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Abstract

The stochastic dynamics of individual co-doped Er:Yb upconversion nanoparticles (UCNP) were
investigated from experiments and simulations. The UCNP were characterized by high-resolution
scanning electron microscopy, dynamic light scattering, and zeta potential measurements. Single
UCNP measurements were performed by fluorescence upconversion micro-spectroscopy and optical
trapping. The mean-square displacement (MSD) from single UCNP exhibited a time-dependent
diffusion coefficient which was compared with Brownian dynamics simulations of a viscoelastic
model of harmonically bound spheres. Experimental time-dependent two-dimensional trajectories of
individual UCNP revealed correlated two-dimensional nanoparticle motion. The measurements were
compared with stochastic trajectories calculated in the presence of a non-conservative rotational force
field. Overall, the complex interplay of UCNP adhesion, thermal fluctuations and optical forces led to

arich stochastic behavior of these nanoparticles.

Introduction

The random Brownian motion of a small particle in
solution suggests, at first glance, that its dynamics are
unpredictable and, thus, that it is useless to try to
obtain information about individual trajectories in
viscous fluids. This is indeed the case for free diffusion
driven by white noise, where the particle loses memory
of its position and momentum after every collision.
However, in real biological, chemical, and physical
systems, it turns out that the molecular properties of
the surrounding environment end up affecting particle
motion and thus leading to memory effects [1, 2].
Usually, such effects are described by modifying the
underlying Langevin equation [3]. Specifically, one
usually incorporates a frequency-dependent friction
force exerted by the environment on the particle,
giving rise to so-called colored noise and time-
dependent diffusion. The role of solvent friction has

been extensively investigated in both molecular [4-6],
biological [7, 8], and soft matter [9]. Moreover,
external forces comparable to thermal forces can be
included, thereby adding experimental parameters
that further enrich stochastic dynamics far from
equilibrium. For example, optical trapping has long
been used to accelerate and bind particles with laser
light and study basic thermodynamic [10, 11] and
chemical and hydrodynamic [12, 13] processes in the
presence of optical forces.

Despite the enormous experimental and theoretical
improvements in our understanding of stochastic
dynamics far from equilibrium, most studies focus on
one aspect of the underlying generalized Langevin
equation. Given the fascinating variety of phenomena
explored in this field so far, it is interesting to think about
individual particle trajectories in the presence of multi-
ple external forces and colored noise. In the present
work, we report our experimental and computational

©2017 IOP Publishing Ltd
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stochastic dynamics study of gadolinium oxide nano-
particles doped with Er3+ and Yb3+ ions [14, 15]. Our
experiments are performed with a home-built fluores-
cence upconversion micro-spectrometer that enables
single-particle tracking of the upconversion nano-
particles (UCNP). Tracking these up-converting nano-
particles via IR excitation light is more convenient than
via UV or visible excitation, since background emission
capable of absorbing in the UV—-vis range (algae, bacteria,
biomolecules, tissue) is discarded and the signal to noise
ratio is dramatically enhanced. By combining optical
forces, thermal forces, and UCNP/surface interactions,
several factors affect the measured trajectories. We per-
form Brownian dynamics simulations of harmonically
bound spheres in the presence of non-conservative rota-
tional forces to assess the rich stochastic behavior
observed experimentally.

Material and methods

Synthesis and characterization of the samples

Phosphors’ precursors were prepared by the urea
method by aging several solutions containing cerium
(IIT) nitrate hexahydrate, gadolinium(III) nitrate hex-
ahydrate, erbium(III) nitrate pentahydrate and ytter-
bium(III) nitrate pentahydrate with a total cation
content of (1.5 x 1072 mol dm™>) and urea (0.5 mol
dm™>). The ratios for each RE(III) to ([Ce(IID)] + [Gd
Im)] + [ErdID)] + [Yb(I)]), expressed as %RE,
were as described previously [14]. Typically, 50 ml of
each solution were filtered, bubbled with nitrogen and
aged at 363 K for 3 h. After quenching the reaction in
an ice bath, the solids were filtered (0.2 um mem-
branes), washed with water and dried at room temper-
ature overnight. Mixed oxides (phosphors) were
synthesized by heating the precursors for 6 hat 1273 K
under an air atmosphere at a 5Kmin~' rate. All
synthesized precursors and the resulting oxides were
characterized by powder x-ray diffraction (PXRD)
using the graphite-filtered CuK, radiation
(A = 1.5406 A), with a step size of 0.02 and 2 s step
time. The cell parameters were estimated from the
main reflections recorded between 20 < 2 theta <
100. HRSEM coupled with EDS was performed on
samples deposited straight onto conductive silicon
wafer substrates without further metallization.
HRSEM-assisted inspection of the samples revealed a
common textural evolution during the annealing,
irrespective of composition. Initially, the precursors
consisted of spheres with smooth surfaces, typical of
quasi-amorphous basic carbonates. After annealing,
the aforementioned particles evolved into polycrystal-
line densified spheroids, exhibiting well defined crys-
tallites approximately 180 nm size, as evidenced by the
faceted surface of the oxidic particles. While the inner
nanocrystallites strongly coalesced after annealing, no
massive sintering was developed, allowing a significant
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preservation of both shape and size of the parent
particles. Particle size and zeta potential measure-
ments were performed with a 3 mgmL~" aqueous
suspension of the synthesized UCNP on a Zeta Sizer
Nano (ZS-Zen 3600) from Malvern. Suspensions were
sonicated before each measurement.

Optical trapping and microscopy

As shown in figure 2(A), the home-built optical setup
consists of a 975 nm diode laser followed by a beam
expander, a low-pass dichroic mirror, an inverted
optical microscope with a 100x, NA = 1.30 objective
(Olympus), and thus an estimated spot size of
~375 nm. Transmitted white light was detected with a
CCD (Thorlabs); epi-fluorescence was detected with a
spectrometer (OceanOptics) and CCD. The optical
setup was placed on an optical table.

Polystyrene (PS) nanospheres with an average size
of 804 + 5 nm from Aldrich Chem. Co. were used as
received. The sample was diluted by a factor of
180 000x for the single-particle optical microscopy
and dynamic light scattering (DLS) measurements.
The suspensions were sonicated before each measure-
ment. The sample volume for the optical microscopy
measurements was limited to 50 ul with an adhesive
tape to help minimize flow due to solvent evaporation.

Quantitative digital video microscopy and
Brownian motion characterization

We have used the Image] MTrack2 plugin to quantify
single-particle trajectories from the recorded optical
microscopy image sequences. We perform pixel-by-
pixel background noise subtraction by recording the
same region without the particle during the same
period of time. The trajectory analysis gives a table
indicating the image frame and the particle position (x
and y). Free diffusion characterization was performed
by analyzing trajectories of PS nanoparticles sus-
pended in water. It is important to remark that the free
diffusion studies were performed with transmitted
light and the excitation/trapping laser blocked. We
have employed three diffusion coefficient determina-
tion methods: both (i) histogram analysis and (ii)
mean-square displacement (MSD) analysis, and (iii)
power-spectrum density-based diffusion coefficient
determination as described in [16]. The results of these
control experiments and associated analysis are shown
in the supporting information.

Simulations
We solve the Langevin equation of motion using [17]:
1 1
B LAV Lspg,
dt m dx m

where ~y is the friction coefficient, m is the particle
mass, V(x) is the potential energy, 0F(f) is a random
force with zero mean and variance:

(6F (1)6F (t)) = 2vkg TO (t — t').
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Figure 1. UCNP characterization. (A) HRSEM images. (B) Size distribution as measured by dynamic light scattering froma3 mg ml ™'
suspension of UCNP in water.

Results and discussion

HRSEM revealed polycrystalline multifaceted particles
with an average size of 180 nm and a spheroidal shape,
consistent with our previous SEM and PXRD char-
acterization of this sample [14]. Light scattering
measurements of 3 mgml~' UCNP aqueous suspen-
sion resulted in a zeta potential of 20 £ 3.5 mV (not
shown) and a particle size of 606 + 257 nm with
polydispersity Pdl = 0.258, as shown in figure 1(B).
We have also observed an additional peak at
5.096 um =+ 571.3 nm with a small 3.3% contribution
to the measured signal. The main contribution to the
DLS size distribution plot shown in figure 1(B) indi-
cates that the nanoparticles in solution are approxi-
mately 2-3 times larger in solution than in the solid
state (figure 1(A)), presumably due to aggregation. We
sought additional evidence for aggregation in the SEM
images and DLS measurements. First, as suggested by
the SEM images of the UCNPs shown in figure 1(A)
and in [14], the polycrystalline nature of these UCNP
may lead to chemical aggregation between individual
facets of nearby nanoparticles, thereby resulting in
aggregate formation. Second, DLS experiments per-
formed in ethanol /water mixtures containing UCNPs
resulted in a hydrodynamic size of 316 nm (see the
supporting information), which is closer to the particle
size observed in the SEM image shown in figure 1(A).
In what follows, we focus on studies performed in
aqueous solutions containing UCNPs with an overall
size, as shown in figure 1(B); such particle size and zeta
potential are suitable for our quantitative optical
microscopy studies of stochastic dynamics under the
presence of thermal, harmonic, and non-conservative
forces described below.

Our setup, shown schematically in figure 2(A),
allows us to measure upconversion luminescence
spectra, single-photon counting, optical and dark field
microscopies and optical trapping. Figure 2(B) shows
the luminescence spectra of UCNP measured in solu-
tion together with the corresponding spectral

assignment. The upconversion process permits the
excitation in the IR region to obtain emission in the
visible range (red and green) [18, 19]. This anti stokes
conversion of energy is a nonlinear multiphoton pro-
cess in which photons of the same low energy (IR) are
absorbed by an atom and then sequentially excited to
higher equally spaced metastable energy states from
which light in the vis range can be emitted. Lantha-
nides fullfil these two conditions: their levels are
sequentially spaced (Er3+) with real, (non virtual)
metastable states (lifetimes in the us—ms range). The
upconversion mechanisms have been extensively stu-
died for the pair Er3+/Yb3+ in different host matri-
ces [20, 21]. Overall, we find good agreement between
the upconversion spectra measured in solution and
previously reported co-doped Er:Yb nanoparticle
upconversion spectra. Spectral differences in this
region are presumably due to solvent and aggregation
effects as well as intensity-dependent focusing and
nonlinear processes.

In the present work, our focus is on measuring and
modelling the stochastic dynamics of UCNP. Thus,
the results shown in figure 2(B) are of interest because
of the high upconversion luminescence intensity that
ensured data acquisition with a high signal-to-noise
ratio and moderate accumulation times. For example,
figure 2(C) shows UCNP integrated emission intensity
as a function of time for a period of approximately
10 s. The signal modulation shown in figure 2(C) is
associated with turning the laser ON and OFF. At
300 mW laser power, single-particle upconversion
luminescence signals were observed at high count-
rates (approximately 175 kcounts/s). Figure 2(D)
shows a fluorescence upconversion microscopy image
from a single UCNP indicating high spatial resolution
and nanoparticle localization. The inset of figure 2(D)
shows our optical trapping calibration curve obtained
from the equipartition theorem for the measured
position distribution histogram for a polystyrene par-
ticle subjected to thermal fluctuations and a harmonic
potential well created at the laser focus [13]. The

3
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Figure 2. Optical and fluorescence upconversion microscopy and spectroscopy of UCNP. (A) Schematic description of the setup used
in the present work. (B) Fluorescence upconversion spectrum of UCNP in water. Peak assignments are indicated in the spectrum. (C)
Fluorescence upconversion time series for a single UCNP. A sudden decrease/increase in intensity corresponds to the instant at which
the laser was respectively turned OFF/ON. (D) Fluorescence upconversion microscopy of a single UCNP. Scale bar represents 1 fim.
Inset: optical trapping force constant calibration curve. The experimental data shown (B), (C), and (D) correspond to fluorescence
upconversion from a single UCNP placed at the excitation/optical trapping laser beam focus. All experiments were performed with
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trapping force constant increases from 1to 6 fN nm ™"

as the laser power is increased from 250 mW to 1 W.
The results demonstrate a linear behavior for the force
constant as a function of output laser power in the
250-750 mW range, which is compatible with results
from the literature [22]. At a higher laser power, there
is a difference with respect to ideal behavior, since in
theory the laser beam produces a symmetric potential
in the x and y directions, which is not observed in the
results obtained at 1 W. This discrepancy may be due
to water IR absorption and/or artifacts in particle
position determination. In the present work, we have
studied optical forces on UCNP at 300 mW laser
power, which is within the linear working range of our
optical trapping apparatus.

Employing the sample and methods described
above, we have observed rich stochastic dynamics
behavior of UCNP subjected to thermal and non-ther-
mal forces. First, we have observed the adhesion of
UCNP to the microscope slide, presumably due to
electrostatic interaction between the microscope slide
and the positively charged nanoparticle surface (zeta
potential = +20 mV). Figure 3(A) is a log—log plot of
the MSD as a function of time for UCNP on the slide
surface. The MSD increases at short times and approa-
ches a saturation value at longer timescales. We
exclude the possibility of observing an inertial-to-

diffusive regime due to the nanoparticle short
momentum relaxation time, which slows further near
the surface [23, 24]. Rather, the plot shown in
figure 3(A) indicates that the UCNP can diffuse near
the surface for short periods of time but are unable to
move away from the surface at longer timescales.
These two regimes suggest that nanoparticle adhesion
to the surface is weak compared to thermal
fluctuations.

We model our measured time-dependent diffu-
sion coefficient by numerically solving the Langevin
equation for a harmonically bound 1 ym diameter
sphere immersed in water at 298 K [9]. Figure 3(B)
shows a log—log plot of MSD as a function of time
obtained numerically for a harmonic spring constant
ranging from 0.1 fN nm ™~ '-5fN nm™"'. At all times,
the calculated MSD exhibits time-dependence which
is qualitatively similar to the one shown in figure 3(A)
[25, 26]. In the limit of weakly bound spheres, the
MSD is diffusive at nearly all timescales, although it
still reaches a plateau at longer times. On the other
hand, the particles exhibit a MSD saturation at shorter
times as the spring constant increases, thus being
unable to move away at longer times. Despite the simi-
larity between measured and calculated MSD, we have
not obtained a satisfactory fit using this time-depen-
dent diffusion model. Nonetheless, given that the

4
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Figure 3. Stochastic dynamics of individual UCNP from experiment and simulation. (A) Mean-squared displacement (MSD) as a
function of time calculated from an individual UCNP trajectory measured with the setup shown in figure 2. (B) MSD as a function of
time calculated from Brownian dynamics simulations of harmonically bound spheres.
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Figure 4. Stochastic dynamics of individual UCNP from experiment and simulation. (A) Experimental time-dependent two-
dimensional trajectory of an individual UCNP. Inset: experimental trajectory projected on to the XY plane. (B) Calculated time-
dependent two-dimensional trajectory from Brownian dynamics simulations of harmonically bound spheres in the presence of a non-
conservative rotational force field. Inset: calculated trajectory projected onto the XY plane. In both (A) and (B), X and Y are positions in

x107

Simulation

same qualitative trends are observed for the time-
dependent MSD in both experiment and simulations,
we believe this viscoelastic model is a useful starting
point for understanding the stochastic dynamics of
UCNP near the surface.

To further investigate the dynamics of UCNP near
the surface, we analyze the time-dependent two-
dimensional nanoparticle trajectories obtained
experimentally. Figure 4(A) is a plot of the nano-
particle center position in the XY plane as a function of
time. Although the trajectory is complex, one can
observe that the nanoparticle performs two clockwise
rotations during the first 3 s of measurement. To see
such circular motion more clearly, the inset of
figure 4(A) shows the complete experimentally mea-
sured trajectory projected onto the XY plane. To a first
approximation, the nanoparticle trajectory can be rea-
sonably described by a circle with a diameter of
0.9 pm, which is 50% larger than the nanoparticle size.
Furthermore, at time t ~ 4 s, the nanoparticle motion

shifts by 180 degrees and the trajectory performs
(nearly) two additional counter-clockwise rotations.

We introduce a non-conservative rotational force
field term to our model to describe the trajectory
shown in figure 4(A). The force term to be introduced
in the two-dimensional Langevin equation is [27]:

Fon={ S0 V)

where ) is the rotational frequency. Figure 4(B) is the
particle trajectory obtained numerically from Langevin
dynamics simulations of the augmented viscoelastic
model, including rotational force. We have used the
same simulation parameters as before, plus a rotational
frequency. As in the experimental result, the trajectory
is stochastic and complex. However, we obtain a
similar-looking x—y correlated motion in the simula-
tions as in the experiment, with clockwise rotations of
the particle trajectory as a function of time. Further-
more, by introducing a 180° phase shift to the rotational
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force field given above, we also observe counter-clock-
wise particle trajectory rotation in the simulations.

Conclusions

We have performed experimental and computational
stochastic dynamics studies of individual co-doped Er:
Yb UCNP. The UCNP were characterized by electron
and optical microscopy, light scattering and fluores-
cence upconversion. We have performed single-parti-
cle optical microscopy studies of UCNP with a home-
built apparatus employing a 980 nm diode laser for
optical trapping and upconversion excitation. We
have performed single-particle measurements of
UCNP. MSDs from single UCNP exhibited a time-
dependent diffusion coefficient which were compared
with Brownian dynamics simulations of a viscoelastic
model of harmonically bound spheres. Experimental
time-dependent two-dimensional trajectories of indi-
vidual UCNP revealed correlated two-dimensional
nanoparticle motion. The measurements were com-
pared with stochastic trajectories calculated in the
presence of a non-conservative rotational force field.
Opverall, the complex interplay of UCNP adhesion,
thermal fluctuations and optical forces led to a rich
stochastic behavior of these nanoparticles.
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