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Here, Yb-based Eosin Y lakes (EOS-Yb) have been encapsulated in
organic nanoparticles (NPs) by microemulsion radical polymerization
of methacrylate-based copolymers. These photoactive EOS-Yb NPs
emit in the visible and near infrared (NIR) upon excitation at 530 nm
and can also display NIR-to-visible upconversion emission upon
excitation at 980 nm.

Photoactive materials with absorption and emission in the NIR
region are commonly used in applications such as bio-imaging,
LEDs and for luminescent probes.® Ytterbium (Yb**) absorbs in
the NIR and has a single excited state with emission in the NIR.
In this context, materials containing a photoactive lanthanide
(Ln) can absorb at different wavelengths and convert them to
different emissions (e.g., UVA/visible-to-NIR, NIR-to-NIR or NIR-
to-visible) depending on their configuration.> Upconversion
(UC) refers to optical processes that convert photons absorbed
at longer wavelengths to shorter ones.’

Many Ln-based materials present the so called antenna
effect (AE).* This refers to the photosensitization of the Ln by
an excited organic chromophore.” Furthermore, Ln-based
materials® (e.g., Ln-complexes) also present interesting features
such as: (i) strong and sharp luminescence, (ii) large Stokes or
anti-Stokes shifts, (iii) long luminescence lifetimes, (iv) thermal
stability and (v) photostability.”®

Upon light excitation, certain Ln-based materials can engage
in different UC mechanisms.’ In particular, cooperative sensi-
tization (CS) occurs when two close lying lanthanide ions reach
a virtual state and subsequently transfer the energy to another
photoactive moiety (whether it be a lanthanide ion or an
organic molecule), eventually leading to the final emission
(e.g., complexes containing [Yb,Tb],"® [Gd,Tb,Yb,],"* RuYb,"
or Yb-based Eosin Y lakes ([EOS],[Yb])"?).
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NIR-triggered upconversion and sensitized
NIR-emission in Yb-based Eosin Y lake doped
latex nanoparticlest

* and

Scheme 1 displays the possible photophysical mechanisms
that could take place upon visible or NIR excitation of Yb-based
Eosin Y lakes. Remarkably, CS is not sensitive to oxygen as
opposed to triplet-triplet annihilation (TTA) upconversion.**

Polymer encapsulated nanoparticles containing emissive
dyes, upconversion NPs or luminescent conjugated porous
polymers have been extensively studied.'>® Organic polymeric
NPs have also been used to encapsulate Ln-complexes, that
displayed an antenna effect, thus avoiding deactivation, while
improving their processability and biocompatibility."®

Polystyrene (PS) is commonly used to encapsulate emissive
Ln-complexes, as the single polymer'®?® or with other copolymers
such as polyethylene glycol (PEG),*" polyacrylic acid (AAc)** or maleic
acid (MA).>* Other polymers such as poly(9-vinylcarbazole),*
poly(sodium 4-styrenesulfonate) (PSS)*® and polymethyl methacry-
late (PMMA)**?® have also been used. Their photophysical
features and NP sizes are summarized in Table S1 (ESIY).
Although some of them contained NIR-emissive Ln, only one of
them® was evaluated for UC."®**

EOS-Yb is soluble in DMF and DMSO but not in water. Encap-
sulating EOS-Yb into NPs would prevent EOS-Yb precipitation in
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Scheme 1 (a) Downshifting (DS) luminescence and antenna effect (AE)
can occur upon visible excitation of Yb-based Eosin Y lakes. (b) Coopera-
tive sensitization (CS) of Yb in Yb-based Eosin Y lakes upon NIR excitation.
Note: dashed lines represent non-radiative deactivation.
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Scheme 2 Synthesis and purification of EOS-Yb NPs carried out in
darkness.

water. Indeed, the surface of the nanoparticles could be easily
modified for subsequent targeting if required.

Previously, our group has reported the synthesis of an Yb-
based Eosin Y lake material (EOS-Yb)"® that exhibits CS upcon-
version upon NIR excitation at 980 nm, with emission centred
at 600 nm. We envisaged that photoactive NPs, able to undergo
up and down energy transfer processes, could be designed by
encapsulating EOS-Yb within an organic polymer.

Building on a protocol previously used for Ln-complexes, we
have successfully encapsulated EOS-Yb in polymeric NPs by using
methacrylate-based copolymers. The NIR-luminescence upon
visible excitation together with their NIR-triggered UC properties
of EOS-Yb are here described. EOS-Yb nanoparticles (EOS-Yb
NPs) were prepared by microemulsion polymerization®® with
some modifications (Scheme 2). The monomer is pre-organized
into nanodroplets that act as independent nanoreactors, and
allow to dissolve the organo-Ln complex in the monomer before
initiating the polymerization.>®

Briefly, 40 mg of EOS-Yb were dissolved in 600 pL of
deuterated N,N-dimethylformamide (DMF-d,).+ Then, sodium
dodecylsulfate (SDS; 0.3 mmol) dissolved in D,O was added.
The mixture was vigorously stirred for 30 min. Next, octadecyl
acrylate (ODA; 0.6 mmol) was mixed with methyl methacrylate
(MMA; 46.9 mmol). The monomers were added to the previous
mixture, and then vigorously stirred for 30 min to homogenize
the mixture. This microemulsion was transferred to a two neck
round bottom flask equipped with a condenser, degassed with
Ar and heated to 70 °C under stirring for 15 min. Subsequently,
potassium persulfate (KPS; 0.4 mmol), previously dissolved in
2.5 mL of D,O, was added to initiate the free radical polymer-
ization under Ar; polymerization continued for 45 min. Then,
the mixture was purified by dialysis against milliQ water for 48h
with a membrane of regenerated cellulose of 3.5KDa. The
synthesis and purification of the as-prepared NPs were carried
out in darkness because EOS-Yb photobleached under labora-
tory light before encapsulation under these experimental con-
ditions. Remarkably, the purified EOS-Yb NPs aqueous
dispersion remained dispersed and photostable after storage
for 8 months under laboratory light.

The EOS-Yb NPs are spherical, with an average size of 50 nm
+ 0.4 nm as measured by scanning electron microscopy (SEM)
(Fig. 1a); the size histogram is shown in Fig. 1b.
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Fig.1 (a) SEM image (b) histogram and (c) DLS average histogram of
EOS-Yb NPs. Inset: Magnification of the SEM image with a photograph of
EOS-Yb NPs under laboratory light.

The hydrodynamic diameter of the NPs was 118 + 0.4 nm as
measured by dynamic light scattering (DLS) (Fig. 1c) in DMSO
with a polydispersity index (PDI) of 0.1.

Ultrasonication at the emulsion step was used under differ-
ent conditions (time, amplitude, and pulse/pause sequence) but
led to similar results. Attempts to obtain NPs by either starting
from higher loadings of EOS-Yb, or by dissolving EOS-Yb in a
mixture of MMA and ODA, did not result in any increase on the
amount of EOS-Yb encapsulated into the polymeric NPs or
different size distributions.

Other fruitless attempts for EOS-Yb encapsulation were
performed, such as nanoprecipitation with 1,6-hexanediol;
synthesis of reverse micelles in DMSO (EOS-Yb has low solubi-
lity in other solvents) with two different surfactants (dioctyl
sulfosuccinate sodium salt and SDS), and PEG encapsulation.

Inductively coupled plasma mass spectrometry (ICP-MS)
revealed that ca. 83% of the starting Yb was encapsulated.
This corresponds to 0.7 wt% relative to the monomers. This is
consistent with the limited quantity of Ln-complex (ca. 2 wt%)
that can be loaded within the latex NPs.”®

For comparative purposes, a similar synthesis was carried
out to encapsulate Eosin Y (EOS); thus, obtaining EOS NPs.
They present spherical shape with a hydrodynamic diameter of
107 £+ 0.8 nm and a PDI of 0.05 (Fig. S1, ESIT).

X-ray photoelectron spectroscopy (XPS) of C 1s, O 1s, Br 3d
and Yb 4d of EOS-Yb NPs and EOS NPs was carried out (see Fig.
S2, ESIt).

In both EOS-Yb NPs and EOS NPs the C 1s and O 1s spectra
resemble to the XPS spectra of PMMA. The band at 532 eV
(C=0) and the one at 533.5 eV (C-O) are shifted to higher
binding energies than in PMMA, 0.7 and 1eV respectively.*’

The Br 3d spectra of EOS-Yb NPs and EOS NPs are very
similar, but new bands appear at higher binding energies for
EOS-Yb, which can be assigned to the Br coordinated to Yb.?!

The typical absorption and emission spectra of EOS were
observed upon excitation at 530 nm of colloidal dispersions of
EOS-Yb NPs in DMSO-ds under air (Fig. 2). The EOS-Yb NPs
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Fig. 2 Optical properties of EOS-Yb NPs: Absorption spectrum (black
line). Downshifting (blue line) and antenna effect (red line); Aex = 530 Nnm.
Upconversion emission (yellow line); (1ex = 980 nm). Inset: Kinetic traces at
Jex = 530 nm and Aem = 980 nm (top) and Aey = 530 nm and ey = 574 nm
(bottom). All measurements were carried out in DMSO-d.

downshifting (DS) emission is centered at 574 nm with a
lifetime of 5.11 ns (Fig. 2 inset) and a quantum yield (QY)
of 0.85.

Given the fact that EOS-Yb NPs contain an organic chromo-
phore (EOS) and a lanthanide (Yb), when EOS was excited at
530 nm, Yb emitted at 980 nm due to the antenna effect (Fig. 2)
with a lifetime of 8.8 pus (Fig. 2 inset). The Stokes shift was
406 nm. Comparatively, the DS emission of EOS-Yb NPs (A¢x =
530 nm) was 30% higher than that of EOS NPs (Fig. S3, ESIt). As
expected, EOS NPs did not emit in the NIR region due to the
absence of Yb.

As expected, EOS-Yb NPs also showed UC emission centered
at 574 nm upon NIR excitation at 980 nm, which corresponds to
an anti-Stokes shift of 448 nm. The UC emission was 20% higher
for EOS-Yb NPs than for EOS NPs (Fig. S4, ESIt), even if EOS had
similar absorption. Usually, the maximum emission wavelength
of EOS is red-shifted at higher concentrations.*> The UC emission
of EOS NP could be attributed to two-photon absorption.

The maximum of UC emission of EOS-Yb NPs was slightly
blue-shifted (574 nm), as compared to that of EOS NPs
(576 nm); this is consistent with the low concentration of
EOS-Yb inside the NPs (Fig. S5, ESIt). This concentration was
too low to measure the photoluminescence QY or the UC
lifetime. In our previous work, an increase of EOS-Yb concen-
tration led to an enhancement of the UC emission."?

The effect of the atmosphere (air and Ar) in the UC process
was also evaluated to distinguish if the mechanism occurs via
CS or TTA. There was a negligible difference for EOS-Yb NPs,
(Fig. 3a), implying that the UC mechanism is consistent with CS.
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Fig. 3 Effect of oxygen on the UC emission (lex = 980 nm) of (a) EOS-Yb
NPs and (b) EOS NPs in DMSO-ds.
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Conversely, when the EOS NPs were excited at 980 nm under
Ar, the emission intensity increased by 56% as compared to the
aerated sample (Fig. 3b), indicating that the triplet state is
involved in the emission mechanism in this case (TTA has been
previously reported for xanthenic dyes).*?

The CS mechanism is supported by the log-log plot of the
emission (e = 980 nm) of EOS-Yb NPs versus laser power density. It
shows a straight line with a slope of ca. two. This indicates that two
photons are required to achieve the UC process, mirroring the
behaviour observed in the EOS-Yb lake (Fig. S6, ESIT)."?

Conclusions

Latex NPs have been doped with Yb-based Eosin Y lakes (EOS-
Yb). The use of EOS-Yb with EOS and Yb allows either for
excitation in the visible, thereby leading to EOS downshifting
and Yb sensitization (antenna effect) or for NIR excitation
leading to upconversion emission (not sensitive to air). Even
if EOS-Yb NPs did not present the same upconversion intensity
as the EOS-Yb material, these NPs are easier to process and
dispersible in solvents such as DMSO and water as opposed to
EOS-Yb. EOS-Yb NPs could be tested in the future for biological
applications.
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+ Deuterated solvents were used in the synthesis to avoid quenching of
the excited state of Yb due to the vibrations of the C-H, N-H or O-H
bonds in the solvent.
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