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Near-Infrared-to-Deep-Blue Photon Upconversion Engineered
from PbS Quantum Dots and Perylene Derivatives

Hongyu Li,>" Qingxin Luan,®" Shuai Zhang,? Lin Xi,2 Yanan Feng,? Lili Hou*®®

Near-infrared (NIR)-to-visible light triplet—triplet annihilation photon upconversion (TTA-UC) holds great promise for solar
energy harvesting, photochemistry, and bioimaging. However, achieving a large apparent anti-Stokes shift from the NIR to
the blue region remains highly challenging. Here, we present the first TTA-UC system that can upconvert NIR excitation
beyond 800 nm with emission approaching the deep-blue spectral region. This performance is realized by precisely
engineering the triplet energy levels within only 0.06 eV among PbS quantum dots (QDs) as sensitizers, perylene-3-carboxylic
acid (3-PYCA) as a novel mediator and perylene as an annihilator. The system exhibits an exceptional anti-Stokes shift of up
to 1.3 eV, representing both a record performance to date and the maximum for QD-based TTA-UC systems. Meanwhile, a
high TTA-UC quantum yield of 2.1% (out of a 50% maximum) is achieved, which is an order of magnitude higher than
previously reported QD-based systems exhibiting anti-Stokes shifts above 0.8 eV. Moreover, the upconverted deep-blue
light enables efficiently activated cis-to-trans photoisomerization of azobenzene (Azo), demonstrating the high potential in

NIR light triggered photochemical transformation.

Introduction

Upconversion (UC) of low-energy photons to high-energy
photons has been widely applied in solar energy harvesting,#
biological imaging,> € optoelectronic devices’ and additive
manufacturing.® ® Recent progress in the design of lanthanide-
based upconversion nanoparticles (UCNPs) and nonlinear
optical strategies offers the possibility of achieving large anti-
Stokes shifts, enabling the conversion of near-infrared (NIR)
photons into ultraviolet (UV) emission.’%12 However, these
approaches require the use of high-intensity coherent light
sources, and the upconversion efficiencies remain very low
(generally less than 1%). Triplet-triplet annihilation photon
upconversion (TTA-UC), which employs energy-matched pairs
of photosensitizer and annihilator, is considered as one of the
most attractive approaches due to its high UC quantum yields
(UCQYs) and ability to convert low-intensity and incoherent
light, such as solar radiation.'®* Quantum dots (QDs)-based TTA-
UC has attracted increasing research attentions and achieved
rapid progress in recent years.!* Compared to organic
sensitization, QDs offer many advantages, including size-
tunable energy levels, broad absorption spectra, high molar
extinction coefficients, and strong spin-orbit coupling, which
are keys to efficiently sensitize molecular triplets.?>1° QD-based
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TTA-UC typically consists of three components: QDs, mediators
and annihilators. The QDs absorb incident low-energy photons,
then transfer the energy to mediators anchored on their surface
via the first triplet energy transfer (TET;) process. The yielded
long-lived triplet excited state of the mediators (on the
timescale of microseconds to milliseconds) allow the second
triplet energy transfer (TET;) step to the annihilators. Triplet-
triplet annihilation occurs when two annihilators in their excited
triplets encounter, with one annihilator transfers to its singlet
excited state from where a high-energy photon emits, and the
other relaxes to the ground state.

The apparent anti-Stokes shift in TTA-UC represents a key
parameter that demonstrates the energy difference between
upconverted and the excitation photons. It theoretically limits
to twice the sensitizer’s triplet energy minus the annihilator
singlet energy. In principle, it allows to upconvert near-infrared
light (NIR, >780 nm, <1.59 eV)) into deep-blue region (430-460
nm, 2.69-2.88 eV) with an anti-Stokes shift up to 1.3 eV, thereby
enabling access to many high-energy photoactivated processes,
such as photoisomerization, photocatalysis, bioimaging with
deep penetration. Considerable research has been devoted to
design TTA-UC from NIR region with large anti-Stokes shift in
recent two decades.'®2% For example, Castellano et al. reported
a conjugated supramolecular metal complex (Pyr1RuPZn2) that
upconverted 780 nm light to green emission with an anti-Stokes
shift of 0.86 eV and UCQYs approaching 0.4% (out of a
maximum of 50%).2! Kimizuka et al. designed an Os complex
(D1) as photosensitizers and rubrene as annihilators,?2 which
enables UC of 935 nm to yellow emission with an anti-Stokes
shift up to 0.86 eV and UCQYs of ~0.22%. Chen et al. reported
that non-organometallic cyanine sensitizers with high molar
extinction coefficients (€ > 10° M) at 808 nm, when paired with


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09759b

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 1:51:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Chemical Science

red annihilators, achieved UCQYs of up to 1.73%.23 Despite
these progresses, it remains challenging for molecular
sensitizers to absorb NIR photons beyond 800 nm and
subsequently drive efficient TTA-UC with anti-Stokes shifts over
1.0 eV and UCQYs above 1%. This is mainly due to energy-
matching constraints, energy loss during the intersystem
crossing (ISC) process, and increased non-radiative decay of
molecules in the NIR regime. QD-based TTA-UC can
theoretically achieve larger anti-Stokes shift because of their
small singlet-triplet splitting and the facile access of their
absorption and triplet levels into the NIR region.* Recently,
Pang et al. reported PbS QDs capped with thiophene-
substituted diketopyrrolopyrrole (Th-DPP) as mediators,
enabling the UC of 1064 nm excitation to yellow emission of
rubrene with an anti-Stokes shift of 1.07 eV and a UCQY of ~0.18
%.2* Deng et al. utilized lanthanide-doped nanocrystals with
porphyrin derivatives as mediators, achieving a maximum anti-
Stokes shift of 1.1 eV, but with a very low UCQY (<0.001%).2°
The challenges in QD-based TTA-UC lie not only on developing
non-toxic based QDs for sustainaility and improving QD quality
by surppressing surface traps and non-radiative pathways, but
also in engineering the surface ligand chemistry to enable stable
and efficient Dexter energy transfer. Specifically, when aiming
upconverting NIR light into deep-blue region with an anti-
Stokes shift approaching 1.3 eV and enhanced UCQY, it
demands precise energetic engineering of the QD sensitizer—
mediator ligand—annihilator assembly to efficiently harvest NIR
photons, minimize energy losses and maximize triplet exciton
generation.
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Fig. 1 Schematic of the NIR-to-deep-blue TTA-UC system containing the PbS QDs, 3-PYCA
as the mediator and perylene as the annihilator. 1.53 eV corresponds to the photon
energy of 808 nm excitation in PbS QDs. The lowest excited singlet state of perylene is
calculated from experiments, and lowest excited triplet states of 3-PYCA and perylene
are estimated from density functional theory calculations (see Supporting Information
for calculation details and estimation of energy levels).

Here, we report the first example of a NIR-to-deep-blue TTA-UC
system composed of PbS QDs and commercially available
perylene derivatives, achieving an anti-Stokes shift of up to 1.3
eV (Fig. 1), which, to the best of our knowledge, represents the
highest value reported to date for TTA-UC systems.?° This
performance is realized by precisely engineering the triplet
energy alignment between the QDs, mediator, and annihilator
within 0.06 eV bandgap. Perylene-3-carboxylic acid (3-PYCA)
was firstly introduced as a surface-bound mediator on PbS QDs,
relaying triplet energy from the QDs to perylene, which acts as

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

the annihilator. The triplet state of 3-PYCA lies slightly.belgw
that of PbS QDs, while enabling highly [&#fi¢ieHETEF{S909%)
process. The resulting triplet-excited 3-PYCA then undergoes
endergonic TET; to the perylene triplet state, followed by
triplet—triplet annihilation that generates deep-blue emission
from the singlet excited state of perylene (S; = 2.83 eV) under
808 nm (1.53 eV) excitation of PbS QDs. The NIR-to-deep-blue
UCQY was determined to be 2.1%, surpassing all previously
reported QD-based TTA-UC systems exhibiting anti-Stokes shifts
above 0.8 eV (Table S1). Furthermore, our system enables
efficient NIR activated photochemistry, as demonstrated by the
successful cis-to-trans photoisomerization of azobenzene (Azo)
under 808 nm irradiation without the need for direct blue or
violet excitation.

Results and discussion
Absorption and emission properties

The chemical structures and spectra of commercially available
perylene and 3-PYCA are shown in Fig. 2a. Perylene is a typical
annihilator that commonly paired with sensitizers that absorb
in visible region. Individual vibration energy levels of the ground
and singlet excited state of perylene cause significant structure
observed in photoluminescence (PL) spectra, with the main
emission bands are located in the deep-blue region.?627 The
photoluminescence quantum yield (PLQY) of perylene is
reported to be unity in the dilute solution.?® However, as an
annihilator, the typically used concentrations are above 1 mM,
therefore the concentration-dependent absorption, PL spectra
and PLQY of perylene were also determined and shown in Fig.
S1 and Table S2. When the concentration of perylene over 1
mM, the light below 450 nm is strongly absorbed and the first
emission band at 450 nm was tenuated due to the inner-filter
effect. No additional emission band appeared at longer
wavelength indicates the absence of excimer formaiton even at
the concentration of 20 mM.?° The decrease in PLQY to 75% at
10 mM and 45% at 20 mM is mainly attributed to aggregation-
induced PL quenching. The PL lifetime of perylene was
determined to be 4.05 ns in toluene as reported (Fig. S2).3°
Introduction of a carboxyl functional group into perylene
reduces its characteristic features in both absorption and
photoluminescence spectra, and induces spectral red shift due
to reduced vibrational activity and lower energy levels.3! The S;
energies of perylene and 3-PYCA are 2.83 eV and 2.67 eV,
respectively, determined from the crossing point of their
normalized absorption and emission spectra in Fig. 2a. The
density functional theory (DFT) calculations yield corresponding
S1 values of 2.73 eV for perylene and 2.55 eV for 3-PYCA, with
an estimated uncertainty of approximately 0.1 eV. The
calculated T1 energies are 1.53 eV for perylene (consistent with
the reported value)3? and 1.47 eV for 3-PYCA (Table S3).
Although the absolute T; energy level may slightly deviate due
to the inherent uncertainty of DFT calculation, the relative
energical difference between perylene and 3-PYCA of 0.06 eV is
condsidered reliable. The PLQY of 3-PYCA was determined to be
20% in toluene with a PL lifetime of 4.56 ns in toluene (Fig. S2).

This journal is © The Royal Society of Chemistry 20xx
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In order to match the triplet energy of 3-PYCA and access NIR
excitation over 800 nm, PbS QDs were synthesized to obtain
desired absorption band (section 1.2 in the SI).33 The size of
synthesized PbS QDs were determined to be 2.1+0.1 nm by
transmission electron microscopy (TEM, Fig. S3). PbS QDs show
the first exciton absorption band with the tail to 890 nm
(bottom of Fig. 2a) and the molar extinction coefficient of
2.74x10* Lmol! cm- at 808 nm, which is over 6-fold higher than
that of Os complex (about 4x103 L molt cm™) as NIR sensitizer.??
Emission band of PbS QDs peaked at ~825 nm with a PLQY of
68.2%.

The carboxyl functional group enables 3-PYCA to anchor onto
the surface of PbS QDs, allowing triplet excitons to be harvested
and transferred to form long-lived triplet 3-PYCA via Dexter-
type TET. Surface loading of 3-PYCA was achieved through a
ligand-exchange approach (section 1.3 in the Sl). The average
number of 3-PYCAs bound per QD is estimated to be about 10
(section 1.5 in the Sl). The absorption and PL spectra of PbS QDs
before and after 3-PYCA functionalization are shown in Fig. 2b.

Chemical Science

The typical absorption features of both PbS QDs angl 3:PYCAare
maintained, a small blue shift (~6 nm) ofthe BHsERYIon Bahres
of 3-PYCA was observed (Fig. S4). This may be due to the
electronic structure of 3-PYCA is slightly altered by PbS QDs.3*
The PL intensity of PbS QDs reduces significantly when 3-PYCA
attached, with a quenching efficiency of ~90%, which can be
attributed to the proposed TET; process.

TET properties from PbS QDs to 3-PYCA

Transient PL and absorption spectroscopies were employed to
further investigate the energy transfer from QDs to 3-PYCA. As
shown in Fig. 2c, the PL lifetime of PbS QDs attached with 3-
PYCA decays much faster than that of PbS QDs alone. The
average PL lifetime of only PbS QDs was determined to be 1.85
us, while that of the ligand-exchanged PbS QDs was only 53 ns

(fitting detailed in the section 2.5 of the Sl), yielding in a 97%
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Fig. 2 (a) Absorption and PL (red and black lines, respectively) spectra of perylene, 3-PYCA, and PbS QDs. (b) Absorption, PL spectra, and (c) Time-resolved PL decay at 830 nm of PbS
QDs with and without 3-PYCA ligand. The femtosecond TA spectra of (d) PbS QDs and (e) PbS QDs with 3-PYCA between 2 ps and 7000 ps. (f) The nanosecond TA spectra of PbS QDs
with 3-PYCA at a time delay of 100 ns. The inset shows the time-resolved triplet signal decay of PbS QDs with 3-PYCA at 530 nm.

quenching of the PL lifetime. The significant quenching of both
PL intensity and lifetime reveals the occurrence of a highly
efficient energy transfer process between PbS QDs and 3-PYCA.
Fig. 2d and 2e shows the femtosecond transient absorption
(fsTA) spectra of PbS QDs and PbS QDs anchored with 3-PYCA.
Upon the 800 nm pulsed excited, the PbS QDs exhibit a long-
lived exciton bleach (XB) centered at 710 nm and a broad
featureless excited-state absorption (ESA) below 650 nm,
consistent with previous reports.3> When anchored with 3-PYCA,

This journal is © The Royal Society of Chemistry 20xx

both XB and ESA process are significantly accelerated.
Compared with the long-lived XB of PbS QDs for over 500 ns,
the time-resolved XB decays of PbS QDs/3-PYCA at 720 nm
indicates a significantly shortened lifetime of 322.4 ps (Fig. S5).
Notably, at later times (>5.5 ns), a new positive transient band
emerges with the maximum between 530-550 nm. This new
species can be assigned to the triplet excited state of 3-PYCA.
Nanosecond transient absorption (nsTA) was performed to
further investigate the energy transfer from PbS QDs to 3-PYCA.

J. Name., 2013, 00, 1-3 | 3
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As shown in Fig. 2f, the nsTA spectra of PbS QDs/3-PYCA at 100
ns exhibits a positive transient absorption band with a peak at
530 nm, which also corresponds to the observation in the fsTA.
The time-resolved TA at 530 nm (insert in Fig. 2f) shows a long-
lived lifetime of 2.29 us, which can be assigned to the T; to T,
absorption of 3-PYCA, similar to the TA signal of previously
reported perylene.3® These results confirm the formation of
triplet 3-PYCA via TET; from PbS QDs, thereby will enable the
subsequent endergonic TET; step to perylene annihilators.

UC properties of a system consisting of perylene, 3-PYCA and PbS
QDs

The TTA-UC performance of our design was investigated by
mixing PbS QDs anchored 3-PYCA with perylene as the
annihilator (sample preparation in the section 1.4 of the SI).
Notably, although an endergonic energy gap (0.06 eV) between
3-PYCA and perylene, efficient TET can still occure due to the
high concentrated perylene in the TTA-UC solution. The UC
spectra in toluene under 808 nm light irradiation is shown in Fig.
3a, and blue emission from the solution was clearly observed
(insert in Fig. 3a). Notably, the first UC emission band peaks at
455 nm positioned in the deep-blue region. Comparing the TTA-
UC spectrum of perylene (Fig. 3a) with its intrinsic fluorescence
spectrum (Fig. S6), the reduced intensity of the first peak is
attributed to reabsorption at high concentration. The deep-blue
emission from TTA-UC process can be further enhanced by
using a short-path sample holder. When increasing light
intensity of 808 nm excitation, the enhancement of TTA-UC
intensity can be observed. Power-dependence of TTA-UC
intensity shows a transition from a quadratic to a linear regime
as expected (Fig. S7), which is a key characteristic of TTA-UC
systems.3” The excitation threshold of our TTA-UC system was
determined to be 5.2 W cm™. The TTA-UC emission of perylene
was also confirmed by determining the PL lifetime. Fig. 3b
shows the time-resolved PL decay of perylene at 470 nm in the
TTA-UC solution, which is much longer than the lifetime (4.05
ns) of perylene directly upon UV or blue light irradiation. The UC
emission of perylene shows a rising PL lifetime of 3.74 us and a
PL decay lifetime of 30.4 ps, which is due to the TET and
annihilation process occurs in the microsecond timescale.

The UCQY of NIR-to-deep-blue TTA-UC was determined to be
2.1% in 1,2-dichlorobenzene (out of a 50% maximum, section
2.3 of the SI), which is about 10-fold higher than those
previously reported QD-based TTA-UC systems achieved anti-
Stokes shifts beyond 0.8 eV.?* 38 Due to the partial spectral
overlap between 3-PYCA absorption and perylene emission (Fig.
2a,b), back Forster resonance energy transfer (back-FRET) from
perylene to 3-PYCA is expected to reduce PL and thus lower the
overall UCQY. To quantify this loss pathway, we performed
control experiments in which the PL spectra and lifetime of 20
mM perylene were measured before and after addition of 100
UM  3-PYCA with the concentration similar as TTA-UC
measurement, and the results are shown in Fig. S8 and S9. Upon
addition of 3-PYCA, the PL intensity of perylene decreases
approximately 4%. The corresponding PL lifetime of perylene
reduced from 5.84 ns to 5.35 ns, indicating a quenching
efficiency about 8%. Therefore, the back-FRET-induced loss in

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

UCQY contributes to a reduction of less than 8%, as, 3:RYCAis
confined to the surface of PbS QDs rathePtal dhdFEeiiP fred
diffusion as in these control experiments. Rubrene as the
commonly used annihilator for NIR-to-yellow TTA-UC was also
employed to pair with our PbS QDs/3-PYCA sensitizers. Under
808 nm light excitation, NIR-to-yellow TTA-UC was observed as
expected (Fig. S10) and the UCQY was determined to be 6.35%,
which is comparable to the highest record of PbS QD-based TTA-
UC to yellow region.?*
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Fig. 3 (a) TTA-UC PL spectra of perylene under 808 nm light irradiation with varied
excitation density. The inset photograph shows the deep blue emission generated in the
cuvette. (b) Time-resolved PL decay of TTA-UC at 470 nm.

Photoisomerization

The large anti-Stokes shift of UC from NIR to deep-blue photons

motivated us to exploit its potential for activating
photochemical reactions. Azo, a well-known molecular
photoswitch, undergoes reversible photoisomerization

between trans and cis isomers (Fig. 4a).3°*3 The cis-to-trans
isomerization of Azo can be induced either by 450 nm blue-light
irradiation via singlet excited state or slow thermal relaxation
via the ground state. This photoisomerization process is
accompanied by an increase in the absorption band at 280-360
(Fig. S11).** It is highly desired to activate the
photoisomerization of Azo wunder low-energy photons,
especially NIR photons, for deep-penetration applications.*> To
this end, our TTA-UC solution was mixed with Azo (200 uM), and
the absorption spectra in the UV region are shown in Fig. 4a.
Upon 808 nm light irradiation (1.2 W, 3 min), an increase in
absorbance at 280-360 nm (red spectrum in Fig. 4a) indicates
the occurrence of cis-to-trans isomerization, which is the same
as that observation directly under 450 nm light irradiation. It
should be noted that no obvious spectral changes were
observed for cis-Azo alone without TTA-UC solution upon 808
nm irradiation (Fig. S12), which is expected as the photon
energy is insufficient to access the singlet excited state of cis-
Azo, nor did it promote thermal relaxation at room temperature
during the irradiation period. The cis-to-trans
photoisomerization kinetics were monitored by tracking
absorption changes at 320 nm (Fig. 4b). No obvious changes
were observed for Azo alone and Azo mixed with only PbS QDs
during 100 s of NIR irradiation. In contrast, when mixed with
TTA-UC solution, it exhibits a rapid increase in absorption within
the first 20 s with a growth lifetime of only 9.8 s. Therefore, it
demonstrates that deep-blue photons generated from PbS QDs
and perylene derivatives via TTA-UC can successfully activate

nm

This journal is © The Royal Society of Chemistry 20xx
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the high-energy photoreactions, such as cis-to-trans
isomerization of Azo.
a 34 —after 365 nm| b Under 808 nm = TTAUC/Azo
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Fig. 4 (a) Absorption spectra of TTA-UC solution mixed with cis-Azo and after 808 nm
irradiation (b) The time-dependent cis-to-trans isomerization followed at absorbance
changes at 320 nm under 808 nm irradiation of Azo alone (Red), Azo mixed with PbS QDs
(Light blue) and mixed with TTA-UC solution (Deep Blue).

Conclusions

In summary, we have developed a NIR-to-deep-blue TTA-UC
system by engineering PbS QDs and perylene derivatives, with
an exceptionally large anti-Stokes shift of 1.3 eV. The excellent
performance is attributed to the precise alignment of the T;
energy levels, with only a 0.06 eV offset between PbS QDs, 3-
PYCA as the mediator and perylene as the annihilator. Despite
the small driving energy force, the efficiency of TET process is
over 90%, as evidenced by steady-state and time-resolved PL,
as well as transient TA spectroscopies. Importantly, the
upconverted deep-blue photons generated from our TTA-UC
system upon NIR excitation are capable of activating diverse
photochemical reactions. As a proof of concept, we
demonstrate cis-to-trans photoisomerization of Azo can be
induced upon 808 nm irradiation, highlighting the potential of
TTA-UC for solar energy harvesting in high-energy photon—
activated processes.
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