
Nanoscale

PAPER

Cite this: Nanoscale, 2023, 15, 19792

Received 31st July 2023,
Accepted 20th November 2023

DOI: 10.1039/d3nr03774f

rsc.li/nanoscale

Synergistic or antagonistic effect of lanthanides
on Rose Bengal photophysics in upconversion
nanohybrids?†

Juan Ferrera-González, María González-Béjar * and Julia Pérez-Prieto *

A nanohybrid made of a xanthenic dye, rose bengal, grafted to an ytterbium and erbium codoped upcon-

version nanoparticle (UCNP) served as a proof-of-concept to evaluate the fundamental mechanisms

which govern the dye photophysics upon interaction with the UCNP. Both photoactive lanthanides

strongly influence the singlet and triplet excited states of rose bengal.

Introduction

Upconversion nanoparticles (UCNPs) are nanoparticles able to
convert low energy photons into higher energy photons. The
process, termed upconversion (UC), occurs due to the unique
properties of photoactive lanthanide ions (Ln3+), which are the
dopants of a transparent low-phonon energy matrix. UC is a
nonlinear phenomenon and, usually, gives rise to multiple
long-lifetime narrow emission bands in the ultraviolet–visible–
near infrared (UV–vis–NIR) region upon NIR excitation.1,2

Furthermore, upconversion nanohybrids (UCNHs), which
combine UCNPs and photoactive species (e.g., dyes, organo-
metallic complexes, or other photoactive nanoparticles) have
been used for applications as sensors and bioimaging or thera-
peutic agents (photothermal, photodynamic, chemotherapy,
radiotherapy and so on).3–9 Often, the photophysical inter-
action of both constituents in the UCNHs gives rise to an addi-
tive or synergistic effect to improve the optical features or gene-
rate new ones.

Most of the UCNHs reported so far include chromophores
(usually organic dyes) and use energy transfer (trivial or res-
onant) processes which occur from the Ln3+ upconversion
emission in the UCNP to the chromophore (NIR sensitization
of the chromophore) or vice versa (dye-sensitized UCNP) by

selective excitation of the desired counterpart.10–14 Some
UCNHs, upon selective excitation of the UCNP and subsequent
energy transfer to the chromophore, can generate triplet states
after intersystem crossing. This chromophore can then react
with oxygen to produce reactive oxygen species (ROS).4,15

Among the chromophores used to fabricate UCNHs are pyro-
pheophorbide a,16 cationic porphyrin TMPyP4,17 diiodo-
BODIPY,18 Rose Bengal (RB),19 methylene blue,20 hypericin,21

chlorine e6,22 and merocyanine 540.23

Great efforts have been made to study, model and improve
the energy transfer process from the UCNP Ln3+ doping to the
chromophore.11,24–30 More than 5000 research articles about
UCNHs composed of UCNPs and dyes have been already pub-
lished,‡ but only five of them analyzed experimentally the
effect of Ln3+ on the dye excited state photophysics. It is desir-
able to gain a deeper understanding of the effect that the
photoactive lanthanide doping of the UCNP has on the photo-
physical properties of chromophores. In this context, it was
reported that the presence of heavy lanthanides, in particular
Gd3+, in the UCNP favored the intersystem crossing of a dye
anchored to the UCNP surface (IR-806) through the heavy
atom effect, eventually leading to dye triplet formation.31

Later, the enhancement of intersystem crossing was confirmed
for other lanthanide cations (Tb3+, Eu3+, Gd3+ and Yb3+) on
films of Ln3+-doped nanoparticles with aromatic molecules;
remarkably, this enhancement was not only linked to the
heavy atom effect, but also to cations with unpaired 4f
electrons (dye photophysics remained identical for Y3+ and
Lu3+ doped nanoparticles). Moreover, heavy lanthanides with
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unpaired electrons also enabled the observation of the triplet
exciton absorption transition (S0 → Tn) and the triplet state
absorption deactivation lifetime decreased with respect to that
of the pristine dye due to energy transfer to the Ln3+ ions.32

Afterwards, by knowing the effect that some lanthanides have
on the intersystem crossing of dyes, a smart UCNH was devel-
oped to enable sensitization of a lanthanide with no inter-
mediate energy levels (Tb3+ and Eu3+) in a core–shell–shell
UCNH through dye triplet excited states.33 More recent
research attributes, once again, the heavy atom effect as
responsible for the intersystem crossing enhancement.34,35

Although the exact mechanism behind these observations is
still controversial, all these publications clearly demonstrate
that Ln3+ in the UCNP influences the dye photophysics.

Moreover, the restriction of movement of the dye anchored
to the surface, the interaction with the surface36 and the
potential dye aggregation37,38 raise serious doubts as to
whether its behavior is the same as when it is free in solution.
Consequently, dye photophysics can change considerably and
should be reported for each UCNH.

Herein, we have selected a colloidal UCNH, commonly used
in the field, as a model to evaluate the photophysical processes
and phenomena that take place between its counterparts.
Specifically, the UCEr@RB UCNH is composed of β-NaYF4:
Yb3+(20%),Er3+(2%), a UCNP of ca. 20 nm and RB adsorbed on
the surface. UCEr@RB has been selected based on the relatively
high resonant energy transfer from Er3+ to RB and its reprodu-
cible and easy synthesis.39 In this system, RB absorption over-
laps the main UC emission of Er3+ (520–540 nm). Moreover,
RB photophysics is well known and presents a high intersys-
tem crossing quantum yield (>90%)40 and 1O2 generation
(68–80%).41

UCNHs made of UCNPs and RB have been investigated in
the past.19,42–45 Most of them detected 1O2 by using optical
probes (e.g., 1,3-diphenylisobenzofuran, DPBF) or by detecting
1O2 phosphorescence.§,19 Core–shell structures with increased
concentrations of donor lanthanides in the shell are beneficial
for resonant energy transfer to dyes.24 Also, the thickness of a
silica shell coating the UCNP (NaYF4:Yb

3+(20%),Er3+(2%))
influences the energy transfer to RB on the surface.45 The dis-
tance exerted an opposite influence between UC luminescence
(reducing surface effects and solvent deactivation) and the
energy transfer efficiency. The best energy transfer occurred
with a 6 nm coating, leading to an emission of RB sensitized
by UCNP with a lifetime on the microsecond scale.

All this considered, there is still an important lack of knowl-
edge about how the photophysics of chromophores can be
affected when anchored to the UCNP surface in colloidal
dispersions.

This work presents a comparative analysis between free RB
and RB in a UCNH and focusses on obtaining the most com-

plete overview of the photophysical processes that could take
place between the photoactive counterparts in UCEr@RB. It is
of fundamental importance to understand the overall photo-
physics of the nanohybrid and develop nanomaterials with
appropriate photoactive properties.

Does the combination of RB with UCNPs generate a syner-
gistic or an antagonistic effect on RB photophysics in these
“well-known” UCNHs?

Results and discussion
Nanohybrid synthesis and characterization

One batch of β-NaYF4:Yb3+(28%),Er3+(3%) UCNPs were syn-
thesized by thermal decomposition (see Table S1†).46 The
hexagonal prisms had a size of 21.0 ± 0.8 × 18.9 ± 0.7 nm
(Fig. S1†). Subsequently, the UCNPs were treated with NOBF4
to eliminate oleate ligands from the surface,47 giving rise to
oleate-free UCNPs (UCEr). Then, UCEr was exposed to an excess
of RB (42 mM) in DMF under shaking for 24 hours, followed
by washing with DMF until the supernatant showed negligible
RB absorption. The resulting UCNHs, UCEr@RB, were redis-
persed in DMF.

Dynamic light scattering (DLS) measurements showed that
the average hydrodynamic diameter (Dh) of UCEr@RB increases
slightly (either by intensity or number) (Fig. S2:† 27.9 ± 0.3
and 86.3 ± 0.8 nm for UCEr and UCEr@RB, respectively). This
reflected the UCNP coverage with the dye. Moreover, the
average polydispersity index (PDI) for UCEr and UCEr@RB was
0.238 ± 0.015 and 0.344 ± 0.006, respectively. The acceptable
monodispersity of the samples supports that the degree of RB
functionalization among UCNPs is fairly homogeneous.

Photophysics of UCEr@RB

The photophysical interaction between UCEr and RB in
UCEr@RB has been studied and is presented in the next two
sections. N,N-Dimethylformamide (DMF) has been the solvent
of choice because it allows the preparation of concentrated,
low-scattering dispersions of UCEr@RB. Fig. 1 shows the
energy diagrams for the photophysical processes that can be
observed for UCEr@RB exciting either the dye (λexc = 560 nm)
or the UCNP (λexc = 980 nm).

Photophysics of RB in the UCNH

The photophysical properties of RB in the UCEr@RB dis-
persion were studied and compared with those of RB in solu-
tion to evaluate the effect that aggregation and photoactive
lanthanide doping of UCEr have on the photophysical pro-
perties of RB. The contribution of each excited state is sum-
marized in Table 1. Energy transfer from RB to UCEr in the
UCNH is also discussed.

Ground and singlet states of RB. The absorption and emis-
sion spectra of RB and UCEr@RB in DMF are shown in Fig. 2a.
Both present the characteristic absorption band with a
shoulder, but the absorption band of RB in UCEr@RB is wider
than that of RB and the absorption maximum (λmax) under-

§Set up: O2-saturated D2O colloidal dispersion with no reported concentration;
excitation: a CW 980 nm laser diode with no reported power density; detection: a
liquid nitrogen cooled InGaAs detector.
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goes a slight hypsochromic shift (560 nm vs. 563 nm,
respectively).

Xanthenic dyes form H-type aggregates.48–53 For example,
xanthenes are aggregated when encapsulated in cucurbit[8]
uril.54,55 The aggregation is evidenced by an increase in the
relative absorption of the shoulder (absorption of the aggre-
gates) as compared to the maximum absorption of the
monomer. Although RB is a dianionic xanthenic dye that is
highly soluble in polar solvents, it can also form H-type
aggregates51,53 in protic polar solvents,51 in the presence of
alkali metal ions56,57 or by interaction with positively charged
surfaces.50,52,53,58–60 The formation of RB aggregates drastically
reduced the emission quantum yield and also the quantum
yield of singlet oxygen generation.52 Control experiments have
shown that RB does easily aggregate in DMF (see the ESI and
Fig. S4†). In this case, for UCEr@RB and RB, the ratio between
λmax and the shoulder changes drastically (A560/A522 = 2.5 and
A563/A522 = 3.8, respectively). In addition, the emission spec-
trum of RB in UCEr@RB is slightly red shifted (λmax = 583 vs.
578 nm for RB) while maintaining an identical shape. The
fluorescence quantum yield (ΦF) of RB (0.42) is reduced to 0.17
when RB is anchored to the UCNP surface (different λexc values
were tested from 510 to 560 nm) (Fig. 2b). Garcia et al.54

reported a drastic reduction, similar to the one observed here,
which was attributed to the self-deactivation effect due to π–π
interactions in the aggregates. The increase in the A563/A522

absorption ratio, the bathochromic shift of RB emission in
UCEr@RB and the ΦF reduction indicate the presence of aggre-
gates. This is consistent with the presence of aggregates in
ground state due to the high RB concentration when functio-
nalizing the UCEr (see the ESI†).

A concentration of 3 × 10−6 M mg−1 UCNH has been calcu-
lated for RB (ca. 25 molecules/UCNP), considering an identical
molar absorption coefficient for RB when anchored to the
surface to that free in solution. Thus, only ca. 3% of the
surface would be covered by RB (calculations in the ESI†). Even
assuming that either the molar absorption coefficient of RB
reduced by half due to the aggregation effect49,50 or that the
functionalization occurred exclusively on the lateral faces of
the hexagonal prism,61–63 the coverage was low (4.7% and
3.4%, respectively).

Note that a low functionalization does not exclude the pres-
ence of dye aggregates on the surface. In fact, dimer formation
on positively charged surfaces has been observed previously,
even when only 1% of the active sites were occupied.64

RB fluorescence lifetime (τF) was shorter in UCEr@RB (1.5
ns) than in solution (2.2 ns) (Table 1 and Fig. 2a). The singlet
excited state can be deactivated by different pathways: fluo-
rescence emission, intersystem crossing, non-radiative de-
activation and/or possible energy transfer. The decrease in the
ΦF of RB in the UCNH together with a ca. 30% decrease in its
lifetime indicated the presence of phenomena that effectively

Fig. 1 Energy diagram of photophysical processes observed for UCEr@RB under N2 exciting the (a) dye (λexc = 560 nm) or the (b) UCNP (λexc =
980 nm).

Table 1 Photophysical properties under an N2 atmosphere (λexc = 560 nm). Fitting parameters are shown in Table S2†

Sample ΦF ± SDa τF ± SDa (ns) Φisc ± SD
τT ± SDa

(μs) τBl ± SDa (μs)
kq(O2)

c ± SDa

(108 M−1s−1) IP (a.u.)
τP ± DSa

(μs)
IDF
(a.u.)

RB 0.420 ± 0.003 2.2 ± 0.1 0.45 ± 0.03 241 ± 7 244 ± 2 9.98 ± 0.04 5.15 250 ± 2 15.5
UCEr@RB 0.174 ± 0.002 1.5 ± 0.1 0.35 ± 0.03 258 ± 3 247 ± 4b 3.58 ± 0.04 3.73 165 ± 2 6.1

a SD: standard deviation of the measurement. b Average lifetime of a biexponential fitting (τ1 = 46 ± 2(8%); τ2 = 265 ± 3(92%)). c Extrapolated from
two values.
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quench the singlet excited state 1RB. This can be attributed to
different factors. One of them is RB aggregation, as mentioned
above. Additionally, an improvement in the intersystem cross-
ing efficiency when RB is anchored to the UCNP surface could
be due to the heavy atom effect of the lanthanides,31,65 or/and
an energy transfer from 1RB to the lanthanides (despite their
low absorption coefficient). Both have been studied and are
discussed in the following sections (see RB triplet state,
internal conversion and energy transfer).

Internal conversion. The internal conversion quantum yield
(Φic) for free RB was estimated to be 0.13, according to eqn (1)
valid for non-reactive molecules.66

ΦF þ ΦISC þΦIC ¼ 1 ð1Þ

In contrast, the Φic value of RB in UCEr@RB was 0.48. A
lower Φic than the one obtained for free RB was expected for
RB in UCEr@RB, because RB was anchored to the UCNP
surface. The hypotheses of 1RB singlet deactivation due to the
heavy atom effect of the UCNP and dye aggregation would
result in an increase in the Φisc. Clearly this was not the case,
thus leaving a possible energy transfer from 1RB to Ln3+ as the
preferred explanation. In this context, a new term (ηetΦet),
which considers the efficiency of the energy transfer (ηet) and
the energy transfer quantum yield to the Ln3+ (Φet), should be
added to eqn (1). If the Φic values of RB in solution and in
UCEr@RB were identical, a contribution of 0.35 may be attribu-

ted to ηetΦet. This photophysical pathway is discussed in the
energy transfer section.

RB triplet state. Nanosecond-laser flash photolysis was used
to register transient absorption spectra (Fig. 3a). The photo-
physical behavior of RB in DMF is similar to that reported in
acetonitrile (ACN).40 The RB triplet excited state (3RB) was gen-
erated a few nanoseconds after the laser pulse and exhibited
absorption bands at ca. 380, 470 and 610 nm. In the case of
RB in solution, 3RB subsequently evolved into the RB radical
anion (RB•−), which absorbs at ca. 440 nm and is long-lived
(450 μs) (Fig. 3a). In contrast, when exciting RB in UCEr@RB,
3RB was exclusively generated, i.e., radical anion formation
was clearly prevented. In a similar way, Baptista et al.67

observed that when methylene blue aggregates were excited,
they dissociated and formed a triplet identical to that of the
monomer. Likewise, Kamat et al.37 observed that rhodamine
6G aggregates on the surface of SiO2 colloids formed only the
triplet of the dye.

The kinetics of the singlet bleaching at 560 nm (τBl)
matched well with the absorption of the triplet at 610 nm (τT =
240–260 μs) and was very similar for free RB and RB in the
UCNH (Fig. S6† and Table 1). However, the bleaching of RB at
560 nm was much weaker when RB is in the UCNH due to scat-
tering and fitted a biexponential equation.

The intersystem crossing (or triplet formation) quantum
yield (Φisc) of RB in UCEr@RB was slightly lower (0.35), i.e.,
less 3RB was formed as compared to RB (0.45, Table 1). As
expected, RB Φisc values in aprotic polar solvents, such as DMF
here reported or ACN (Φisc = 0.4),68 were lower than in protic
polar solvents (Φisc > 90%).40

Moreover, the rate constant for O2 quenching of 3RB, kq(O2)
(Table 1 and Fig. S7†), revealed a fast process, close to a
diffusion-controlled mechanism (kdiff(DMF) ≈ 8 × 109 M−1

s−1).¶ Remarkably, this process was ca. three times slower for
3RB in UCEr@RB, probably due to the restricted mobility of RB
when grafted to the UCNP and the formation of aggregates,
which limited the diffusion rate.

Laser induced emission measurements showed that RB
exhibits room temperature phosphorescence together with
thermally activated delayed fluorescence, as previously
reported for other xanthenic dyes, such as eosin.69 The phos-
phorescence of 3RB under N2 began at ca. 670 nm and
extended to ca. 1300 nm (vide infra) with a maximum at ca.
750 nm (755 and 753 nm for RB and UCEr@RB, respectively;
Fig. 3b). The phosphorescence intensity of RB in the UCNH
was weaker and its lifetime (τP) was shorter than that of RB
(Fig. 3c and Table 1). These results point out that there are
other mechanisms that deactivate the 3RB in the UCNH as
compared to those of RB in solution. In addition, the weaker
intensity of the delayed fluorescence of RB in UCEr@RB
emphasized, once again, the existence of a 1RB deactivation
process.

Fig. 2 (a) Normalized absorption (colored areas) and emission (lines,
λexc = 522 nm) of RB (black) and UCEr@RB (red). Raw attenuance data are
shown in Fig. S3.† Inset: fluorescence lifetime kinetics (dots) and fitting
(lines) of RB (black, 2.7 × 10−7 M) and UCEr@RB (red, <1 mg mL−1) under
N2; λexc = 560 nm, NKT laser 5.5 MHz; λem = 580 nm. (b) Fluorescence
quantum yield of RB under air (blue dots) and N2 (orange dots) and
UCEr@RB under air (grey dots) and N2 (yellow dots) versus excitation
wavelength (A = 0.1 at 560 nm).

¶Calculated from equation kdiff = 8RT·103/(3η), R being the gas constant, T being
the temperature and η being the viscosity of the solvent.75
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The NIR emission spectrum of RB (Fig. 4) showed that the
tail of the phosphorescence lengthened up to ca. 1300 nm,
while under air it was almost completely deactivated and the
emission band characteristic of 1O2 phosphorescence centered
at 1275 nm was observed (scheme in Fig. S8†).

Energy transfer from RB to UCEr in the UCNH. When RB in
the UCNH was selectively excited, two intense new bands cen-
tered at 975 and 1550 nm were registered together with RB
phosphorescence (Fig. 4). The band at 975 nm is attributed to
the Yb3+ 2F5/2 → 2F7/2 transition (the Er3+ 4I11/2 → 4I15/2 tran-
sition could play a minor role due to the lower doping). The
band at 1550 nm can be unequivocally attributed to the Er3+
4I13/2 →

4I15/2 transition.
Upon energy transfer from RB, 4F9/2 (655 nm) would be

most likely the populated energy level of Er3+. Control experi-
ments showed that the emission bands at 975 and 1550 nm
were weaker when exciting the UCEr at 655 nm than the
UCEr@RB nanohybrid at 560 nm (Table S3†). Therefore, these

bands have been generated due to an efficient antenna effect
from RB to the photoactive lanthanide ions in the UCNH
(Fig. 1a).

Moreover, the emission intensities of these NIR bands at
975 nm (Yb3+ emission and 3RB phosphorescence) and
1550 nm (Er3+ emission) were greatly influenced by the atmo-
sphere (N2/air).

The emission bands registered under air originated exclu-
sively from an energy transfer process from 1RB (pathway i in
Fig. 1a), since 3RB was efficiently deactivated under air (calcu-
lated O2 quenching efficiency >0.99). Accordingly, the emission
bands under an inert atmosphere are due to the energy trans-
fer from 1RB (46%) and 3RB (54%) to the photoactive lantha-
nides (pathways i and ii in Fig. 1a). This result is consistent
with ca. 50% reduction of the RB fluorescence and phosphor-
escence lifetimes.

The emission kinetic profiles at 975 nm and 1550 nm
under N2 were fitted to a biexponential decay function. At

Fig. 3 (a) Transient absorption spectra of (top) RB and (down) UCEr@RB recorded 20 ns (black) and 450 μs (blue) after the laser pulse under N2 (λexc
= 560 nm, A = 0.28 at 560 nm). (b) Laser-induced emission spectra of RB solution (black) and UCEr@RB dispersion (red, A = 0.28 at 560 nm) 100 ns
after the laser pulse (λexc = 560 nm) showing the phosphorescence and delayed emission of RB. (c) Kinetic profiles (dots) and fitting (lines) of RB
(black, 1.6 × 10−5 M) and UCEr@RB (red, 5 mg mL−1) under N2 (λexc = 560 nm, μF2 lamp; λem = 750 nm). Grey dots represent the IRF.

Fig. 4 NIR emission spectra of RB (1.6 × 10−5 M) under N2 (black) and air (grey), UCEr (5 mg mL−1) under N2 (pink) and UCEr@RB (5 mg mL−1) under
N2 (red) and air (orange); (λexc = 560 nm). RB solution and UCEr@RB dispersion have identical absorbance (1.34 at 560 nm). Insets: (left) detail of the
NIR emission spectra and (right) 1O2 emission deactivation at 1275 nm of RB (black, 1.6 × 10−5 M) and UCEr@RB (red, 5 mg mL−1) under air (λexc =
560 nm, μF2 lamp).
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975 nm, the biexponential behavior was due to the co-detec-
tion of two species: Yb3+ and 3RB, a short one of 52 μs (65%)
and a long one of 171 μs (35%) attributed to 3RB phosphor-
escence. In fact, under air the kinetic profile fitted to a mono-
exponential decay (48 μs; Fig. S9 and Table S4†). Similarly, at
1550 nm, Er3+ emission presented two components; the short-
est component was quenched under air (209 μs versus 305 μs;
Fig. S9 and Table S4†), again highlighting the participation of
the 3RB in the process.

In the presence of air, 1O2 phosphorescence was observed
at 1275 nm with the characteristic lifetime in DMF (19–23 μs;
inset of Fig. 4). The relative intensity of this emission under
air was lower for UCEr@RB (7.5 × 10−2 a.u. in RB vs. 4.3 × 10−2

a.u. in UCEr@RB; Fig. 4). This result is attributed to a lower
generation of singlet oxygen by triplet–triplet energy transfer
from 3RB on the surface of the UCNP as compared to RB in
solution. Consequently, if the final purpose of the UCNH were
to efficiently generate 1O2 (e.g., for photodynamic therapy), the
decrease of Φisc and kq(O2) will dramatically influence the per-
formance of the UCNH.

Photophysics of UCEr in the UCNH

Upon NIR excitation at 980 nm, UCEr transfers energy to RB in
UCEr@RB. Note that high chromophore absorption (despite
low concentrations of UCNP) can produce secondary inner-
filter effects or/and emission self-absorption that modify the
shape of the emission spectrum. It is convenient to prepare
diluted dispersions. Fig. 5a shows the emission spectrum of
UCEr and UCEr@RB at 1 mg mL−1 and at 5 mg mL−1 in which
the inner-filter effect for UCEr@RB can be appreciated.

UC intensity and lifetimes were not affected by the gas
atmosphere (N2 or air). As previously reported, in the UCNH,
the relative intensity of the UCNP emission affected by RB

absorption (520–540 nm) decreased slightly as compared to
the UCEr emission (Fig. 5a), and a new emission centered at
584 nm appeared. This new band can be attributed to the sen-
sitized emission of RB from the Er3+ of the UCNP, since it pre-
sents a lifetime in the order of the UC emissions of the Er3+

(51 μs; Table 2) in comparison to the conventional fluo-
rescence of RB by direct excitation (1.5 ns). Note that the
broad-emission tail of RB emission overlaps with the Er3+

emission at 655 nm (therefore, the Er3+ emission intensity
increased in Fig. 5a).

Likewise, the presence of RB in the UCNH produced a
slight reduction in the lifetime of the bands affected by RB
absorption with respect to the precursor UCEr (Table 2 and
Fig. S10†). Although the presence of the dye on the surface of
the UCNP did not seem to greatly affect either the relative
intensities of the Er3+ UC emissions or its deactivation kine-
tics, it did affect the overall performance of the UC process.
The presence of the dye reduced ca. 50% of the upconversion
quantum yield (UCQY) of the UCNH with respect to the UCEr

(Table 2 and Fig. 5b). This is an expected result because more
non-radiative deactivation phenomena will be possible by
adding more electronic states to the system (with RB).

The 3RB generation sensitized by UC emissions was not
observed by transient absorption spectroscopy at 980 nm (5 mJ
per laser pulse). Likewise, an attempt was made to record the
emission of 1O2 in a dispersion of UCNH bubbled with O2 for
20 minutes, but no signal could be detected. Although it has
been widely reported that PS-functionalized UCNPs are
capable of generating ROS,44,70–74 the sensitized formation of
3RB and 1O2 could not be spectroscopically observed under
our experimental conditions, probably because the instrumen-
tation is not sensible enough to detect these species for our
system.

Fig. 5 (a) 841 nm-normalized corrected UC emission spectra of UCEr and UCEr@RB dispersions at different concentrations (λexc = 980 nm; I = 2.1 W
cm−2). (b) Power density dependency of absolute UCQY for UCEr and UCEr@RB dispersions in DMF (5 mg mL−1).

Table 2 UC emission properties of UCEr and UCEr@RB in DMF under an N2 atmosphere (λexc = 980 nm). Kinetics fitting parameters are in Table S4†

Sample τ525 ± SDa (μs) τ540 ± SDa (μs) τ600 ± SDa (μs) τ655 ± SDa (μs) UCQYsat ± SDa b

UCEr 85.9 ± 0.1 85.7 ± 0.1 — 205 ± 9 0.29 ± 0.1
UCEr@RB 59.5 ± 0.1 59.3 ± 0.1 51.3 ± 0.1 202 ± 5 0.14 ± 0.1

a SD: standard deviation. bUCQY in a saturation regime at 2.24 kW cm−2, 5 mg mL−1 dispersion.
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Conclusions

In summary, the results here described shed light on unre-
solved questions when functionalizing an UCNP with a xanthe-
nic dye, such as RB. The photophysics of RB can be drastically
affected by the aggregation and interaction with the UCNP
surface and the presence of photoactive lanthanide cations
(Yb3+, Er3+) doping the UCNP matrix.

The low functionalization degree and RB aggregation in
UCEr@RB are attributed to the high concentration of RB in
DMF used for functionalization. Equally important, the
dynamics of RB excited states were roundly changed: ΦF and
Φisc decreased (specially the ΦF) and both 1RB and 3RB excited
states were deactivated by means of energy transfer processes
from the dye to the photoactive lanthanides in the UCNPs
(lower emission intensity and shorter fluorescence and phos-
phorescence lifetimes). As far as we know, this is the first
experimental demonstration of the equal contribution of 1RB
and 3RB to the antenna effect from RB to Yb3+ and Er3+, which
results in NIR-II emissions. Indeed, as previously reported for
similar UCNHs, the UC emission spectra showed little influ-
ence on the intensity ratio of the Ln3+ emission bands for the
nanohybrid (when avoiding the secondary inner filter effect),
and a new sensitized long-lived emission from RB was
detected due to a resonant energy transfer from Er3+ to 1RB.
Moreover, the absolute external UCQY of the system decreased
to half as compared to that of the pristine UCNP. Therefore,
rather than a synergistic or additive effect, in this UCNH, we
observed an antagonistic effect which limits its potential appli-
cation as a bioimaging or 1O2 generation agent.

All in all, it was demonstrated that the dye photophysics in
solution cannot be taken for granted when functionalizing
UCNPs, and every case should be studied in advance to ensure
a synergistic rather than an antagonistic effect. This knowledge
is of utmost importance to design efficient functional UCNHs.
In the case of designing bioimaging probes, a reduction in the
dye ΦF will be an additional limitation to the low UCQY of the
UCNP. Similarly, as shown here for the UCEr@RB nanohybrid,
if the aim is to generate 1O2, the reduction in the dye Φisc

together with the slower diffusion of the colloid will negatively
affect the 1O2 quantum yield. In this example, the doping of
the UCNP with Gd3+ may be a plausible and rational solution.
In any case, the effects of Gd3+ doping, UCNP size, dye
loading, and concentration used for the functionalization
process, the distance between Ln3+ and dyes, and chromo-
phores with different ratios of singlet/triplet need to be
studied in the future to design UCNHs.
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