �C under N2 environ-
ment at a rate of 10 �C/min and maintained at this temperature
for an hour (ellipsoidal plate) or for 4 h (rhombic plate). Lithium
ionswere not incorporated into the nanoplates, but the amount

of lithium fluoride added was adjusted to control the morphol-
ogy and size of nanoplates. Purification was conducted by
adding excess ethanol and centrifugation. GdF3 nanoplates
were redissolved in hexane, chloroform, or toluene. Residual
lithium fluoride, which is insoluble in nonpolar solvents, was
simply removed by centrifugation.

Synthesis of β-NaGdF4 Spherical Nanoparticles. The synthetic pro-
cedure was the same as the method used for GdF3 nanoplates,
except that 4 mmol of sodium fluoride was used instead of
lithium fluoride. The reaction was done at 290 �C for 5 h.

Liquid Crystalline Assembly of GdF3 Nanoplates. The assembly
process follows the procedure developed in ref 28. First, a Teflon
well was filled with glycol-type subphases. Then, 30 μL of the
nanoplates solution (concentration is about 20mg/mL) was added
on top of the surface of the subphase. The Teflonwell was covered
with a glass slide to allow the slow drying of hexane. Once the
nanoplate membrane was formed, films were transferred to
carbon-coated TEMgrids formicroscopic analysis or a SiO2/Si wafer
for RSAXS and in-plane SAXS analysis. Further drying was per-
formed in a vacuumchamber to remove residual subphase solvent.
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X-ray Diffraction Simulation. Atomistic models of GdF3 nano-
crystals were first constructed using Materials Studio 4.4.34 The
X-ray diffraction intensity, I(q), was calculated using Debye
equations35

I(q) ¼ I0∑
m
∑
n

FmFn
sin(qrmn)
(qrmn)

where I0 is the incident intensity, q = 4π sin θ/λ is the scattering
parameter for X-rays of wavelength λ, diffracted through the
angle θ, and rmn is the distance between atoms m and n,
with atomic form factors Fm and Fn, respectively. Atomic form
factors were calculated from tabulated Cromer�Mann coeffi-
cients. The Debye equation was discretized by binning identical
distances to give the following equation to reduce calculation
time45

I(q) ¼ I0
q∑m ∑n

FmFn
F(rmn)
rmn

sin(qrmn)

where F(rmn) is the multiplicity of each unique distance (rmn) in
the structure.

Structure Characterization. TEM images and electron diffraction
patternswere recorded using a JEM-1400microscope equipped
with a SC1000ORIUS CCD camera operating at 120 kV. Scanning
electron microscopy (SEM) was performed on a JEOL 7500F
HRSEM. RSAXS, in-plane SAXS, and powder X-ray diffraction
were measured using a Rigaku Smartlab high-resolution dif-
fractometer equipped with a 2.2 kW sealed tube generator. The
X-ray beam (Cu KR radiation, λ = 1.54056 Å) was collimated as a
parallel beam by parabolically curved multilayer mirrors placed
in front of the sample. The beam dimension was 0.05 mm � 5
mm (height � width) for both measurements. The offset angle
was obtained by performing a series of omega scans, while the
detector was fixed in place. Three omega scans were performed
by varying the 2θ position (0.8, 1.2, 1.5�), and the offset angle
was determined from the collected profiles automatically by the
software, which was about 0.1�. For in-plane SAXS measure-
ment, incident angle (Ri) of the X-ray beam was chosen as 0.3�.
Photoluminescence measurements were performed with a
Jobin Yvon Fluorolog-3 fluorimeter.
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