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ABSTRACT: Triplet energy transfer between inorganic quantum dots (QDs) and organic
materials plays a fundamental role in many optoelectronic applications based on these
nanocomposites. Attaching organic molecules to the QD as transmitter ligands has been shown to
facilitate transfer both to and from QDs. Here we show that the often disregarded thiol anchoring
group can achieve quantitative triplet energy transfer yields in a PbS QD system with 6,11-
bis((triisopropylsilyl)ethynyl) tetracene-2-methylthiol (TET-SH) ligands. We demonstrate
efficient triplet transfer in a singlet-fission-based photon multiplication system with 5,12-
bis((triisopropylsilyl)ethynyltetracene (TIPS-Tc) generating triplets in solution which transfer to
the PbS QDs via the thiol ligand TET-SH. Importantly, we demonstrate increased thermal stability
of the PbS-TET-SH system, compared to the traditional carboxylic acid counterpart, allowing for

higher photoluminescence quantum yields.

TOC GRAPHICS

.v“‘
L
g
Singlet ‘
Fission g9
ssion NIR
Emission

KEYWORDS triplet energy transfer, singlet fission, quantum dots, photon multiplication, thiol

ligands



Quantum dot-organic nanocomposites are optoelectronic materials with both organic
semiconductor molecules and quantum dots (QDs) as counterparts. Ideally these nanocomposites
are able to harness the advantage of both classes of materials to tailor the material’s properties
for specific applications. With almost unlimited possible materials combinations many fields
have come to exploit these types of nanocomposites, including photocatalysis,” bioimaging and
sensing, solar energy harvesting and photon upconversion, light-emitting diodes* and, recently,
singlet-fission-based photon multiplication.” The choice of the organic and inorganic
counterparts will depend on the desired use of the nanocomposite, i.e. charge transfer, energy

transfer or photon emission will require different QD-organic combinations.

Since organic molecules have relatively large singlet-triplet splitting and small spin-orbit
coupling the interconversion between singlets and triplet states is inefficient. In QDs on the other
hand, spin-orbit coupling is large and spin states can be separated by less than 10 meV.»» QDs
can therefore act as “spin-mixers” in QD-organic nanocomposites.” These “spin-mixing”
materials have gained significant attention as triplet sensitizers for photon upconversion
applications, and recently as “triplet” emitters in singlet-fission-based photon multiplication. In
such systems, an organic molecule is attached to the QD as a ligand, and serves to either transfer
triplet energy into, or receive it from, the QD. The choice of ligand is crucial in such QD-ligand
systems and must fulfill two main requirements. Firstly, triplet energy transfer from or to the QD
must be efficient. Secondly, the ligand must be stably bound on the QD, otherwise the composite

system will fall apart in time.



Singlet fission is a spin- and energy-conserving exciton multiplication process in organic
semiconductors that splits a singlet excited state to two triplet excited states.” As an exciton
multiplication process, it has been proposed as a means to overcome thermalization losses in
photovoltaic (PV) devices and surpass the Shockley-Queisser limit.* There are two main
approaches to integrate singlet fission materials with PVs: either direct integration, where the
singlet fission material transfers the electrons or excitons directly to the PV material,** or a
photon multiplication integration where the generated triplets are first transferred to an emitting
material, e.g. QDs, which re-emits the exciton energy as photons for the PV to absorb,
effectively converting the exciton process to a photon multiplication process.*” The first
approach might at first appear to be a simpler integration method, however, since its suggestion
40 years ago many challenges remain. We have recently demonstrated the feasibility and
limitations of the photon multiplication system.* Crucial for a singlet-fission-based photon
multiplication system is efficient triplet transfer from the organic singlet fission material to the
inorganic QDs. To achieve efficient triplet transfer the QD is covered by a triplet transmitter
ligand.* The transmitter ligand should enable efficient coupling between the QD and the ligand
without introducing parasitic excited state deactivation pathways and traps. In this way the QD-
organic ligand system for photon multiplication is very similar to that used for triplet-sensitized
triplet-triplet annihilation (TTA) photon upconversion and much can be learned from these well-
studied systems.*» Based on the many studies of CdSe QD-ligand systems it has been concluded
that ligands anchored with thiols, even though more strongly bound, are undesirable as they
result in intramolecular or interfacial charge transfer events competing with the desired triplet
energy transfer and photon emission events.”>> This assumption, that thiols introduce charge

transfer pathways could explain the lack of reports of thiol anchored ligands used for QD-organic



nanocomposites designed for triplet energy transfer. However, we note that for other QD
materials, such as CdTe and PbS there are reports of thiol anchored ligands that do not quench

the QD photoluminescence (PL).»x

We therefore chose to investigate a thiol-anchored TIPS-tetracene ligand as a triplet transmitter
ligand for PbS QDs. We establish that the a priori disregarding of thiol-anchored ligands for
triplet energy transfer reactions should be reconsidered. By comparing the 6,11-
bis((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid (TET-CA) ligand with a thiol
counterpart 6,11-(bis((triisopropylsilyl)ethynyl)tetracen-2-yl)methanethiol (TET-SH) in a
solution-based photon multiplication system* we demonstrate that the thiol-anchored ligand
allows for equally efficient triplet energy transfer to the PbS QD. Triplet energy transfer from the
singlet fission materials in solution to the ligand and subsequent transfer from the ligand to PbS
QDs approaches 100% efficiency with both carboxylic acid and thiol ligands. Furthermore, we
demonstrate the advantage of using a stronger-binding thiol anchor as the thermal stability of the

QD-organic nanocomposite distinctly improves.

We recently developed a singlet-fission-based photon multiplication system in solution.* The
photon multiplication process is schematically described in Figure 1. It consists of a highly
soluble singlet fission material, 5,12-bis((triisopropylsilyl)ethynyl)tetracene (TIPS-T¢) and PbS
QDs with triplet transmitter ligands attached. TIPS-Tc¢ undergoes singlet fission in concentrated
solution generating triplet excitons with approximately 130% yield.»» The triplets are transferred
via the transmitter ligand to the PbS QDs, which subsequently emits an NIR photon when
returning to the ground state. If triplet transfer is inefficient or does not occur, as is the case
without transmitter ligands,' no or inefficient NIR emission from the QDs is observed. Therefore,

by measuring the photoluminescence quantum efficiency (PLQE) of the QDs when exciting the



QDs directly (658 nm) and comparing to when exciting the singlet fission material TIPS-Tc
(515 nm) we can obtain a direct measure of the triplet transfer efficiency. We therefore choose
this system as a straightforward way to evaluate a new triplet transmitter ligand (6,11-
bis((triisopropylsilyl)ethynyl)tetracen-2-yl)methanethiol (TET-SH) containing a thiol anchoring

group and compare it to the carboxylic acid counterpart (TET-CA), Figure 1a.
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Figure 1. (a) Structures of the triplet transmitter ligands TET-CA and TET-SH. (b) Schematic
illustration of the singlet-fission-based photon multiplication process in solution. First, a high-
energy photon is absorbed by TIPS-Tc to form its first singlet excited state S,. Together with a
ground-state molecule singlet fission proceeds via an intermediate triplet pair state (TT) to form
two independent triplets. Triplet energy transfer (TET) occurs from TIPS-Tc to a transmitter
ligand followed by another TET step to populate the QD excited state (QD*) from which a NIR

photon is emitted. (c) The photon multiplication process in (b) described in a Jablonski diagram.

Ligand exchange of PbS QDs with bandgaps ranging from 1.0 — 1.3 eV was performed following

a similar procedure to that we have reported previously for TET-CA ; resulting in similar ligand



coverage for both TET-CA and TET-SH ligands on the PbS QDs (see Supporting Information

and Figure S1 for more details).

After ligand exchange, the QD intrinsic PLQE slightly drops for QDs with bandgaps smaller
than 1.1 eV, Figure 2. This minor drop was observed previously for TET-CA ligated PbS QDs
with similar bandgaps and was ascribed to trap quenching from traps introduced during the
ligand exchange For QDs with bandgaps close to or higher than the triplet energy of the ligand
(T.... ~1.2 €V) the PL is quenched more substantially, as triplet transfer from the QD to the
ligand becomes possible. A blue shift of the QD peak absorption and a minor red shift of the
ligand absorption is also observed after ligand exchange. Similar spectral shifts are commonly
observed in QD-ligand nanocomposites and can arise due to the electronic interactions between

the ligand and QD. =+

Dissolving the TET-SH ligated QDs in concentrated TIPS-Tc toluene solutions produces a
photon multiplication system where the TIPS-Tc singlet fission material functions as the excition
multiplication material and the ligand covered QDs are the emitters. Figure 2a compares the QD
PL response when exciting either the QD directly (658 nm) or exciting mainly the TIPS-Tc
singlet fission material (515 nm). We note that approximately 95% of incoming photons are
absorbed by TIPS-Tc.: It is clear that there is an enhancement of the QD PLQE when TIPS-Tc
is excited. Assuming that the enhancement is due to singlet fission followed by triplet transfer to
the QD, as we have shown previously for TET-CA ligated QDs,* the number of transferred

triplets per absorbed photon (1.) can be calculated from Equation 1 s
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Figure 2. (a) Photoluminescence quantum efficiency (PLQE) of PbS quantum dots of different
bandgap after ligand exchange to TET-SH in a toluene solution with 200 mg/mL TIPS-Tc,
exciting the QDs directly (658 nm) or the singlet fission material TIPS-Tc (515 nm). QD
concentrations are 0.2 mM. (b) Triplet transfer efficiency per absorbed photon (1., left axis) and
internal triplet transfer efficiency (1., right axis), calculated from the PLQE enhancement in (a)

compared to the triplet transfer efficiency of TET-CA ligated dots.
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Here ®p) and @ are the measured PLQE values when exciting the singlet fission material
TIPS-Tc and the QD, respectively. Abs>1? ™™ is the total absorption at the excitation wavelength
affording photon multiplication, here 515 nm. The total absorption is the sum of the absorption

of the two components; TIPS-Tc (Abs3ip4"F,) and the QDs (Absgh’ ™). nsp and nrgp are the

singlet fission quantum yield and the internal triplet transfer efficiency, respectively.

We recently showed that 1, is 120£10 % for TET-CA ligated QDs for bandgaps below 1.25 eV .»

In Figure 2b we compare 1. for QDs with TET-SH ligands to the case with TET-CA ligands. It



is evident that both the carboxylic acid- and thiol-anchored ligands allow for equally efficient
triplet transfer. Considering that the singlet fission triplet yield (nsr) in concentrated TIPS-Te¢
solutions is 130+10 %, the internal triplet transfer efficiency (nrgr) is close to unity for QDs

with bandgaps below 1.2 eV, Figure 2b.

We also investigate the possibility for charge transfer pathways by comparing the energetic
alignment of the ligand HOMOs and the PbS QDs valance band, Figure 3. From UPS and cyclic
voltammetry (CV) measurements, the conduction band of PbS QDs of similar bandgaps to those
studied here have been reported to be in the interval -4.9 eV to -5.1 eV vs. vacuum.** From CV
measurements we determine the HOMO level of TIPS-Tc to be -5.5 eV. The relative change of
the ligand ionization potential is estimated from DFT calculations. The orbital energies of the
three molecules were calculated based on density functional theory, at the B3LYP/cc-pVDZ
level of theory, using the NWChem software.» Relative to TIPS-Tc¢ the HOMO for TET-SH is
practically unchanged (+0.01 eV). The ligand TET-CA shifts to more negative potentials by less
than 0.2 eV. The triplet energy of these tetracene derivatives is about 1.25 eV Based on these
calculations hole transfer is more likely for the TET-CA ligand. However, in our previous work,
we did not find any indication of hole transfer or hole transfer mediated triplet transfer for the
PbS/TET-CA system, suggesting that hole transfer is not an issue for the PbS/TET-SH system
either.* We note that the band alignment also indicates that triplet energy transfer from a higher
energy (>1.25 eV) QD to either ligand TET-SH or TET-CA ligand is not mediated by charge
transfer.” Hole trapping due to surface states introduced by the ligand cannot be ruled out by this
simple band alignment argument. With close to quantitative triplet transfer, however, hole

trapping is not likely to be an issue for the TET-SH ligand.
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Figure 3. Band alignment vs vacuum of PbS QD valance band edge (range -5.1 to -4.9 eV from
literature) compared to the HOMO of TIPS-Tc (from cyclic voltammetry) and the HOMO of the

ligands TET-CA and TET-SH (relative difference vs TIPS-Tc from DFT calculations).

The advantage of using thiol-anchored ligands is arguably the stronger binding affinity to
chalcogenide QDs.»+ Binding affinity can be particularly important when considering future
processing and commercialization of applications as it may limit process parameters such as
temperature and solvent. To illustrate the advantage of using a thiol linker we measured the PbS
QD intrinsic PL of 1.1 eV QDs with oleic acid, TET-CA and TET-SH before and after heating
the liquid samples to 100 °C for 1 h and 32 h. As seen in Figure 4 the TET-SH capped PbS QDs
retain their PL even after 32 h heating, whereas the TET-CA capped QDs lose over 30% of their
PL intensity. We hypothesize that the PL drop is due to ligand loss, since it is accompanied by an
increase in emission from the ligand when exciting at 515 nm, indicative of more unbound

ligand. We also note that there is only a minor redshift in the peak position (<25 nm) of the QD

10



PL after heating (Figure S4), indicating any change in QD size due to surface etching or QD

fusion was minimal, <0.1 nm.
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Figure 4. Photoluminescence quantum efficiency (PLQE) of PbS QDs capped with oleic acid,
TET-CA or TET-SH ligands in toluene, before and after heating the samples to 100 °C. Also
shown is the PLQE for the ligand emission. Excitation at 515 nm, 0.8 mW/cm, excites the QD and

ligand simultaneously.

To conclude, we have shown that a thiol-anchored TIPS-tetracene ligand attached on PbS QDs
functions as an efficient triplet transfer ligand. We also show that the stronger binding afforded
by the thiol group leads to an improved thermal stability compared to the traditional carboxylic
acid anchored ligand and therefore to higher photoluminescence quantum yields in photon
multiplication based applications. Thiol-anchored active ligands have previously been
disregarded for applications requiring triplet energy transfer due to possible hole trapping.”»

However, our results unambiguously demonstrate that hole trapping is not necessarily an issue

11



and that there are benefits when using a stronger-binding ligand. Recent work has shown that
the relative band alignment of the ligand and QD governs the possibility of charge transfer and
triplet energy transfer in this type of nanocomposite.» It has also been shown that the band
alignment of PbS QDs can be tuned by varying the thiol ligand composition,” which might
complicate the choice of thiol ligands. However, we argue that thiol ligands can be good
candidates for mediating triplet energy transfer as long as the band alignment is kept to favor
triplet transfer. Our findings are relevant for both photon upconversion and photon multiplication
materials as well as general QD-organic nanocomposite materials for other optoelectronic

applications.
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Methods/Experimental

Chemicals

5,12-bis((triisopropylsilyl)ethynyltetracene (TIPS-Te, Figure S1 left) was purchased from Ark
Pharm.  6,11-bis((triisopropylsilyl)ethynyl)tetracene-2-carboxylic ~acid (TET-CA) was
synthesized as described previously.' 6,11-bis((triisopropylsilyl)ethynyl) tetracene-2-methylthiol
was synthesized as described below. All standard solvents were purchased in bulk from VWR or
Sigma Aldrich. Anhydrous THF was purchased from Sigma Aldrich. All other chemicals were
purchased from commercial sources and used as received unless otherwise noted. 4-methyl
phthalaldehyde: and 1,4-dihydroxynaphthalene’ were synthesized according to literature
procedures. NMR spectra were measured on a 400 MHz Varian Unity spectrometer. Chemical
shifts of each spectrum are reported in ppm and referenced to their corresponding deuterated
solvents as listed. GC-MS was measured using a Bruker Scion-SQ GC-MS with an EI source. X-
ray diffraction data were collected at low temperature on Bruker D8 Venture kappa-axis
diffractometers using MoK(alpha) X-rays. Raw data were integrated, scaled, merged and
corrected for Lorentz-polarization effects using the APEX3 (D8) program. Corrections for
absorption were applied using SADABS  Structures were solved by direct methods (SHELXT)
and refinements were carried out against F* by weighted full-matrix least-squares (SHELXL).
Hydrogen atoms were found in difference maps, but subsequently placed at idealized positions
and refined using a riding model. Non-hydrogen atoms were refined with anisotropic displacement
parameters. Atomic scattering factors were taken from the International Tables for
Crystallography. Mass spectra were acquired on a Bruker Microflex LRF.

Synthesis
OH Q
X0 NaOH /EtOH N
+ r |
.0 =
O
HO

8-Methyl 5,12-naphthacenequinone: To a stirred solution of 4-methyl phthalaldehyde (2 grams,
13.5 mmol) and 1,4-dihydroxynaphthalene (2.16 g, 13.5 mmol) in 20 mL ethanol in a 125 mL
Erlenmeyer flask was added 5 drops of a 15% aqueous solution of sodium hydroxide. Within 20
seconds, a brown precipitate of the desired quinone began to form, and the slurry was allowed to
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stir for 4 hours. After that time, the suspension was filtered to collect the precipitate, which was
washed first with methanol then ether, and then air dried to yeld 2.5 grams (9.2 mmol, 68%) of the
desired quinone as a pale yellow, sparingly soluble powder. MS (LDI-MS, e/z): 272.08 (M-,
100%).

) o}
COO0—=—"—"CCL
-
DCE
o o}

8-Bromomethyl 5,12-naphthacenequinone: A suspension of methyl naphthoquinone (2.15 g,7.9
mmol) and N-Bromosuccinimide (1.55 g, 8.7 mmol) in 150 mL of 1,2-dichloroethane was heated
to a hard reflux, at which point both solids had completely dissolved. Small amounts of AIBN
were added periodically to this refluxing mixture until TLC analysis showed complete reaction of
the starting material (approx. 5 hours). The Aot solution was quickly filtered through a thin pad of
silica gel, which was then flushed with dichloromethane until TLC showed all product had eluted.
This solution was evaporated to yield crude bromomethyl naphthoquinone (2.16 g, 6.17 mmol,
71%) which was used directly in the next step.

<
O 0 —— <Bf
3
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8-Bromomethyl-5,12-bis(triisopropylsilylethynyl) tetracene:
To 100 mL of hexanes in a flame-dried, nitrogen-cooled round
bottom flask with egg-shaped stir bar was added 1.55 mL (7 mmol)
triisopropylsilyl acetylene, followed by 2.5 mL of 2.5 M n-BuLi in
hexanes (6.25 mmol). After 1 hour stirring at room temperature,
0.8 g (2.3 mmol) of bromomethyl naphacenequinone was added in
one portion, followed by 5 mL of anhydrous THF, and the solution
was allowed to stir under nitrogen overnight. The next morning, 1
mL of sat. aq. ammonium chloride was added, followed by 2 g (10
mmol) of stannous chloride dehydrate, and 2 mL of 50% aqueous
sulfuric acid. This mixture was allowed to stir for 1 hour. The
solution was then poured into 200 mL hexanes, and extracted with
10% HCI, then exhaustively with water. The solution was then dried (MgSO.) and passed through
a thick plug of silica gel. The solvent was evaporated, and the resulting solid recrystallized from
hexanes to yield the desired compound as deep red plates (1.14 g, 1.68 mmol, 73% -
recrystallization solvent is incorporated into crystal). Structure was confirmed by X-ray
crystallography. HRMS expected for C,H.BrSi.: 680.2869. Found: 680.2871.

< r4<

|
Q™ - "

>i4 >14

8-thiomethylene-5,12-bis(triisopropylsilylethynyl) tetracene: To 1.0 grams (1.5 mmol)
bromomethyl TIPS tetracene was added 0.48 grams (1.5 mmol) tetrabutyl ammonium bromide.
This solution was sparged with nitrogen to remove all traces of oxygen, then a degassed aqueous
solution of sodium hydrosulfide (0.34 g, 6 mmol, in 5 mL water) was added, and the biphasic
system stirred vigorously for 5 days. The layers were then separated, and the thiomethylene
derivative was purified by chromatography on silica gel (hexanes / dichloromethane), followed by
precipitation from 2-propanol to yield a deep orange solid (0.48 g, 0.75 mmol, 50%). HRMS
calculated for C,H.SSi.: 634.3485 Found: 634.3479.

Quantum dot synthesis and ligand exchange

Synthesis of PbS QDs was carried out following the procedure by Hines and Scholes with
modifications.” In summary, PbO (0.45 g), oleic acid (1.6 - 14 g, depending on the targeted band
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gap) and l-octadecene (10 g) were degassed in a three-necked flask at 110°C for 2 h. The
temperature was then reduced to 95°C. Under nitrogen, a solution of bis(trimethylsilyl)sulphide
(210 pL) in 1-octadecene (5 mL) was rapidly injected into the lead precursor solution. After
cooling naturally to room temperature the PbS QDs were washed 4 times by precipitation/re-
dispersion with acetone and hexane. The purified QDs were stored in a nitrogen filled glovebox at
high concentration (>40 mg/mL />100 uM) until use.

Ligand exchange was carried out under nitrogen. QDs in toluene were diluted to 42 pM in a
Toluene/THF mixture of 4:1. The ligand in 100 mg/mL THF solutions was added to the QD
solution, keeping a ligand to QD mass ratio of 1:2 for all sizes of QDs. Ligand coverage and size
distribution is summarized in Table S1. Coverage of TET-CA and dot characteristics has been
reported previously .

Table S1. Properties of the synthesized PbS QDs and ligand coverages.

Exciton | Diameter | Size TET-CA TET-CA TET-SH | TET-SH
Bandgap | (nm) Distribution: | Ligand/QD | Ligand/nm | Ligand/QD | Ligand/nny
(eV) (%)

0.90 49 53 370 0.47 - -

1.00 43 8.0 340 0.57 250 0.52

1.08 40 6.3 25.6 0.53 234 0.49

1.18 35 8.2 245 0.63 18.0 0.47

1.30 3.1 49 20.8 0.69 169 0.56

ssize distribution = standard deviation/mean size x 100% »

Ligand Coverage

The ligand coverage was determined form UV-Vis absorption. The concentration of the PbS QD
was estimated using the empirical formula for the molar absorptivity by Moreels et al.® The molar
absorption coefficient of the TET-SH ligand was assumed to be the same as the TET-CA ligand,
25500 M'cm at the peak absorption in toluene .
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Figure S5. Absorption spectra of PbS QDs and PbS QDs with TET-SH ligand in toluene, used to determine the ligand coverage.
Optical spectroscopy

Steady-state absorption

A Shimadzu UV3600Plus spectrometer was used to measure the absorbance spectra of the
solutions. The high concentration of the PM solutions required samples to be measured in
rectangular capillary tubes with a 200 um pathlength.

PLOE

The integrating sphere and PLQE measurement procedure has been described previously.'” An
integrating sphere with a Spectralon-coated interior (Newport 819C-SL-5.3) was used for the
absolute measurement. 515 nm and 658 nm laser diodes (Thorlabs) with a beam diameter at the
sample of 3 mm was used as the excitation source. Light from the sphere was coupled into an
Andor Kymera 3281 Spetrograph equipped with an InGaAs detector (Andor, iDus InGaAs 490).
A NIST certified calibration lamp from Newport (63355 200W Quartz Tungsten Halogen Lamp),
driven by an OPS-Q250 power supply was used to generate a photons/count calibration file. The
calibration file was generated by producing an irised beam of light from the calibration source into
the integrating sphere, the spectral response was recorded with and without a series of long-pass
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filters in order to resolve the longer wavelength response absent of the second harmonics from the
shorter wavelengths, these were then also corrected for by measuring the transmission spectra of
the filters. The calibration file was generated by comparing this data set to the calibrated spectrum
of the lamp. To validate the calibration, a Rhodamine 6G sample in ethanol was measured in the
sphere with 520 nm excitation. Three spectra were taken, with laser excitation on and off the
sample and a blank sample. Each recorded spectra was multiplied with the generated correction
curve to obtain the corrected spectra. From the corrected spectra the PLQE was calculated to 92-
95 %, in good agreement with literature.

Cyclic Voltammetry

Cyclic voltammetry was performed on TIPS-Tc¢ in an acetonitrile/toluene (1:4) mixture with
TBAPF, (0.1 M) as electrolyte at a scan rate of 100 mV/s. 5 mM ferrocene was used as internal
standard. A glassy carbon electrode was used as working electrode, a Pt wire as counter electrode
and a Ag/AgNO.reference electrode.
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Figure S6. Cyclic voltammogram of TIPS-Tc in Acetonitrile/Toluene (1:4), 0.IM TBAPF, as electrolyte and 5mM ferrocene
as internal standard. Determined oxidation potential, HOMO level and Triplet level.
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Photoluminescence Spectra
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Figure S7. Photoluminescence spectra of PbS quantum dots of different bandgap after ligand exchange to TET-SH in a toluene
solution with 200 mg/mL TIPS-Tc, exciting the QDs directly (658 nm) or the singlet fission material TIPS-Tc (515 nm). QD
concentrations are 0.2 mM.
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Figure S8. Photoluminescence spectra of PbS QDs capped with oleic acid, TET-CA or TET-SH ligands in toluene, before and
after heating the samples to 100 °C for 1 h and 32h.
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