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Measuring 3D orientation of nanocrystals via
polarized luminescence of rare-earth dopants

Jeongmo Kim', Reinaldo Chacén® 2, Zijun Wang', Eric Larquet!, Khalid Lahlil', Aymeric Leray® 2,

Gérard Colas-des-Francs® 2, Jongwook Kim® "™ & Thierry Gacoin'

Orientation of nanoscale objects can be measured by examining the polarized emission of
optical probes. To retrieve a three-dimensional (3D) orientation, it has been essential to
observe the probe (a dipole) along multiple viewing angles and scan with a rotating analyzer.
However, this method requires a sophisticated optical setup and is subject to various external
sources of error. Here, we present a fundamentally different approach employing coupled
multiple emission dipoles that are inherent in lanthanide-doped phosphors. Simultaneous
observation of different dipoles and comparison of their relative intensities allow to determine
the 3D orientation from a single viewing angle. Moreover, the distinct natures of electric and
magnetic dipoles originating in lanthanide luminescence enable an instant orientation ana-
lysis with a single-shot emission spectrum. We demonstrate a straightforward orientation
analysis of Fu3t-doped NaYF, nanocrystals using a conventional fluorescence microscope.
Direct imaging of the rod-shaped nanocrystals proved the high accuracy of the measurement.
This methodology would provide insights into the mechanical behaviors of various nano- and
biomolecular systems.

TLaboratoire de Physique de la Matiere Condensée, CNRS, Ecole Polytechnique, Institut Polytechnique de Paris, Palaiseau, France. 2 Laboratoire
Interdisciplinaire Carnot de Bourgogne (ICB), UMR 6303 CNRS, Université Bourgogne Franche-Comté, 9 Avenue Savary, BP 47870, Dijon, cedex, France.
HMemail: jong-wook kim@polytechnique.edu

| (2021)12:1943 | https://doi.org/10.1038/s41467-021-22158-4 | www.nature.com/naturecommunications 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22158-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22158-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22158-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-22158-4&domain=pdf
http://orcid.org/0000-0002-1970-1849
http://orcid.org/0000-0002-1970-1849
http://orcid.org/0000-0002-1970-1849
http://orcid.org/0000-0002-1970-1849
http://orcid.org/0000-0002-1970-1849
http://orcid.org/0000-0001-6022-8814
http://orcid.org/0000-0001-6022-8814
http://orcid.org/0000-0001-6022-8814
http://orcid.org/0000-0001-6022-8814
http://orcid.org/0000-0001-6022-8814
http://orcid.org/0000-0002-5097-7317
http://orcid.org/0000-0002-5097-7317
http://orcid.org/0000-0002-5097-7317
http://orcid.org/0000-0002-5097-7317
http://orcid.org/0000-0002-5097-7317
http://orcid.org/0000-0003-0404-6973
http://orcid.org/0000-0003-0404-6973
http://orcid.org/0000-0003-0404-6973
http://orcid.org/0000-0003-0404-6973
http://orcid.org/0000-0003-0404-6973
mailto:jong-wook.kim@polytechnique.edu
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

uminescent molecules or nanoparticles are universally used as

labels to observe small objects such as bio-macromolecules.

The position and movement of the target object can be pre-
cisely detected and tracked by virtue of the bright light emission of
the point labels. Current super-resolution fluorescence microscopy
techniques achieve a nanometer-scale spatial resolution far beyond
the light diffraction limit!2, and the advanced labels can even signal
chemical and biomolecular events by FRET (Forster resonance
energy transfer)>* or SPR (surface plasmon resonance) effects®~’.
However, for most microscopic systems of interest, their rotational
motions remain largely unexplored while this mechanical degree of
freedom is often the key to understand the functionality of the
system (e.g., molecular motors®-10, protein folding!!, assembly of
anisotropic objects!>13). Tracking the rotation of a small object
with the size below the wavelength of light is a challenging problem
independent of tracking the translation. It requires discerning the
spatial orientation of a point object without visible shape. Thus, the
emitted light must contain the information about its orientation
that can be quantitatively analyzed by the observer.

A principal way to realize this is to examine the polarization of
an anisotropic emission distribution in space, which lies in the
nature of vector field of optical transition dipoles in luminescent
species!41>. The dipole axis parallel to the polarization is deter-
mined by the intrinsic nature of the emitter particle, molecule, or
cluster, which can be rigidly tagged with the target object. The
orientation of the target can be deduced by taking into account
the measured polarization. In this principle, molecular fluorescent
dyes®-10.1617 " quantum rods!8-22, and nanocrystals exhibiting
second-harmonic  generation (SHG)?*-2” or upconversion
emission?8-2% have been used as probes to monitor the rotational
dynamics of various nano-objects. A detailed comparison of the
existing methods is shown in Supplementary Table 1.

Such a polarimetry is simple when observing the in-plane (2D)
orientation of a probe determined by one variable ¢, the angle
between the dipole axis and the analyzer (polarizer in front of the
detector). The measured intensity of the polarized emission versus ¢
follows a sinusoidal function, illustrated as a dumbbell-shaped polar
diagram in Fig. la. The ¢ value can be determined from the
observed polar diagram. However, when regarding the orientation
in 3D space, two spherical angles (6-polar and ¢-azimuthal) con-
tribute together to the polarized emission intensity measured from
the observer. In order to determine these two angles (6, ¢), it is
necessary to measure the emission polarization from at least two
different viewing angles. Each measurement projects the dipole on
the observation plane, so the orientations of the two polar diagrams
allow to reconstruct 6 and ¢ (Fig. 1b). Otherwise, two unparallel
excitation beams can be used while observing through one viewing
angle!%. These, namely, stereoscopic methods have been used
for studying the rotational dynamics of several systems (e.g.,
walking motion of myosin V1930, rotational diffusion of rod-like
particle31-33), but they require a rather complicated optical
instrumentation with separate beam paths and multiple detectors
and/or excitation sources, which is incompatible with conventional
microscopes. Moreover, the accuracy of the orientation analysis can
easily deteriorate because the measured signal intensity can vary not
only with the dipole orientation but also with many other intrinsic
and extrinsic sources such as photo-bleaching®#3> or -blinking36-38,
polydispersity of the emitters3®, experimental errors from the sen-
sitive polarizing optics, and instrumental noise. An alternative
approach, fluorescence correlation spectroscopy, monitors the
intensity fluctuation of the polarized emission from which the
rotational diffusion coefficient is obtained. It is efficient to study the
time scale of rotational dynamics but cannot measure the absolute
values of 6 and 3133,

The recent approaches using a microscope objective with large
numerical aperture (NA) have reduced such uncertainties by

Polarization axis of E-field
from electric dipole

Polarization axis of E-field
&7 from magnetic dipole

Polarization axis of H-field

from magnetic dipole
Fig. 1 Schematic illustrations of the emission dipoles and their polar
diagrams. The 3D arrows indicate the emission dipoles and the dumbbells
indicate the polar diagrams: the measurable field intensity as a function of
the angle of analyzer on the observation planes (grey plane). The wavy
lines depict the oscillating electric field (red) and magnetic field (blue)
polarized along the dipole axis. a A single electric dipole is oriented parallel
to the observation plane. The dipole’s in-plane orientation angle can be
determined from one polar diagram. b A single electric dipole with out-of-
plane orientation. The projections of the dipole on two different observation
planes render two polar diagrams, from which the three-dimensional (3D)
dipole orientation can be determined. ¢ Two dipoles with electric (red
arrow) and magnetic (blue arrow) dipolar natures are oriented out-of-plane
while they are coupled with an arbitrary fixed angle with respect to each
other. Each dipole renders a distinct polar diagram (blue dumbbell —
magnetic polar diagram/red dumbbell — electric polar diagram) on the
same observation plane, from which the 3D orientation of the coupled
dipoles can be determined.

analyzing the integrative signal from continuous viewing angles
over the large NA. Back-focal plane/defocusing imaging?0-4* in
this principle let the photons emitted along different directions
fall on different regions of the camera detector making a specific
image pattern, from which the dipole orientation can be deduced.
A single-shot image pattern can provide the 3D orientation in this
way. However, the numerical modeling for the pattern analysis is
heavy and sensitive to the optical parameters (e.g., refractive
index, focal depth, aberration)!845, which remains as a limitation.
An alternative method without pattern analysis while measuring
at one viewing angle is to use an emitter composed of degenerate
2D dipoles in quantum dots!822. In this case, measuring the 3D
orientation requires a precise scanning of the emission intensity
profile with non-zero minimum while rotating the analyzer in
many steps. This method is thus not suitable when observing
unstable or dynamically rotating systems, and quantum dots
generally have a polydispersity issue?®. Therefore, it is still chal-
lenging to establish a straightforward method to instantly and
accurately measure the orientation of microscopic emitters.
Here, we present a methodology of 3D orientation analysis
based on an instant measurement without a model-dependent
calculation while achieving unprecedented angular accuracy and
simple optical setup compatible with conventional microscopes.
Instead of the stereoscopic analysis of a single emission dipole, we
employ lanthanide luminophores exhibiting multiple emission
dipoles with different natures of polarization — electric dipoles
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(ED) and magnetic dipoles (MD) — and spectroscopically ana-
lyze them from a single viewing angle.

Lanthanides exhibit multiple transition dipoles with separate
emission wavelengths that can be observed simultaneously using
a spectrometer. The mutually different polarization behaviors of
ED and MD deliver the information on the 3D orientation
through a single viewing angle (Fig. 1¢). This feature is manifested
as a varying line shape of the photoluminescence spectrum as a
function of the angle of analyzer. The orientation analysis can
thus be treated as a simple ratiometric analysis of the spectrally
resolved emission peaks. Only a single spectrogram is sufficient to
determine 6 and ¢ because ED and MD offer two simultaneous
equations (See Results section). Although the global intensity of
the luminescence may fluctuate due to the above mentioned
causes, the peak ratiometry depends exclusively on the orienta-
tion of the luminophore guaranteeing the accuracy of the calcu-
lated 6 and ¢. Furthermore, this method enables to measure
collective partial orientation of many emitters together (e.g., self-
assembly). In this case, the three variables — orientation of the
director (6, ¢) and the order parameter (f) — can be determined
with only two spectrograms observed with different analyzer
angles: four simultaneous equations can be set with two ortho-
gonal polarizations and ED-MD natures*0.

When lanthanide ions are doped in a crystalline host, each
energy level in 4f" configuration is further split into several
sublevels by the crystal field*”. Each sublevel transition appears as
a narrow emission peak related to a specific transition dipole. The
dipole orientation with respect to the crystal axis is distinct for
each sublevel and depends exclusively on the local site symmetry
of the lanthanide dopant*8. This provides a crucial advantage that
the spectral profile of the polarized emission is not influenced by
the size and morphology of nanocrystals*3. Hence, the polarized
emission spectra obtained from a sample with a known orienta-
tion are valid as a reference for other particles with the same
crystal structure. This is not the case for other types of emitters
such as quantum dots whose emission polarization sensitively
varies with the particle size and shape3?.

In this study, as a proof of concept of this method, we investi-
gated the 3D orientation of monocrystalline sodium yttrium
fluoride (NaYF,) nanorods doped with trivalent europium (Eu3t)
ions. NaYF, is an efficient crystalline matrix for lanthanide doping
and is widely studied for applications in upconversion probes*->2
and nanothermometry®3>4, As compared to other common emit-
ting ions, Eu3* ion shows sharp and well-defined emission peaks,
thanks to the non-degenerate upper level of its main emission
(°Dy — 7Fy), which is ideal for the spectroscopic orientation ana-
lysis. Nanocrystals of NaYF,:Eu with a micrometer length were
synthesized in order to compare the orientation directly seen by the
optical microscope with the spectroscopically calculated value. We
considered an optically homogeneous environment where NaYF,:
Eu nanorods are embedded with random orientations in a thick
poly vinyl alcohol (PVA) film deposited onto a glass substrate.

Results

Polarized photoluminescence of Eu3* doped NaYF, nano-
crystal. The crystallographic structure of NaYF, in hexagonal
phase is illustrated in Fig. 2a, b. The projection on the basal
plane normal to the c-axis (Fig. 2b) shows the hexagonal sym-
metry of Y37 sites in the lattice, which can be substituted by
Ln3* dopants. The nanocrystal synthesis using a stoichiometric
mixture of Y3+ and Eu3t precursors leads to a homogeneous
and random occupation of Y3* sites by Eut with a well-
controlled doping percentage®>>%. One transition dipole of Eu3+
is assumed to have a certain polar angle (w) with respect to the
c-axis of the crystal that is parallel to the geometrical axis of the

nanorod (Fig. 2¢). The ensemble of the dipoles in different sites
performs a hexagonal symmetry on average, which can be
decomposed as an axial component and a radial component
(parallel and perpendicular to the c-axis respectively) (Fig. 2d,
e). The axial component has a 1D nature (dumbbell shape)
identical to a single dipole whereas the radial component has a
degenerate 2D nature (horn torus shape) due to the in-plane
distribution of individual dipoles. The symmetry and group
theory predicts either purely axial or purely radial dipole for
sublevel emission for the Csj, symmetry group of the Y site®”—>%.
However, symmetry breaking occurs to a lower C; site symmetry
because of the larger ionic radius of Eu3* in comparison to
Y3160, Most of the few reported experimental observations
including NaYF :Eu of our case show superposition of the two
components that is manifested as varied degrees of polarization
for different sublevel peaks®1-63. We ascribe this to the tilting of
dipoles (0° < w < 90°) as schematized in Fig. 2c60-04.65,

In case of ED (Fig. 2d), where the electric field oscillates along
the dipole axis, the light radiated from the axial component is
polarized parallel (m) to the c-axis and the light from the radial
component is polarized perpendicular (o) to the c-axis. In case of
MD (Fig. 2e), by contrast, as the electric field is perpendicular to
the magnetic field oscillating along the dipole, the light from the
axial and radial components are o- and mn-polarized respectively.
For both ED and MD, the light propagating along the c-axis (a) is
unpolarized as it originates from the 2D nature of the radial
components (the unpolarized feature of the a-configuration is
shown in Supplementary Fig. 1).

The SEM image in Fig. 2f shows a straight rod-like morphology
of the NaYF,:Eu nanocrystals used in this study. Their sizes are
quite polydisperse (length=1184+430nm, width=117%
24 nm) which is a typical feature of solvothermally synthesized
nanorods (the size distribution histogram is presented in
Supplementary Fig. 2). The high-resolution TEM and XRD
analyses (Fig. 2g, Supplementary Fig. 3) confirmed their
hexagonal single crystalline nature.

Figure 2h shows the polarized photoluminescence emission
spectra of these NaYF,:Eu nanorods in three main configurations
(7, 0, and a). These spectra were obtained from aligned colloidal
nanorods under externally applied electric field following the
method described in our previous work®®%7. (the experimental
detail is also shown in Supplementary Fig. 4). The intense group
of peaks at 587-597 nm corresponds to the Dy — “F; transition
of Eu3* which originates from MDs, and the one at 610-622 nm
corresponds to the 5D, — 7F, transition from EDs. Each narrow
peak (partially overlapping with the adjacent peaks) corresponds
to one sublevel transition split by the crystal field¥’. One can see
that the  and o spectra are dramatically different to each other
and the a spectrum is identical to the m spectrum for the MD
transition (°Dyp — ’F;) and to the o spectrum for the ED
transition (°Dy— 7F,). This unique polarization behavior con-
firms the above-described axial/radial and ED/MD dipolar nature
(Fig. 2d, e). Consequently, 1, 0, and a spectra are all different to
each other considering the whole spectral range, and a spectrum
observed from an arbitrary viewing angle would be a weighted
sum of the three reference spectra depending on the viewing
angle (i.e., rod orientation with respect to the observer).

An isolated single NaYF,:Eu nanorod shows the same m and o
spectra and the continuous line shape variation between them
when the analyzer was rotated every 10° with respect to the rod
axis lying on a plane substrate (Fig. 2i). We have previously
demonstrated a similar aspect of the polarized emission of Eu3+
doped in LaPO4 nanocrystals*>%4. The degree of polarization
(DOP) for each peak is defined as:

DOP = (In_IJ)/(In+Io) (1)
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Fig. 2 Dipole configurations and polarized spectra of the emission of Eu3* doped in NaYF, nanocrystal. a, b lllustrations of the hexagonal NaYF,
crystallographic structure (a) in 3D perspective view and (b) projected on the basal plane. The Y3+ sites are substituted when doped with Eu3™. ¢
Schematic illustration of one kind of emission dipoles at the Eu3* sites oriented with a certain polar angle () with respect to the c-axis. The site symmetry
determines w, and the crystal symmetry induces the hexagonal arrangement of the dipoles. d, @ Schematic illustrations of the symmetric ensemble of w-
angled dipoles decomposed to two orthogonal components: a 1D dipole parallel to the c-axis and a 2D dipole parallel to the basal plane. d For electric dipole
(ED), the 1D dipole contributes to the m-polarization and the 2D dipole contributes to the o-polarization equal to the a-configuration. e This relation is
inversed for magnetic dipole (MD) as its 1D dipole contributes to the o-polarization and its 2D dipole contributes to the n-polarization equal to the a-
configuration. f Scanning electron microscopy (SEM) image and (g) high-resolution transmission electron microscopy (HR-TEM) image with fast Fourier
transformation (inset) of NaYF4:Eu nanorods. h Polarized photoluminescence (PL) spectra in x, o, and o configurations of NaYF4:Eu nanorods under the
excitation at 394 nm (7Fy — 5L¢). These spectra were obtained from a colloidal solution in which the nanorods were uniformly aligned by external electric
field (Supplementary Fig. 4). i Polarized PL spectra of a single NaYF4:Eu nanorod lying on a plane substrate with varied analyzer angles. The blue and red
arrows indicate the three main peaks (MDa-c) in the Do — F; transition and the two main peaks (EDa-b) in the 5Dy — 7F; transition. The selected
wavelength ranges (MD1, MD2, ED1, and ED2) to perform the area under curve ratiometry are highlighted in different colors. The inset is an image of the
nanorod obtained by scanning the PL signal using a piezo-stage (scale bar: 1um). The full emission spectrum of NaYF4:Eu is shown in Supplementary Fig. 5.

where I, and I, stand for the relative intensities of m and o
configurations. The three main peaks within °Dy— 7F;
transition (MDa: 589.9 nm, MDb: 591.4 nm, and MDc: 593.7
nm) have DOPs of 0.53, 0.56, and —0.56 respectively, and the
two main peaks in °Dy — 7F, transition (EDa: 615.3 nm, and
EDDb: 619.0 nm) have DOPs of —0.56 and 0.21. Therefore, in
both MD and ED transitions, there exist at least two peaks with
high contrast of DOPs, which ensures a precise ratiometric
analysis. The well-defined three peaks in the °Dy— 7F;
transition confirm that 7F; level is split into three sublevels
by the crystal field in a low symmetry (C;) of Eu3t sites®S. As
the low symmetry would split the Dy — 7F, level into five
sublevels®®, the broad EDa peak seems to be indeed several
sublevels that are merged together. When regarding, for
simplicity, each of EDa and EDb as one dipole, the positive
DOP of EDa (I, > I;) indicates the dipole axis close to the c-axis
(w<45°) and the negative DOP of EDb indicates the dipole
lying close to the basal plane (w > 45°). This relation is inversed
for MD peaks due to the orthogonality of electric and magnetic
fields (i.e., positive DOP of MD indicates its dipole axis close to
the basal plane).

In the next sections, the analytical method is provided to
determine the 3D orientation of a nanorod based on the intrinsic
emission polarization property of NaYF,:Eu described above.

Orientation analysis methodology. For a nanorod with an
arbitrary orientation in the laboratory frame by polar and azi-
muthal angles (6, ) (Fig. 3a), the emission intensities collected at
two orthogonal polarization angles, I, and I,, (first and second
subscripts refer to the axes of propagation and polarization,
respectively), have contributions of the , 0, and o configurations
as their projections on the measurement axis (see Supplementary
Fig. 6 for graphic explanation). For a given wavelength (A):

L,A) =1 ) -sin*6 - sin’p + I,(A) - cos*0 + I (A) - sin?0 - cos’¢
)
L) =1A)- cos?0 + I,(A) - sin®0 - sin?p + (1) - sin®0 - cos’¢
3)

where I, I, and I, indicate the relative intensities of the 7, o, and
a configurations.
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Fig. 3 Orientation analysis of a single NaYF,:Eu nanorod by spectral fitting. a-b Schematic illustration of a hexagonal crystalline NaYF4:Eu nanorod with
an arbitrary 3D orientation denoted by the spherical angles (8, ) or (¢, ') when the polar axis is (a) y-axis or (b) z-axis respectively. The observation
plane is fixed as xy-plane. ¢ A scheme of the optical microscopy setup used to conduct the orientation analysis. The inset is a photograph of the
photoluminescence (PL) of a single nanorod captured by the CCD camera (scale bar: 1um). The in-plane angle (¢’) of the nanorod was found as the long
axis of the ellipsoidal shape of this image. d, e Spectral fitting analysis using a polarized PL spectrum |, or |,, obtained with the analyzer (d) parallel to the
x-axis or (e) parallel to the y-axis. Each analysis considers both ED and MD transitions in order to determine @ and ¢ from a single spectrum using Egs. 4-9.
The calculated values of the trigonometric functions of (6, @) and the absolute values of (¢, ¢’) are presented in the figure. The results of the same analysis
for a large number of particles are shown in the supplementary information (Supplementary Fig. 8, Supplementary Data 1).

As the a spectrum is identical to the o spectrum for ED and to
the m spectrum for MD (Fig. 2h), the above equations can be
rewritten separately as functions of only I, and I, as:
for ED transition,

Lyep(A) = Lkp (A) - sin%6 - sinz(p + I gp(A) - (coszt‘) . sin2<p + cosz(p)

(4)

IzY‘ED (A) = I11,ED (A) - cos’0 + IO'7ED (’1) - sin’0 (5)

and for MD transition,

LMD () = I, Mp A) - cos’0 + In,MD(A) - sin’6 (6)

Lyap() =T mp () - sin6 - sin’p + I yp(A) - (cos?8 - sin’g + cos’e)
(7)

Hence, one can choose a single polarization axis (for either I,
or I,,) to get two simultaneous equations on ED and MD from
which the unknown 6 and ¢ values can be calculated. As the ED
and MD transitions occur simultaneously in lanthanides, a single
emission spectrum is sufficient to determine the 3D orientation
(6, ¢) of a nanorod. It is apparently possible also to choose one
transition (either ED or MD) at two polarization axes (see
Supplementary Fig. 7,8 and Supplementary Data 1). The choice of
two equations among the four above can indeed be made as
preferred considering the material property such as the DOP of
the transition and the experimental condition such as type,
number, and spectral resolution of the detectors.

The y-axis in the laboratory frame was chosen as the polar axis
related to the (6, ¢) angles (Fig. 3a), which simplifies the Eqs. 4-7.
A transformation of (6, ¢) into a new spherical coordinate with

the z-axis as its polar axis (Fig. 3b) can be made by the equations:

(8)

0 = cos ! (sinf - cosg)

¢ =sin! (cos@/ 1 — sin? - coszq)) (9)
where (0, ¢’) are the polar and azimuthal angles in the new
coordinate which is more intuitive for the observer: ¢’ and ¢
correspond to the in-plane and out-of-plane orientation angles on
the observation plane (see also Supplementary Egs. 1-5). In order
to determine the signs of (¢, ¢’), additional procedures are
required as described at the end of the Results section.

Optical measurement. In order to test the discussed methodol-
ogy, we have prepared NaYF,:Eu nanorods that are embedded in
a thick polymer film with random orientation. The individual
dispersion of the nanorods was achieved by mixing citrate-
functionalized nanorods with an aqueous solution of polyvinyl
alcohol (PVA) at very low rod-concentration, which was then
drop-casted on a glass coverslip. The refractive index of PVA is
~1.5, close to ~1.52 for standard glass coverslip. The optical
environment surrounding the NaYF,:Eu nanorods can thus be
regarded as homogeneous and not significantly distorting the
emission dipoles even near the polymer-glass interface. Photo-
luminescence measurements and nanorod observations were
carried out using a conventional optical microscope equipped
with a fiber-coupled excitation laser (Aex =394 nm, matching
with the 7Fy — °L¢ transition line), a spectrometer, and a CCD
camera (Fig. 3c).

A photograph of an emitting nanorod captured by the
CCD camera (Fig. 3c-inset) shows a slightly elliptical shape of

| (2021)12:1943 | https://doi.org/10.1038/s41467-021-22158-4 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

the spot due to the out-of-plane tilt of the embedded nanorod
(length ~ 1 um). The in-plane projection of the nanorod length in
this case is close to the spatial resolution of the optical
microscope. The long axis of the ellipsoid provides the azimuthal
orientation ¢’ of the nanorod. Its measured value of 54° will be
compared below with the calculated one from the polarized
emission spectra. Only the in-plane projection of the 3D
orientation of the nanorod is barely discernible even though the
rod size was controlled to be relatively large. Particles smaller
than the spatial resolution of the microscope or in vertical
orientation (6’ ~ 0°) will appear in circular shape on such images.

Orientation analysis by spectral fitting. The polarized photo-
luminescence emission spectra were collected using a rotating
analyzer in front of the spectrometer (Fig. 3d, e). As discussed
above, the line shape of each spectrum on both ED and MD
ranges contains the information on the 3D orientation of the
nanorod. By fitting one of these spectra (I, or I,,) separately in
ED and MD wavelength ranges with the reference n- and o-
polarized spectra (I, I;), the (6, ¢) values were obtained using
Egs. 4-7, which were then converted to (¢, ¢’) using Egs. 8-9. It
can be seen in Fig. 3d, e that the fitting curves (magenta lines) as
weighted sums of the I, I, curves (red and blue lines) match well
with the observed I, and I, spectra (black lines). The two sets of
(cos?0, sinZg, and @, ¢) values calculated from the two polar-
izations (I, I,y) are presented in the same figure. The ¢’ values
calculated from I, and I, are 59° and 52° respectively, while the
measurement on the CCD-captured image was 54°. The several
degrees of error and discrepancy between different selections of
the analyzer angle are ascribed to be due to the experimental
errors such as the alignment of analyzer and the polarization-
dependent fluctuation of the background offset on the spectro-
grams. Supplementary Fig. 9-11 shows the examples of experi-
mental errors and their propagation into orientation analysis. We
conducted the same orientation analysis repeatedly on 33 ran-
domly oriented single nanorods in polymer film and the mean
absolute error for ¢’ was 4.6° (Supplementary Data 1). The out-
of-plane angle (¢') remains incomparable as CCD images a
projection. The deviation in (¢, ¢’) values were less than 4° in
average compared with the values calculated either using a dif-
ferent polarization (Ix or I,, using both MD and ED transition)
or using a different dipole transition (MD or ED emission using
both I,; and I, polarizations) (Supplementary Data 1), con-
firming a wide applicability of the proposed method to various
materials and experimental conditions. The same orientation
analysis is also conducted on 21 different nanorods directly
deposited on the substrate without polymer: 8 =90° (Supple-
mentary Data 1). In this case, the mean absolute errors for 8 and
¢’ were 13.1° and 3.2° (Supplementary Data 1). We found that the
mean errors for & and ¢’ can vary depending on their absolute
values because they are calculated from sinusoidal curves. The
errors are relatively large when 6 or ¢’ is close to 0° or to 90° (i.e.,
when the rods are oriented parallel or perpendicular to the ana-
lyzer or to the substrate). This is why the mean error for ¢ is
larger than that of ¢’ for the rods lying on the substrate (6’ = 90°).
At this certain orientation condition of the nanorod, a small
experimental error in the spectral fitting may cause the analysis to
fail. See Supplementary Fig. 10 for the simulated error profiles
based on Egs. 8-9.

Orientation analysis by area under curve ratiometry. The
spectral fitting analysis minimizes the error on the calculation of
(0, ¢) values. This requires spectra recorded with a spectrometer.
Other types of detectors such as photomultiplier tube (PMT),
avalanche photodiode (APD), or electron multiplying CCD are

often preferred when higher photosensitivity or spatially resolved
photography is desired. In such cases, the photons emitted in four
different spectral ranges can be separately collected using a
combination of dichroic mirrors and optical bandpass filters. The
detected signal intensities are then proportional to the integrated
areas under the spectrum curve in the selected ranges. The
ratiometry between the signal intensities in different ranges can
be used to calculate (@, ¢’) angles instead of the spectral fitting
analysis. The Egs. 4-7, with the intensities as continuous func-
tions of wavelength, can be rewritten with the integrated inten-
sities for divided ranges referred to as ED1, ED2, MD1, and MD2
(Fig. 4a, b), from which the cos?0 and sin?g can be expressed as:
for ED transition,

K,y ep  IoEp2 — Lo pt
kZy,ED ' (Ia,ED2 - Iﬂ‘EDZ) - (IJ,EDI - In,EDl)

cos’f =

(10)

kzx,ED ) I(LEDZ - I(7.,ED1

(1 — cos?0) - [(In,ﬁm - Io,EDl) —Kypp (In,EDZ - Iu,EDZ)]
(11)

where I gp, and Iggp, (n=1 or 2) indicate the relative area
under curve of the m and o spectra (Fig. 4a) and K,y zp and ko ep
stand for the measured intensity ratios I,y ep1/I.yEp2 and Ly gpi/
Ix Ep2> respectively (Fig. 4b).

And for MD transition,

sin?p =

kZX,MD : In,MDZ - ITI,MDI
kzx‘MD : (In,MDZ - IO'7MD2) - (In,MDl - Ia,MDl)

cos?0 =

(12)

kzy‘,MD “Limpz — Lomon
(1 - cos?0) - [(IU‘MDI - In,MDl) - kzy,MD : (IU,MDZ - In,MDZ)}

(13)
where I ypn and Igvpn (=1 or 2) indicate the relative area
under curve of the m and o spectra (Fig. 4a) and k,, mp and k. vp
stand for Iy mp1/Tzxmp2 and Ly mp1/Izy,mp2, respectively (Fig. 4b).

The orientation determination proceeds similar with the
spectral fitting analysis. One can choose either one polarization
axis (Ix or I,y) or one transition (ED or MD) and obtain a set of
two k values among k,ep, kxmps Kzypps and kg nvp, then
calculate (6, ¢) values using a set of two equations among
Egs. 10-13.

This ratiometric analysis was performed on the same polarized
photoluminescence spectra used for the fitting analysis in order to
compare the accuracies of the two methods. The reference areas
under curve (Iumpi> Inmp2s Ixepts Inepz and Isvpis Iompos
Isep1> IsEp2) Were measured on the reference m and o spectra
(Fig. 4a). The areas under curve on the experimental spectra (I,
MD1> sz,MD2> sz,EDl) sz,EDZ and Izy,MDl» Izy,MDZ’ Izy,EDl) Izy,EDZ)
were measured for the same spectral ranges (Fig. 4b), from which
the k values (k,x mp» kux EDs KzyMmps and k,y pp) were obtained and
the (6, ¢) and finally (¢, ¢') values were calculated using Egs. 10-
13 and Egs. 8-9. The deviation in (¢, ¢’) values for a number of
tested nanorod samples were less than 2° in average compared
with the values calculated by the spectral fitting analysis
(Supplementary Data 1). The mean absolute error is also similar
with that of the spectral fitting analysis. (Supplementary Data 1).
The area under curve ratiometry is thus a good alternative
method of the spectral fitting analysis almost maintaining the
accuracy of orientation measurement. The simulated error profile
based on the Eqs. 12-13 is also presented in the S.I.
(Supplementary Fig. 11).

The best precision of the ratiometry can be achieved by
properly selecting the wavelength ranges (ED1, ED2, MD1, and

sin’p =
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Fig. 4 Orientation analysis of a single NaYF,:Eu nanorod by area under curve ratiometry (AUCR). a Reference emission spectra of the photoluminescence
(PL) of a NaYF4:Eu nanorod polarized parallel () and perpendicular (I,) to the rod axis and (b) experimental spectra (I, |,,) of the nanorod with an orientation
¢, ¢’ (also shown in Fig. 3d, e). The selected wavelength ranges (MD1, MD2, ED1, and ED2) used for AUCR are highlighted in different colors, from which the
values of the trigonometric functions of (6, ¢) and the absolute values of (&', ¢’) were calculated using Egs. 8-13. The results of the same AUCR analysis for a
large number of particles are shown in the Supplementary Data 1. c-e Polar diagrams and fitting curves of the selected areas under curve for (¢) MD1 and MD2,

(d) ED1 and ED2, and (e) their ratios MD1/MD2 and ED1/ED2.

MD?2) to have the highest DOP in each range. As highlighted in
the diagram of the series of reference spectra for varied analyzer
angles (Fig. 2i), the similarly polarized neighboring sublevel peaks
were grouped in one range. For example, the MDa (589.9 nm)
and MDb (591.4 nm) peaks were grouped as MD1 and the MDc
(593.7 nm) peak was defined as MD2. Fig. 4c, d shows polar
diagrams of the in-planed oriented nanorod plotted for the varied
areas under curve as a function of the analyzer angle (y). The data
points should in principle fit with a simple trigonometric
equation (Eq. 14) implying a sum of the projections of the n
and o components:

(14)

However, the experimental points are not perfectly matching
with the fitting lines for the Eq. 14. This typical mismatch is
caused by signal fluctuation during scanning over y-angles or by
the beam distortion along the optical setup. The points for y =
120° in Fig. 4d markedly deviate from the fitting line presumably
due to the fluctuation of the excitation source. The asymmetry of
the polar diagram for MD1 in Fig. 4c (left arc is larger than the
right) seems to be due to a slight distortion of the emission beam
path when rotating the analyzer. Nevertheless, the ratiometric
polar diagrams of the k values (Fig. 4e) consistently match the
fitting curves by virtue of the simultaneous measurements of the
emission peaks in different wavelength ranges. Such a high
precision of the k-polar diagrams was preserved even when the
overall emission intensity was largely varied during scanning y
from 0° to 360° (Supplementary Fig. 12). This feature represents

I, =1,-cos’ +1, - sin’x

the outstanding accuracy of our spectroscopic orientation analysis
by both the spectral fitting and area under curve ratiometry
methods. Moreover, the k-polar diagrams (Fig. 4e) are narrower
in cervical region due to the combination of the DOPs for
different wavelength ranges. The DOP values for MD1/MD?2 and
ED1/ED2 are 0.77 and —0.57 respectively (for NA = 0.6), higher
than the DOPs of each peak. This also assures a higher accuracy
to determine (¢, ¢’) values as compared to an analysis based on
measuring the variation of an absolute intensity of a single
emission peak. We checked that the DOPs of five randomly
selected nanorods with different sizes are all the same
(Supplementary Fig. 13, Supplementary Table 2), confirming
that the lanthanide emission is independent of the particle
morphology and that the orientation analysis is robust against
polydisperse systems.

The measured DOPs decrease as the NA of the microscope
objective increases because the emission towards a wider solid angle
is averaged (Supplementary Fig. 14, Supplementary Table 3)°°.
There is a tradeoff between the spatial resolution — for which large
NA is favored — and the accuracy of orientation analysis — for
which high DOPs by small NA are favored. An optimal NA is to be
selected considering the specific experimental requirements.
Besides, DOP can also be affected by other environmental and
experimental factors such as spectral efficiency of the analyzer, the
optical properties of the medium surrounding the emitter and
the doping concentration of rare-earth ions in the host crystal®®70,
The reference spectra (I, I) and the experimental spectra (I, Iy)
should therefore be collected in the same condition for the correct
orientation analysis.
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Discriminating mirror angles (—6, —¢’). Because the above
equations provide the values of trigonometric functions, the 6’
and ¢’ are indistinguishable from —6’ and —¢’ creating four-fold
mirror orientations. The in-plane mirror angle (—¢’) can be
discriminated by measuring a spectrum at one supplementary
analyzer angle between x- and y-axis (for example, I,45:). The
reference k-polar diagram can be plotted based on Fig. 4e at the
different analyzer angles (k,y, k,,, and k,45-) as a function of ¢/,
which can serve to establish a boundary condition to distinguish
¢’ and —¢’. A detailed procedure is described in the S.I. (Sup-
plementary Fig. 14). Discriminating the mirror orientation of €' is
also technically possible if a measurement can be done on another
viewing angle adopting the previous stereoscopic method (e.g., by
tilting the sample or using a large NA objective with a diaphragm
at different positions).

Discussion

We have demonstrated a straightforward spectroscopic method
to measure the three-dimensional orientation of nanocrystalline
probes. We show that the large measurement uncertainty of
previous methods using a single dipole emitter can be eliminated
via ratiometric analysis of multiple transition dipoles inherent in
lanthanide phosphors. The spectral line shape (i.e., relative
probabilities of different emission dipoles) of lanthanides doped
in a crystal structure is independent of the particle size, shape,
and surface chemistry that are major factors governing other
types of nano-emitters, which is a great advantage to analyze the
absolute angles of orientation with high accuracy.

We used NaYF:Eu nanorod as a model system, but any probe
material with different dopants, composition, and structure (e.g.,
B-NaYF4Er3t,Yb3t upconverting nanoparticles’!) exhibiting
simultaneous ED and MD transitions can be used to measure the
3D orientation from a single-shot spectrum obtained with a fixed
analyzer. Organometallic lanthanide chelates are potential
orientation probes that are smaller and compatible with biomo-
lecular targets. The ED and MD transition levels of different
lanthanide ions are summarized in Supplementary Table 4 with a
discussion on their applicability. If only one type of dipoles is
available (either ED or MD), one can still measure the 3D
orientation from two spectra obtained with two different analyzer
angles, which still benefits from the accuracy of ratiometry and
opens a diversified choice for probes even beyond lanthanide
doped species. Depending on the measurement conditions and
specific target of study, the proposed principle of analysis can be
easily adapted to conventional microscopy setups with various
designs and detector types. The precision of the measurement can
be further improved by using a host crystal structure providing
higher degrees of polarization (DOPs)%4.

Such an analytic performance combined with a large choice of
emitter material and optical instrument is promising for studying
the orientation and rotational dynamics of a wide variety
of systems in biology!®3%72, physics?84671.73 and colloidal
science’47>, to mention a few.

Methods

Preparation of NaYF4:Eu nanorods. NaYF, nanorods with 5% Eu-doping were
hydrothermally synthesized following the procedure demonstrated in the
reference>>7%77. Briefly, 45 mmol (1.8 g) of NaOH dissolved in 6 mL of water
was mixed with 15 mL of ethanol (EtOH) and 30 mL of oleic acid (OA) under
stirring. To the resulting mixture were selectively added 0.95 mmol (288 mg) of
Y(Cl);-6H,0, 0.05 mmol (18 mg) of Eu(Cl);-6H,0 and 10.2 mmol (377 mg) of
NH,F dissolved in 4 mL of water. The solution was then transferred into an
autoclave and heated at 200 °C for 24 h under stirring. The resulting nanoparticles
were washed with water and ethanol several times, vacuum-dried, and collected as
a white powder. For the optical experiments, a surface functionalization by ligand
exchange was performed to ensure the good dispersion in polar solvents’8. In total,
20 mg of NaYF,:Eu particles with native OA ligands were mixed with 2 mL of

aqueous citrate solution (0.2 M) and the mixture was sonicated and centrifuged.
The same cycle was repeated for three times to fully exchange OA with citrate. The
residual OA in solution was removed by washing with EtOH and water. The
resultant citrate-functionalized nanorods were well dispersed in water or ethylene
glycol. The aqueous colloidal solution was spin-coated on a glass or quartz cov-
erslip for the optical measurement of in-plane oriented nanorods (Figs. 2i, 4a, c—e).
For the optical measurement of randomly oriented nanorods (Figs. 3c—e, 4b),
polyvinyl alcohol (MW ~ 22000) was dissolved (0.1 g/mL) in the aqueous nanorod
solution and then drop-casted on a glass coverslip embedding nanorods in a thick
polymer film.

Alignment of nanorods under electric field. For the measurement of the PL
spectra in the 7, 0, and a configurations (Fig. 2h), nanorods were aligned using
electro-optical (E/O) cells (Supplementary Fig. 4). For the in-plane alignment (nt
and o configurations), a lab-made in-plane switching cell was made with gold thin
film electrodes deposited with a narrow gap (width ~ 150 um) at the center. A
spacer (thickness ~ 60 um) was made at the border of the cell. In total, 20 pL of
nanorods dispersion in ethylene glycol was dropped at the center and covered with
a glass coverslip. An AC electric field (1 kHz, 0.47 V/um) was applied to fully align
the nanorods between the gap. For the homeotropic alignment (a configuration), a
commercial homeotropic E/O cell INSTEC) was used also with an AC electric field
applied (500 kHz, 0.25 V/um).

Characterizations. High-resolution transmission electron microscopy (HR-TEM)
was performed using JEOL JEM-2010F. Scanning electron microscopy (SEM) was
performed using Hitachi S4800. Photoluminescence (PL) spectra of NaYF,:Eu
single nanorods (Figs. 3c—e, 4a, b, Supplementary Figs. 4, 7, 8, Supplementary
Data 1) were obtained using a upright polarizing optical microscope (Olympus BX
51WI, Objective: magnification = 100x, NA = 0.9). A fiber-coupled monochro-
matic excitation laser (OXXIUS, Acenter = 394 nm, FWHM = 0.7 nm) was used as
an excitation source matching with the 7F — 5L transition of Eu>*. PL signals
were collected with a fiber-coupled spectrometer (SpectraPro-300i, Princeton
Instrument equipped with LN/CCD-1100-PP camera) or with a CCD camera
(Discovery plus DTA DX 1600E SN, Fig. 3c-inset). PL signals of aligned nanorods
under electric field (Fig. 2h, Supplementary Fig. 1,4) were obtained also using same
optical setup with lower magnification (objective: 20x, NA = 0.45). The optical
setup is schematized in Fig. 3c. The series of PL spectra with continuous analyzer
angles were collected using an inverted microscope (Nikon Eclipse Ti) and two
objectives: A Nikon CFI S Plan Fluor (Magnification = 40x, NA = 0.6 for Figs. 2i,
4c-e, Supplementary Figs. 12-14) and a Nikon CFI APO TIRF (Magnification =
60x, NA = 1.49 for Supplementary Fig. 14). The optical setup is equipped with a
polarizer-mounted rotation stage (Newport, PR50CC), a piezoelectric stage (Mad
Labs City, Model Nano-LP100), a spectrometer (Andor Shamrock 303i, Andor
Newton 920 CCD camera) and a silicon avalanche photodiode (APD, Perkin
Elmer, SPCM-AQRH-15). The scanned nanorod image (Fig. 2i-inset) was obtained
using the synchronized APD and piezoelectric stage.

Data treatment. Baselines of all the photoluminescence spectra were taken as a flat
line with averaged intensity between 600 nm and 608 nm where Eu?* luminescence
is not present (Supplementary Fig. 9). Reference spectra used for the orientation
calculation is normalized, as shown in Supplementary Fig. 16. Spectral fitting
analysis was conducted on the wavelength ranges of 587.33-601.65 nm (MD) and
607.05-623.87 nm (ED). Area under curve ratiometry analysis was conducted on
the four wavelength ranges of 587.75-592.85 nm (MD1), 592.85-598.5 nm (MD?2),
610.00-617.75 nm (ED1), and 617.75-622.50 nm (ED2). The polar diagrams

(Fig. 4c, d) were corrected to compensate the polarization-dependent beam dis-
tortion by optical parts. Detailed correction method using unpolarized white light
background source is shown in the S.I. (Supplementary Fig. 17).

Data availability

The authors declare that the main data supporting the proposed methods are available
within the article and its Supplementary Information files. Extra data are available from
the corresponding author upon reasonable request.
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