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ABSTRACT: Lanthanide-doped nanoparticles (LnNPs) possess
unique optical properties and are employed in various optoelec-
tronic and bioimaging applications. One fundamental limitation of
LnNPs is their low absorption cross-section. This hurdle can be
overcome through surface modification with organic chromophores
with large absorption cross-sections. Controlling energy transfer
from organic molecules to LnNPs is crucial for creating optically
bright systems, yet the mechanisms are not well understood. Using pump−probe spectroscopy, we follow singlet energy transfer
(SET) and triplet energy transfer (TET) in systems comprising different length 9,10-bis(phenylethynyl)anthracene (BPEA)
derivatives coordinated onto ytterbium and neodymium-doped nanoparticles. Photoexcitation of the ligands forms singlet excitons,
some of which convert to triplet excitons via intersystem crossing when coordinated to the LnNPs. The triplet generation rate and
yield are strongly distance-dependent. Following their generation, TET occurs from the ligands to the LnNPs, exhibiting an
exponential distance dependence, independent of solvent polarity, suggesting a concerted Dexter-type process with a damping
coefficient of 0.60 Å−1. Nevertheless, TET occurs with near-unity efficiency for all BPEA derivatives due to the lack of other triplet
deactivation pathways and long intrinsic triplet lifetimes. Thus, we find that close coupling is primarily important to ensure efficient
triplet generation rather than efficient TET. Although SET is faster, we find its efficiency to be lower and more strongly distance-
dependent than the TET efficiency. Our results present the first direct distance-dependent energy transfer measurements in LnNP@
organic nanohybrids and establish the advantage of using the triplet manifold to achieve the most efficient energy transfer and best
sensitization of LnNPs with π-conjugated ligands.

■ INTRODUCTION
Lanthanide-doped nanoparticles (LnNPs) possess unique
optical properties and their usage has been demonstrated in
a wide range of optoelectronic applications, including
upconversion,1−3 imaging,4−6 photocatalysis,7,8 and lasing.9−11

One of the key limitations of LnNPs is their low absorption
cross-section, with molar absorption coefficients of lanthanide
ions rarely exceeding 1 M−1 cm−1.12 Fabrication of
heterostructures in which a chromophore is coordinated
onto the LnNP surface can overcome this hurdle. One
common strategy is to sensitize LnNPs using organic dyes
(LnNP@organic), which have tunable broadband absorption
with typical molar absorption coefficients of 104−106 M−1

cm−1.13 This strategy has been widely reported to enhance the
brightness of LnNPs.13−16

Understanding the mechanism and distance dependence of
the energy transfer processes in LnNP@organic nanohybrids
from the light-absorbing π-conjugated organic molecules
(donor) to LnNPs (acceptor) is crucial for designing high-
performing systems such as lanthanide-based photon upcon-
version systems. While these processes have been relatively
well studied in molecular organic-lanthanide chelate com-
plexes,17−20 both the interaction between organic molecules

and LnNPs, as well as the mechanisms governing energy
transfer between them are less well understood.13,15

Traditionally, most studies have focused on optimizing the
energy transfer from organic molecules to LnNPs for Förster
resonance energy transfer (FRET) from the singlet excited
state (S1) of the dye molecule.21,22 While possible, the weak
transition dipole moment of the Ln3+ ions makes them poor
energy acceptors for FRET, resulting in relatively low energy
transfer efficiencies. There is increasing recognition in the field
that energy transfer could have contributions both from
Coulombic multipolar interactions, i.e., a FRET mechanism,23

and from exchange interactions, i.e., a Dexter mechanism.24

These energy transfer processes can also involve triplet
excitons (T1),

25,26 which have been shown to undergo efficient
energy transfer under certain circumstances.27 Yet, there have
been few mechanistic studies examining the contributions and
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underlying mechanisms of the energy transfer processes: for
instance, to the best of our knowledge, there have been no
studies into the actual distance dependence of the energy
transfer processes in LnNP@organic systems.
In this work we investigate the effect of varying organic-

LnNP distances on the singlet energy transfer (SET) and
triplet energy transfer (TET) rates from organic molecules to
LnNPs. For this, we use a series of three 9,10-bis-
(phenylethynyl)anthracene (BPEA) derivatives with different
length aliphatic linker groups (Figure 1): BPEA-(CH2)n-

COOH (n = 0−2). BPEA, without any structural modifica-
tions, has been widely studied and is a commercially available,
blue-absorbing dye.28 It is well-known for its high chemical and
thermal stability, ease of functionalization, and near-unity
photoluminescence quantum efficiency (PLQE) in solu-
tion.28−30 Here, the use of aliphatic linking units ensures the
energy levels of the BPEA derivatives remain almost constant,
in contrast to the use of aromatic linking units. The flexibility
of these spacers, however, implies the coordination geometry
of the BPEA ligands is not necessarily fixed and could fluctuate
due to rotation around the spacer C−C bonds.
We study nonradiative energy transfer in nanohybrids

composed of the BPEA derivatives that are coordinated onto
the surface of core−shell NaGd0.8F4:Yb0.2@NaNd0.6F4:Gd0.4
LnNPs, which we will refer to as YbNP@NdNP@BPEA. While
the pristine BPEA derivatives show negligible triplet formation,
coordination onto YbNP@NdNPs successfully turns on
nonradiative decay pathways resulting in the formation of
triplet excitons, allowing us to directly probe singlet and triplet
excited state dynamics in these systems through pump−probe
spectroscopy. We find the rate of TET to decrease
exponentially with the length of the aliphatic linking unit,
indicating a Dexter-type energy transfer mechanism. No
solvent-dependence on the TET rate is found, highlighting a
concerted mechanism. No obvious distance dependence of the

SET rate is found, which we hypothesize indicates SET occurs
via a through-space mechanism as the aliphatic linking units
allow the BPEA derivatives to bend over the LnNP surface.
While TET is more strongly distance-dependent than SET,

we find TET to occur with near-unity efficiency for all BPEA
derivatives due to the lack of other significant deactivation
pathways of the T1 state and long intrinsic triplet lifetimes.
SET, on the other hand, does not show such high efficiencies
as multiple other rapid deactivation pathways (fluorescence,
intersystem crossing) compete with this process. This thus
provides an empirical argument to proceed through the triplet
excited state manifold for most efficient energy transfer.
However, as the formation of triplet excitons is distant-
dependent too, a lower number of triplet excitons is formed for
molecules with longer linker lengths, thereby decreasing the
fraction of total initial excitations that are successfully
transferred. These results signify the need for designing closely
coupled LnNP@organic systems to ensure efficient triplet
exciton generation followed by highly efficient TET and
provide new insights into the rational design of efficient and
optically bright LnNP@organic nanohybrid systems.

■ RESULTS AND DISCUSSION
Fabrication of YbNP@NdNP@BPEA Heterostructures.

Figure 1 shows the BPEA ligands that were used in this study.
BPEA derivatives were synthesized bearing carboxylic acid
anchoring groups on the 2’ position of their anthracene cores
to allow for coordination onto the YbNP@NdNPs. The
ligands are numbered as BPEA-n, where n is the number of
−CH2− spacers in the general formula BPEA-(CH2)n-COOH.
Through varying the length of the alkyl linker (BPEA‑0,
BPEA‑1, and BPEA‑2), it was envisaged that the BPEA−
YbNP@NdNP distance would be systematically varied with
minimal alteration to the intrinsic ligand electronic structure.
A modular synthetic methodology was adopted whereby all

the ligands were synthesized divergently from the common
BPEA-Br intermediate (Figure 1). Metalation of BPEA-Br with
n-BuLi followed by treatment with CO2 conveniently afforded
BPEA-0 on gram-scale without the requirement for any
chromatographic purification. BPEA-1 was synthesized
through Pd-catalyzed cross-coupling between BPEA-Br and
dimethyl malonate, followed by tandem hydrolysis and
decarboxylation. BPEA-2 was similarly prepared via the
cross-coupling of BPEA-Br with methyl 3-(4,4,5,5-tetrameth-
yl-[1,3,2]dioxaborolan-2-yl)propionate, followed by base hy-
drolysis of the corresponding ester. While the total yield of
BPEA-2 is low (5%), the synthesis is still comparatively
convenient considering the divergent route and the commer-
cial availability of methyl 3-(4,4,5,5-tetramethyl-[1,3,2]-
dioxaborolan-2-yl)propionate. Further details of the synthesis
and characterization of the BPEA derivatives can be found in
the Supporting Information.
The S1 energies of the BPEA derivatives were determined

from the intersection of the absorption and emission spectra to
be 2.56 eV (BPEA-0) and 2.62 eV (BPEA-1 and BPEA-2). We
determined the T1 energies of the BPEA derivatives through a
combination of phosphorescence measurements and time-
dependent density functional theory (TD-DFT) calculations.
The phosphorescence measurements (Supporting Information
Figure S17) showed the T1 energies, as determined from the
highest energy maxima in the phosphorescence spectra, to
occur at 1.53 eV (BPEA‑0) and 1.55 eV (BPEA‑1 and
BPEA‑2). This is in good agreement with the TD-DFT

Figure 1. Schematic illustration of the preparation of the three BPEA
carboxylic acid ligands with different aliphatic linker lengths.
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calculated energy of 1.6 eV for the T1 state of BPEA-0
(Supporting Information Figure S3) and with previously
reported triplet energies of BPEA.31,32 As anticipated, the use
of aliphatic linking units ensures nearly constant energy levels
across the three BPEA derivatives, allowing for fair
comparisons between them.
The synthesis of YbNP@NdNPs (NaGd0.8F4:Yb0.2@

NaNd0.6F4:Gd0.4) was adapted from well-documented previous
reports.33−35 A detailed description can be found in the
Supporting Information. The as-synthesized YbNP@NdNPs
were prepared with oleic acid (OA) as the surface ligand. TEM
images showed the YbNP@NdNPs to be monodisperse in size
with a mean diameter of 12.9 ± 0.8 nm (Supporting
Information Figures S1 and S2). Although not the main
focus of this paper, core−shell particles were prepared in order
to separate the terminal Yb3+ emission (2F5/2 → 2F7/2) from
the initial energy transfer step from the BPEA ligands to Nd3+.
Furthermore, Nd3+ ions have various energy levels that are
well-matched with both the S1 (∼2.6 eV) and T1 (∼1.55 eV)
energy of the BPEA derivatives, allowing for exergonic SET to
the 2K13/2, 4G9/2, 4G7/2 Nd3+ energy levels (2.41−2.34 eV) and
TET to the 2H9/2, 4F5/2, and 4F3/2 Nd3+ energy levels (1.55−
1.40 eV) followed by subsequent energy transfer to the 2F5/2
Yb3+ energy level at 1.25 eV (Figure 2b).
In order to prepare the YbNP@NdNP@BPEA nanohybrids

(Figure 2a), the YbNP@NdNPs decorated with OA were
ligand exchanged with the “active” BPEA carboxylic acid
derivatives, as described in detail in the Supporting

Information. As can be seen in Figure 2c, these nanohybrids
have strong blue absorption and overcome the weak
absorption of the YbNP@NdNPs alone. As expected, all
three derivatives share a similar vibronic progression and a
small hypsochromic shift is observed when moving from
BPEA-0 to BPEA-2, which we attribute to the loss of
conjugation between the carboxylic linking unit and the
anthracene core with increasing linker length. Upon coordina-
tion onto the YbNP@NdNPs, a 5−7 nm red-shift of the
absorption features is observed, which has been ascribed
previously to indicate successful ligand coordination.21

Further investigation into the coupling of the BPEA ligands
with YbNP@NdNPs was performed using a combination of
FTIR spectroscopy and DFT calculations, as shown in Figure
3. Panel (i) of Figure 3b shows a comparison between the DFT
simulated FTIR spectra of BPEA-0, and BPEA-0 coordinated
to Nd3+ versus Na+ ions. Both the simulated FTIR spectrum of
BPEA-0 and the experimental FTIR spectrum of BPEA-0,
panel (ii) in Figure 3b, show a strong band at 1684 cm−1

corresponding to the carbonyl stretch of its carboxylic acid
group. Upon coordination of BPEA-0 to the YbNP@NdNPs,
shown in panels (iii) and (iv) in Figure 3b, this peak is
suppressed, as predicted by the DFT simulated FTIR spectra
of BPEA-0 coordinated to either Nd3+ or Na+ ions. A key
difference between the simulated FTIR spectra of Nd-BPEA-0
and Na-BPEA-0 is the strong peak at 1628 cm−1, which is only
present for Nd-BPEA-0 and corresponds to an aromatic C�C
stretch. A similar peak is observed experimentally when

Figure 2. (a) Molecular structures of the three BPEA carboxylic acid derivatives and a schematic illustration of the architecture of the YbNP@
NdNP@BPEA nanohybrids. (b) Energy level diagram describing the energy transfer processes in YbNP@NdNP@BPEA nanohybrids. First, a high-
energy photon is absorbed by BPEA to form its first singlet excited state (S1). This state can undergo singlet energy transfer (SET) to one of the
higher lying Nd3+ excited energy levels or form the BPEA triplet state (T1) through intersystem crossing (ISC). Formation of the triplet state can
also occur through back-energy transfer from the Nd3+ ions. Triplet energy transfer (TET) occurs from the T1 level to populate the Nd3+ excited
states. The transferred energy can subsequently be transferred (ET) to Yb3+ ions in the NP core, resulting in NIR photoluminescence from its 2F5/2
energy level. (c) Absorption (solid line) and photoluminescence (shaded, dashed line) spectra of the YbNP@NdNP@BPEA nanohybrids (lighter
line), compared to the absorption and emission of the BPEA derivatives alone (darker line).
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BPEA‑0 is coordinated onto the YbNP@NdNPs, which
increases in intensity upon progression from partial to full
replacement of native OA ligands, as shown in panels (iii−v) in
Figure 3b. Furthermore, a high intensity peak is predicted for
Na-BPEA-0 at 1412 cm−1 by DFT, which is not observed in
the experimental FTIR spectrum of bound BPEA-0.
Consequently, comparison of the two methods seems to

indicate preferential binding of the BPEA derivatives to the
lanthanide ions on the nanoparticle surface rather than to the
Na+ ions.
Similar conclusions can be drawn for BPEA-1 and BPEA-2

(Figure 3a). We hypothesize that the deprotonated BPEA
derivatives have larger binding affinities for the highly
electropositive Nd3+ ions than for the Na+ ions. This is in
line with lanthanides being some of the most oxophilic
elements in the periodic table and exhibiting higher
oxophilicity than the alkali metals including sodium.36,37 The
preferential binding ensures close coupling between the energy
donating organic molecules and energy accepting lanthanide
ions in the LnNPs.
The emission spectra of the uncoordinated BPEA derivatives

follow a similar pattern and vibronic progression as the
absorption spectra and again a hypsochromic shift in the
emission features is seen when going from BPEA-0 to BPEA-2
(Figure 2c). We observed the BPEA emission after
coordination to the YbNP@NdNPs to be largely unperturbed
in comparison to the pristine molecules and attribute this
partly to the inevitable presence of uncoordinated BPEA
molecules in YbNP@NdNP@BPEA solutions. Despite several
washing procedures, complete removal of uncoordinated
BPEA could not be achieved and hence we believe that
these highly emissive, uncoordinated molecules are responsible

for the observed emission features in YbNP@NdNP@BPEA
solutions.
Time-resolved emission measurements (Supporting Infor-

mation Figure S15) also showed the presence of some
uncoordinated BPEA monomers as observed in the steady-
state photoluminescence measurements too. PLQE measure-
ments, as summarized in the Supporting Information Table S6,
showed clear differences between the BPEA PLQEs before and
after coordination onto the YbNP@NdNPs. Following
coordination, the PLQEs of BPEA-0, BPEA-1, and BPEA-2,
were observed to be reduced from 85% (BPEA-0) and 73%
(BPEA-1 and BPEA-2) to 6% (YbNP@NdNP@BPEA-0) and
13% (YbNP@NdNP@BPEA-1 and YbNP@NdNP@BPEA-2).
This 14-to-6-fold reduction in PLQE highlights not only
successful ligand coordination, but also indicates that non-
radiative decay channels have been turned on for the excited
BPEA spin-0 singlet excitons. The larger reduction for BPEA-0
indicates the nonradiative decay pathways to be more efficient,
presumably due to closer coupling to the YbNP@NdNP
surface.

Triplet Formation and Triplet Energy Transfer in
YbNP@NdNP@BPEA Heterostructures. Energy transfer in
these systems was first verified through excitation photo-
luminescence spectra. Monitoring the emission of Yb3+ ions in
the YbNP@NdNP@BPEA nanohybrids showed a clear
dependence of this emission on the BPEA absorption, thereby
providing proof that energy transfer occurs in these systems
(Supporting Information Figure S11).
In order to quantitatively study the energy transfer, we

turned to pump−probe spectroscopy to further investigate the
excited state dynamics of the YbNP@NdNP@BPEA nano-
hybrid systems. As we are, among other things, interested in
the dynamics of triplet excitons, we carried out triplet

Figure 3. (a) DFT simulated FTIR spectra of the uncoordinated BPEA derivatives (dotted lines) and BPEA coordinated to Nd3+ ions (solid lines).
The optimized coordinated structures (Nd-BPEA-n) are superimposed. (b) Panel (i), DFT simulated FTIR spectra of uncoordinated BPEA-0
(dotted line), BPEA-0 coordinated to Nd3+ (black line) and BPEA-0 coordinated to Na+ (gray line). Panel (ii−v), experimental FTIR spectra of:
panel (ii) BPEA-0, panel (iii) YbNP@NdNP@BPEA-0 where the native OA ligands have been fully replaced by BPEA-0, panel (iv) YbNP@
NdNP@BPEA-0 where the native OA ligands have been partially replaced by BPEA-0, and panel (v) the native YbNP@NdNP@OA particles. The
vertical dotted lines indicate the highest intensity peaks in the DFT simulated spectra of Na-BPEA-0 (1412 cm−1), Nd-BPEA-0 (1628 cm−1) and
BPEA-0 (1684 cm−1).
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sensitization experiments (Supporting Information Figure S14)
using PdOEP as a triplet sensitizer, which showed a broad Tn
← T1 photoinduced absorption (PIA) of the BPEA derivatives
between 420−550 nm, in agreement with previous reports.38

We calculated the triplet extinction coefficients from the
sensitization experiments, as summarized in the Supporting
Information Table S4. These were used further on to
determine the triplet yields in these systems.
The difference transmittance (ΔT/T) spectra obtained from

pump−probe measurements of the uncoordinated BPEA
derivatives are shown in Figure 4a (BPEA-0), 4c (BPEA-1),
and 4e (BPEA-2). These spectra are characterized by a ground-
state bleach (GSB) between 450−500 nm, overlapping with
the BPEA absorption, and a broad Sn ← S1 PIA on both the
high and low energy side of the GSB. Both the GSB and Sn ←
S1 PIA were found to decay concomitantly with a decay
constant of ∼3.5 ns, which is in good agreement with the
observed lifetime from time-resolved emission measurements
(Supporting Information Figure S15).

No significant signal corresponding to the Tn ← T1 PIA was
observed for the uncoordinated BPEA derivatives (Figure
4a,4c,4e), which is expected from the high PLQE and thus
negligible triplet formation yields of the pristine BPEA
derivatives.
Upon coordination of the BPEA ligands onto the YbNP@

NdNPs, the GSB and Sn ← S1 PIA decay kinetics were found
to be highly accelerated in comparison to the uncoordinated
ligands and the growth of a new PIA within a few nanoseconds,
corresponding to the Tn ← T1 PIA, is observed (Figure
4b,4d,4f). This shows triplet exciton generation is successfully
turned on in YbNP@NdNP@BPEA nanohybrids. Triplet
generation in these systems can occur through a combination
of intersystem crossing and energy back transfer from the Nd3+
ions to the T1 energy level of the BPEA derivatives. Based on
fitting of the rise time of the Tn ← T1 PIA, we estimated the
total triplet generation times to be 10.8, 13.6, and 19.9 ns for
YbNP@NdNP@BPEA-0, YbNP@NdNP@BPEA-1, and
YbNP@NdNP@BPEA-2, respectively (Table 1). These triplet
generation times can be shown to increase exponentially with

Figure 4. Excited state dynamics of uncoordinated BPEA derivatives (a, c, e) and YbNP@NdNP@BPEA nanohybrids (b, d, f) measured through
transient absorption spectroscopy under 400 nm excitation at a fluence of 50 μJ/cm2. The spectra shown are the time-averaged pump−probe
ΔT/T signals over the time ranges indicated in the legend. The newly observed photoinduced absorption between 400−550 nm that is only
present in the YbNP@NdNP@BPEA nanohybrid spectra corresponds to the BPEA Tn ← T1 photoinduced absorption (see Supporting
Information Figure S14).

Table 1. Summary of the Excited State Dynamics of the YbNP@NdNP@BPEA Nanohybrids

system S1 decay (ps) T1 rise (ns) T1 decay (ns) triplet yield (%) SET efficiency (%) TET efficiency (%)

YbNP@NdNP@BPEA-0 232 ± 9.6 10.8 ± 1.4 396 ± 13.3 53 ± 9 83.1 ± 0.5 99.6 ± 0.1
YbNP@NdNP@BPEA-1 486 ± 12.5 13.6 ± 2.4 696 ± 24.2 30 ± 9 64.5 ± 0.9 99.3 ± 0.1
YbNP@NdNP@BPEA-2 522 ± 17.6 19.9 ± 1.9 1580 ± 52.7 11 ± 3 61.9 ± 1.4 98.4 ± 0.1
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the increasing number of −CH2− spacers. Using the measured
triplet extinction coefficients, we calculated the triplet yields in
these systems to be 53 ± 9, 30 ± 9, and 11 ± 3% for YbNP@
NdNP@BPEA-0, YbNP@NdNP@BPEA-1, and YbNP@
NdNP@BPEA-2, respectively (Table 1, see Supporting
Information Table S5 for further details). These are the
maximum triplet yields calculated from the peak of the Tn ←
T1 PIA. These results clearly indicate triplet exciton generation
to be highly dependent on the proximity of the BPEA
chromophores to the LnNPs.
As the goal of this work is to unravel the energy transfer

mechanisms at play in these systems, we next fitted the decay
dynamics of the Tn ← T1 PIA to determine the rates of TET.
We attribute the decay of this PIA to TET from the BPEA
derivatives to the YbNP@NdNPs. A control experiment of
BPEA-0 attached to GdNPs, which do not have energy levels
available for energy transfer, showed no significant decay of the
Tn ← T1 PIA over the duration of the measurement despite
similarly fast triplet formation (Supporting Information Figures
S6 and S7), highlighting that the decay when attached to
YbNP@NdNPs is a result of TET. The measured decays
averaged over the Tn ← T1 PIA between 430−530 nm and
corresponding fittings of this spectral region are shown in
Figure 5a. We found the decay time and as such the TET
lifetimes (rates) to be 396 ns (2.5 × 106 s−1), 696 ns (1.4 × 106

s−1), and 1580 ns (6.3 × 105 s−1) for YbNP@NdNP@BPEA-0,
YbNP@NdNP@BPEA-1, and YbNP@NdNP@BPEA-2, re-
spectively (Table 1). The relatively slow TET times in these
systems are presumably due to the suboptimal orientation of

the BPEA derivatives on the LnNP surface as coordination
occurs via the 2’ position on the anthracene core.39

Analysis of the distance dependence of the TET rates
(kTET), as shown in Figure 5b and the Supporting Information
Figure S10, shows a clear exponential distance dependence of
kTET despite the relative flexibility of the aliphatic linking units,
highlighting that TET occurs via a through-bond mechanism,
as is expected for a Dexter mechanism.40 The distance
dependence can be described using the following formula

k k dexp( )TET 0=

Where d is the donor−acceptor distance, k0 the energy transfer
rate in the limit where d = 0, and β the so-called damping
coefficient, which describes the sensitivity of kTET on d, i.e., on
the distance between BPEA and the acceptor Nd3+ ions. We
estimated these distances from the DFT calculations described
in Figure 3 and the Supporting Information, and find a β-value
of 0.60 ± 0.04 Å−1, indicating a relatively strong distance
dependence, which can be expected due to the small radial
expansion of the Ln3+ 4f acceptor orbitals, leading to a rapid
drop-off in orbital overlap required for Dexter-type energy
transfer.
To the best of our knowledge, this is the first report directly

quantifying the Dexter damping coefficient for TET from
organics to LnNPs in LnNP@organic nanohybrid systems and
as such no comparable values for similar systems were found in
the literature. However, a comparison to quantum dot−organic
systems could be useful as TET between inorganic semi-
conductor nanocrystals and surface bound anthracene
derivatives has been reported before.41,42 Here a β-value of

Figure 5. (a) Normalized kinetics extracted from the Tn ← T1 photoinduced BPEA absorption in the YbNP@NdNP@BPEA nanohybrids (dots)
with superimposed fittings (lines). (b) Triplet energy transfer rates (kTET, brown squares) as extracted from the Tn ← T1 photoinduced absorption
decay kinetics shown in panel (a) and triplet energy transfer efficiencies (black squares) versus the number of C−C bonds, i.e., n in BPEA-n, of the
aliphatic spacer. The logarithmic dependence of the energy transfer rates on this distance is consistent with a Dexter-type energy transfer
mechanism. The corresponding damping coefficient was found to be β = 0.60 ± 0.04 Å−1 (Supporting Information Figure S10). (c) Schematic
illustration of the through-bond coupling of the BPEA derivatives with the YbNP@NdNPs governing triplet energy transfer. (d) Normalized
kinetics extracted from the Sn ← S1 photoinduced BPEA absorption in YbNP@NdNP@BPEA nanohybrids (dots) with superimposed fittings
(lines). These kinetics were extracted from picosecond transient absorption measurements (see Supporting Information Figure S4). (e) Singlet
energy transfer rates (kSET, brown squares) and singlet energy transfer efficiencies (black squares) versus the number of C−C bonds, i.e., n in
BPEA-n, of the aliphatic spacer. (f) Schematic illustration of the through-space coupling of BPEA derivatives with the YbNP@NdNPs governing
singlet energy transfer.
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0.43 Å−1 for CdSe@anthracene nanohybrids was found, the
shallower distance dependence being a result of improved wave
function overlap.42 We would like to point out that TET in
these systems was primarily studied in the direction from the
inorganic semiconductor nanocrystals to the surface bound
organic ligands to sensitize triplet excitons on the organic
molecules, whereas our work focuses on TET from the triplet
excitons on the organic molecules to the LnNPs to sensitize
the lanthanide ion emission.
The TET rates from BPEA-0 to the YbNP@NdNPs were

measured in 5 different polarity solvents (see Supporting
Information Figure S9 and Table S3). No solvent-dependence
of the TET rate was found. Furthermore, we did not observe
any spectral features corresponding to the BPEA radical anion
or cation in the performed pump−probe experiments.43 This
indicates a concerted double electron transfer Dexter-type
process in which the donor and acceptor overall remain
electrically neutral and that does not occur via sequential
electron transfer steps, thereby not requiring large solvent
reorganization and explaining the solvent-independent TET
kinetics.44,45

The TET efficiencies (ηTET) of the three BPEA derivatives
were calculated using the following formula14,46

1TET
YbNP@NdNP@BPEA

GdNP@BPEA
=

Where τYbNP@NdNP@BPEA and τGdNP@BPEA are the decay times of
the Tn ← T1 PIA of BPEA when coordinated to YbNP@
NdNPs, i.e., in the presence of TET, and GdNPs, i.e., in the
absence of TET, respectively. For the latter, only the initial
decay of this PIA was observed after a 0.1 ms pump−probe
delay time (our maximum possible delay time) and as such
0.1 ms was used as a lower bound for the triplet lifetime in the
absence of energy transfer. The ηTET values were calculated to
be 99.6, 99.3, and 98.4% for YbNP@NdNP@BPEA-0, YbNP@
NdNP@BPEA-1, and YbNP@NdNP@BPEA-2, respectively
(Table 1).
This result shows the relevance of TET in nanohybrid

LnNP@organic systems: due to the long intrinsic lifetime of
the triplet excitons, TET, albeit slow, can occur efficiently even
over longer distances due to the absence of other radiative or
nonradiative pathways quenching the triplet excitons. Thus,
contrary to previous beliefs that close coupling is required to
ensure efficient TET, we find that in the absence of alternative
decay pathways, said triplets can still be transferred with high
efficiencies over a range of distances. However, as mentioned
before, the triplet exciton generation yield dropped from 53 to
11% upon going from YbNP@NdNP@BPEA-0 to YbNP@
NdNP@BPEA-2. The close coupling is thus mostly important
to ensure efficient triplet generation, which is clearly reflected
by the steep drop-off in triplet yield for longer linker lengths,
i.e., increased BPEA-Ln3+ distance. This is in contrast to SET,
which has to compete with spin-allowed and hence fast
processes such as fluorescence and internal conversion, as well
as with intersystem crossing, which therefore makes near-unity
efficient energy transfer from the singlet state more difficult to
achieve, as will be highlighted in the next section.

Singlet Energy Transfer in YbNP@NdNP@BPEA
Heterostructures. To study SET in these systems, we turned
to picosecond pump−probe spectroscopy. The obtained
spectra can be found in Figure S4 in the Supporting
Information. Here, we fitted the decay of the Sn ← S1 PIA

(530−630 nm) to elucidate the SET time. The measured
decays and corresponding fittings are shown in Figure 5d. As
expected, the decay is fastest for YbNP@NdNP@BPEA-0, 232
ps, which is expected to have the closest coupling between the
organic ligand and LnNP. Interestingly, however, we observe
the Sn ← S1 PIA of YbNP@NdNP@BPEA-1 and YbNP@
NdNP@BPEA-2 to decay with similar time constants, 486 and
522 ps, respectively (Table 1).
For comparison, we also looked at the GSB kinetics between

460 and 490 nm (Supporting Information Figure S5). These
kinetics show a rise over the first 10s of picoseconds, which has
previously been attributed to excited-state planarization of the
BPEA ligands.43 The subsequent decay of the signal was found
to be similar to that of the Sn ← S1 PIA discussed before. As no
energy transfer mechanism predicts the energy transfer rate to
remain approximately constant with increasing distance, as we
observed between BPEA-1 and BPEA-2 (Figure 5e), we
speculate that the flexibility of the aliphatic ligands means that
the core of the BPEA ligands can bend over the LnNP surface.
The higher flexibility of the BPEA-2 linker might allow for its
transition dipole moment to align with that of the acceptor
Nd3+ ions more readily and thereby facilitate fast energy
transfer.
As FRET is considered to occur via through-space

interactions,40 this could explain the similar rate of SET for
YbNP@NdNP@BPEA-1 and YbNP@NdNP@BPEA-2 and
might indicate a FRET mechanism dominating SET, at least
for larger donor−acceptor, i.e., BPEA-Nd3+, distances.
However, a Dexter-type mechanism at short distances
governing SET cannot be formally ruled out.
Similar as for the TET efficiencies, we estimated the SET

efficiencies (ηSET) for the three BPEA derivatives using

1SET
YbNP@NdNP@BPEA

GdNP@BPEA
=

Where τYbNP@NdNP@BPEA and τGdNP@BPEA now represent the
decay times of the Sn ← S1 PIA of BPEA when coordinated to
YbNP@NdNPs, i.e., in the presence of SET, and GdNPs, i.e.,
in the absence of SET, respectively. For the latter, we extracted
a decay time of 1.37 ns. This accelerated decay in comparison
to the uncoordinated ligands is a result of nonradiative
pathways such as intersystem crossing being turned on. As
such, the ηSET values were determined to be 83.1, 64.5, and
61.9% for YbNP@NdNP@BPEA-0, YbNP@NdNP@BPEA-1,
and YbNP@NdNP@BPEA-2, respectively (Table 1). This
clearly shows that, even though SET is faster than TET, the
SET efficiency drops much more rapidly than the TET
efficiency (which remained near-unity) upon increasing the
distance between the organic donor and LnNP acceptor.
The trend observed for the SET times as extracted from

pump−probe measurements is in agreement with that
observed in the PLQE measurements, where we observed
the quenched BPEA-1 and BPEA-2 PLQE to be an
approximate factor of 2 larger than that of BPEA-0. We
found the Yb3+ PLQEs in the nanohybrid systems to be 0.49%
for YbNP@NdNP@BPEA-0, 0.42% for YbNP@NdNP@
BPEA-1, and 0.45% for YbNP@NdNP@BPEA-2. The
relatively low PLQEs are a direct result of the low intrinsic
PLQE of the YbNP@NdNPs and as such we are cautious to
compare these values.
Finally, while the PLQEs of the prepared nanohybrid

systems remain low, Figure S13 in the Supporting Information
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shows the Yb3+ emission of the YbNP@NdNPs to be
enhanced by several orders of magnitude following BPEA
coordination. This again demonstrates successful energy
transfer and absorption enhancement through sensitization of
the lanthanide emission by the BPEA derivatives.

■ CONCLUSIONS
In conclusion, this work has shown that TET in LnNP@
organic nanohybrid systems from BPEA to YbNP@NdNPs
occurs via a concerted through-bond Dexter-type mechanism
with a damping coefficient of 0.60 ± 0.04 Å−1. Despite this
strong distance dependence, due to the absence of alternative
deactivation pathways of the T1 state and its long intrinsic
lifetime, TET occurred with near-unity efficiency for all three
BPEA derivatives. The conventional consensus is that close
coupling between the organic molecule and LnNP is necessary
to ensure efficient TET. We, on the contrary, show the TET
efficiency to be largely unaffected by the linker length and
show close coupling to primarily be important for efficient
triplet generation.
No clear distance dependence of the SET rate was found

and as such the mechanism underlying SET could not
unequivocally be determined. The similar rates of SET for
YbNP@NdNP@BPEA-1 and YbNP@NdNP@BPEA-2 we
attribute to the aliphatic linker unit allowing the BPEA ligands
to bend over the LnNP surface, allowing for their transition
dipole moments to more readily align with those of the Nd3+
acceptor ions. This thus implies a through-space mechanism
governing SET, which would be in accordance with a FRET
mechanism. As SET has to compete with other fast processes
such as intersystem crossing and fluorescence, near-unity
energy transfer efficiencies as found for TET could not be
achieved. The much higher, near-unity, TET efficiencies over a
range of distances provide an incentive to proceed via the
triplet excited state manifold for most efficient energy transfer.
Overall, this work is the first study directly investigating the

energy transfer mechanisms through distance dependence
measurements in LnNP@organic nanohybrids. The results
provide strong empirical evidence why sensitization through
the triplet excited state is beneficial for high efficiency
lanthanide sensitization. Thus, optimizing for efficient triplet
generation through designing new organic molecules with high
affinity for and hence close coupling with LnNPs has the
potential to result in the development of novel, high-
performing LnNP@organic nanohybrid structures with
enhanced optical properties.
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