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1. Materials and characterization

1.1 Chemicals

Yellow lead monoxide (PbO), oleic acid (OA), 1-octadecene (ODE), and bis(trimethylsilyl)sulfide
((TMS),S) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Toluene
(PhMe), piperidine, chloroform (CHCl;), 2,4-dimethylpyrrole, benzoyl chloride, triethylamine
(Et;N), and tetrahydrofuran (THF) were purchased from Tianjin Bohua Chemical Reagent. P-
toluene sulfonic acid (TsOH), and lithium hydroxide monohydrate (LiOH*H,0), 4-
hydroxybenzaldehyde, 4-bromobutyric acid ethyl ester, deuterated Methanol (MeOH-d4) and
deuterated chloroform (CDCl;) were purchased from Heowns Biochem Technologies. Lc. Tianjin.
Methanol (MeOH), ethyl acetate (EtOAc), ethanol (EtOH), acetone, dichloromethane (DCM),
hexane, anhydrous Na,SO, and silica gel (200 mesh) were purchased from the Tianjin Hedong
District Guangda Service Department. All the mentioned chemicals were used as received without

further purification unless otherwise noted.

1.2 Instrumentation and characterization

'H NMR spectra were recorded on a Bruker AVANCE III 400 MHz spectrometer using MeOH-d4
as the deuterated solvent, approximately 3.31 ppm and CDCI; as the deuterated solvent, 6 = 7.26
ppm. High-resolution mass spectrometry (HRMS) was performed on a Varian 7.0T FTMS.
Absorption spectra were recorded by a Shimadzu UV-3600 plus spectrophotometer. A Hitachi
HT7800 transmission electron microscope (TEM) was used for the acquisition of TEM images.
Photoluminescence (PL) spectra, fluorescence quantum yields (@5 measured with an integrating
sphere) and transient PL spectra of BDP-1 were measured on an Edinburgh FLS1000 spectrometer
under 405 nm excitation. Photoluminescence (PL) spectra, photoluminescence quantum yields
(PLQY, measured with an integrating sphere) of PbS QDs were measured on an Edinburgh
FLS1000 spectrometer under 808 nm excitation. Photoluminescence (PL) spectra and transient PL
spectra of PbS/BDP-1 or PbS/5-CT complexs were measured on an Edinburgh FLS1000
spectrometer under 808 nm excitation. For the photon upconversion experiments, 808 nm solid-
state laser was used as excitation source, and the final concentration of PbS/BDP-1 or PbS/5-CT
was 10 pM, the final concentration of rubrene was 20 mM. PL spectra were obtained in argon-
saturated toluene using a 1 mm % 1 cm quartz cuvette. The femtosecond transient absorption (fs-
TA) spectra of BDP-1, PbS and PbS/BDP-1 were acquired in argon-saturated toluene using a 2 mm
x 1 cm quartz cuvette, the pump wavelength of BDP-1 was set to 500 nm and the pump wavelength
of PbS and PbS/BDP-1 were set to 750 nm. Please note that fs-TA spectra, PL spectra, and

upconversion spectra measurements in this study were performed in an inert environment.



2. Supplementary Methods
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Scheme S1. The synthesis route of compound BDP-1.

2.1 Synthetic procedure of compound 1

Compound 1 was synthesized following a reported method.! 2.4-dimethylpyrrole (951.4 mg,
10 mmol) and benzoyl chloride (702.9 mg, 5 mmol) were added to a 500 mL three-neck round-
bottom flask containing 150 mL nitrogen-degassed dry DCM. The mixture was then stirred 6 h at
30 °C. After complete consumption of the aldehyde (monitored via TLC), 3 mL dry triethylamine
(Et;N) was added to the mixture and after stirring for 30 min, BF3°OEt, (8§ mL) was added dropwise
at 0 °C. The mixture was stirred continuously for 4 h at 30 °C. And then the reaction mixture was
washed with saturate aqueous NaHCO; (50 mL) and extracted with DCM. The organic phase was
dried over Na,SO,. The solvent was evaporated and the residue was purified by column
chromatography over silica gel (PE/EA =6:1 v/v) to obtain orange solid compound 1, yield 324.1
mg, 20%. 'H NMR (400 MHz, CDCl;) 8 (ppm): 7.54 — 7.45 (m, 3H), 7.32 — 7.27 (m, 2H), 5.98 (s,
2H), 2.58 (s, 6H), 1.37 (s, 6H).



2.2 Synthetic procedure of compound 2

Compound 2 was synthesized following a reported method.? A mixture of 4-hydroxybenzaldehyde
(1.22 g, 10 mmol), potassium carbonate (7.60 g, 55 mmol) and 4-bromobutyric acid ethyl ester (2.34
mL, 12 mmol) in &, N-dimethylformamide (40 mL) was stirred vigorously for 16 hours at room
temperature. The mixture was filtered and concentrated in vacuo to to obtain light yellow oil
compound 2, yield 2.47 g, 100%. 'H-NMR (CDCls) & (ppm): 9.81 (s, 1H), 7.76 (d, J = 8.7 Hz, 2H),
6.93 (d, J=8.7 Hz, 2H), 4.13 — 4.01 (m, 4H), 2.46 (t, J="7.2 Hz, 2H), 2.20 — 1.99 (m, 2H), 1.19 (t,
J=17.2 Hz, 3H).

2.3 Synthetic procedure of compound BDP-1

Knoevenagel condensation between compound 1 and compound 2, yielding the BDP-ester
intermediate,’® followed by LiOH-mediated hydrolysis.* Dissolve 1 (32.4 mg, 0.1 mmol) and 2 (23.6
mg, 0.1 mmol) in 5 ml of dry PhMe in a 50 mL three-neck round-bottom flask. Add 10 mg TsOH
and 300 pL piperidine to the reaction mixture. Stir the resulting mixture in the dark for 20 min under
nitrogen atmosphere at 135 °C. Wash the reaction mixture with twice with water and brine solution.
Extract the mixture with DCM. Dry the filtrate over anhydrous Na,SO,. Concentrate the filtrate
under reduced pressure. Purify the crude product by column chromatography using hexane/EtOAc
(4/1, v/v) to obtain purple oily compounds. Due to the nearly identical polarity between the product
BDP-ester and the aldehyde 2, the unreacted aldehyde 2 cannot be removed during the purification
process, resulting in the isolation of a purple oily compounds by column chromatography. Since a
noticeable polarity difference was anticipated for the hydrolysis step, the mixture of BDP-ester and
2 was hydrolyzed directly, with the aldehyde impurity being removed during the subsequent
purification. BDP-ester (0.046 mmol, 25.0 mg) was dissolved in THF/H,O (v/v, 1 mL/1 mL). Then
added LiOH-H,0 (10.8 mg, 0.138 mmol) and stirred for 12 h at 40 °C. After cooling, the mixture
was acidified to pH = 3—4 by adding a 10% (v/v) aqueous solution of hydrochloric acid. The crude
mixture was extracted three times with DCM. The combined organic phases were dried over
anhydrous Na,SO, and the solvent was distilled off under reduced pressure. The crude product was
purified by column chromatography (EtOAc/MeOH = 5/1, v/v) to afford pinkish purple soild
BDP-1, yield 13.4 mg, 57%. '"H NMR (400 MHz, Methanol-d4) 8 (ppm): 7.53 — 7.43 (m, 6H), 7.32
—17.28 (m, 3H), 6.93 (d, J= 8.8 Hz, 2H), 6.71 (s, 1H), 6.03 (s, 1H), 4.03 (t, J= 6.2 Hz, 2H), 2.49 (s,
3H), 2.47 (t,J= 7.2 Hz, 2H), 2.05 (m, 2H), 1.41 (s, 3H), 1.37 (s, 3H). 3C NMR (100MHz, CDCl;)
d (ppm): 159.81, 154.71, 153.62, 142.78, 142.32, 140.11, 136.30, 135.32, 132.98, 131.77, 129.59,
129.18, 128.40, 121.20, 117.69, 117.13, 114.92, 66.93, 29.85, 22.84, 14.72, 14.46, 14.26. HRMS:
caled. for C30H,9BF,N,05 ([M]**): 514.2239, found 514.2235.

2.4 Theoretical calculation of BDP-1

The ground state (Sy) optimization and excited state geometric structure calculation of BDP-1 were
performed by using Orca at B3LYP/def2-TZVP level with CPCM model for solvation in toluene.>
8 To ensure that the obtained configuration is stable, frequency calculation was further performed
on the optimized structure. In addition, using unrestricted density functional theory (UDFT)
revealed the T, excited state adiabatic energies of 1.37 eV for BDP-1.



2.5 Preparation of PbS QDs

PbS QDs was synthesized based on literature.’

A typical synthetic procedure for PbS QDs with a diameter of 2.65 nm is as follows: A mixture of
yellow PbO (0.45 g), oleic acid (2 mL) and ODE (18 mL) were heated to 110 °C in a 50 mL three-
neck flask for an hour in a vacuum. Meanwhile, the sulfur precursor was prepared by mixing
(TMS),S (0.21 mL) in anhydrous ODE (10 mL). Then the reaction temperature was set to 65 °C.
The sulfur precursor was swiftly injected, and the heater was removed right after injection. 5 min
after injection, the reaction flask was rapidly cooled down to room temperature, and the injection of
cold hexane (10 mL) was performed. As-synthesized PbS QDs was washed three times by adding a
1:3 volume hexanes:ethanol mixture, followed by centrifuging at 8000 rpm for 10 min. The
supernatant was discarded, and the final pellet was quickly transferred to a glovebox and redispersed
in toluene for future use. The size of the PbS QDs was determined by measuring the position of the
first exciton peak and verified by transmission electron microscopy. The bandgap of the PbS QDs
was determined using the Tauc plot method, and the concentration of the PbS QDs was determined
using the absorption of the first exciton peak.

2.6 Preparation of PbS/BDP-11°

Ligand exchange was conducted by mixing 10 uM PbS QDs with varying concentrations of BDP-
1 (0, 100, 200, 400, and 1600 uM) in argon-saturated toluene (1 mL), followed by stirring for 1 h.
The resulting PbS/BDP-1 complexes were then purified by washing with a 1:6 (v:v) toluene:acetone
mixture and centrifuging at 8000 rpm for 10 minutes. After discarding the supernatant, the final
pellet was promptly transferred to a glovebox and redispersed in toluene (400 pL) for subsequent
use. The average number of BDP-1 ligands bound per PbS QD was estimated using the molar
extinction coefficient of BDP-1 (Extinction coefficient of BDP-1 at 571 nm is 1.82 x 10* M-! cm-
1. The absorption of BDP-1 is determined by subtracting the contribution of PbS QDs from the
absorbance of PbS/BDP-1 at 573 nm. Then, the concentration of BDP-1 in solution can be calculated

based on the molar extinction coefficient.

2.7 Preparation of PbS/5-CT!!

5-CT (1 mM) were dissolved in a 10:1 volume toluene/THF mixture. An aliquot of this solution of
5-CT and 10 pM PbS QDs in argon-saturated toluene (I mL) were mixed with varying
concentrations of 5-CT (100, 200 uM), followed by stirring for 1 h. The resulting PbS/5-CT
complexes were then purified by washing with a 1:6 (v:v) toluene:acetone mixture and centrifuging
at 8000 rpm for 10 minutes. After discarding the supernatant, the final pellet was promptly
transferred to a glovebox and redispersed in toluene (400 puL) for subsequent use. The average
number of 5-CT ligands bound per PbS QD was estimated using the molar extinction coefficient of
5-CT (Extinction coefficient of 5-CT at 482 nm is 5.3x10° M-! cm!). The absorption of 5-CT is
determined by subtracting the contribution of PbS QDs from the absorbance of PbS/5-CT at 489
nm. Then, the concentration of 5-CT in solution can be calculated based on the molar extinction

coefficient.



2.8 Air stability of the ligands BDP-1 and 5-CT

To assess the air stability of BDP-1 and 5-CT, steady-state absorption spectra of their dilute
solutions (10 uM for BDP-1 and 5-CT) were recorded over 166 h in untreated (i.e., not degassed)
solvent. During the testing period, the samples were kept in a dark and low-temperature environment
to avoid light exposure and solvent evaporation. The absorbance at the absorption maximum was
recorded at various time points, normalized to the initial absorbance measured at the first time point,
and compared across different intervals. The absorption maximum of 5-CT decreased to 6% of its
initial value after 103 h, while that of BDP-1 remained at 92% of its initial value after 166 h.

2.9 Photoluminescence quantum yields of PbS and fluorescence quantum yields of
BDP-1

The absolute photoluminescence quantum yield (PLQY) of PbS QDs and absolute fluorescence
quantum yields (@) of BDP-1 were measured measured on an Edinburgh FLS1000 spectrometer
using the integrating sphere method.

For the PbS QDs, an 808 nm laser was used as the excitation source, and an InGaAs detector coupled
with the integrating sphere was employed for detection across the wavelength range of 780—-1400
nm. First, a reference scan was performed by placing a cuvette containing pure toluene solvent into
the sample position of the integrating sphere. Under 808 nm excitation, the emission spectrum was
scanned and saved. Subsequently, the prepared quantum dot sample (1 pM in deoxygenated toluene
solution) was accurately positioned in the sample location of the integrating sphere, ensuring that
the excitation light spot fully illuminated the sample. Under 808 nm excitation, the emission
spectrum was again scanned and saved. Finally, the software was used for data processing to
calculate the absolute quantum yield of the PbS QDs.

When the sample was BDP-1, a xenon lamp was used as the excitation source, and a PMT900
detector coupled with the integrating sphere was employed for detection across the wavelength
range of 370-850 nm. First, a reference scan was performed by placing a cuvette containing pure
chloroform solvent into the sample position of the integrating sphere. Under 405 nm excitation, the
emission spectrum was scanned and saved. Subsequently, the prepared BDP-1 sample (10 uM in
chloroform solution) was accurately positioned in the sample location of the integrating sphere,
ensuring that the excitation light spot fully illuminated the sample. Under 405 nm excitation, the
emission spectrum was again scanned and saved. Finally, the software was used for data processing
to calculate the absolute quantum yield of BDP-1.

Multiple measurements were conducted on the same sample to assess repeatability.



2.10 Fluorescence lifetime measurement of BDP-1

The fluorescence lifetime of BDP-1 was measured using time-correlated single photon counting
(TCSPC) on an Edinburgh FLS1000 spectrometer equipped with a HAMAATSU 405 nm pulsed
laser and a PMT900 detector. The sample was dissolved in chloroform to prepare a 10 uM solution,
which was then loaded into a 1 cm % 1 cm quartz cuvette. The excitation wavelength was set to 405
nm, and the emission wavelength was set to the emission peak wavelength of BDP-1 (583 nm).
Both the excitation and emission slit widths were set to 1 nm. The time range was set to 100 ns, the
number of channels was set to 4096, and the peak counts were set to 2000.

2.11 Photoluminescence lifetime measurement of PbS QDs

The photoluminescence lifetime of was measured using an Edinburgh FLS1000 spectrometer
equipped with an 808 nm pulsed laser and a PMT-1700 detector. The sample was dissolved in
deoxygenated toluene to prepare a 1 pM solution, which was then transferred under inert atmosphere
into a sealed quartz cuvette (1 cm x 1 cm) equipped with a cap and a rubber septum inside a glovebox
to isolate it from air. The emission wavelength was set to 960 nm (the emission peak wavelength of
PbS QDs). The time range was set to a 100 ps, the number of channels was set to 2000, and the peak

counts were set to 10,000.

2.12 The upconversion efficiencies (77yc, normalized to 100%) measurements

The 7uc was calculated by comparison with the standard (IR780 in CHCl;, @yg = 15.8%) via
equation 1 and 2.1

2% P Astd (] sam) (nsam)z ( 1)
77U C = X td X X X
’ Asam I std Dgq
Laser Power
= |[———]x (1-107"%) )
hc
A

Dy is the fluorescence quantum yield of standard. Aguy/Asg and Iay/Igq represent the number of
photons absorbed and the integrated luminescence intensity by the sample/standard, respectively.
ng,m/Mgg Tepresent the refractive indices of the solvents for the sample/standard, which are PhMe and
CHCl;, respectively. The upconversion samples were excited at 808 nm, and the standard was

excited at 830 nm.



2.13 The corrected upconversion quantum efficiency (#'yc, normalized to 100%)
measurements

The corrected upconversion quantum efficiency ('yc) was calculated from equation 3.

I

UUCZT]UCXI_ A3)
0

The I; was the integrated intensity of corrected upconversion spectra, and the I, was the integrated

intensity of actually measured upconversion spectra.

2.14 Correction of TTA-UC spectra

Due to the high concentration of rubrene or BPEA and the strong absorption of PbS in the visible
region, the upconversion spectra were corrected using the fluorescence spectra of rubrene or BPEA
in diluted solution to exclude the influence of the inner-filtering effect.! Specifically, for PbS/BDP-
1/rubrene system, at 700 nm the inner-filtering effect is negligible, the intensity ratio between the
upconversion spectra and the diluted rubrene solution spectra was calculated. This ratio was then
multiplied by the latter spectra to simulate the corrected upconversion spectra. The consistency of
the spectra from 700 nm to 750 nm before and after correction confirmed the feasibility of this
simulation, while the spectral differences below 700 nm were attributed to the inner-filtering effect.
For PbS/BDP-1/BPEA system, at 625 nm the inner-filtering effect is negligible, the intensity ratio
between the upconversion spectra and the diluted rubrene solution spectra was calculated. This ratio
was then multiplied by the latter spectra to simulate the corrected upconversion spectra. The
consistency of the spectra from 625 nm to 675 nm before and after correction confirmed the
feasibility of this simulation, while the spectral differences below 625 nm were attributed to the
inner-filtering effect.

2.15 Measurement of femtosecond transient absorption (fs-TA) spectra

The femtosecond transient absorption (fs-TA) spectra of PbS and PbS/BDP-1 were acquired using
an ultrafast transient absorption fluorescence microscopic spectroscopy system (PH-Tuning +
TA100). The samples were prepared in a glovebox, dissolved in degassed toluene at appropriate
concentrations, and loaded into a 2 mm x 1 cm quartz cuvette for measurement. The pump
wavelength was set to 750 nm. The detection time window ranged from -1 ps to 7000 ps, and the
spectral acquisition range covered 450 — 950 nm. Spectra measurements were performed in an inert

environment.



3. Supplementary Tables

Table S1. Photophysical parameters of PbS QDs. ¢

QDs Aabs Bandgap ¢  Diameter ¢ Aem € PLQY/
gap

PbS QDs 831 1.38 2.65 960 79

@Measured in toluene, 1 pM. ® The first exciton absorption peak (nm). ¢ The bandgap (eV) was determined
using the Tauc Plot method. ¢ Particle size was calculated from bandgap energy (nm). ¢ Maximum
emission wavelength (nm)./ The absolute photoluminescence quantum yield (%) was determined with

an integrating sphere.

Table S2. Photophysical parameters of BDP-1. ¢

Ligand Aabs ” gc Aem @ S, ¢ T,/ O 7

BDP-1 571 1.82 583 2.15 1.37 96 3.88

@ Measured in CHCls, 10 pM. » Maximum absorption wavelength (nm). ¢ Molar absorption coefficient
(x10* M! em!). ¢ Maximum fluorescence emission wavelength (nm). ¢ The S energy levels (eV) was
determined by the intersection of absorption and emission. / The T, energy levels (eV) was determined
by theoretical calculation used B3LYP/def2-TZVP level in Orca program.®® & Absolute fluorescence

quantum yield was determined with an integrating sphere (%). # Fluorescence lifetime (ns).

Table S3. The average number of BDP-1 (<Nppp.;>) per PbS QD.

Capp.1* 0 100 200 400 1600

<Ngpp.1> 0 2 3 7 28

@ Concentration of BDP-1 during ligand exchange (uM).



4. Supplementary Figures
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Fig. S1. 'H NMR (400 MHz, CDC]l;) of compound 1.
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excitation. All samples were normalized to the same absorbance at 808 nm. (d) Stability comparison
of BDP-1 and 5-CT. Both ligands were dissolved in organic solvent and exposed to ambient

laboratory light; their stability was evaluated by monitoring the change in absorption spectra over

time
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