Downloaded viaBIBCNRS INC on July 18, 2018 at 06:03:23 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

pubs.acs.org/JACS

' l k C S @ Cite This: J. Am. Chem. Soc. XXXX, XXX, XXX—XXX
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Polarized Luminescence of Anisotropic LaPO,:Eu Nanocrystal
Polymorphs

Elodie Chaudar_l_,T Jongwook Kim,* " Sandrine Tusseau-Nenez, Philippe Goldner," Oscar L. Malta,®
Jacques Peretti,” and Thierry Gacoin™®”’

"Laboratoire de Physique de la Matiére Condensée, Ecole Polytechnique, CNRS, Université Paris-Saclay, 91128 Palaiseau, France
*PSL Research University, Chimie ParisTech, CNRS, Institut de Recherche de Chimie Paris, 75005 Paris, France
§Department of Fundamental Chemistry, Federal University of Pernambuco, University City, CEP 50 Recife, Pernambuco, Brazil

O Supporting Information

ABSTRACT: Lanthanide elements exhibit highly appealing spectroscopic
properties that are extensively used for phosphor applications. Their
luminescence contains precise information on the internal structure of the host A
materials. Especially, the polarization behavior of the transition sublevel peaks is a
fingerprint of the crystal phase, symmetry, and defects. However, this unique -
feature is poorly explored in current research on lanthanide nanophosphors. We
here report on a detailed investigation of the evolution of Eu’* luminescence |
during the thermally induced phase transition of LaPO, nanocrystal hosts. By
means of c-axis-aligned nanocrystal assemblies, we demonstrate a dramatic
change of the emission polarization feature corresponding to the distinct Eu**
site symmetries in different LaPO, polymorphs. We also show that changes of
the nanocrystal structure can be identified by this spectroscopic method, with a
much higher sensitivity than the X-ray diffraction analysis. This new insight into
the nanostructure-luminescence relationship, associated with the unprecedented polarization characterizations, provides a new
methodology to investigate phase transitions in nanomaterials. It also suggests a novel function of lanthanide emitters as
orientation-sensing nanoprobes for innovative applications such as in bioimaging or microfluidics.
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Bl INTRODUCTION

Luminophores with anisotropic molecular or crystal structures
or anisotropic morphology exhibit polarized emission proper-
ties.' > This effect provides access to the fine structure and the
spatial orientation of the emitting species.””® Among them,
semiconductor nanorods™ are representative and modern
examples showing a linear polarization behavior. However,
their polarization behavior is not fully determined by the
intrinsic properties of the material but depends on the size and
shape of the particles.” Moreover, semiconductor particles
usually exhibit a single emission band (at room temperature)
with constant polarization across the line shape. These features
limit the use of the polarized emission properties of
semiconductor nanorods.

Meanwhile, the luminescence of lanthanide elements doped
in anisotropic host materials manifests a polarization that is
governed by the selection rules for their local site symmetries'’
and also by the crystal symmetry. In this case, crystal structures
or coordination chemistries are the main parameters that
influence luminescence polarization. Also, the multiple

states.””® Nevertheless, in recent years, although a variety of
lanthanide nanoparticle systems have been prepared partic-
ularly for nano- and bioprobe applications,'”"® polarization
phenomena have been almost neglected. This is presumably
due to the random orientation of small particles in bulk states,
such as colloidal solutions or powders resulting in unpolarized
luminescence, and to the difficulty to measure the
luminescence of a single particle with high signal-to-noise ratio.

Here, we report on a systematic study linking the structural
properties of a nanocrystal with the luminescence and
polarization characteristics of the lanthanide dopants. This is
demonstrated by tracking the evolution of the polarized
luminescence spectra driven by the thermally induced phase
transformation of the nanocrystals. Our approach to avoid the
problem of the random particle orientation is to align the main
axes of the nanocrystals by means of self-assembly. In order to
facilitate the crystal alignment with high degree of orientation,
we synthesized monocrystalline lanthanum phosphate
(LaPO,) nanorods in hexagonal phase, the crystallographic c-
axis of which is consistently parallel to the geometrical (long)

transition levels that are independently polarized result in a
dramatic and informative variation of the spectral line shape.''
Earlier studies using macroscopically grown single crystals with
lanthanide dopants demonstrated that this phenomenon is
useful for the identification of the crystal phase and defect
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axis."* As demonstrated previously, colloidal dispersions of
these nanorods exhibit liquid crystalline self-assembly, and its
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orientation direction can be further controlled by applying a
shear force.'” This technique allows achieving finally a
macroscopic monodomain, in which all nanocrystals are
almost perfectly aligned. Once La®" sites are partially
substituted by other luminescent lanthanides such as Eu*,
the monodomain samples exhibit photoluminescence as
intense and well-polarized as a large single crystal.'> We use
such a nanorod-aligned monodomain sample, in which the c-
axis direction is found to be conserved even along the
complete phase transition from the hexagonal (rhabdophane)
phase to the monoclinic (monazite) phase.'®"”

Another way to investigate polarization phenomena of a
nanoscale system is to perform spectroscopy at the single
particle level. A few recent studies at the single particle level
exist on the NaYF, doped with Tb3+/Yb3+,18 Er3+/Yb3+,19 and
Er***° These studies demonstrate the first examples of
polarization dependence on the nanoparticle’s orientation.
However, such a single nanoparticle measurement requires
sophisticated optical microscopies,'” and the signal-to-noise
ratio is often low. In contrast, our approach benefits from the
nanocrystal alignment providing the luminescence intensity as
large as from a macroscopic single crystal while enabling the
investigation of the structure-luminescence relationship and its
temperature-dependent evolution in nanoparticles, including
the influence of the small size, the large surface, and the crystal
growth under sintering. The continuous transition of the
LaPO, nanocrystals from one to another polymorph by step
annealing is tracked by both X-ray diffraction (XRD) and
luminescence spectroscopy. Drastic changeovers in the photo-
luminescence spectrum were observed unexpectedly at
intermediate temperatures where the phase transition of the
macroscopic samples had not been observed. In addition, the
polarization features of many single transition levels were
precisely analyzed.

Bl PREPARATION AND CHARACTERIZATION

LaPO,:Eu nanorods, with 5% Eu doping, were hydrothermally
synthesized and then dispersed in ethylene glycol by the
following method. Aqueous solutions of (NH,),HPO, (50
mM), La(NO;); X 6H,0 (47.5 mM) and Eu(NO;); X SH,O
(2.5 mM) were mixed in a glass tube to precipitate seed
particles. The tube was then sealed and heated in an oven at
170 °C for 3 h. The resulting solution was purified once by
centrifugation and redispersion of the pellet in an aqueous
solution of HNO; (10 mM) followed by dialysis in the same
HNO,; (10 mM) solution for 2 days. Nanorods were then
transferred into ethylene glycol (EG) by addition of EG into
the aqueous dispersion, and water was removed by distillation
using a rotary evaporator. This solution was then put into
dialysis for 15 days in EG. The final concentration of the
nanorods was 2.8 vol %, which was controlled by the volume of
EG added before the solvent exchange.

For the deposition of nanorods-oriented thin films, a
homemade blade coater was used to perform a shear-directed
assembly.'> The 15 days-dialyzed nanorod suspension was
deposited on a silicon substrate and cut into 6 pieces that were
annealed for 1 h at 200, 400, 600, 800, and 1000 °C
respectively (ramp of 4 °C/min in a Naberthem furnace), and
one remained untreated.

XRD measurements were performed on a Philips X'Pert at
CuKa,, radiation (1 = 1.5409 A) with a linear detector
X’Celerator, and the phase identification was performed with
the ICDD PDF-2 database. The calculated cell parameters

were obtained by using the MAUD software.”’ High-resolution
transmission electron microscopy (HR-TEM) imaging was
obtained using a field emission electron gun TEM (JEOL JEM-
2010F) operating at 200 kV. Scanning electron microscopy
(SEM) imaging was performed on a Hitachi $4800 microscope
equipped with a field emission electron gun. Luminescence
excitation spectra were measured with a Fluoromax-4
spectrofluorimeter (Horiba Jobin Yvon, 450 W xenon lamp
excitation). A femtosecond-pulsed Ti-Sapphire laser combined
with a frequency-doubling device was used as excitation source
at 394.5 nm for polarized photoluminescence measurements. A
multimode optical fiber was used to depolarize the excitation
light. The spectra were recorded on an Olympus BXS1
microscope combined with a SpectraPro-300i spectrometer
from Princeton Instrument, equipped with a LN/CCD-1100-
PP camera. On this setup, an achromatic polarizer was used as
analyzer for polarization measurements, and a Linkam THMS
600 temperature-controlled stage was used for low temperature
measurements. The sample was also excited at 580 nm (direct
"Fo—"D, level excitation) by a tunable optical parametric
oscillator pumped by a Nd:YAG Q-switched laser (Ekspla
NT342B-SH) with 6 ns pulse length, and the luminescence
was detected using a Jobin-Yvon HR250 monochromator and
a ICCD camera (PI-Max).

B RESULTS AND DISCUSSION

The average size of the synthesized nanorods is 150 + 73 nm
in length and 10 = 2 nm in diameter (Figure la, Figure S1).
The HR-TEM image (Figure 1b) evidences the monocrystal-
line nature of the rods and their growth along the [001]
direction. The crystallographic c-axis is thus parallel to the long
axis of the rod. The shear-directed assembly'” was efficient in
preparing a solid film (thickness ~1 um) of well-aligned
nanorods (Figure 1c,d). XRD pattern for the nanorods powder
sample (blue line in Figure le) matches with the referenced
rhabdophane phase of LaPO, with the hexagonal structure
(JCPDS 00-004-063S, black bars in Figure le). The
experimental lattice parameters are a = b = 7.01 A and ¢ =
6.52 A (space group P6,22). The XRD pattern of the rods-
aligned film (red line) exhibits missing peaks for (hkl # 0)
which is an apparent texturing effect confirming the in-plane
alignment of the nanorods.

The heat treatment at gradually increasing temperatures of
the aligned nanorod films shows the different stages of the
rhabdophane (hexagonal) to monazite (monoclinic) phase
transition, from 200 to 1000 °C. In the series of XRD patterns
for each final annealing temperature (T;) (Figure 2a, whole
diagrams are plotted in Figure S2), one can notice the gradual
decrease of the hexagonal (100) and (110) peaks up to Ty =
600 °C, a temperature at which the monoclinic (200) peak (at
20 = 26.88°) begins to appear (yellow arrow). This indicates
that the phase transition is triggered at a relatively low
temperature, which is consistent with the wide range of the
phase transition temperature reported for LaPO4.l6’l7’22’23 The
calculated coherence lengths L, of the (110) and (200) planes
in the hexagonal phase (Figure S3) are slightly lower than the
nanorod diameter observed by SEM (Figure S1). The XRD
pattern for T = 800 °C corresponds purely to the monoclinic
phase (space group P2,/c), with the experimental lattice
parameters a = 6.83 A, b = 7.07 A, ¢ = 6.50 A and f§ = 103.3°,
and its peaks remain as wide as the hexagonal peaks for lower
T, The L. calculated for the monoclinic (110) and (200)
peaks for T; = 800 °C are 9.5 + 0.3 nm and 11.6 + 0.2 nm
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Figure 1. (a) SEM and (b) HR-TEM images of LaPO,Eu (5%)
nanorods. SEM images of (c) the surface and (d) of the cross section
of the nanorods-aligned film prepared by a shear-directed assembly.
(e) XRD patterns of the aligned nanorod film (red line) and the
randomly oriented nanorod powder sample (blue line). The black
bars are the reference pattern of the undoped LaPO, crystals in the
rhabdophane phase in the space group P6,22 (no. 180, JCPDS 00-
004-0635). Asterisks (*) correspond to the peaks for the (400)
oriented silicon wafer substrate.

(Figure S3), which correspond to the diameters of the pristine
nanorods. Thus, the phase transition is completed at 600—800
°C, preserving the nanocrystal domain size. A significant
decrease of the XRD peak width is observed at Ty = 1000 °C,
resulting in L.(110) = 65 nm (Figure S3). This evidences the
sintering process at this high temperature, which is also shown
by the large grain size observed in the SEM image (Figure 2c).
We note that sintering temperature seems to be distinct from
the phase transition temperature. Interestingly, the texturing
effect represented by missing peaks for [ # 0 was perfectly
preserved during the phase transition and sintering processes.
This indicates that the initial alignment of the crystallographic
c-axis (parallel to rod axis) was maintained as similarly
observed for a powder sample.”” Such a persistent c-axis
alignment was the key to the consistent analysis of the
polarized luminescence of the LaPO,:Eu polymorphs which is
discussed below.

Eu* is well-known to be a convenient probe to determine
crystalline structure®™>® and site symmetries™ or to detect
distortions in crystals.””” We utilized this to continuously track
the phase transition of the LaPO,:Eu nanocrystals. When Eu**
dopants are excited at 394.5 nm, corresponding to the "Fy—°Lg
transition (the excitation spectrum is shown in Figure S4), they
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Figure 2. (a) XRD patterns, (b) photoluminescence spectra (4., =
394.5 nm, T = 77 K), and (c) SEM images of the aligned LaPO,:Eu
(5%) nanorod films for different final annealing temperatures (scale
bars 200 nm). Top and bottom patterns in (a) are the reference
patterns of the rhabdophane (no. 180 JCPDS 00-004-0635) and the
monazite (no. 14 JCPDS 01-084-0600) structures. Asterisks (*) in
(a) correspond to the peaks for the (400) oriented silicon wafer
substrate.

first relax by nonradiative transitions to the *Dj, singlet, then by
radiative transition to the ’F; multiplet yielding the spiky
spectrum which is a typical characteristic of Eu®" lumines-
cence'® (Figure S5). We focused on the two most intense
bands for *Dy—’F; and ’D,—"F, transitions that respectively
have a magnetic dipole nature and an electric dipole nature.'’
In the series of emission spectra for different T; (Figure 2b),
the varjation of the spectral line shape is clearly visible,
especially for the *D,—’F, band which is known to be
“hypersensitive” to the environment of the emitter ion.'” The
peak at 620 nm, which is the most intense *D,—’F, sublevel for
the monoclinic phase, begins to appear already at T = 200 °C
(yellow arrow) and reaches a significant intensity at T; = 400
°C, while in the XRD patterns the monoclinic peaks are
difficult to identify until T; = 600 °C. Therefore, the early
phase transition occurring at low temperature in a minor
volume becomes detectable through the Eu* spectroscopy.
This high sensitivity is attributed to the high emission
efficiency of the monoclinic phase’®*’ compared to the
hexagonal phase. An increase by a factor of 8 was observed
by comparing the emission intensity of the initial rhabdophane
film and the 1000 °C treated monazite one (Figure S6). At 800
and 1000 °C (Figure 2b), the contribution of the hexagonal
phase has vanished, and the luminescence spectra display the
typical emission line shape of the monoclinic phase.”® The
progressive evolution of the spectra thus suggests that the
phase transition of these nanocrystals occurs continuously
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between 200 and 800 °C probably starting at the nanorod
surface or on defects.

In a crystalline matrix, the crystal field influences the
emission of lanthanide dopants. The Stark effect splits
degenerate transitions into multiple sublevels whose number
and wavelengths are determined by the site symmetry of the
emitter ion.”’ La®" sites of LaPO, possess D, and C,
symmetries in rhabdophane and monazite phases, respec-
tively’” (Figure 3a,b). The substitutional Eu®* should possess
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Figure 3. (a,b) Hlustration of the crystallographic structures and the
site symmetries of (a) rhabdophane (hexagonal system, SG P6,22,
symmetry site D,) and (b) monazite (monoclinic system, SG P2,/c,
site symmetry C,) phases of LaPO,. (c,d) Polarized emission spectra
of the aligned nanorod films of LaPO,:Eu (5%) in (c) rhabdophane
phase without annealing and (d) monazite phase annealed at T; =
1000 °C (Aex = 394.5 nm, 77 K). The 0° angle corresponds to the
polarization parallel to the rod alignment (7 configuration), and the
90° corresponds to the perpendicular direction (¢ configuration).

the same site symmetries. The group theory predicts triplets
for the *Dy—"F, transition in both D, and C; symmetries, while
a triplet and a quintet are expected for the *Dy—"F, in the D,
and C; symmetries, respectively.”> However, a larger number
of peaks are obviously recognizable on the experimental
spectra, especially in the case of the rhabdophane phase
(Figure 2b). This spectral feature was found unchanged under
direct excitation of the D, level at 580 nm (Figure S7),
eliminating the possibility of the transitions from 5D]>O levels.™
We thus attribute the extra number of peaks to the structural
defects, in volume and/or surface sites,”” which may be
prevalent in the rhabdophane phase due to the mild synthesis
condition in solution compared to the bulk material.** Such
defects can easily cause symmetry breaking” and duplication of
the sites,* increasing the number of peaks compared to the

perfect crystal structure. The number of peaks did not change
when the Eu** doping concentration was changed from 0.1%
to 20% (see Figure S8), supporting that the population of
neighboring Eu®" ions is not the main reason. However, it is
still possible that some Eu®* dopants have clustered or
segregated inhomogeneously during the synthesis causing the
transition sublevel energies distinct from those of isolated Eu®*
ions.”” In addition, a lattice deformation caused by the water
molecules in the rhabdophane phase® could also have
increased the number of peaks. Further experiments are
required to investigate the precise crystallographic structure of
our rhabdophane phase. In the case of monazite phase, the
sharp and less complicated spectrum denotes elimination of
some defects during annealing. The shoulder peaks that are
still present (e.g,, at 588 and 595 nm) can be attributed to the
defects possibly inherent to the doping sites due to the ionic
radii of Eu** (106.6 pm in a 8 coordination; 112.0 pm in a 9
coordination) smaller than those of La** (116.0 pm with 8
coordinates, 121.6 pm with 9 coordinates).’” The contribution
of the surface sites in the monoclinic phase seems to be minor
since the shoulder peaks persist during the grain growth led by
the sintering process (T = 1000 °C).

A remarkable feature of the lanthanide luminescence is that
each of the narrow sublevel transitions can hold independently
a principal polarization configuration. This polarization is
determined by the site symmetry of the emitting lanthanide ion
and is either perpendicular (6) or parallel (z) to the
preferential symmetry axis of the crystal when this preferential
axis exists. This property was previously used for the precise
assignment of the numerous transition levels in europium
complexes”**™* or europium-doped single crystals.””**
This polarized luminescence leads to a dramatic line shape
variation of the emission spectrum when observing a crystallite
through a rotating polarizer.”* We observed such anisotropic
emission spectra depending on the gradual polarizer angles
from the aligned films of the two LaPO,:Eu nanorod
polymorphs (Figure 3c,d) by virtue of the conserved c-axis
orientation during the phase transition, as discussed earlier.
Measurements performed on randomly oriented LaPO,:Eu
nanorod powders did not show polarization (Figure S9).

Although the theory™ ™" assigns a sublevel to either purely
o or purely 7 polarization when the emitter ions are in D,
symmetry sites (Table S1) and one of the C, symmetry axis
being parallel to the c-axis of the host crystal (Figure 3a), in the
real case, each peak displays a partial degree of polarization,
DOP = (I — I,)/(I; + I,), due to the high sensitivity of the
crystal field to even slight distortions of the site symmetry.”
The calculated DOP thus is equal to 1 and —1 if the
polarization is purely 7 and o, respectively. In the rhabdophane
phase, the *Dy—"F, sublevels are visibly polarized (Figure 3c),
which allows us to assign their principal configurations (Table
1) by performing a peak deconvolution (Figure S10) and
comparing with the expected polarizations (Table S1).
However, the “D,—F, sublevels are all very weakly polarized
and difficult to analyze. In the monazite phase, by contrast, the
polarization is much more prominent in both *Dy—’F; and
Dy—F, transitions (Figure 3d). Each sublevel peak is sharp
and well-separated, allowing a precise measurement of the
DOP (Table 1). Especially, the most intense *Dy—"F, sublevel
at 620 nm is extremely highly 7-polarized (DOP = 69%). For
C, site symmetry, which is the lowest symmetry, the group
theory does not assign a polarization preferentially to one
particular axis of the crystal (Table S1). Nevertheless, 6 and 7
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Table 1. Polarization of the Photoluminescence Peaks Observed from the Aligned LaPO,:Eu Nanorods (A, = 394.5 nm, 77

K)*
' crystalline phase transition

V rhabdophane (D) 5D - TF; I 587.4
589.7

( 591.6

: 596.0
| 598.1
monazite (G close Cy) 5Dy - Fy 1587.1
| 592.0
| 594.2
| 5950
5Dg-7F, | 6115
612.2

613.2

614.5

| 615.7
| 617.4

| 620.2

wavelength (nm)

polarization | initial and final states V DOP (%)
o 7 A Bl | _16?
T A — B2 orB3 . +7.70
n +46°
T A — B3 or B2 . +39
+43
o A'—> A’ ‘ -35
m A’ > A" | +56
n A’ A" . +19
+21
o A=A . =3
=21
[ A=A . -4.9
b9 A'—> A" +13
+17
n A’ > A" | +37
n A’ A" . +69

“The assignments correspond to the configurations of the D, and C, symmetries, respectively, for the rhabdophane and monazite phases.
bCorresponds to the degree of polarizations (DOPs) calculated from deconvoluted spectra (Figure S10).

polarizations can be observed with C, sites*® as the crystal
symmetry induces a periodicity of C; sites that may produce
polarizations globally oriented to the crystal axes. Local
deformation of the C; symmetry could also be the origins of
the observed high DOP.” In the monazite structure, although
the Eu’* site is assigned to be in the C; symmetry, it differs
only slightly from the higher C, symmetry (Figure S11) which
should produce well-defined ¢ and 7 polarizations. Indeed, the
polarizations measured for the monoclinic phase (Table 1) is
similar to the group theory assignments for the C, symmetry
(Table S1). In both phases, some adjacent peaks display
almost the same DOPs (e.g, 595—598 nm in rhabdophane,
594—595 nm in monazite). This fact also supports the above-
stated hypothesis of distorted or clustered Eu®* sites
contributing to the extra peaks, because their symmetry nature
would be close to that of the original sites.

B CONCLUSIONS

To conclude, observing the Eu®* dopant luminescence is
shown to be more sensitive to the phase transition of the
LaPO,:Eu nanocrystals than the X-ray diffraction analysis with
a laboratory diffractometer. This suggests that the lanthanide
dopant luminescence is a versatile and complementary
indicator for the structural evolution of various phase changing
materials. Such a spectroscopic analysis has an advantage of
easiness for adapting to different experimental setups (e.g.,

optical microscopes) that are often not compatible with X-ray
instruments. Especially, it is promising for the in situ
measurement of materials in small amounts down to the
single nanoparticle level.

The distinct polarization features of the LaPO,:Eu
polymorphs highlight the strong influence of the crystal
structure and defects on the dipolar nature of the Eu** sublevel
transitions. This is consistent with the site symmetry
modification from D, to C; being close to distorted C; during
the phase transition. Indeed, the high DOP obtained in both
the “D,—"F, (magnetic dipolar transition) and °Dy—’F,
(electric dipolar transition) levels for the monazite phase
enables precise determination of the crystal orientation in three
dimensions. The peak ratiometry in each level provides one
angular information, thus the two levels can be simultaneously
treated to calculate the two spherical angles defining the crystal
(rod) axis.** This provides a novel functionality of sensing the
orientation and rotation which is applicable to bioimaging or
microfluidics.** For this purpose, the direct synthesis of
colloidal monazite nanorods would be valuable and is a subject
of our ongoing investigations.
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