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Dye-sensitized Er3*-doped CaF, nanoparticles for enhanced near-
infrared emission at 1530 nm

Jing Liu,*2 Min Zeng,® Pieter Geiregat,” Luca Pilia,® Rik Van Deun,” and Flavia Artizzu*®

Lanthanide (Ln)-doped nanoparticles have shown potential applications in various fields. However, the weak and narrow
absorption bands of the Ln ions (Ln3*), hampers efficient optical pumping and severely limits the emission intensity. Dye
sensitization is a promising way to boost the near-infrared (NIR) emission of Er3*, hence promoting possible application in
optical amplification at 1530 nm, a region that is much sought after for telecommunication technology. Herein, we introduce
the fluorescein isothiocyanate (FITC) organic dye with large absorption cross section as energy donor of small-sized (~3.6
nm) Er3*-doped CaF. nanoparticles. FITC molecules on the surface of CaF, work as antenna to efficiently absorb light, and
provide the indirect sensitization of Er3* boosting its emission. In this paper, we employ photoluminescence (PL) and
transient absorption (TA) spectroscopy, as well as density functional theory (DFT) calculations to provide and in-depth
investigation of the FITC—Er® energy transfer process. The present study proves that an energy transfer efficiency around
92% is achieved in CaF2:Er¥*@FITC nanoparticles resulting in a 28 times enhancement of the Er®* NIR emission. We show that
the reason for such a high sensitization efficiency stems from the suitable size and geometry of the FITC dye with a localized

transition dipole moment at short distance from the surface of the nanoparticle.

1. Introduction

Due to the unique optical nature of lanthanide ions (Ln3*),
characterized by sharp and narrow emission bands and long-
lived luminescence, Ln3* based materials have been widely used
in amplifiers, lasers, biosensors and so on.1¢ Ln luminescence
can be roughly divided into three types according to different
spectral conversion: upconversion, an anti-Stokes process
where at least two lower energy photons are converted into a
higher energy photon; downconversion, the inverse process of
upconversion where a high-energy photon is converted into
two low-energy photons; and downshifting, the process where
a higher photon is transformed into a lower energy photon.”:8
This latter phenomenon is of high importance in several
technological applications in the near-infrared (NIR) spectral
range. In particular, the 1530 nm downshifted luminescence
emission of Er3* plays a vital role in information and
telecommunication technologies.®® However,
exploited Er3*-doped fiber amplifiers (EDFAs)
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drawback derived from the narrow and weak absorption cross-
section of the Ln3*, resulting in inefficient optical pumping.11 To
improve the absorption, organic dyes working as antennas can
be introduced into Er3*-doped materials, owing to the broader
absorption spectra and larger absorption cross-sections of dye
molecules.12-14

Recently, many combinations of dye-sensitized Ln3*-doped
upconversion and downconversion nanoparticles have been
reported owing to the attainable high emission intensity and
the potential interest in photonic and biological applications.
The efficiency of the energy transfer (ET) at the organic-
inorganic interface in dye sensitized Ln3*-doped nanoparticles
has been a central theme in the field in the last years. For
instance, Xue and coauthors showed that a detrimental energy
back transfer phenomenon is existing in the IR-806 sensitized
NaYFa:Yb3*,Er3*@NaYF4:Nd3* upconversion nanoparticles.?3 The
same authors also pointed out that the optimization of the ratio
of the acceptor upconversion nanoparticles to donor dyes is the
key to gain efficient dye sensitization. Garfield et al. also
reported a dramatic enhancement of the upconversion
luminescence intensity and efficiency in comparison with the
bare NaYF4:Er3*,Yb3* upconversion nanoparticles following the
activation of a resonant triplet of dye molecules.?* Wang and
Meijerink?5 postulated dye sensitized Pr3*-Yb3* downconversion
luminescence in NaYF; nanocrystals showing that Forster
resonance energy transfer from the coumarin dye to Pr3* leads
to around 30 times increase in the Yb3* NIR emission at 980 nm.
On the other hand, the research on dye-sensitized downshifted
emission is relatively neglected, and to the best of our


mailto:jingliu77@swu.edu.cn
mailto:flavia.artizzu@ugent.be

knowledge, the study of Er3* NIR downshifting luminescence in
dye-sensitized nanoparticles has not been reported up to date.
Moreover, the understanding of the ET phenomena at the
organic-inorganic interface still needs clarification.

In this work, we present the synthesis, emission properties
and a deep investigation of the photocycle of ultra-small (<3.6
nm) Er3*-doped CaF, nanoparticles sensitized by fluorescein
isothiocyanate (FITC). FITC is a popular dye in biological labeling,
because of its high absorptivity, with an extinction coefficient of
=3-1071% cm?2 at Amax = 500 nm and emission quantum yield.1>16
It displays visible (Vis) yellow-green light emission and provides
pump channels across a spectral region from ultraviolet (UV) to
visible (Vis) and it is thus optimal as a sensitizer of Er3*-doped
fluoride nanoparticles to boost the near infrared (NIR)
emission.1618 Cubic CaF, is one of the most efficient host
materials for Ln luminescence, providing a low (<350 cm-1)
phonon energy and high viability for doping since the radius of
Ca?* is close to that of Ln3*.19-22 In the investigated system, the
ultra-low dimensionality of the doped CaF, nanoparticles,
achieved by employing the thermal decomposition synthetic
method, is of particular importance to limit the spatial
separation between the energy donor dye and the accepting
dopant ion to maximize the ET efficiency.®26. Density functional
theory (DFT) calculations allowed for an in-depth description of
the structural and electronic properties of the FITC dye upon
binding to the nanoparticles, which greatly influence its optical
features. We investigated the photocycle mechanism in detail
by using conventional photoluminescence and advanced
transient absorption (TA) spectroscopy, providing information
on the luminescence dynamics both from bright (radiative) and
dark (non-radiative) states. On the basis of the retrieved
experimental results, the implementation of the Forster’s
model of resonance energy transfer and molecular modelling,
we were able to shed light on the main factors which govern the
dye to Er3* sensitization pathway to reach exceptionally high
efficiency.

2. Experimental

2.1 Synthesis
Ca(CFsC00); and Ln(CF3CO0)3 were prepared as described in
the previous research. Oleic acid (OA), oleylamine (OM), 1-
octadecence (ODE), FITC were purchased from Sigma Aldrich.

Monodisperse CaF, were synthesized by reported thermal
decomposition method.?”.2° 1 mmol Ca(CF;CO0), was mixed
with 1.6 mL of oleic acid, 1.6 mL of oleylamine, 3.2 mL of 1-
octadecece in a 50 mL three-neck flask. The mixture was heated
to 120 °C under nitrogen flow with vigorous stirring for 40 min,
then the temperature was increased to 150 °C and retained for
30 min to form a clear yellowish solution. Afterwards, the
solution was continually heated to 310 °C for 20 min, and then
cooled down naturally to room temperature. The resulting
solution was washed and precipitated by addition of ethanol
several times, finally re-dispersed in the cyclohexane.

CaF,:Ln3* was prepared in a similar manner to CaF,, except
using 0.7 mmol Ca(CFsC00); and 0.3 mmol Ln(CFsCOO);
reagentsinstead of 1 mmol Ca(CF3COO)s,.
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FITC functionalized CaF, or CaF;:Ln3* nanoparticles were
synthesized as follows. CaF, or CaF,:Ln3* nanoparticles in
chloroform (12 mg/mL) were mixed with FITC chloroform
solution (0.3 mg/mL). The suspensions were stirring constantly
for 15 h at 50 °C. The final products were washed with
acetonitrile for several times, and then re-dispersed in
chloroform.

2.2 Characterization

Powder X-ray diffraction (XRD) pattern was conducted on a
Thermo Scientific ARL X’TRA diffractometer in the range of 20-
70°. Transmission electron microscope (TEM) measurements
were obtained by using a Cs-corrected JEOL JEM-2200FS TEM
operated at 200 kV. The optical properties of all samples were
investigated on CHCI; solutions or dispersions with a slight
excess of triethylamine to ensure that the FITC dye was present
in the fully deprotonated, dianionic form. The absorption
spectra were performed by PerkinElImer Lambda 900 UV-Vis-
NIR spectrometer. The steady-state and time-resolved
photoluminescence spectra were carried out through an
Edinburgh FLSP 920 UV-Vis-NIR spectrofluorometer. TA spectra
were recorded by exciting suspensions of CaF;:Ln3*
nanoparticles using 100 femtosecond pulses at 500 nm created
from an 800 nm Spitfire Ace Spectraphysics Ti:S Laser through
non-linear conversion in a TOPAS optical parametric amplifier.
The noise levels of 0.1 mOD (RMS) were obtained by averaging
over 5000 shots per time delay. The ground-state electronic
structures of FITC as free dianion and coordinated to a Ca?* ion
were calculated at DFT30 |evel of theory using the B3LYP
functionals3132 implemented in the GAUSSIAN 1633 software
package. The ground state geometries were acquired by full
geometry optimizationmwithout any symmetry constraint both
in the gas phase and CHCls using a polarizable continuum model
(PCM)34, The 10 lowest singlet excited states for CaF,@FITC
were calculated in CHCIl; within the time dependent-DFT (TD-
DFT) formalism as implemented in Gaussian.3>3¢ In the case of
free FITC dianion TD-DFT calculations concerned both the 20
lowest singlet and triplet excited states (50-50).The basis set
employed for all atoms was the valence triple-zeta 6-
311+G(d,p),37-38 and all structures were input using ArgusLab
4.0.3°

3. Results and discussion

The schematic energy level diagram of FITC and Er3* in FITC-
sensitized CaF,:Er3* nanoparticles and the possible energy
transfer mechanism are presented in Fig. 1. The photocycle
pathway develops through multiple steps: first, photoexcitation
of dye molecules populates the singlet S; state; subsequently,
ET to the Ln3* upper energy levels can happen directly from the
excited singlet S; state (SET) or from the lower lying triplet Ty
state (TET) in turn populated through intersystem crossing (I1SC)
from S;. This latter event is favoured by the strong spin orbit
coupling associated to the Ln3* (heavy atom effect).2440
Generally, energy is transferred with more efficiency to the Ln3*
upper levels that are close in energy to the dye donor state
(resonance condition), but as a rule of thumb, the feeding state
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should be higher than the acceptor emissive level to avoid
energy back transfer.23 FITC has its lowest excited singlet state
at around 19000 cm, which is suitable for Er3* NIR
sensitization, since the emissive level of this ion sits around
6500 cm™ and is at the same time accompanied by several
superior energy states that can act as accepting levels to ensure
resonance with the donor states.
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binding interactions of FITC molecules to the surface of CaF;
nanoparticles was confirmed by the observation of the change
in the shape and intensity of the absorption spectra, as well as
blue shift from 538 nm to 536 nm for the emission maximum
wavelength. As shown in Fig. 3b, the luminescence decay
dynamics of the free FITC and FITC-functionalized CaF, sample
in the visible region follows a mono-exponential trend with
similar time constants of 4.67 ns (R2=0.999) and 4.28 ns
(R2=0.993), respectively. Instead, the lifetime of FITC
luminescence drastically decreased down to 0.95 ns (R2=0.991)
after binding to the CaF,:Er3* nanoparticles.

(a)

——Er"@FITC
—— CaF,@FITC

S
310 —FITC

absorption
25UdIs3I0N|}

4
|11/2

u.)

5 2x10° 4

— 4
13/2
NIR

emission

4
l1s/5

FITC Er3+

Fig. 1 The mechanism of energy transfer in the FITC sensitized Er3*-doped CaF,
nanoparticles.

CaF,:30%Er3* nanoparticles with an average size of 3.6 nm
were synthesized according to a previously reported thermal
decomposition method.® Compared to other synthetic methods,
like the hydrothermal technique, the sol-gel method, and so on,
the thermal decomposition method has the advantage of
allowing a good control of the particle size and producing well
monodispersed and crystalline nanoparticles.?2’.2¢6 A uniform
distribution of spherical-like nanoparticles was obtained by
taking advantage of this synthesis (Fig. 2a). The powder XRD
pattern in Fig. 2b shows that the three main diffraction peaks at
28.2°, 46.9°, 55.7° are well matched with the standard cubic
phase of CaF, (JCPDS No. 87-0971),*! indicating that Er3* doping
did not significantly alter the crystal structure.
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Fig. 3 (a) Vis emission spectra (Aex = 467 nm) and (b) luminescence decay curves (Ae =
467 nm; Aem = 538 nm) of FITC (black), CaF,@FITC (blue), CaF,:Er>*@FITC (red). Steady-
state spectra are normalized for the absorbed power at excitation wavelength.

(11)

(200)

(220)

)
8

‘ JCPDS No. 87-0971

|00

T

T
2

40
20 (degree)

T

T
60 70

Fig. 2 (a) TEM image and (b) powder XRD pattern of CaF,:Er3* nanoparticles.

The absorption and steady-state photoluminescence
spectra in the visible range of the free FITC in its dianionic form,
CaF,@FITC and CaF,:Er3*@FITC in CHCIs solution or dispersion
with triethylamine as deprotonating agent (see Experimental
Section), are shown in Fig. S1 and Fig. 3a, respectively. The

This journal is © The Royal Society of Chemistry 20xx

The change of the steady-state optical features of FITC
when combined with the CaF, nanoparticles suggests a
significant effect of the bonding on the electronic and optical
properties of the dye molecule. Those phenomena can be
explained by the redistribution of the electron density of the
ligand upon coordination to the Ca2* cation on the surface of
the nanoparticle through the carboxylate group. A similar
finding was verified in other types of dye-sensitized Ln3*-doped
nanoparticles, for instance, B-NaYF4:Yb3+,Er3*@IR-806 and with
other dyes.*? 43 To better understand this phenomenon, we
performed DFT calculations to highlight the differences
between the FITC dianion in the free form and when
coordinated to a Ca?* ion. Figures 4a and S2-3 report the DFT-
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calculated optimized geometries for the two forms. As it can be
seen, the FITC moiety undergoes a remarkable distortion upon
coordination which leads to a significant increase of the dipole
moment (from 17.41 to 24.10 Debye). The calculated molecular
orbitals (MOs) for the two FITC forms, shown in Fig. 4b and
Table S1, further support the previous hypothesis and highlight
a redistribution of the electron cloud with more extended
delocalization upon coordination of the dye moiety to the Ca?*
cation. Noticeably, according to time-dependent TD-DFT-
calculations, the dominant optical transition for the FITC
dianion in the free form (Table S2) mainly involves highly
localized Highest Occupied MO (HOMO) and Lowest
Unoccupied MO (LUMO) orbitals, whereas a more mixed
character, involving the more delocalized LUMO+1 and
LUMO+2 orbitals, is associated to the lowest energy transitions
of FITC coordinated to a Ca?* ion (Table S3). These findings
highlight the high sensitivity of the dye dianion to the chemical
environment and may account for the significant changes in the
spectral shapes and intensities of both the absorption and
photoluminescence spectra.

FITC CaF,@FITC

LUMO+1

LUMO

HOMO

¢

Fig. 4. Optimized geometries (a} and molecular orbitals ﬁb) calculated by DFT
methods at B3LYP/6-311+G(d,p) level of theory. The orbitals are reported with a
contour value of 0.050.
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On the other hand, as previously mentioned, the change of
the electronic properties of the dye moiety upon coordination,
while leading to a significant variation of the molecular dipole
moment, does not bring to a noticeable variation of the overall
oscillator strength f of the main transitions (tables S2-3). Under
the assumption that the transition giving rise to radiative
emission shares the same character of the corresponding
lowest energy absorption band (implying a consistent MOs
mixing for the Ca2* coordinated FITC), it is not surprising that
similar emission lifetimes were observed for FITC in the free
form and bonded to CaF; nanoparticles. However, as previously
mentioned, the decay dynamics becomes considerably faster as
Er3* ions are doped into the nanoparticles, indicating that an
additional deactivation channel, likely through ET to the
lanthanide ion, is established in this case. The sensitization
efficiency from the donor FITC to the acceptor Ln3* can be
estimated by the simplified equation (1):43

Nsens = 1 — TLn/"fdye (1)

where T, and tae are the lifetimes of the dye in the
presence and in the absence of the Ln3*. Therefore, the
calculated naye-1n is approximately 78%. The dye—Er3* energy
transfer process analysed by TA spectroscopy at the ultrafast
time scale will be discussed in more details later.

The highly efficient energy transfer from FITC to Er3*
resulted in around 28-fold enhancement of Er3* NIR emission at
1530 nm corresponding to the intrashell f-f 4l13,—%115/
transition (Fig. 5a). This provides the direct evidence that the
dye—Er3* energy transfer works well in CaF:Er3*@FITC
nanoparticles. The luminescence lifetimes at 1530 nm of
CaF,:Er3* and CaF:Er3*@FITC obtained from a double-
exponential fitting (Fig. 5b), are 5750 ns (R2=0.997) and 13414
ns (R2=0.991), respectively. After FITC sensitization, the lifetime
of Er3* NIR emission increased by 2.3 times. The increase of the
luminescence lifetime in the NIR could be attributed to a
beneficial shielding effect of the dye to environmental
vibrational quenching from solvent molecules.**

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) NIR emission spectra of CaF,:Er3* (black, Aex = 378 nm) and CaF,:Er¥*@FITC (red,
Aex =467 nm); (b) luminescence decay curves of CaF,:Er3* (black, Aex =378 nm; Adem = 1530
nm) and CaF,:Er¥*@FITC (red, Aex = 467 NM; Aem = 1530 nm).

TA spectroscopy measurements have been carried out to
analyse the excited state evolution of dye molecules, which can
shed light on the energy transfer pathways of dye-sensitized
lanthanide-doped fluoride luminescent nanoparticles. Both
radiative and non-radiative channels can be unravelled from TA
maps by probing the differential absorption AA = A; — A at a
delay time (t) of the probe pulse (A:) with respect to the
excitation pump at t = 0 (Ao).*®* Samples were optically pumped
at 500 nm corresponding to the absorption maximum of FITC
either in the free form and combined to the nanoparticles. As
seen from Fig. 6a, showing the two-dimensional (2D) TA map of
CaF,@FITC as reference sample, and Fig. S4, the three samples
FITC, CaF,@FITC and CaF:Er3*@FITC, all showed similar
characteristic traces in the 400-750 nm range, whereas no TA
signal was detected by probing in the 800-1200 nm range. The
TA spectra extracted at different time delays in Fig. 6b evidence
strong negative signals involving three recognizable
contributions: ground-state bleaching (GSB) bands at around
475 nm and 506 nm and a stimulated emission (SE) band,
appearing as a weak shoulder around 540 nm. These
attributions are in agreement with the shape and position of the
absorption and steady-state photoluminescence emission
spectra. There is also a positive signal below 450 nm which can
be attributed to excited state absorption (ESA) to upper energy
levels Sy (Fig. 1). The TA spectra of the free FITC display a blue-
shift (Figures S4a and S5) of the relevant features dominated by

This journal is © The Royal Society of Chemistry 20xx
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a strong negative signal in the 400-650 nm region due to GSB
and SE contributions, in agreement with the absorption (Fig. S1)
and photoluminescence (Fig. 3a) spectra.
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Fig. 6 (a) Two-dimensional (2D) TA (AA) map of CaF,:Er¥*@FITC in chloroform as a
function of wavelength and time, upon photoexcitation at 500 nm; (b) representative
selection of TA spectra of CaF,:Er3*@FITC in chloroform at different time delays, the black
and grey dash lines show the inverted PL spectrum and ground-state absorption
spectrum, respectively; (c) selected kinetics of FITC, CaF,@FITC and CaF:Er3*@FITC for
the SE signal at 550 nm in the sub-ns time range.

The intensity of the TA features reaches the maximum
within 1 ps and subsequently decreases as the time delayed to
120 ps, with no significant changes in the spectral shape. The
nearly instant signal rising in the entire probed range indicates
that the TA responses of the three samples are all dominated by
the excited singlet state S;, and no signal is showing a slow and
multistep activation of an excited triplet. GSB, SE and ESA show
the same temporal dynamics dominating in the 100 ps range
and are reliably attributed to a S;—S,, (n =0, 2, 3...) transition.
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Fig. 5¢ displays the decay curves for the SE signal at 550 nm of
all the samples as extracted from TA data.

The kinetic trace for CaF,:Er3*@FITC sample can be best
fitted by a double-exponential function with a long-lived
component (> 1 ns) and a short-lived component beyond the
investigated temporal range (50 fs-1 ns). The
contribution of the long-lived component to the total signal is
comparable to the relative intensity of the steady-state dye
luminescence emission intensity in the hybrid samples with
respect to the free FITC (Fig. 3a). This component is also
comparable to the time-resolved photoluminescence lifetime
profiles in Fig. 3b. Interestingly, the signal for CaF; nanoparticles
without Ln3* dopants also presents a double-exponential trend
with an overall signal dynamics that is faster than that of the
free dye (see also Fig. S4). The emergence of the short-lived
signal accompanying a longer one in the presence of the CaF;
nanoparticles, either doped or undoped, can be attributed to
the existence of distinct populations of donors interacting with
the nanoparticle to a different degree. This could be modelled
with a disordered arrangement of dyes consisting of FITC
molecules directly and indirectly bonding to the surface of the
nanoparticle due to multiple constraints related to electrostatic
interactions (distribution of charges on the surface of the
particle, intermolecular interactions etc...).#¢ This point is
highlighted by the significant change of the electron density of
the CaZ*-coordinated FITC with respect to the free form (Figures
S6-7) which points out the high sensitivity of the system to the
chemical environment. This is especially relevant when
considering a poor-structurally defined system such as a
collection of organic dyes interacting with a nanoparticle, which
is far more complex that a simple representation of a single dye
unit coordinated to a single CaZ* ion. Nonetheless, in the case of
CaF,:Er3*@FITC, both the short-lived and the long lived
components are greatly shortened with respect to the undoped
CaF,@FITC system, indicating that energy transfer is effectively
occurring from the dye to Er3* at both the slow (ns range) and
ultrafast (ps range) time scales. From the above considerations
on the evolution of TA traces, it is also possible to conclude that
the sensitization mechanism from the FITC dye to the Ln3*
reliably occurs through SET. In summary, the kinetic traces
retrieved from TA data reveal an ultrafast energy transfer
regime that remains hidden to conventional time-resolved PL

relative

experiments. This phenomenon can be related to a population
of dyes that are more significantly influenced by the presence
of the nanoparticle and presumably directly anchored to its
surface. The retrieved time constants for the ultrafast excited
singlet decay in the sub-ns region after the subtraction of the
slow component are presented in Table 1, along with the
calculated sensitization efficiencies. The ultrafast decay time
constant of FITC coupled to CaF; nanoparticles is around 200 ps,
and it decreases to 15 ps in the presence of Er3+*, showing nearly
92% sensitization efficiency. To better understand the relation
between the energy transfer efficiency and the molecular
arrangement in terms of the spatial separation of the donor and
acceptor, we have implemented the Forster’'s model of
resonance energy transfer on the basis of experimental data. In
the model, the rate for a donor-acceptor energy transfer Kerc-er

6 | J. Name., 2012, 00, 1-3

= (1/trrcer) depends on temporal, spectral and spatial
parameters as described by the following equation (2):47

1 9k 1 ( Ro )6 2)

KFITC-Er = E—HSHSTL‘*RNTC—ETJ =

where Rgrcer is the donor-acceptor distance; Ro is the
Forster radius, the distance at which the energy transfer
efficiency reaches to 50%; tr7c is the decay time of the donor
FITC in the absence of the acceptor Er3*; n is the refractive index
of the medium (taken as 1.4459 for CHCl3); k7 is the dipole
orientation factor, which is determined by the relative
orientation between the transition dipole moments of the
donor and the ji acceptor (here 2/3 is taken for an arbitrary
orientation). J is the spectral overlap integral between the
donor FITC emission and the acceptor Er3* absorption, which
can be expressed by the following equation (3):4”

] = [ Farrc A og (M) A*dA (3)

where Fgrc(A) represents the FITC emission spectral
density normalized to unity (nm-1), and og(A) is the absorption
cross-section of Er3* (nm2) as shown in Fig. 7a. The calculated
spectral overlap J and the Forster’s radius Ro are 4.8x103 nm®
and 0.74 nm, respectively. On the basis of equations (1) and (2),
the dependence of the sensitization efficiency from the donor-
acceptor distance R can be predicted as shown by the plot in
Fig. 7b. As seen from Fig. 7b, the curve presents a plateau at
values almost close to unity as the donor-acceptor distance is
below ~0.4 nm, and it drops dramatically when the distance is
beyond this range. The experimental sensitization efficiency
around 92% retrieved from the TA kinetic data shown in Table
1 corresponds to donor-acceptor distances in the range 0.45-
0.50 nm. These values are compatible with the spatial
separation of the DFT-calculated transition dipole moment
vector for the optimized geometry upon bonding of the FITC
molecules, as depicted in the inset of Fig. 7b. Therefore, the
exceptional dye-to-Er3* sensitization efficiency at the ultrafast
time scale in the CaF,:Er3*@FITC nanoparticles is consistent
with the small size and the particular geometrical construction
of FITC molecules attached to the surface of the CaF,:Er3*
nanoparticle. Instead, the “slow” energy transfer occurring at
the nanosecond time scale could be associated with dye
molecules that are not optimally arranged on the surface of the
particle (not directly bonded or distorted). These results
highlight that small variations of the donor-acceptor distances

Tritc \RFITC-Er

in the sub-nanometre range can dramatically affect the

sensitization efficiency in dye-sensitized erbium-doped

nanoparticles.

Table 1. FITC excited singlet ultrafast decay time constants and FITC to Er3*
sensitization efficiency calculated through Eq. (1).

Sample T(ps) Nsens (%)
FITC Lad -
CaF, 200 (10) -
Ers+ 15 (2) 92

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 (a) Spectral overlap of Er3* absorption cross-section (red) and FITC fluorescence
spectrum normalized to unity (black curve with shaded area). (b). FITC to Er3*
sensitization efficiency (nsens) calculated by the Forster’'s model as a function of the
donor-acceptor distance (R). Inset: DFT-calculated optimized geometry for FITC
coordinated to Ca?* where the light blue arrow represents the TD-DFT calculated S;-So
transition dipole moment.

Conclusions

In conclusion, we have provided the first in-depth study of the
structural, electronic and photophysical properties of dye-
sensitized Er3* nanoparticles and highlighted the key factors
that regulate the emission efficiency in the NIR. We have shown
that the FITC dye molecules undergo significant changes of the
structure and electronic distribution when binding to a
nanoparticle, which dramatically influence their optical
properties. By a unique combination of conventional
photoluminescence and transient absorption spectroscopy, we
were able to unravel the detailed mechanism of energy transfer
at the organic-inorganic interface. Sensitization occurs directly
through the dye singlet state in different time regimes, at the
nanosecond and at the picosecond time-scale indicating that
different populations of dyes, differently arranged around the
nanoparticle, contribute to the energy transfer process. The

This journal is © The Royal Society of Chemistry 20xx
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combination of a rational design of the nanoparticle, whose
dimensionality is kept below 3.6 nm and the distortion of the
FITC moiety, which implies a sub-0.5 nm spatial separation of its
transition dipole moment from the surface of the nanoparticle,
leads to a distance between the energy donors (FITC dyes) and
acceptors (Er3* ions) well below the Férster’s radius (0.74 nm).
This results in an exceptional sensitization efficiency of the FITC
dye to Er3* reaching up to 92% and a 28-fold increase of the
emission intensity at 1530 nm with respect to bare doped
nanoparticles.

These results highlight that, to achieve highly efficient energy
transfer in dye-sensitized lanthanide-doped nanoparticles, dye
molecules must be reasonably designed so that they have
suitable excited singlet energy states and localized molecular
orbitals (transition dipole moments) close to the surface of the
nanoparticle. This proof of concept of dye-sensitized Er3* NIR
emission can promote new opportunities for a superior
improvement of optical fiber amplifiers and other photonic
technologies working at 1.5 pm.
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