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ABSTRACT: We report here a novel synthetic route for the preparation of
well-defined and faceted nanocrystals of ternary rare earth oxychlorides
based on the ligand exchange and condensation of rare earth halides and
alkoxides in the presence of coordinating solvents. Nanocubes, faceted 2D
nanosheets, and nanodisk morphologies are obtained as a result of prefer-
ential growth along specific crystallographic directions dictated by the choice
of the rare earth ion and the capping ligand. The synthetic approach reported
here represents a unique low-temperature route for the preparation of
LnOCI in the PbFCI matlockite phase. The synthetic strategy can further
be adapted to incorporate dopant ions. The potential applicability of these
nanostructures as phosphors is illustrated by demonstrating the upconver-
sion of near-infrared illumination to green and red emission by Er’*:GdOCI

nanocrystals.

B INTRODUCTION

The hot colloidal syntheses of ligand-capped inorganic nano-
crystals from metal—organic precursors (either added directly or
generated in situ) in high-boiling-point solvents has emerged as a
mainstay and indeed a primary enabling tool for the discipline of
nanoscience owing to the distinctive advantages bestowed upon
materials prepared through these routes including unparalleled
extent of surface passivation, high crystalline quality, monodis-
persity of particle dimensions and morphology, and the solution
processability imparted by surface-capping ligands.' !> While
the syntheses of metal, metal alloy, and binary chalcogenide
nanocrystals are relatively mature at this point, truly ternary
systems remain relatively underexplored. We present here a
novel nonhydrolytic approach for the synthesis of well-defined
faceted LnOCI (Ln = La, Ce, Gd, Dy, Er, Yb) nanocrystals based
on the condensation of a rare earth metal halide with the apposite
alkoxide. The synthetic chemistry reported here is hitherto
unprecedented even in the bulk for the synthesis of rare earth
oxyhalides.

Lanthanide oxychlorides represent an intriguing target for the
exploration of finite size effects given their low maximum phonon
cutoff energy, high chemical stability, and ability to promote
efficacious phonon energy transfer to dopant ions, which have
inspired extensive investigations for applications in optically stimu-
lated and field-emission driven phosphors, X-ray detectors, upcon-
version lasers, and optical telecommunications infrastructure. '+
Rare earth oxyhalides are also rated as preeminent solid electro-
Iytes, yielding the highest reported ion conductivities thus far
for CI” and Br~ conduction, and have further proven to be
remarkably robust heterogeneous catalysts for the chlorination of
methane to methyl chloride as well as for the dechlorination of
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CCl, to more innocuous CO,."”~** Obtaining nanocrystalline

LnOCI with well-defined surface termination and dispersibility
thus represents a worthwhile endeavor to facilitate fundamental
investigations of finite size effects on the luminescence intensities
and lifetimes of doped rare earth ions, conductivities for ionic and
electronic carrier transport, and catalytic activity.

Some synthetic approaches reported thus far for the prepara-
tion of LnOCI nanocrystals include surfactant-mediated hydro-
thermal syntheses, mechanochemical grinding, sol—gel processes,
and the modified pyrohydrolyisis of ternary ammonium
chlorometalates.'”*®**** While these synthetic routes are indeed
successful in the fabrication of lanthanide oxychlorides with
nanometer-scale dimensions, they induce scarcely little selectivity
with regard to size, morphology, or crystallographic growth
directions, and the prepared materials are best described as
polydisperse nanopowders. To the best of our knowledge, only
a single report has appeared thus far for the hot colloidal synthesis
of LnOCI nanocrystals by controlled thermolysis of metal—
organic precursors followed by nucleation and growth steps.
Du et al. have used the thermolysis of lanthanum chloroacetate
precursors in coordinating solvents for the preparation of
ligand-capped LnOCI nanoplates based on modification of a
methodology originally develoged for the fabrication of LnF3
and cubic LnOF nanocrystals.>> " We unveil a novel synthetic
route based on the condensation of rare earth halides and alkoxides
in the presence of coordinating ligands, trioctylphosphine oxide
(TOPO) and oleylamine, which enables selective growth of
nanocubes, nanodiscs, faceted nanosheets, and quasi-spherical
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Figure 1. (A) The matlockite tetragonal PbFCl-type structure and
(B) the local coordination environment of Ln-ions indicating a mono-
capped square antiprism local geometry.

nanoparticulate morphologies depending on the nature of the
rare earth ion and the coordinating ligand and their specific
interactions.

The lighter oxychlorides of the lanthanides crystallize in the
matlockite tetragonal PbECI structure (space group: P4/nmm;
Z = 2) depicted in Figure la with alternating cationic layers of
(LnO),"" and anionic layers of Cl™ arrayed along the crystal-
lographic ¢ direction. The local coordination environment of Ln
is characterized by C,, symmetry with the metal atom residing
within a monocapped square antiprism, where it is surrounded by
four oxygen atoms and five chlorine atoms, as depicted in
Figure 1b. Notably, the fifth chloride ligand is distinctive from
the remaining four proximal chlorides in being located in the
next-to-nearest anionic layer.”®* Our synthetic approach has
been optimized for the preparation of shape-controlled PbFCl
nanocrystals of lanthanide oxychlorides but also yields nano-
crystals for heavier lanthanides (Er and beyond), which tend to
crystallize in a mixture of layered YOF and SmSI structures
(Figure S1, Supporting Information, SI).””>' These structures
are based on hexagonally packed bilayers of the heavier lantha-
nides sandwiched between hexagonally packed chloride layers
with oxygen atoms residing in tetrahedral holes of the lanthanide
layers.

B EXPERIMENTAL SECTION

Synthesis. LaCl;, CeCls, GACls, DyCls, ErCls, YbCls, Ce(O'Pr),,
Gd(O'Pr);, Dy(O'Pr);, Er(O'Pr);, Yb(OPr);, and TOPO were pur-
chased from Strem and used as received. La(O'Pr); was purchased from
Gelest, and oleylamine was purchased from Aldrich and used as received.
In a typical synthesis, 2 mmol of anhydrous LnCl; and 2 mmol of
Ln(O'Pr); are weighed into a three-neck flask within an Ar-filled
glovebox along with 25 mmol of the coordinating solvent (either TOPO
or oleylamine). Subsequently, the reaction mixture is heated with
stirring to 340°C under an argon atmosphere using standard Schlenk
conditions. After heating for 2 h, the reaction mixture is allowed to cool
to ~60°C and acetone or hexane is added depending on the coordinat-
ing ligand (TOPO and oleylamine, respectively) to flocculate the
prepared nanocrystals. The nanocrystals are subsequently recovered
by centrifugation at 12 000 rpm for 25 min with subsequent dispersion
into hexane. A second washing/ centrifugation is performed at 1500 rpm
for 5 min to remove unreacted large particulates. Subsequently, the
decanted dispersion of the nanoparticles is resuspended in hexane and
centrifuged at 12 000 rpm to collect the nanocrystals (pelletized at the
bottom of the centrifuge tube).

Characterization. The phase purity and composition of the pro-
ducts was examined by using X-ray diffraction (XRD) on a Rigaku Ultima
IV diffractometer with Cu Ko radiation (4 = 1.5418 A). The dimensions,
morphology, and crystallinity of the as-synthesized nanostructures were

examined by means of scanning electron microscopy (SEM) using a
Hitachi SU-70 scanning electron microscope operated at an accelerating
voltage of 20 kV and by transmission electron microscopy using a JEOL
2010 instrument operated at an accelerating voltage of 200 kV. To
prepare the samples for HRTEM and selected area electron diffraction
(SAED) analysis, the nanostructures were dispersed in 2-propanol and
then deposited onto 300-mesh carbon-coated Cu grids. Raman mea-
surements of powder samples were performed using a Horiba Jobin-
Yvon LabRamHR single spectrometer instrument with an edge filter for
rejection of the Rayleigh line and a Peltier-cooled CCD camera from
Andor. Raman spectra for the nanocrystals were acquired using
784.5 nm laser excitation from a diode laser. Emission spectra were
acquired using a Fluorolog-3.11 Horiba Jobin-Yvon spectrofluorometer
under excitation at 376 and 980 nm for Tb*" and Er**-doped GdOCI
nanocrystals, respectively. The extent of doping in the nanocrystals was
determined by inductively coupled plasma—mass spectrometry (ICP—
MS) experiments performed on powder samples after acid digestion in
2% HNOj solution.

B RESULTS AND DISCUSSION

In previous work, the nonhydrolytic sol—gel condensation of
transition metal halides with metal alkoxides in coordinating
solvents as per:

=M-—-X+ =M"0"R— =M"0"M=
+R—X (1)

has been established as an efficacious route for the largescale
monodisperse fabrication of ligand-passivated metal oxide
32-37 - .
nanocrystals. Nanocrystals of early transition metal oxides
including solid-solution mixed metal oxides Hf,Zr; ,O, with
precisely tunable stoichiometry have been prepared by us and
other researchers by a modification of this approach as per:

mMX, + nM'(OR), — M,,M O, + nmRX (2)

3437 Interestingly, for the lanthanides, a ligand exchange reac-
tion seems to predominate instead of the equations depicted in 1
and 2 yielding rare earth chloroalkoxides as per:

MCl, + M'(OR), — MCl,_,(OR), +M'CL(OR), . (3)

37 which initiates the formation of LnOCI nanocrystals by
elimination of alkyl halides and/or dialkyl ethers as per

2LnCl; + Ln(O—'Pr), — 3LnOCl+ 3Pr—Cl  (4)
and
LnCl; +2Ln(O—'Pr), — 3LnOCl+ 3Pr—O—Pr (S)

For example, the condensation of a ligand-exchanged dichlor-
oalkoxide LnCl,(O'Pr) with the condensed moiety (O'Pr)(Cl)
—Ln—O—Ln(CI)(O'Pr) yields the LnOCI framework with
elimination of "PrCl.

Figure 2A,C shows LaOCI nanocrystals prepared via the
condensation of lanthanum chloroalkoxides in the presence of
oleylamine as the coordinating solvent. The nanocrystals have a
distinctive cubic appearance with an edge size distribution
centered at ~13.2 nm. Figure 3A illustrates the X-ray diffraction
patterns that can be indexed to the matlockite PbFCI structure
depicted in Figure 1 (Joint Committee on Powder Diffraction
Standards (JCPDS) # 08—0477). Notably, the peak ascribed to
reflections from (111) planes is unusually intense. The HRTEM
image in Figure 2C indicates that the obtained nanocubes are
single crystalline and indicates interplanar separation of the
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Figure 2. (A) TEM image of LaOCl nanocrystals formed using
oleylamine as the coordinating solvent; (B) SAED pattern of LaOCl
nanocrystals formed in oleylamine; and (C) lattice-resolved HRTEM
image of an individual LaOCl nanocrystal. (D) Lattice-resolved image of
an individual LaOCI nanocrystal synthesized using TOPO as the
coordinating solvent.
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Figure 3. Powder X-ray diffraction patterns acquired for (A) LaOC],
(B) CeOCl, (C) GAOC], and (D) DyOCl/Dy,05 nanocrystals. In each
panel, the top solid line depicts the diffraction pattern measured for
nanocrystals prepared using oleylamine as the coordinating solvent,
whereas the lower dotted line correponds to nanocrystals prepared using
TOPO as the coordinating solvent. The intensities from the appropriate
JCPDS files are also plotted in each case.

(111) planes. The growth of nanocubes and the (111) growth
observed here is very distinctive from the confined (110) growth
noted by Du et al. for LaOCl nanocrystals grown from a
lanthanum tricholoroacetate precursor.”® Notably, the use of
TOPO induces a very different morphology that is more quasi-
spherical in nature (Figure 2D). Further structural characteriza-
tion of the prepared nanocrystals is derived from Raman
spectroscopy experiments (Figure 4). All six Raman bands
predicted by symmetry for the tetragonal PbFCI phase of LaOCl
are clearly discernible in the Raman spectrum and are assigned

Intensity (a.u)

LaOCl

100 200 300 400 590
Wavenumber (cm’ )

Figure 4. Raman spectra of LaOCl, CeOCl, GdOCI, and DyOCl
nanocrystals prepared using oleylamine as the coordinating solvent.

to phonons with A, Eg, and B;, symmetries, as indicated in
Figure 4.”"°** The low-energy bands in the 175—210 cm ™
region predominantly involve phonon modes centered on

—Cl bond, whereas the bands >330 cm™ ' in energy involve
the motion of the oxygen atoms.”*

In addition to the synthetic approach described here wherein
the alkoxide and halide precursors are heated together in the
coordinating solvent, we have also attempted a hot injection
approach involving heating the lanthanum halide precursor to
340 °C and injecting the lanthanum alkoxide precursor that has
separately been heated to the same temperature (or vice versa).
Figure S2 (SI) shows XRD patterns and TEM images of the
obtained products. The tetragonal matlockite phase is clearly
obtained but there is no discernible improvement in monodis-
persity as is observed often with hot injection methods. We
postulate that the need for ligand exchange (eq 3) to precede
condensation (eqs 4 and ) may give rise to the circumstance of
better size and shape control being achieved upon jointly heating
both reactants within the same mixture.

CeOCl nanocrystals have also been prepared via the conden-
sation of cerium isopropoxide and cerium chloride. Rectangular
nanosheet morphologies are obtained for CeOCl with 2D growth
along the (110) direction in oleylamine and quasi-spherical
platelets in TOPO (Figure S). Figure 3B shows the XRD patterns
for the CeOCl nanocrystals prepared using oleylamine and
TOPO as coordinating solvents.

Figure 3C shows powder XRD patterns for GAOCI nano-
crystals synthesized by the condensation reactions depicted
in eqs 4 and 5 in the presence of oleylamine and TOPO as the
coordinating solvents. Both XRD patterns can be indexed to the
tetragonal PbFCl structure (JCPDS# 85—1199) but the relative
intensities of the reflections show some interesting differences.
The (110) peak is the narrowest and most prominent feature for
GdOCl nanocrystals synthesized in the presence of oleylamine as
the coordinating solvent, whereas the (102) reflection is the most
pronounced feature for the nanocrystals synthesized in TOPO.
The morphologies of the GdOCI nanocrystals are also very
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different depending upon the coordinating solvent. Reaction in
oleylamine yields ultrathin rectangular nanosheets with lateral
dimensions of ~80 nm, as shown by the TEM images in
Figure 6B and the SAED pattern acquired for the ensemble of
particles in Figure 6C. In contrast, Figure 6D—F indicates the
growth of single crystalline nanodisc structures when the reaction
is performed using TOPO as the coordinating solvent.

The selective binding of ligand molecules to specific crystal-
lographic facets leads to preferential crystalline growth by
monomer addition onto the other more accessible facets, and
has emerged as a vital albeit %uasi-em irical means for controlling
the shape of nanomaterials.*>***~*} For example, Hyeon and
co-workers were able to dramatically demonstrate the confine-
ment of Sm,05 nanoplatelets and nanowires to thicknesses that
spanned only two unit cells in height.*> The GdOCI nanosheets

. (200)
(110) =
e
- -,

(101)

Figure 5. (AB) TEM images of CeOCl nanocrystals formed using
oleylamine as the coordinating solvent. The insets show lattice-resolved
images. (C) TEM image of CeOCl nanocrystals synthesized using TOPO
as the coordinating solvent. (D) SAED pattern of an ensemble of CeOCl
nanocrystals synthesized using TOPO as the coordinating solvent.

capped with oleylamine show a distinctive preference for 2D
growth along the (110) directions indicating strong confinement
along the crystallographic ¢ axis due to coordination of oleyla-
mine to Gd>* ions along the (001) facets (akin to replacing the
most distal Cl™ in the Gd** coordination sphere). Remarkably,
in the presence of the less basic TOPO ligand, growth appears to
be favored along the (h0l) direction as well, as suggested by the
relatively greater thickness of the obtained stacked nanodisks.
Figure 6D illustrates the relatively rough 2D cross-section
although the obtained nanodisks appear to be fairly monodis-
perse in shape and size with lateral dimensions of ~395 & 10 nm.
The disks exhibit a tendency to stack face-to-face through
interactions that may be mediated by the capping ligands.”**¢
Notably, in the use of TOPO as a ligand, adventitious impurities
such as phosphonic acids with varying chain lengths have been
implicated.***> Selective binding of these ligands to different
LnOCI facets may also engender some selectivity of growth
direction. The preferential binding of ligand molecules with
varying basicity to different crystallographic facets of incipient
LnOCIl nanocrystal nuclei thus enhances monomer addition and
crystal growth along specific directions, greatly modifying the
morphologies of the obtained products.

Notably, the metal isopropoxide moieties could also show dis-
tinctive hydrogen-bonding behavior in TOPO and oleylamine, which
could alter the kinetics of growth along different crystallographic
facets giving rise to the differences in the obtained morphologies.

Remarkably, the distinctive Lewis base/hydrogen-bonding
characters of the two ligands are manifested in a more pro-
nounced manner as we go across the lanthanide series. Figure 7A,
B indicate the stabilization of single-crystalline DyOCI na-
nosheets with regular octagonal cross sections and lengths
centered around 970 nm again suggestive of 2D growth when
the condensation reaction is performed in oleylamine. The
octagonal sheets exhibit a pronounced tendency to stack in a
face-to-face manner as depicted in the inset to Figure 7B. The
XRD pattern of the prepared nanocrystals can be indexed to
JCPDS # 47—1725 (Figure 3D), again suggesting the stabiliza-
tion of the tetragonal PbFCI phase. However, when the reaction
is performed in TOPO, the oxychloride is no longer stabilized
and instead quasi-spherical nanoparticles of the oxide phase
Dy,0; are obtained likely due to preferential alkyl halide

C d (200)
o T,

1
~F

(101) B,

Figure 6. (A) and (B) TEM images of GAOCl nanosheets formed using oleylamine as the coordinating solvent; the inset shows individual nanosheets
with square cross sections. (C) SAED pattern of GdOCI nanocrystals formed in oleylamine. (D) TEM, (E) SEM, and (F) SAED pattern of GdOCl
nanocrystal formed in TOPO. The inset to (D) depicts a high-resolution TEM image of an individual GdOCI nanocrystal.
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Figure 7. (A) TEM, and (B) SEM images of DyOCI nanocrystals
prepared in oleylamine; the lower inset illustrates the face-to-face stacking
of the platelets, whereas the top inset illustrates a lattice-resolved TEM
image of a single DyOCI nanocrystal. (C) SAED pattern acquired for a
single DyOCI nanosheet prepared in oleylamine. (D) TEM image of
Dy, O; nanocrystals synthesized using TOPO as the coordinating solvent
with the corresponding SAED pattern shown as an inset.

elimination as per eq 1. The nanoparticles are also significantly
different in size, <10 nm in diameter (Figure 7D), further suggesting
the operation of an entirely different mechanistic pathway. Notably,
dysprosium is significantly more acidic than lanthanum due to
poor shielding by the f electrons, and the competing kinetics of
the condensation versus ligand exchange reactions are likely to
depend greatly on the Lewis base strengths of the ligands. We
have previously evidenced the sensitivity of the kinetics of the
two competing reactions (influencing the composition of the
final product) not by changing the ligand but by altering
the alkoxide precursor; condensation of cerium halides with
Ce(O—'Pr), yields CeOCI nanocrystals as per eqs 4 and 5,
whereas reaction with Ce(O—"""but), yields CeO, s nano-
crystals as per eq 1.*” Analogously, Du et al. have also found that
the addition of oleic acid to their reactions involving the
thermolysis of La(CCl;COO); in oleylamine promotes the
stabilization of La, O3 nanocrystals.>®

The Raman spectra for the CeOCl, GdOCI, and DyOCI
nanocrystals further corroborate the phase identification
(Figure 4). A pronounced shift to higher frequencies is noted
particularly for the relatively higher energy B, and E, modes,
reflecting the stronger Ln—O bonding due to increased Lewis
acidity of the metal sites (as well as the increase in atomic weight).

Proceeding further along the lanthanide series, analogous
reactions have been attempted for erbium and ytterbium. A
similar preference for stabilization of the oxychloride in oleyla-
mine but the sesquioxide in TOPO is observed for both the
heavier lanthanides (Figures S3 and S4, SI). Notably, however, as
is characteristic of the heavier lanthanides, the oxychlorides are
no longer in the tetragonal PbFCl structure but instead crystallize
as a mixture of YOF and SmSI phases. Considerably, greater
agglomeration and a less regular hexagonal shape is noted for
these nanoplatelets suggesting that oleylamine is not ideal for
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Figure 8. Emission spectra of (A) Tbg,GdosOCl acquired at an
excitation of 376 nm and (B) Er;,Gdges OCl acquired at 980 nm
excitation.

binding to the exposed crystallographic facets of the layered YOF
and SmSI phases. Optimization of nanocrystalline growth for
heavier lanthanides with their distinctive crystal structures will be
the subject of future work and will require the identification of
suitable ligands.

For the PbFCl matockite phase, we have performed a pre-
liminary investigation of the applicability of our synthetic approach
to the preparation of solid-solution nanocrystals with doped rare-
earth ions, such as will be required for the fabrication of
phosphors.'®'#*3?% Specifically, Tb*" and Er’* ions were sub-
stitutionally doped into GdOCI by replacing the appropriate
molar equivalent of GACl; in the synthetic scheme with TbCl; or
ErCls. Figure 8 shows emission spectra acquired at 376 and 980 nm
excitation for Tbg ¢,Gd9sOCl and Erg,Gdg9sOCl nanocryst-
als, respectively, wherein the stoichiometries have been verified
by ICP-MS experiments. The low dopant concentrations have
been selected to exclude self-quenching effects.”®

Figure 8a shows strong green emission originating from
D, — 7F] (J = 6—3) relaxations of the Tb*>" ion doped within
the GAOCl lattice.”” The observed fine structure originates from
the crystal field effects due to the reduced C,, symmetry of the
substitutionally doped Tb>" ion (as compared to the completely
symmetric free ion). Figure 8b clearly shows the upconversion of
980 nm laser illumination to finely structured green emission in
the 515—550 nm range and equally well structured red emission
in the 650—670 nm range for Er,Gdg9sOCI solid-solution
nanocrystals. The green bands centered at 526 and 545 nm can
be attributed to *H,, T *Iis 2 and S, 2 *Tis /2 transitions of
the dopant Er’" ions."'”*” The higher energy states are thought
to be populated by two-photon-induced excited state absorption
and cross relaxation processes.'”>” The red emission centered
at ~670 nm can be ascribed to the *Fy, — *I;5, relaxation from
an excited state thought to be populated by phonon energy
transfer processes from an adjacent Er’ " ion that is present in an
excited state (with a long lifetime) transmitted via the GdOCl
host lattice.'” The limited set of data presented here suggests that
the developed synthetic route is amenable to the incorporation of
substitutional dopants that preserve their distinctive lumines-
cence properties including upconversion of near-infrared illumi-
nation to visible emission.

In closing, we report a novel synthetic strategy for the prepara-
tion of well-defined rare earth oxychloride nanostructures with
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regular shapes based on the ligand exchange and condensation of
rare earth chlorides and rare earth alkoxides in the presence of a
coordinating solvent. The selective adsorption of the coordinating
solvent (TOPO or oleylamine) to specific crystallographic facets
of the incipient LnOCl nuclei determines the growth direction and
thus the final morphology of the obtained product. This enables
the stabilization of a wide diversity of shapes ranging from
nanocubes to octagonal and rectangular nanosheets and nano-
discs. The prepared methodology yields regularly shaped nano-
crystals of the PbFCI structure type for early lanthanides and less
regular but still nanocrystalline powders of mixed YOF and SmSI
phases for heavier lanthanides. Additionally, the synthetic ap-
proach permits the incorporation of substituitional rare earth
dopants, and upconversion has been demonstrated for an Er*":
GdOCI system with potential relevance for photovoltaic coatings
and two-photon imaging. Future work will focus on stabilization of
heavier lanthanides and exploration of intercalative properties at
the nanoscale. The design of suitable ligands tailored for high
affinity to lanthanides will also be explored to expand the repertoire
of available nanocrystal morphologies.

B ASSOCIATED CONTENT

© Ssupporting Information. TEM images and XRD pat-
terns of ErOCI and YbOCI nanocrystals. Characterization data
for LaOCI nanocrystals prepared by the hot injection method.
Depiction of hexagonal SmSI-type structure adopted by heavier
lanthanide oxychlorides. Figures S1—S3. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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