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ABSTRACT: Quantum dot (QD)−organic hybrid materials offer promising spectral conversion platforms for applications such as
photoredox catalysis, solar energy conversion, 3D printing, and bioimaging. In spectral upconversion, the overall triplet energy
transfer (TET) efficiency remains limited due to inefficient secondary TET that occurs beyond the QD core, i.e., from triplet
mediators to annihilators (TET2). Here, we reveal that the hydrocarbon ligands on nanoparticles can remotely govern this external
TET2 that occurs entirely outside the core. By shrinking the native oleate ligand shell on PbSe QD sensitizers before attaching triplet
mediator ligands, the NIR-to-visible upconversion performance can be significantly improved. Transient absorption spectroscopy
confirms that the more compact ligand shell substantially accelerates TET2, boosting the highest transfer efficiency from 59.4% to
93.5%. We propose that the enhanced TET2 stems from shortened mediator-annihilator distances induced by reduced steric
hindrance from the shorter, proximal hydrocarbon ligands, as confirmed by molecular dynamics simulations. The strategy proves
versatile across multiple upconversion systems, including solid-state films, CdSe QD-based green-to-blue systems, and lanthanide-
doped nanoparticle-sensitized hybrids. Furthermore, the same principle remains applicable to molecular singlet fission−based
downconversion using QD as photon emitters, raising the highest photon−multiplication efficiency from 132% to 163%. Our work
demonstrates that ligand shell proximity can remotely tune TET beyond the nanoparticle core, providing a general route to optimize
inorganic−organic hybrid spectral up- and downconverters.
KEYWORDS: triplet energy transfer, upconversion, triplet−triplet annihilation, singlet fission, downconversion, quantum dots, lanthanides

■ INTRODUCTION
Colloidal quantum dots (QDs) have emerged as a new class of
triplet sensitizers and acceptors for organic molecules, thanks
to their tunable bandgaps, high extinction coefficients, high
triplet exciton generation yields, and exceptional photostability.
When coupled with organic molecules, they can enable the
generation of molecular triplet excitons that cannot be directly
excited by photons through efficient Dexter energy transfer,
eliminating the need for intersystem crossing.1−6 Sensitized
molecular triplet excitons are key to triplet−triplet-annihila-
tion-based photon upconversion (TTA-UC), the process that
converts low-energy light into higher-energy emission.
Conversely, when paired with singlet-fission (SF) chromo-
phores, QDs can accept the generated triplets and re-emit
them as multiple lower-energy photons, yielding photon

multiplicative downconversion (SF-DC).7−10 Such spectral
conversion platforms have emerged as important technologies
with broad applications in photocatalysis,11,12 bioimaging,13,14

3D printing,15 and solar energy harvesting.6,16−19

In TTA-UC, these material systems rely on triplet energy
transfer (TET) among three key components: the QD
sensitizer, a mediator ligand, and an annihilator molecule.
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Recent advances in mediator ligands anchored to QD surfaces
enable them to bridge the QD core and solution-phase
annihilators, overcoming TET inhibition induced by the long
aliphatic ligand shell. Their long triplet lifetimes also exceed
the self-recombination lifetimes of QD excitons, extending the
exciton lifetime window to facilitate subsequent TET to
annihilators.20−23 However, currently, the overall transfer
efficiency is still limited. Upon photoexcitation, the excitons
generated in a QD are extracted through a two-step energy
transfer (Scheme 1): (1) the TET from the QD core to the

mediator ligand directly bound to its surface (TET1), and (2)
the secondary TET outside the QD core, from the mediator
ligand to the annihilator (TET2), followed by the generation
of upconverted photons through TTA. The overall TET
efficiency is determined by the product of the efficiencies for
both transfer processes (ΦTET = ΦTET1 × ΦTET2). To date, the
efficiency of TET1 has been improved to over 90% in many
material combinations, owing to strategies such as QD shell
engineering,24−26 doping,27,28 passivation,29 stoichiometry
control,11,30 wave function control of QDs,31,34 energetics
control of the transfer processes,35,36 and the design of new
mediator ligands.37 However, the efficiency of the equally
critical TET2 process remains relatively low (typically 40−
60%)38,39 due to the lack of effective improvement strategies,
which limits the overall TET efficiency and further develop-
ment in TTA-UC. It has been demonstrated that TET2 can be
improved by extending the mediators’ anchoring group to QDs
(as the mediator-annihilator distance is reduced), but this is at
the cost of inhibiting TET1 as the QD-mediator distance is
also concomitantly increased. Currently, the only rational
strategy to improve TET2 is to increase the triplet lifetime of
the mediator,39 which would require redesigning the molecular
structures of all mediators working in different wavelength
ranges, making it challenging in practice. A universal strategy
that can enhance TET2 without inhibiting TET1, while being
applicable across all upconversion wavelength ranges, is
therefore needed in order to overcome the current limitations
on TET in QD-organic hybrid materials.
Here, we report the discovery that modifications of the

hydrocarbon ligand shell on QDs can indeed remotely tune the

TET2 process, even though the QD is not directly involved in
this step, thereby overcoming the current bottlenecks of TET
in QD-organic hybrid upconverters. Aliphatic hydrocarbon
ligands such as oleates (OA) are commonly used in the
synthesis of QDs, and they serve as passivation sources as well
as stabilizers that keep QDs dispersible in solution. It has been
extensively reported that these hydrocarbon ligands have a
major impact on direct energy/charge transfer between the
QD core and nearby donors/acceptors.1,23,40,41 We propose
that these hydrocarbon ligands can have an even more
significant impact on TET2, despite the QD core playing no
direct role in this process. When forming a QD-organic
mediator triplet sensitizer system, these hydrocarbon ligands
are only partially replaced by the mediator ligands,11,24 while a
decent amount of them still remain to maintain the colloidal
stability of QDs. These two species of ligands together form
the ligand proximity on the surface of QDs (Scheme 1). By
reducing the length of the hydrocarbon ligands, we
demonstrate that the upconversion QY of the system can be
substantially improved. Through a series of photophysical
characterizations of the TET dynamics, we confirm that the
TET2 transfer rate from the mediator to the annihilator is
significantly enhanced, increasing the transfer efficiency from
59.4% to 93.5%, which surpasses those reported previ-
ously.38,39 Our molecular dynamics simulations show that the
enhancements likely arise from the shortened mediator-
annihilator distance induced by the reduced steric hindrance
from the shorter, proximal hydrocarbon ligands. Efficient
TET1 is also retained with this strategy. We further examine
the versatility of the proposed strategy and found it to be
generally effective across multiple upconversion systems,
including solid-state films, CdSe QD-based green-to-blue
systems, and even lanthanide nanoparticle-sensitized hybrids.
Furthermore, the same principle remains applicable to
molecular SF-DC using QDs as photon emitters, significantly
improving the photon-multiplication efficiency from 132% to
163%. We propose that fine-tuning the surface ligand
proximity of nanoparticles can be an effective route to break
the current bottleneck of the overall TET efficiency in various
spectral conversion systems.

■ RESULTS AND DISCUSSION
An upconversion hybrid comprising lead selenide (PbSe) QDs,
5-carboxylic acid tetracene (5CT) mediator ligands, and
rubrene annihilators was employed in this work. PbSe QDs
were synthesized and employed as the triplet sensitizer owing
to their suitable band gap in the near-infrared (NIR) region
and relatively large exciton Bohr radius, which is considered to
be favorable for triplet energy transfer.31,32 We used the well-
established hot injection method by mixing lead oleate and
trioctylphosphine selenide (see Experimental Methods Section
for details) at elevated temperatures. Monodispersed QDs with
an excitonic peak at ∼840 nm (corresponding to a band gap of
∼1.47 eV) were obtained. The QDs were capped by OA
ligands, originating from oleic acid introduced during the
synthesis. While OA ligands provide adequate surface
passivation and colloidal stability to the QDs, the 18 carbon
atoms in their hydrocarbon chains are known to hinder charge
and energy transfer between the QDs and other materi-
als.23,42−44 We hypothesize that the OA ligands not only
impede direct triplet energy transfer from the QDs to
annihilator molecules but also limit the efficiency of TET2,
as the overall ligand shell might maintain a relatively large

Scheme 1. Schematic of Triplet Energy Transfer in QD-
Organic Upconversion Hybridsab

aUpon photoexcitation, the excitons generated in QDs first transfer to
the mediator ligands (TET1), followed by the secondary transfer to
the annihilator molecules (TET2). The TET2 process can be largely
affected by the distance between the mediator and annihilator, which
depends on the compactness of the hydrocarbon ligands of the QDs.
bEnergy transfer diagram of the QD-organic upconversion hybrids.
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distance between the mediator ligand and the annihilator
(Scheme 1). To facilitate closer contact between the mediator
and annihilator ligands, we exchanged the OA ligands on the
QDs with shorter hydrocarbon ligands, specifically octanoate
(8C) or butyrate (4C), before attaching 5CT as the mediator
ligands (Figure 1a). We observe negligible changes in both the
amplitude and shape of the absorption and photoluminescence
(PL) spectra of the QDs (Figure 1b), suggesting that the QD
cores are well preserved after the ligand exchange treatments.
This is further supported by X-ray diffraction (XRD) patterns
and transmission electron microscopy (TEM) images, which
revealed no significant changes in the crystallinity and the
monodispersed morphology of the QDs (Figures S1-S2 in the
Supporting Information). Additionally, the photoluminescence
quantum yield (PLQY) and the PL decay kinetics are similar
for all QDs with OA, 8C, or 4C ligands (Tables S2-S3 and
Figure S7), implying that the ligand exchange did not create
noticeable surface defects on the QDs.45

Fourier transform infrared (FTIR) spectroscopy revealed
suppressed peaks at 2957, 2926, and 2854 cm−1, corresponding

to the −CH3 asymmetric stretch, −CH2− asymmetric stretch,
and −CH2−/−CH3 symmetric stretch, respectively (Figure
1c). This confirms successful ligand exchange from the long-
chain OA to the shorter ligands.46−49 Thermogravimetric
analysis (TGA) also showed a lower contribution of the
ligands to the total mass of QDs when the OA ligands were
replaced with 8C or 4C ligands (Figure S3). This also implies
successful ligand exchange, as the ligands bonded to the QDs
now are lighter.49,50 We also performed 1H nuclear magnetic
resonance (NMR) measurements on the QDs (Figure S4). By
quantifying the amount of hydrogen protons bonded to the
carbon−carbon double bond, which is unique for OA ligands,
we found that more than 90% of OA ligands are replaced with
the shorter ligands (Table S1). To elucidate the change in
ligand shell compactness, we fabricated QD thin films (with
different ligands) and carried out small-angle X-ray scattering
(SAXS) measurements to reveal the interdot distance. It has
been well demonstrated that the interdot distance is mainly
dominated by the thickness of the ligand shell, which is
essentially determined by the ligand length.40,45,51 From the

Figure 1. Ligand exchange of the QDs and characterizations. (a) Schematic of the ligand exchange processes and attachment to 5CT mediator
ligands. (b) UV−vis absorption (solid lines) and photoluminescence (dashed lines) spectra of PbSe QDs capped with OA, 8C, and 4C ligands. (c)
FTIR spectra of the QDs with different ligands; the corresponding vibration modes are labeled. (d) Interdot spacing of QD thin films with different
surface ligands, derived from SAXS results. (e) UV−vis absorption of the QDs after attachment of 5CT mediator ligands; clear 5CT absorption
features can be observed at 400−500 nm. (f) Comparison between the absorption spectra of free 5CT molecules (black solid line) and those
bonded to PbSe QDs (dashed lines, obtained by subtracting the QD-only spectra from those after attachment of 5CT). The red shifts of the bound
5CT ligands indicate electronic coupling with QDs.
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azimuthal integration of the diffraction patterns, we calculated
the interdot spacing in the QD films (Figure 1d and Figure
S5). For OA-capped QDs, the interdot distance in the film was
approximately 4.2 nm, and it is reduced to 3.6 nm for 8C-
capped QDs, indicating a more compact ligand shell. We
noticed the QD film with 4C ligands showed a wider
distribution of interdot distances, which spans over 3.1−5
nm, with an average distance of 3.7 nm. Such patterns have
been reported previously. It can be attributed to less
homogeneous packing of QDs, which is common in QD
films with short ligands, causing regions with both long and
short interdot distances in the same film (Figure S6).40,51 As
the average interdot distance with 4C is shorter than that with
OA, and a large portion of the 4C-capped QDs possess the
shortest interdot distance (down to ∼3.1 nm) among all
samples, we suggest that the ligand shell is effectively thinner
than those with OA and 8C. We also note that the diameter of
our QDs is approximately 2.7 nm; together with the interdot
distances, we can calculate the ligand shell thickness. They are
estimated to be 1.5, 0.9, and 0.4 nm for OA-, 8C-, and 4C-
capped QDs, which are consistent with the ligand lengths
reported previously,52 confirming the successful modification
of the ligand shell.
After attaching the 5CT mediator ligands and performing

extensive purification, additional absorption peak features

around 400−550 nm were observed in the QDs with different
ligands (referred to as OA-5CT, 8C-5CT, and 4C-5CT in the
following) (Figure 1e). These peaks are attributed to the
absorption of 5CT bonded to the QDs. By subtracting the
absorption spectra of pristine QDs from those of the 5CT-
bonded QDs, clear redshifts in the 5CT peaks were observed.
This redshift is likely due to energy coupling between 5CT and
the QDs upon chemical bonding, or the change in the ligand’s
dielectric environment, as previously reported by other
groups.24, 53Nevertheless, both cases would indicate successful
incorporation of 5CT on the surface of the QDs. The coverage
of 5CT was found to be approximately 12 ligands per dot,
similar to that from other reports (see Experimental Methods
Section for more details).24,38 From the above results, we
conclude that the ligand exchange from OA to shorter ligands
was successful and had a negligible effect on the subsequent
attachment of 5CT to the QDs.
Upconversion hybrid materials were then constructed by

mixing the QDs with rubrene, which serves as both an
annihilator and an emitter. We selected 5CT-rubrene as the
mediator-rubrene combination because they have been well-
verified for upconversion by many other groups.4,39 Upon
excitation with an 808 nm NIR laser, all samples exhibited
visible PL (Figure 2a and Figure S9). Given that the QDs are
the only component in the hybrids capable of being directly

Figure 2. Upconversion emission and performance of the QD-organic hybrids. (a) Photograph of the NIR-to-yellow upconversion emission from
samples with QDs possessing different surface ligands; the samples were placed in 1 mm quartz cuvettes and excited using an 808 nm continuous-
wave laser. (b) Absorption (solid lines) and emission (dashed lines) spectra of rubrene and PbSe QDs taken in toluene at room temperature; the
808 nm excitation is absorbed only by the QDs. (c) Time-resolved PL decay of rubrene under 450 nm (direct) and 808 nm (indirect) excitation;
the extended lifetimes with 808 nm can be attributed to the upconversion processes involving long-lived triplet excitons. The fitting was produced
from OA-5CT. (d) Relative upconversion PL spectra of samples with QDs possessing different ligand proximities; those without 5CT mediators
are scaled up by 100. (e) Upconversion QYs of the samples at different QD concentrations; shorter hydrocarbon ligands always lead to higher QYs
regardless of whether 5CT mediators are attached.
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excited by the 808 nm laser (Figure 2b), the observed yellow
visible PL is attributed to the upconversion process, as
depicted in Scheme 1. This is further supported by the PL
decay kinetics. When rubrene is excited directly by a 450 nm
laser, the PL lifetime is approximately 8.4 ns, while it extends
to about 54 μs when the hybrid materials are excited by the
808 nm laser (Figure 2c and Figure S10). Such long PL
lifetimes are indicative of the long-lived triplet excitons in
rubrene before the TTA process (Table S4).6,37 We observed
that the upconversion intensity increases with shorter hydro-
carbon ligands, regardless of whether the 5CT mediator
ligands are attached (Figure 2a,d). The upconversion QY for
the sample with OA-capped QDs is about 0.0006%
(normalized to 100%), consistent with previous reports,32

and it increased to 0.0019%, 0.0073% for QDs capped by 8C
and 4C ligands, respectively, under optimized QD concen-
tration (Figure 2e and Table S6). This trend is expected and
consistent with previous reports,23,54 which can be attributed
to improved direct transfer from the QDs to rubrene
annihilators when the hydrocarbon ligands are shorter,
although the overall efficiencies are still minor (Table S6 and
Note in the Supporting Information). Upon attaching the 5CT
mediator ligands, the upconversion intensity significantly

increases, as expected (Figure 2d).32,33 The highest upconver-
sion QY achieved for OA-5CT, 8C-5CT, and 4C-5CT are
1.49%, 3.43%, and 3.80%, respectively (Figure 2e and Table
S6). This suggests that shorter hydrocarbon ligands can further
enhance the upconversion performance even in the presence of
the 5CT mediator ligands. We found that 4C-5CT consistently
demonstrated higher upconversion QY than others when the
concentration of 5CT or rubrene was modified (Figure S12).
This is further supported by the power-dependent upconver-
sion intensity measurements, which show a quadratic-to-linear
transition at lower incident powers when the hydrocarbon
ligands are shorter (Figure S13). We note that the highest
upconversion QY reported here is lower than those reported
by some other groups, which is likely caused by the higher QD
loading ratio in this study.11,38,53,55,56 To maintain more
accurate QY measurements, we kept the QD concentration at
0.25−2 mg mL−1 (Figure 2e), corresponding to approximately
10% absorption of NIR laser excitation. These concentrations
are higher than those reported by other groups;38,56 therefore,
the upconversion photon outcoupling efficiency might be
lower due to more substantial reabsorption by the QDs,
eventually causing lower average QY. We clarify that a higher
absorption ratio in an upconversion system should be more

Figure 3. fs-TA spectra in the NIR range and decay kinetics of excitons in QDs. (a−c) TA spectra of QDs with OA, OA-5CT, and OA-5CT mixed
with rubrene annihilators (Rub), respectively. (d−f) TA spectra of QDs with 4C, 4C-5CT, and 4C-5CT mixed with Rub annihilators, respectively.
(g) Kinetics of ground-state bleach (GSB) at 840−900 nm representing exciton populations in QDs capped with OA or 4C; there is negligible
decay within the time window (7.6 ns) measured. (h) Kinetics of GSB of QDs capped with OA-5CT or 4C-5CT before and after mixing with
rubrene annihilators; the decay kinetics are all similar. The fitting was produced from OA-5CT. (i) Schematic illustration of the unchanged TET1
process and negligible direct transfer from QDs to annihilators.
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realistic in practical applications, and it should reduce the error
when measuring QY (see Figure S8, Table S7 and discussion in
the Supporting Information). Our samples were strictly
prepared with the same standard; hence, the upconversion
QY reported for each sample here should precisely reflect the
corresponding energy transfer mechanisms. In addition, we
found that the shorter hydrocarbon ligands do not cause
noticeable changes in the stability of the upconversion system
(Figure S14), further indicating that the improvement in
upconversion performance arises from the more efficient TET
processes.
Important questions arise regarding the underlying mecha-

nisms that dictate the improved overall TET. We suggest that,
in the absence of 5CT, although shorter hydrocarbon ligands
can increase the upconversion QY by 1 order of magnitude
(from 0.0006% to 0.0073%), the absolute improvement in
efficiency remains minor (0.0067%), implying that the overall
direct TET from QDs to the rubrene annihilator remains
inefficient. On the other hand, with the 5CT mediator ligand,
the highest upconversion QY is improved from 1.49% (OA-

5CT) to 3.80% (4C-5CT). Such a significant enhancement in
the absolute QY (2.31%) cannot be solely attributed to the
slight enhancement of the direct TET from QDs to rubrene.
Therefore, we suggest that the shorter hydrocarbon ligands
should have improved the TET process where 5CT is involved,
i.e., either TET1 or TET2 (Scheme 1).
To elucidate the impact of shorter hydrocarbon ligands on

the TET within the hybrid materials, we employed femto-
second transient absorption (fs-TA) spectroscopy to inves-
tigate the underlying photophysical processes. We first
examined the TA features in the NIR range to investigate
the exciton transfer dynamics from the PbSe QDs. Pronounced
photobleaching peak features (positive change in transmission,
ΔT/T) can be observed at approximately 840 nm in QDs with
either OA or 4C ligands (Figure 3a and d), in good agreement
with the first excitonic peak position of the QDs (Figure
1b).40,57,58 Within the measurement time window of 7.6 ns, no
significant decay was detected in the photobleaching signal of
the QDs (Figure 3g), consistent with the relatively long
exciton lifetimes (∼2 μs) obtained from time-resolved PL

Figure 4. ns-TA in the visible range and analysis on TET2. TA spectra of QDs with (a) OA-5CT and (b) 4C-5CT ligand proximities. (c)
Normalized kinetics of the PIA features (560−700 nm) representing triplet populations in the 5CT mediators; the decay kinetics are similar in both
OA-5CT and 4C-5CT. Normalized kinetics of 5CT triplet population decay for QDs with (d) OA-5CT and (e) 4C-5CT ligand proximities when
they are mixed with rubrene annihilators at different concentrations. (f) Comparison of the 5CT triplet kinetics in the presence of 20 mM rubrene;
the faster decay in 4C-5CT indicates faster TET2. (g) Schematic illustration of the TET2 process with OA-5CT and 4C-5CT proximities; the
transfer rate constants are indicated.
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measurements (Figure S7 and Table S2). Conversely, when
5CT mediator ligands were attached to the QDs, both OA-
5CT and 4C-5CT exhibited substantial decay in the photo-
bleaching features within the measurement time window
(Figure 3b,e; see Figure S21a for 8C-5CT). This decay is
attributed to triplet energy transfer from the QDs to the 5CT
mediator ligands, corresponding to the TET1 process.21,22,38,54

We also observed that the formation of triplet in 5CT is
consistent with the decay of photobleaching in the QDs.
Notably, the decay kinetics of both samples were highly similar
(Figure 3h; Table S9 showing fitting results). We calculated
the rate constants for TET1 (kTET1) for both OA-5CT and 4C-
5CT, finding both of them to be approximately 2.0 ns−1 (see
Table S8 and Supporting Information for calculation). Thus,
we conclude that the change of hydrocarbon ligand shell has a
negligible effect on TET1. This is reasonable, as 5CT ligands
are directly bound to the surface of the QDs, and the distance
between them is primarily determined by the length and
structure of the mediator’s functional group.38 Reducing the
length of the hydrocarbon ligands, which are bound to other
sites on the QD, is unlikely to influence the distance between
the mediator and the QD. Therefore, the impact on TET1 is
expected to be negligible. The fs-TA measurements were also
carried out on 8C-5CT, and the results are also consistent with
those of OA-5CT and 4C-5CT (Figure S21c).
Additionally, the subsequent introduction of the rubrene

annihilator molecules into the OA-5CT, 8C-5CT, or 4C-5CT
systems did not induce noticeable changes in the TA features
of the QDs in the NIR range (Figure 3c and f, Figure S21b).
The decay kinetics of excitons in QDs are almost identical to
those in the absence of rubrene annihilators (Figure 3h, Figure
S21c). This confirms that the direct TET from QDs to rubrene
remains relatively minor, and the modifications of the
hydrocarbon ligand shell are unlikely to cause noticeable
changes to the decay kinetics of the TA features. We also

observed no obvious differences in the exciton decay kinetics
when the QDs were directly mixed with rubrene in the absence
of 5CT (Figures S16−S18). These findings are consistent with
the previously discussed upconversion QY results. With these,
we confirm that shorter hydrocarbon ligands have minimal
impact on both TET1 and direct TET from QDs to rubrene
(Figure 3i).
We therefore hypothesized that the observed improvements

in upconversion efficiency stem from enhanced transfer
processes outside the QD core, i.e., TET2 from 5CT mediators
to rubrene annihilators. To verify this hypothesis, we further
investigated the triplet exciton kinetics in the 5CT mediator
ligands by examining the TA features in the visible range. As
triplet excitons in organic molecules normally have longer
lifetimes (in the microsecond range),56 we conducted
nanosecond (ns-) TA measurements on the samples. Broad
photoinduced absorption (PIA, negative ΔT/T) features can
be observed within the 400−700 nm range for both OA-5CT
and 4C-5CT (Figure 4a,b). These features, with lifetimes in
the microsecond (μs) range, are consistent with the triplet
excitons in 5CT, as previously reported by multiple
groups.11,38,53 The generation of the PIA features aligns with
the decay of the excitons within the QDs (see Figure S19,
Figure S20, and Notes), further confirming that the PIA
features correspond to triplet population in 5CT mediator
ligands. The average lifetimes of the 5CT triplet excitons in
both OA-5CT and 4C-5CT are approximately 2.3 μs (Figure
4c and Table S11), indicating that the change in the ligand
shell is unlikely to affect the 5CT triplet exciton lifetimes prior
to the incorporation of rubrene annihilator (also see Figure
S21e for 8C-5CT).
To elucidate the kinetics of TET2 from 5CT to rubrene, we

conducted further TA measurements by incorporating rubrene
into OA-5CT, 8C-4CT, and 4C-5CT solutions. The
concentration of QDs was kept at 0.5 mg mL−1 in order to

Figure 5.Molecular dynamics simulations. Schematics of the systems with (a) OA and (b) 4C hydrocarbon ligands. Simulated carbon atom density
on the surface of (c) OA-5CT and (d) 4C-5CT QDs. The COM distance between 5CT and rubrene started from (e) 1 nm and (d) 2.7 nm initial
distances.
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maintain adequate overall probe beam transmission, while
rubrene at various concentrations was added. We observed
transitions of TA features from the triplet states of 5CT to
those of rubrene in all samples, confirming the occurrence of
TET2 processes (Figure S22).38 The decay kinetics of the
triplet excitons in 5CT are summarized in Figure 4d,e (also see
Figure S21, Figure S22, and Note for details). The decay of
triplet excitons in 5CT for all samples accelerated with
increasing rubrene concentration. Closer inspection of Figure
4d,e shows that the 5CT triplet decay accelerates more steeply
with the rubrene concentration for 4C-5CT than for OA-5CT.
This difference reflects the interplay between triplet diffusion
through the rubrene matrix and the final triplet transfer. At the
same rubrene concentration, the mediator in 4C-5CT sits
closer to the effective surface of the ligand shell, where the
rubrene molecules can easily access. In OA-5CT, the mediator
is further away from the shell surface, so the triplet in 5CT has
to diffuse further before it can meet an annihilator. As TET2 is
simply diffusion followed by the short Dexter transfer, the extra
diffusion length in OA-5CT slows the overall process and
weakens the concentration dependence, whereas the compact
shell in 4C-5CT allows the same encounter-limited regime to
be reached at lower concentration, giving the steeper
acceleration (Figure 4f, Figure S21f and Figure S23). At the
highest possible rubrene concentration of 20 mM, we
estimated the TET2 decay rate constant (kTET2) to be 1.62
μs−1 for OA-5CT, and it is enhanced to 4.33 μs−1 for 4C-5CT
(see Table S10 and Supporting Information for calculations).
This confirms that the TET2 process is significantly faster in
4C-5CT. The triplet exciton transfer efficiency is also
improved from 59.4% for OA-5CT to 93.5% for 4C-5CT at
20 mM rubrene (a 1.57-fold increase, Table S10). Given that
the TET1 efficiencies for OA-5CT and 4C-5CT are similar,
and assuming the TTA efficiency of rubrene is also comparable
in both samples, the increased TET2 efficiency should be
reflected in the upconversion QYs. According to Table S6,
under conditions of 0.5 mg mL−1 QDs and 20 mM rubrene,
the upconversion QYs are 0.91% for OA-5CT and 1.37% for

4C-5CT (a ∼1.50-fold increase), respectively. The enhance-
ments in the TET2 efficiency are consistent with the observed
improvements in upconversion QYs. Therefore, we conclude
that the change of ligand proximity can indeed improve the
overall upconversion performance via enhanced TET2
processes, where a shorter distance between the 5CT mediator
ligand and the rubrene annihilator can be achieved (Figure 4g).
To gain deeper insights into how the hydrocarbon ligands

influence the TET2 mechanisms, we further carried out
molecular dynamics simulations of rubrene interactions with
5CT mediator ligands anchored on the surface of QDs (see
Experimental Methods Section for detailed methods). Since
lead chalcogenide QDs typically exhibit an octahedral shape
when their size is smaller than 3 nm, we focused on the
dominating exposed (111) facets composed of Pb atoms.59 We
attached 5CT mediator ligands with either OA (Figure 5a) or
4C (Figure 5b) ligands to the QD surface, and the system was
exposed to toluene solvent (Figure S24). The conformation of
the ligands on the QD surface can be characterized by the
density distribution of carbon atoms (Figure 5c,d). The
simulations revealed that OA-5CT ligands extend approx-
imately 2 nm above the QD surface, whereas 4C-5CT ligands
terminate at 1 nm. The average carbon count is also generally
higher for OA-5CT. These results align with our expectations,
as OA (with 18 carbons) has a longer hydrocarbon chain than
4C.
To investigate the interaction with the acceptor, we placed

the system in solvent and simulated the time-dependent center
of mass (COM) distance between 5CT and rubrene, starting
from two positions: near (1 nm) and far (2.7 nm). Regardless
of the initial position, the 4C-5CT system consistently
exhibited a stable adsorption state (maintained at ∼0.7 nm
for ∼15 ns, Figure 5e,f), resulting in a short average distance of
1.9 nm over the 50 ns simulation. In contrast, the OA-5CT
system showed random diffusion with no obvious adsorption,
yielding larger average distances (2.1−2.9 nm). We attribute
the adsorption in 4C-5CT to the reduced steric hindrance of
the short ligands, which allows rubrene to penetrate the ligand

Figure 6. (a) Relative upconversion PL spectra of film samples with QDs possessing different ligand proximities; those without 5CT mediators are
scaled up by 10. (b) Upconversion QYs of NaGdF4:Yb nanoparticle-sensitized systems (at different concentrations). Shorter hydrocarbon ligands
clearly lead to higher QYs. (c) Upconversion QYs of CdSe QD-based systems (at different concentrations); shorter hydrocarbon ligands also lead
to higher QYs. Photographs of the (d) PbSe QD-sensitized upconversion solid-state thin films, (e) solution-phase NaGdF4:Yb nanoparticle-
sensitized upconversion systems, and (f) CdSe QD-based upconversion systems (green-to-blue).
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shell and engage in stable van der Waals contact with 5CT
(Figure S25c-d). These results support our hypothesis that
shorter hydrocarbon ligands enable a smaller average distance
between the mediator and the annihilator. Two factors may
contribute to the reduced steric hindrance in 4C-5CT: (1) the
shorter hydrocarbon ligand chain allows for a reduced contact
distance between rubrene and 5CT; and (2) the 4C ligands are
likely too short to interact with the adsorbed rubrene, whereas
the long-chain OA ligands may “sweep” rubrene away through
rocking or vibration (also see Supporting Information Videos).
Nevertheless, we emphasize that the adsorption of rubrene
onto 5CT is likely important, as a relatively static and short
rubrene-5CT distance would afford a higher probability of
TET compared with random, transient contact events. This
observation may also explain why the triplet decay of 5CT
accelerates more sharply with increasing rubrene concentration
in the 4C-5CT system than in the OA-5CT system, as
discussed earlier (Figure 4d,e).
Our strategy to enhance TET2 and thereby improve

upconversion performance by optimizing ligand shell compact-
ness is expected to be broadly applicable across various
material systems and configurations. Here, we demonstrate
that this strategy is also effective in three systems, including:
(1) solid-state upconversion thin films based on the same PbSe
QD system; (2) a lanthanide nanoparticle-based upconversion
system; and (3) a green-to-blue upconversion system based on
cadmium selenide (CdSe) QDs as the sensitizers.
The upconversion thin films were fabricated via spin-coating

the mixtures of PbSe QD sensitizers mentioned above (with
varying ligand proximities) and rubrene. Upon excitation with
an 808 nm NIR laser, clear upconversion PL signals were

observed, and we found that the upconversion PL intensities
increase with shorter hydrocarbon ligands (Figure 6a). Films
incorporating 5CT-bonded QDs exhibited more pronounced
upconversion PL, visible to the naked eye (Figure 6d), with
intensity also increasing as the hydrocarbon ligand length
decreased. The measured QYs of the thin films also follow the
same trend (Figure S26 and Note for details), implying that
the compact ligand strategy is also effective in upconversion
solid-state films. We further confirmed that the thermostability
of the upconversion films is not affected by the shorter
hydrocarbon ligands (Figure S28), indicating that the strategy
is suitable for practical applications.
We also extended our study of NIR-to-visible upconversion

by employing lanthanide-doped nanoparticles as the sensitizer.
Recently, it has been demonstrated that ytterbium-doped
sodium gadolinium fluoride (NaGdF4:Yb) nanoparticles can
serve as efficient triplet sensitizers for organic molecules.60,61

As the energy corresponding to the lowest excited state (2F5/2)
of Yb3+ is 1.26 eV (∼980 nm), which is above the triplet
energy of both 5CT and rubrene, NaGdF4:Yb nanoparticles
should be eligible as the triplet sensitizer in the same TTA
system. We therefore constructed NaGdF4:Yb-sensitized
upconversion hybrid materials in a similar way, i.e., exchanging
the native oleate ligands to short-chain hydrocarbon ligands,
followed by the attachment of the 5CT mediator and mixing
them with concentrated rubrene annihilators. A 980 nm NIR
laser was used as the excitation source. All samples based on
the NaGdF4:Yb sensitizers showed bright upconversion PL,
and the intensity improves with shorter hydrocarbon ligands,
where the difference is visible to the naked eye (Figure 6e). As
summarized in Figure 6b, at a series of NaGdF4:Yb

Figure 7. Molecular singlet fission (SF)-based downconversion (SF-DC) using QDs as NIR photon emitter. (a) Schematics of SF in TIPS-Tc
molecules and the subsequent TET to TIPS-TCA and QDs, followed by photon re-emission. (b) Absorption spectra of the QDs before and after
attachment of TIPS-TCA ligands. (c) QY enhancement calculated by comparing QY under 510 and 635 nm excitation sources. The inset shows
the emission spectra of QDs. (d) QD PL excitation spectra of SF-DC solutions with different ligands. The excitation spectra are normalized to the
intensity at 700 nm.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c22144
ACS Nano XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22144/suppl_file/nn5c22144_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22144/suppl_file/nn5c22144_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22144/suppl_file/nn5c22144_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22144/suppl_file/nn5c22144_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c22144?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c22144?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c22144?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c22144?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c22144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentrations, the upconversion QYs are consistently the
highest for nanoparticles with 4C-5CT ligands, followed by
8C-5CT and OA-5CT. The highest QY (at 10 mg mL−1

sensitizer concentration) improved from 1.2% for those with
OA-5CT, to 2.6% and 5.3% with 8C-5CT and 4C-5CT
ligands, respectively. This trend is exactly the same as that in
the QD-sensitized systems. Therefore, we conclude that our
ligand proximity strategy is also applicable in lanthanide-doped
nanoparticle-sensitized upconversion systems.
To demonstrate that our strategy is also applicable for

materials in different wavelength ranges, we extended the work
to a well-studied green-to-blue upconversion hybrid materials
system, which consists of cadmium selenide (CdSe) QDs, 9-
anthracene carboxylic acid (9ACA) mediator ligands, and 9,10-
diphenylanthracene (DPA) annihilators.20−22,27,62−65 The
upconversion QYs for these materials are summarized in
Figure 6c. Utilizing the original OA hydrocarbon ligands in
conjunction with 9ACA ligands, we obtained the highest
upconversion QY of approximately 10.4%. When shorter
hydrocarbon ligands were employed, the highest QY was
notably enhanced to 15.8%, a result that was consistent with
the visually brighter upconversion emission observed (Figure
6f). This outcome confirms that our compact ligand strategy is
applicable not only in NIR-to-visible upconversion but also in
green-to-blue systems and likely more wavelength ranges.
To further examine the versatility of our strategy, we

extended our study on an SF-DC hybrid system, where bis
((triisopropylsilyl)ethynyl) tetracene (TIPS-Tc) molecules
serve as the exciton multiplier via singlet fission, 6,11-
bis((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid))
(TIPS-TCA) ligands serve as triplet mediators, and PbSe
QDs serve as the final triplet acceptor and photon re-emitter
(Figure 7a). We note that such material combinations have
been proven feasible in converting a visible photon into
multiple NIR photons,7−10 and the process is essentially
opposite to the upconversion system discussed above. Here,
we hypothesize that the ligand strategy can also improve the
TET outside the QD core, i.e., the TET from TIPS-Tc singlet
fission molecules to the TIPS-TCA mediators (Figure 7a). We
synthesized PbSe QDs with a band gap of ∼1 eV
(corresponding to the first exciton peak at 1240 nm), slightly
below the triplet energy of the TIPS-TCA mediator
(approximately 1.1−1.2 eV).8 Ligand exchange processes
were carried out on the QDs, followed by the attachment of
the TIPS-TCA mediators. Similar to those in the upconversion
systems, we observed no noticeable changes in the absorption
features of the QDs after exchanging OA with 8C or 4C, and
the additional absorption features from TIPS-TCA indicate
successful attachment of the mediators (the samples are
referred to as OA-TIPS-TCA, 8C-TIPS-TCA, and 4C-TIPS-
TCA, respectively).
The QDs were then added into a concentrated TIPS-Tc

solution (∼200 mg mL−1), which generates multiple triplets
from each photon via SF. The performance of photon
multiplication can be assessed by comparing the NIR QY
when selectively exciting either the QDs or the SF molecules in
the hybrids, as photon multiplication only occurs when TIPS-
Tc SF molecules are excited, and they only absorb photons
below 550 nm (Figure 7b).8,66 We therefore excited the
hybrids with either a 635 or a 510 nm laser. From time-
resolved PL measurements, we found that the NIR PL lifetimes
from QDs for all samples were substantially increased from
∼0.9 μs to over 6 μs when excited by 635 and 510 nm lasers,

respectively (Figure S32). Such significantly prolonged life-
times confirm that when the TIPS-Tc molecules are excited,
the SF-generated long-lived triplet excitons are involved in QD
NIR emission through TET. The QY enhancement (i.e., the
ratio of photon multiplication) can be calculated by comparing
their corresponding QY under the two excitation sources,7,10

i.e., QY510/QY635, as shown in Figure 7c (also see Table S13).
Three samples for each hydrocarbon ligand were prepared and
tested, and we found that the average QY enhancement is
consistently the highest for 4C-TIPS-TCA, followed by 8C-
TIPS-TCA and OA-TIPS-TCA (Figure 7c). The average QY
enhancement for OA-TIPS-TCA was 132%, and it improved to
151% for 8C-TIPS-TCA and 163% for 4C-TIPS-TCA. This
trend is consistent with all the upconversion systems reported
in this work. PL excitation (PLE) spectra of the samples were
also collected by monitoring the QD NIR PL intensity with
different excitation wavelengths (Figure 7d). Compared to that
of pure QDs, the PLE spectra for downconversion samples
exhibit extra features within the range of 425−550 nm, which
correspond to the absorption of TIPS-Tc SF molecules.7,8 The
contribution of TIPS-Tc in the PLE spectra consistently
increased from OA-TIPS-TCA to 8C-TIPS-TCA and 4C-
TIPS-TCA, which indicates more efficient TET when the
hydrocarbon ligands are shorter. With these results, we confirm
that our strategy is also effective in SF-DC systems.
Given the above results, we suggest that our strategy holds

broad potential for enhancing energy transfer efficiency in a
wide range of material systems that rely on the interfaces
between nanomaterials and small molecules. This includes not
only other QD-based upconversion systems,11,25,53 but also
extends to downconversion materials,8,9 lanthanide-based
hybrid materials,61 possible metal cluster hybrid materials,67-
69 and more.

■ CONCLUSIONS
In summary, a general strategy that can overcome the current
limitations of TET in various QD-organic hybrid materials has
been demonstrated. For TTA-UC, we have shown that shorter
hydrocarbon ligands on QDs can remotely enhance TET2,
hence improving the overall TET and upconversion efficiency
in hybrid materials comprising PbSe QDs, 5CT mediator
ligands, and rubrene triplet annihilators. This enhancement is
attributed to the altered surface ligand shell compactness on
the QDs, which facilitates closer contact between the
mediators and annihilators, thereby accelerating triplet transfer
beyond the QD core. Through comprehensive photophysical
characterizations, we have confirmed that our strategy
primarily improves the rate and efficiency of TET2 from the
mediator ligand to the annihilator, while maintaining efficient
TET1, thereby supporting our hypothesis. Further simulation
results suggest that stronger adsorption of rubrene onto 5CT
occurs in 4C-5CT, due to reduced steric hindrance from the
shorter, proximal hydrocarbon ligands. This ligand proximity
strategy is effective not only in solution-based systems but also
in solid-state upconversion thin films fabricated from the same
materials. Additionally, we have successfully applied this
strategy to other upconversion material systems, including
CdSe QD- and lanthanide-doped nanoparticle-sensitized
systems. The same principle also applies in molecular SF-DC
hybrids employing QDs as photon emitters, where a significant
improvement in the photon-multiplication efficiency was
achieved by the same strategy. We suggest that the ligand
shell on nanoparticles affects not only energy transfer where
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the core is involved but also beyond the core. The compact
ligand proximity strategy proposed in this work is broadly
applicable across a wide range of material systems and
applications that rely on energy transfer at the interfaces
between nanomaterials and semiconductor organic molecules.

■ EXPERIMENTAL METHODS

Materials
Oleic acid (OA, tech grade, 90%), 1-octadecene (ODE, 90%),
selenium powder (Se, 99.999%), cadmium oxide (CdO, 99.99%),
octanoic acid (8C, 99%), and butyric acid (4C, 99%) were purchased
from Sigma-Aldrich. Bis((triisopropylsilyl)ethynyl) tetracene (TIPS-
Tc) and 6,11-bis((triisopropylsilyl)ethynyl)tetracene-2-carboxylic
acid)) (TIPS-TCA) were purchased from Zhengzhou Alfa Chemical
Co., Ltd. Lead oxide (PbO, 99.999%) was purchased from Aladdin.
Tri-n-octylphosphine (TOP, 70%) was purchased from Macklin.
HPLC-grade n-hexane, toluene, tetrahydrofuran, and acetone were
purchased from Chron Chemicals.

QDs Synthesis
The synthesis of PbSe was performed by modifying previously
published work.70 PbO (0.45 g), OA (1.62 mL), and ODE (12.67
mL) were mixed in a 50 mL three-neck flask and degassed under
vacuum at 80 °C, and the mixture was further heated to 110 °C under
vacuum for 1.5 h. Pb oleate was formed, as indicated by the
discoloration of the reaction to a clear solution. Then the reaction
atmosphere was switched to N2, and the reaction temperature was set
to 120 °C. 7.5 mL of selenium-trioctylphosphine solution (containing
0.64 g of selenium, 1.00 mmol) was then quickly injected into this hot
solution. Immediately after injection, the heater was turned off, and
the solution was transferred to a water bath for controlled cooling.
When the temperature dropped to 60 °C, the reaction solution was
cooled by injection of 5 mL of hexane. The PbSe QDs were washed 3
times by adding a 1:3 hexanes/acetone mixture, followed by
centrifuging at 7500 rpm for 3 min. The supernatant was discarded.
The final pellet was stored in the dark inside the glovebox for future
use.
The synthesis of CdSe was performed by modifying previously

published work.71 CdO (0.512 g), OA (3.5 mL), and ODE (32 mL)
were mixed in a 50 mL three-neck flask and degassed under vacuum at
80 °C. The mixture was further heated to 110 °C under vacuum for
1.5 h. Subsequently, the temperature was raised to 260 °C. After the
solution became clear, it was maintained at 260 °C for 5−10 min. The
temperature was then lowered to 120 °C, and the system was purged
with nitrogen three times. Following this, the temperature was
increased to 245 °C, at which point a suspension of 0.316 g of
selenium powder dissolved in 5 mL of ODE was swiftly injected. The
reaction mixture was allowed to cool to 175 °C, followed by cooling
to room temperature using a water bath. The resulting CdSe QDs
were purified by precipitation with anhydrous ethanol/hexane and
isolated via centrifugation, with this purification cycle repeated three
times.

5CT Synthesis
5CT was synthesized following previously published work.72,73

NaGdF4:Yb Synthesis
The lanthanide nanocrystals were synthesized via a coprecipitation
method.74 For NaGdF4:Yb (50 mol %) nanocrystals: Gd(CH3CO2)3
(0.2 mmol) and Yb(CH3CO2)3 (0.2 mmol) were mixed with OA (6
mL) and octadecene (9 mL) in a 50 mL flask and heated at 150 °C
for 2 h. The mixture was cooled to 50 °C, and a methanol solution (6
mL) containing NaOH (2.5 mmol) and NH4F (4 mmol) was added,
followed by stirring for 12 h. The temperature was raised to 100 °C to
evaporate methanol, and then the reaction proceeded at 270 °C for 1
h under nitrogen. After cooling to room temperature, the nanocrystals
were precipitated with ethanol/hexane, collected by centrifugation at
12,000 rpm for 5 min, and redispersed in hexane.

Ligand Exchange of PbSe/CdSe QDs with 8C or 4C
The ligand exchange of PbSe QDs was performed by modifying
previously published work.67 In brief, the purified QDs (50 mg mL−1

in toluene) were first loaded into separate sample vials in a nitrogen-
filled glovebox. The liquid-phase ligands (8C and 4C) were slowly
added to the QD dispersion by using a micropipette. ∼0.08 mmol of
ligands was added to 12.5 mg of QDs. After the ligands were added,
the QD dispersions were stirred for about 40 min. The exchanged
QDs were purified by adding extra toluene and acetonitrile, followed
by centrifugation. The purification process was repeated twice more
to remove the residual ligands. The purified QDs were then dispersed
in toluene at a concentration of ∼20 mg mL−1 and filtered. The
hexane solvent was then removed by vacuum drying. The QDs were
finally dispersed at concentrations of 20 mg mL−1 and 10 mg mL−1 for
upconversion and 5CT ligand exchange.
The ligand exchange of CdSe QDs was performed as follows.

Purified QDs (50 mg ml−1 in toluene) were first loaded into separate
sample vials in a nitrogen-filled glovebox. The liquid phase ligands 8C
were slowly added to the QDs dispersion using a micropipette.
∼0.08 mmol of ligands was added to 10 mg of QDs. After the
addition, the QD dispersions were further stirred for about 40 min.
The exchanged QDs were purified by adding extra toluene and
acetonitrile, followed by centrifugation.

Ligand Exchange of PbSe/CdSe QDs with 5CT/9ACA
Mediators
PbSe ligand exchange was performed according to the literature with
some modifications.56 In brief, 5 mg of PbSe QDs capped with OA/
8C/4C ligands and 2 mg of 5CT were mixed in 0.4 mL of toluene and
stirred for 40 min. Then, 0.4 mL of this ligand exchange solution was
precipitated by adding 1.2 mL of acetone, followed by centrifugation
at 8000 rpm for 5 min. The pellet at the bottom was redispersed in 0.4
mL of toluene solution. The 5CT-functionalized QDs with different
ligands were labeled OA-5CT, 8C-5CT, and 4C-5CT.
CdSe ligand exchange was performed according to the literature

with some modifications.62 In brief, 5 mg of CdSe QDs capped with
OA/8C ligand and 15 mg of 9ACA were mixed in 0.4 mL of THF and
stirred for 2 h. Then, 0.4 mL of this ligand exchange solution was
precipitated by adding 1.2 mL of acetone, followed by centrifugation
for 5 min at 8000 rpm. The pellet at the bottom was redispersed in 0.4
mL of toluene solution. The 9ACA-functionalized QDs with different
ligands were labeled OA-9ACA and 8C-9ACA.

Ligand Exchange of PbSe QDs with TIPS-TCA
PbSe ligand exchange was performed according to the literature with
some modifications.8 5 mg of PbSe/QDs capped with OA/8C/4C
ligand and 5 mg of TIPS-TCA were mixed in a toluene/THF mixture
of 5:1 and stirred for 40 min. Then, 0.25 mL of this ligand exchange
solution was precipitated by adding 1 mL of acetone, followed by 5
min of centrifugation at 8000 rpm. The pellet at the bottom was
redispersed in 0.125 mL of toluene solution with 200 mg mL−1 TIPS-
Tc. The TIPS-TCA-functionalized QDs with different ligands were
labeled OA- TIPS-TCA, 8C- TIPS-TCA, and 4C- TIPS-TCA.

Estimation of the Number of 5CT/9ACA Mediator Ligands
per PbSe/CdSe QDs
PbSe QDs capped with 5CT were dispersed in toluene. Figure 1e
shows the absorption spectrum in toluene. Since the absorption
spectra of 5CT and PbSe QDs overlap in the visible range, in order to
calculate the number of bound ligands, the contribution of the QDs
must be taken into account. The differential spectrum (Figure 1f) was
obtained by subtracting the QD contribution from the 5CT/PbSe
spectrum (Figure 1e), which was used to estimate the number of
bound 5CT ligands. Note that the redshift in the bound 5CT
absorption (Figure 1f) confirms successful ligand exchange. The
extinction coefficient of 5CT at 482 nm is 5.3 × 103 M−1cm−1.24,38

The diameter of the PbSe QDs is ∼2.7 nm (Figure S2). Using these
values and Lambert−Beer law, we calculated the average number of
5CT ligands per PbSe QD to be ∼12.
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CdSe QDs capped with 9ACA were dispersed in toluene. Figure
S31 shows the absorption spectrum in toluene. Since the absorption
spectra of 9ACA and CdSe QDs overlap in the visible region, in order
to calculate the number of bound ligands, the contribution of the QDs
must be taken into account. The differential spectrum (Figure S31b)
was obtained by subtracting the QD contribution from the 9ACA/
CdSe spectrum (Figure S31a), which was used to estimate the
number of bound 9ACA ligands. The extinction coefficient of 9ACA
at 389 nm is 7.8 × 103 M−1cm−1.22 The diameter of the CdSe QDs is
∼2.5 nm (Figure S29b). Using these values and Lambert−Beer law,
we calculated the average number of 5CT ligands per CdSe QD to be
∼14.
Preparation of Samples for Transient Absorption and
Upconversion Measurements
For upconversion samples, PbSe QDs were dispersed in 20 mM
rubrene solution at concentrations of 0.25, 0.5, 1, and 2 mg mL−1,
respectively, followed by transfer into cuvettes with a 1 mm optical
path length. CdSe QDs were dispersed in 7 mM rubrene solution at
concentrations of 50, 150, and 400 μg mL−1, respectively, followed by
transfer into cuvettes with a 1 mm optical path length. CdSe QDs
were dispersed in 7 mM rubrene solution at concentrations of 50, 150,
and 400 μg mL−1, respectively, followed by transfer into cuvettes with
a 1 mm optical path length. NaGdF4:Yb nanocrystals were dispersed
in 20 mM rubrene solution at concentrations of 2.5, 5, 7.5, and 10 mg
mL−1, respectively, followed by transfer into cuvettes with a 1 mm
optical path length. For upconversion thin film samples, PbSe QDs
were dispersed in 20 mM rubrene solution at a concentration of 1 mg
mL−1. Then, a thin film was formed by rotating the soda-lime glass
substrate at 3000 rpm for 30 s. For transient absorption measure-
ments probing at 840−1300 nm, samples with optimal upconversion
QY were redispersed in toluene and transferred to a 2 mm path length
cuvette. For probe measurements in the 400−700 nm without
rubrene, the PbSe concentration was maintained at 2 mg mL−1. When
rubrene was incorporated, the PbSe concentration was reduced to 0.5
mg mL−1. All samples were prepared in a nitrogen-filled glovebox.
Preparation of Samples for Singlet Fission Measurements
For singlet fission samples, PbSe-TIPS-TCA QDs were dispersed in a
concentrated TIPS-tetracene solution (200 mg mL−1) at a
concentration of 40 mg mL−1 and then transferred to a 0.2 mm
borosilicate capillary tube. The PLQYs of the samples were measured
by using 510 and 635 nm lasers.
Upconversion Quantum Yield (QY) Measurement
The upconversion QY is calculated by comparison to a rubrene
reference excited at 520 nm. The photon upconversion QY, ΦUC is
calculated as

= × ×

×

2
photons absorbed by reference

photons absorbed by UC sample
PL

PL

UC reference

UCsample

reference (1)

= ×
hc

photons absorbed
laser power

/
(1 10 )Abs

(2)

where Φreference is the photoluminescence QY of the rubrene reference,
which is 79% in toluene (measured by an Edinburgh FLS1000
spectrometer with an integrating sphere).
Transient Absorption Spectroscopy
Transient absorption spectra were collected using an integrated
Helios and EOS setup (Ultrafast Systems LLC) operating in a
nondegenerate pump−probe configuration. Femtosecond transient
absorption spectra (TAS) were recorded on an integrated Helios
spectrometer (Ultrafast Systems LLC) configured in a nondegenerate
pump−probe geometry. The light source was a one-box Ti:sapphire
regenerative amplifier (Coherent Astrella F, 800 nm center wave-
length, 1 kHz repetition rate, and 100 fs pulse duration). The output
was split into two arms. One arm was directed through separate β-

barium borate (BBO) crystals to produce a 780 nm pump. Another
arm was transformed into a white-light continuum probe pulse (420−
1700 nm) via sapphire and YAG crystals. In the nanosecond TAS
setup, the pump is the same as in the femtosecond TAS setup, and the
probe is generated by a 20 kHz WLC laser, whose pulse duration is
less than 1 ns. The delay is controlled electronically. A 750 nm long-
pass filter was placed before the sample to ensure spectral purity.
Steady-State Absorption and Photoluminescence
Spectroscopy
Absorption spectra were measured using a Lambda 1050+. Photo-
luminescence spectra were measured by an Edinburgh FLS1000. The
upconversion spectra were measured by an Edinburgh FLS1000 with
another 808 nm continuous-wave laser.
HR-TEM
Transmission electron microscopy samples were prepared by
depositing 2−3 drops of PbSe quantum dots dissolved in a hexane
solution onto ultrathin carbon support films in a nitrogen-filled
glovebox using a JEM 2100F.
Small-Angle X-ray (SAXS) Scattering
The small-angle X-ray scattering data were collected on a Xenocs
Xeuss 3.0 instrument equipped with a D2+ MetalJet X-ray source
(Excillum, Ga Kα, λ = 0.154 nm). The beam size was less than 0.5 ×
0.5 mm2. Scattered X-rays were captured on a 2-dimensional Pilatus
detector. The scattering vector (q) was calibrated using a standard
silver behenate with the primary reflection peak at 1.076 nm−1.
Nuclear Magnetic Resonance Spectroscopy (NMR)
All NMR spectra were recorded on JEOL NMR instruments at 500
MHz for 1H NMR. All spectra were recorded at 25 °C. Chemical
shifts are reported in parts per million (ppm, δ), downfield from
tetramethylsilane (TMS, δ=0.00 ppm) and are referenced to residual
solvent (1H NMR: δ = 7.26 ppm for CDCl3). The Fe(C5H5)2 (1H
NMR: δ = 4.16 ppm) was used as an internal standard to determine
the ratio of ligand.
X-ray Diffraction (XRD)
XRD measurements were performed using a MiniFlex600 with Cu Kα
radiation (λ = 1.5406 Å). Diffractograms were collected within an
angular range of 10−80°.
Thermogravimetric Analysis (TGA)
TGA measurements were performed using a Mettler Toledo/TGA2
at a heating rate of 10 K min−1.
Fourier Transform Infrared (FTIR) Spectroscopy
FTIR measurements were performed using a JASCO FT/IR-4X
spectrometer.
Molecular Dynamics (MD) Simulations
All MD simulations were performed using the GROMACS 2024.2
package.75 The organic components (5CT, OA, 4C, Rubrene, and
Toluene) were modeled using the Generalized Amber Force Field
(GAFF),76 while the Pb surface was described by the Universal Force
Field (UFF).77 The simulation system was constructed as a periodic
box of 3.36 × 3.36 × 8.00 nm, representing a solid−liquid interface.
The surface consisted of a single 5CT molecule grafted at the
geometric center of the Pb slab, surrounded by 16 randomly grafted
ligand molecules (either OA or 4C, to establish distinct systems). The
functionalized surface was solvated with one rubrene molecule and
approximately 400 toluene molecules.
Prior to the production run, the system underwent energy

minimization to remove steric clashes. The production simulation
was conducted in the NVT ensemble for 50 ns with a time step of 1 fs.
The system temperature was maintained at 298.15 K using the Bussi-
Donadio-Parrinello (stochastic velocity rescaling) thermostat.78 Van
der Waals interactions were calculated by using a cutoff radius of 1.2
nm. All bond lengths involving hydrogen atoms were constrained
using the LINCS algorithm.79 The Pb surface atoms were frozen
throughout the simulation to mimic the bulk substrate. To ensure
statistical reliability, the number density profiles of carbon atoms

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c22144
ACS Nano XXXX, XXX, XXX−XXX

L

https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22144/suppl_file/nn5c22144_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22144/suppl_file/nn5c22144_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22144/suppl_file/nn5c22144_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22144/suppl_file/nn5c22144_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c22144/suppl_file/nn5c22144_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c22144?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


along the surface normal (z-axis) were calculated by averaging the
trajectory over the final 20 ns.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.5c22144.

XRD, TEM, TGA, NMR, SAXS, time-resolved PL,
power-dependent measurements, stability analysis, addi-
tional details of TA measurements, molecular simu-
lation, triplet transfer calculation, and discussions
(Figures S1−S32; Tables S1−S13, and videos of
molecular simulations). (TBC) (PDF)
Video of molecular dynamics simulation for OA-5CT.
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Video of molecular dynamics simulation for 4C-5CT.
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