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Photon Upconversion with Indium Phosphide Quantum Dots 
Enables High-Energy Photoreactions Using Visible Light  
Indra Narayan Chakraborty,‡a Adhra S. Sury,‡a Aman Chaturvedi,a Kaixing Wang,b Ankit Dhankhar,a 
Pankaj Mandal,a Benjamin Dietzek-Ivanšić,*b,c and Pramod P. Pillai*a 

Photochemical reactions that rely on high-energy photons are limited by low solar abundance in UV region and undesired 
photodecomposition. Photon upconversion processes, particularly triplet-triplet annihilation-based upconversion (TTA-UC), 
provide an alternate pathway to enable the use of low-energy, abundant visible and near-infrared (NIR) light for chemical 
transformations that typically require high-energy UV light. In this context, quantum dot (QD)-sensitized TTA-UC systems 
offer distinct advantages with respect to larger anti-Stokes shift, enhanced upconversion quantum yield, and superior 
photostability. However, the successful application of QD-sensitized upconversion energy in photocatalysis remains limited, 
especially for high-energy reactions requiring UV-active catalysts. Here, we report the use of upconversion energy from a 
QD-sensitized TTA-UC system in doing a high energy-driven dehalogenation reaction with visible light. Indium phosphide 
(InP) QDs is used as the sensitizer and diphenylanthracene (DPA) as the annihilator molecule, which gave a green-to-blue 
TTA-UC with a normalized upconversion quantum yield of ~8.2 % and an apparent anti-Stokes shift of 0.55 eV. The 
upconversion energy from the InP QD-sensitized TTA-UC system is effectively used to drive a photoredox C-C coupling 
reaction via the dehalogenation of substituted aryl halides in excellent yields. TTA-UC is the sole driving force for this 
photoredox reaction, as the required potential is beyond the maximum achievable redox potential of InP-QDs. Further, the 
scope of the QD-sensitized TTA-UC system is extended towards the radical polymerization of methyl methacrylate (MMA), 
resulting in the production of industrially important polymethyl methacrylate (PMMA). Our work overcomes key limitations 
of traditional UV-based photochemistry and introduces a sustainable, low-energy pathway for enabling high-energy 
transformations.

Introduction 
The abundance of visible and near-infrared (NIR) light in the 
solar spectrum has made them ideal irradiation sources for the 
solar synthesis of valuable chemicals and materials.1 However, 
its potential is often limited by the thermodynamic limits set by 
the maximum energy of visible light photons.2 In this direction, 
photon upconversion processes provide an alternative pathway 
by using the cumulative energy input of two or more lower-
energy photons to generate higher energy photons.3 Such 
strategies enable the use of low-energy, abundant visible and 
near-infrared (NIR) light for chemical transformations that 
typically require high-energy UV light.4 Triplet-triplet 
annihilation-based upconversion (TTA-UC) is one such pathway 
to generate higher-energy photon using a sensitizer and an 
annihilator molecule.5 TTA process involves a Dexter-type 

energy transfer from the triplet-state of the photosensitizer to 
the triplet-state of the annihilator molecule, which further 
undergoes the annihilation process to form a high-energy 
singlet-state of the annihilator molecule.5-7 In addition to the 
photon emission from the upconverted state, the electrons in 
the high-energy singlet states can be extracted for photoredox 
transformations.8-10 In this way, chemical reactions requiring 
higher potentials corresponding to UV light can be carried out 
with visible or NIR light excitations.8-12 This has led to the 
development of a library of TTA-UC systems involving organic 
chromophores, metal complexes, and other solar absorbers as 
sensitizers.13 Quantum dot (QD) based sensitizers are the latest 
addition to TTA-UC as they offer an additional advantage of 
mixed singlet and triplet character of the excited states arising 
from the strong spin-orbit coupling. This minimizes the energy 
loss due to intersystem crossing (ISC).14-19 Accordingly, QD-
sensitized TTA-UC systems have been developed in recent years 
with high quantum yield and photon energy gain.14-28 However, 
the use of QD-sensitized upconversion energy in photocatalysis 
has been limited, when compared to molecular-sensitized UC 
systems.29 To the best of our knowledge, only two examples 
have been reported to date, wherein NIR-to-visible-light 
upconversion energy was used in a photoredox reaction. Liang 
et al. performed a visible-light-driven reaction under NIR-light 
excitation using a Zn-doped CuInSe2 QD-sensitized TTA-UC 
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system.27 More recently, Jiang et al. developed a PbS QDs based 
NIR-II to visible TTA-UC system to demonstrate 
photopolymerization reaction using 1064 nm irradiation.28 As it 
is clear from the literature, immediate efforts are required to 
harness the QD-sensitized upconversion energy for doing high 
energy-demanding reactions typically requiring UV-active 
catalysts, under visible or NIR light excitation. Achieving this 
task is essential to expand the applicability of QD-sensitized 
TTA-UC methodology across the entire UV-NIR spectrum, 
thereby widening the scope of photoredox reactions.  
 
In this work, we used the upconversion energy from a QD-
sensitized TTA process to perform a UV light-driven photoredox 
reaction under visible-light excitation. The system comprises 
environmentally friendly InP/ZnS QDs as the sensitizer, 9-
anthracene carboxylic acid (ACA) as the transmitter ligand, and 
diphenylanthracene (DPA) as the annihilator molecule. 
Femtosecond transient absorption studies confirmed the triplet 
energy transfer from the InP/ZnS QDs to the ACA ligand, which 
was subsequently transmitted to the DPA annihilator. This 
cascade of energy transfer resulted in green-to-blue TTA-UC 
with ~8.2 % normalized upconversion quantum yield (UCQY) 
and an apparent anti-Stokes shift of 0.55 eV. The process led to 
the generation of high-energy DPA singlet states (1DPA*), which 
were further harnessed to catalyze UV-driven dehalogenation 
and C-C coupling reactions in excellent yields (85%) (Scheme 1). 
Typically, DPA requires a UV excitation to photocatalyse the 
dehalogenation and C-C coupling reactions in substituted aryl 
halides. However, the continuous illumination of high-energy 
UV light often results in photodegradation of the aryl halides 
and other species involved in the reaction. With the help of 
InP/ZnS QD-sensitized TTA-UC, the catalytic activity of DPA was 
triggered using ~532 nm excitation. Detailed spectroscopic 
analyses gave valuable insights into the InP/ZnS QD sensitized 
green-to-blue TTA-UC, along with the underlying reaction 
pathway in the photoredox catalysis. The versatility of the 
InP/ZnS QD-sensitized TTA-UC-driven photocatalysis was 
proved by successfully performing a UV light-driven radical 
polymerization of acrylates under visible light excitation. Our 
work introduces QD-based sensitizers to the club of traditional 

molecular sensitizers for driving high-energy UV-driven 
chemical synthesis with low-energy visible light via TTA-UC. 

Results and discussion 
Design of InP/ZnS QD-based sensitizer 

In the present study, we selected quantum dots (QDs) as the 
sensitizer due to their strong optoelectronic properties such as large 
absorption cross-section, easy tunability of band positions, high 
photostability, and the presence of spin-mixed energy states - a 
crucial factor for minimizing the energy loss in TTA process.14-19,30-32 
(See section 3, Table S1†of Supplementary Information for state of 
the art on QD-sensitized TTA-UC). Among the wide class of QDs 
available, our choice of sensitizer was InP-based QDs because of the 
following reasons: (i) InP QDs are environmentally friendly as they 
are free of any toxic-metal ions, which enhances the translational 
and sustainability prospects,33-35 and (ii) the charge storage in InP 
QDs is for a longer time compared to conventional II-VI QDs (τ = 25.5 
± 0.4 min for InP and τ = 7.2 ± 0.4 min for CdS, ).36 This is attributed 
to weak coulombic interaction between holes and electrons in III-V 
InP QDs due to the more covalent nature of bonding and smaller 
effective mass of charge carriers.35-37 Accordingly, InP-based QDs 
have emerged as a promising light-harvester in several solar energy 
research, including photocatalysis.38-40 Very recently, Wu and co-
workers have used InP/ZnSe/ZnS core/shell QDs as sensitizers for 
achieving green-to-blue TTA-UC.24 Inspired by these reports and 
along with our own groups’ prior research on InP QDs, we have used 
InP/ZnS core/shell QD as a sensitizer in the design of the desired 
green-to-blue TTA-UC system. Oleylamine-capped InP/ZnS QDs with 
a diameter of ~3.7 nm was synthesized, using a previously reported 
procedure.41 The as-synthesized InP/ZnS QDs exhibited the first 
excitonic peak at ~500 nm and a PL emission peak at ~550 nm, with 
an average PL decay lifetime of ~55 ns and an excellent absolute 
PLQY of ~75% in toluene (Fig. S1†). 

Triplet-triplet energy transfer (TTEnT) from InP/ZnS QDs 

The bulkier ligands (oleylamine) on the surface of QDs can 
hinder the direct transfer of energy from QDs to the annihilator 
molecules. Thus, a transmitter ligand is often used to facilitate 
the energy cascade between the QDs and annihilator, thereby 
enhancing the overall upconversion quantum yield.42,43 

Transmitter Ligand

3ACA*

CB

VB

532 nm

E -1.25 V
vs SCE

-1.81 V
vs SCE

Reaction

S1

CB

X

Annihilator ~430 nm

3DPA* 

-1.88 V
vs SCE

InP/ZnS
QD

+

+

TTA-UC

1DPA*

3DPA* 

Scheme 1 Schematic representation of the TTA-UC process with ACA-capped InP/ZnS QDs as sensitizers and DPA as annihilators. The upconversion energy 
from the InP-based QD-sensitized TTA-UC system was used to drive the dehalogenation of substituted aryl halides, which typically require a potential 
exceeding the maximum achievable redox potential of InP/ZnS QDs. 
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Accordingly, the InP/ZnS QDs were functionalized with 9-
anthracenecarboxylic acid (ACA), a transmitter ligand, using a 
suitable ligand exchange protocol (Fig. 1a).14,24 The triplet-state 
energy (ET) of ACA is at 1.83 eV,24 which lies between the band 
gap of InP/ZnS QDs (2.29 eV) and the ET of annihilator DPA (1.77 
eV),24 enabling an efficient extraction and transfer of triplet 
energy from the photoexcited QDs to the annihilator DPA (Fig. 
S2†). The presence of the characteristic sharp absorption 
features of ACA below 400 nm, along with the retention of the 
first excitonic peak of the InP/ZnS QDs at ~500 nm, confirms the 
successful functionalization of ACA on the QD surface (Fig. 1b). 
As expected, a significant quenching in the PL of InP/ZnS QDs 
with ~80% efficiency was observed upon functionalization with 
the transmitter ligand ACA (Fig. 1c). Time-resolved PL 
quenching experiments further confirm an efficient TTEnT from 
the InP/ZnS QDs to the low-lying triplet state of the ACA 

molecules with a TTEnT time constant of 14.4 ns and efficiency 
of ~80 % (Fig. 1d, Table S2†). To confirm that the energy 
transfer step solely follows a TTEnT pathway, a PL quenching 
experiment was performed with another polyaromatic 
carboxylate ligand with a triplet energy level higher than the 
band gap of InP/ZnS QDs  (1-naphthoic acid, NCA, with ET = 2.60 
eV, Fig. 1e).24 Interestingly, negligible quenching of the QD PL 
was observed in both steady-state as well as time-resolved PL 
experiments upon NCA functionalization (Fig. S3a, b†). This 
study overrules both the possibilities of surface trap states 
induced upon ligand exchange and the involvement of any 
alternate energy/charge transfer mechanism, other than TTEnT, 
in the PL quenching of InP/ZnS QD by ACA (Fig. S3c†). 
 
To gain further insights into the TTEnT process, femtosecond 
transient absorption (fs-TA) studies were performed. The fs-TA 

InP/ZnS QD
InP/ZnS QD-ACA

1st excitonic peak
@500 nm

InP/ZnS QD
InP/ZnS QD-ACA

InP/ZnS QD
InP/ZnS QD-ACA

IRF

a) b)

c) d) e)

InP/ZnS
QD 9-anthracene 

carboxylic acid

Oleylamine
≡

InP/ZnS
QD

Fig. 1 a) Schematic representation of the surface functionalization of OAm-capped InP/ZnS QDs with ACA, using a ligand exchange protocol. b) Absorption 
spectra of InP/ZnS QDs before and after the ligand exchange with ACA, showing the characteristic absorption peaks of ACA molecules below 400 nm. The 
corresponding c) steady-state and d) time-resolved PL spectra of InP/ZnS QDs, showing a significant quenching after the surface functionalization with ACA 
molecules. e) Schematics showing the successful TTEnT from the photoexcited InP/ZnS QDs to the low-lying triplet state of the surface-bound ACA. A TTEnT 
from the photoexcited InP/ZnS QDs to the triplet state of NCA is thermodynamically not feasible, which was observed in the experiment as well (Fig. S3†).

Fig. 2 fs-TA spectra at indicated time delays upon 500 nm excitation of a) InP/ZnS QDs and b) InP/ZnS QD-ACA. Inset of (b) shows the absorption feature 
of 3ACA* at ~430 nm obtained by subtracting the normalized spectra corresponding to 1400 ps and 3 ps time delays. c) Kinetics of the GSB bleach recovery 
of InP/ZnS QDs with and without ACA ligands.
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spectra of InP/ZnS QDs and InP/ZnS QD-ACA following 500 nm 
excitation are shown in Fig. 2a and 2b, respectively. The 
prominent depletion signal at ~500 nm reflects the ground-
state bleach (GSB) of the QD first excitonic band. The GSB 
feature recovers at a significantly accelerated rate in surface 
functionalized InP/ZnS QD-ACA as compared to only InP/ZnS 
QDs (Fig. 2c). The accelerated recovery is also accompanied by 
the growth of an absorptive feature corresponding to T1⟶ Tn 
transition of the triplet states of ACA at ~430 nm (Fig. 2b inset 
and Fig. S4†).24 These observations provide direct evidence for 
the TTEnT from the InP/ZnS QDs to the ACA ligands. 
 
InP/ZnS QD sensitized green-to-blue TTA-UC 
 
With the InP/ZnS-ACA system showing an efficient triplet 
sensitization of ACA by InP/ZnS QDs, the next step was to 
introduce the annihilator DPA into the system to achieve the 
desired TTA-UC process. As shown in Fig. 3a, the ET of DPA is 
1.77 eV, which is lower than that of ACA (ET = 1.83 eV), allowing 
further TTEnT from the sensitized surface-bound 3ACA*. The 
532 nm excitation of the mixture (InP/ZnS QD-ACA + DPA) 
clearly produces a blue emission, corresponding to the decay of 
the first excited singlet states of DPA (captured using a 500 nm 
short-pass filter, as shown in Fig. 3b), confirming an effective 
TTA-UC process. The collected spectrum showed an apparent 
anti-Stokes shift (Δas) of 0.55 eV, estimated from the energy 

difference between the λmax of the upconversion emission signal 
and the excitation wavelength of the laser source (Fig. 3c). The 
upconversion emission signal also overlaps well with the 
fluorescence spectrum of DPA recorded by the direct excitation 
with λex = 365 nm (inset of Fig. 3c). This confirms that the 
observed emission in the InP/ZnS-ACA-DPA mixture is indeed 
originating from the 1DPA* molecule generated via the TTA-UC. 
The intensity of the UC signal increased steadily with the 
increase in the power density of the laser excitation (Fig. 3d. See 
Fig. S5† for beam diameter calculation). The integrated values 
of the UC peak under increasing laser power density first 
increased quadratically, then changed to linear increase after a 
cross-over point (Fig. 3e). This cross-over point, defined as the 
TTA-UC threshold intensity (Ith), was observed to be ~3.7 W.cm-

2 under our experimental conditions (Fig. 3e). Below this point, 
at lower power densities, the concentration of triplet-sensitized 
DPA ([3DPA*]) remains low, favoring spontaneous decay of 
[3DPA*] over TTA. However, above the Ith value, the [3DPA*] 
becomes sufficiently high, making TTA the dominant decay 
pathway, which results in a linear increase in the TTA-UC 
intensity with respect to the excitation power density. This 
leads to a shift in the slope of a double logarithmic plot of the 
integrated UC PL intensity vs power density from ~2 to ~1 above 
the Ith point. All these observations are in accordance with the 
signatures of TTA-UC process.44 Next, the QY of the TTA-UC 
process was calculated using rhodamine-6G as a reference dye. 

Fig. 3 InP/ZnS QD-sensitized TTA-UC system and the characterization of the TTA-UC signal. a) A schematic representation of the TTA-UC process containing 
InP/ZnS QD as the sensitizer, ACA as the triplet-transmitter ligand, and DPA as the annihilator. b) The optical photograph showing the bright blue 
upconversion signal from the cuvette (through a 500 nm short-pass filter) containing a solution of InP/ZnS-ACA and DPA, upon excitation with a 532 nm 
diode laser. c) The overall PL spectrum of the TTA-UC signal without any filter, showing the upconverted signal (λmax ~ 430 nm), the laser excitation (λmax ~ 
532 nm), and the direct PL of the InP/ZnS QDs (λmax ~ 550 nm). Inset shows an overlap between the TTA-UC signal and the fluorescence of DPA (obtained 
by the direct excitation of DPA at ~365 nm), confirming that the final emission arises from DPA. The concentration of DPA was 16 mM in these studies. d) 
The intensity of the upconversion signal increases with increase in the power density of the laser source. e) Log-log plot of the integrated UC intensity vs 
laser power density showing the transition from quadratic to linear regime with Ith value to be 3.7 W cm-2. f) The calculated TTA-UC QY plotted as a function 
of the laser power density.
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The normalized UCQY increased with excitation intensity, finally 
reaching a plateau of constant QY at higher incident power 
densities (Fig. 3f). Among the different concentrations of QD-
ACA complex and annihilator studied, a maximum UCQY of ~8.2 
% was obtained under an experimental condition containing 0.2 
μM of InP/ZnS-ACA and 16 mM DPA in an Ar purged toluene 
solution (Fig. 3f and Fig. S6†). It must be noted here that QD-
sensitized TTA-UC system often suffer from reabsorption losses 
since the QDs can themselves absorb the upconverted emission 
because of their broadband absorption, thereby reducing the 
measured UCQY.15-19,27 One effective strategy to mitigate this 
loss is to directly utilize the singlet excited state of the 
annihilator for photoredox transformations, which is the main 
objective of the present work. 
 
Photoredox catalysis using TTA-UC 
 
The optimized TTA-UC process was further applied in high-
energy photoredox transformations that occur at potentials 
beyond the redox limit of InP/ZnS QDs. For that, we selected the 
dehalogenation of aryl bromide substrates followed by the C-C 
coupling as the model reaction (Fig. 4a). The redox potential 
required for the dehalogenation of 4-bromoacetophenone (Ered 
= -1.81 V vs SCE)9 is beyond the redox limit of the InP/ZnS QD 
(ECB = -1.25 V vs SCE; Fig. S7†; see Section 5 of Supplementary 
Information for details). In a typical reaction, 4-

bromoacetophenone (1 eq., 0.25 mmol), N-methylpyrrole (50 
eq., 12.5 mmol), and DIPEA (150 μL, 0.85 mmol) were mixed 
with a solution containing 16 mg (0.048 mmol, 20 mol%) of DPA 
and 4 μM of InP/ZnS-ACA in a 1:1 benzene:DMSO solvent 
mixture in a long-neck cuvette. The system was purged with Ar 
for 15 min, after which the sealed cuvette was irradiated with a 
1W 532 nm continuous-wave laser beam focused on the cuvette 
wall. Interestingly, after 12 h of irradiation, an excellent 
conversion (~85%) of 4-bromoacetophenone was observed, 
with the yields of the dehalogenation and C-C coupled products 
estimated to be ~34% and ~47%, respectively (entry 1 in Fig. 4b, 
S8-S10†). Importantly, a conversion yield of >99% was observed 
when the same reaction was performed under ~370 nm UV, 12 
h irradiation, with DPA as the sole photocatalyst (entry 2 in Fig. 
4b and S11a†). However, only negligible amounts of both C-C 
coupled and dehalogenation products were formed, which 
could be attributed to the degradation of reactants and 
products under prolonged UV excitation. This highlights the 
advantage of TTA-UC over direct UV excitation in photoredox 
reactions (see Fig. S12, Section 8 of Supplementary Information 
for detailed experiments). A series of control experiments in the 
absence of either (i) QDs, (ii) DPA, (iii) ACA, or (iv) light, gave 
negligible conversion yield, confirming that the photoredox 
reaction is solely driven by the TTA-UC process (Fig. 4b entries 
3-6 and Fig. S11 b-e†). Thus, a reaction with high reduction 
potential (Ered for aryl radical is -1.81 V vs SCE) was successfully 

Yield of B 
(C-C)

Yield of AConversionExcitationSolvent (1:1)N-methyl 
pyrrole

InP/ZnS-ACAEntry

47%34%85%532 nm laserBenzene : DMSO50 eq.4 μM1

Negligible*Negligible*>99%370 nm UV LED 
(direct ex.)

Benzene : DMSO50 eq.Only DPA2

5%<1%6%532 nm laserBenzene : DMSO50 eq.No ACA3

5%<1%7%532 nm laserBenzene : DMSO50 eq.No DPA4

4%<1%5%532 nm laserBenzene : DMSO50 eq.No QDs5

--NegligibleDarkBenzene : DMSO50 eq.4 μM6

Control studies

Reaction scheme

+ InP/ZnS-ACA + DPA

DIPEA, 532 nm Laser, 
Solvent, rt, 12 h

+

Bromoacetophenone
(0.25 mmol, 1 eq.)

N-methylpyrrole
(12.5 mmol, 50 eq.)

Acetophenone
(A)

C-C coupled product
(B)

0.0048 mol% QD

a)

b)

Fig. 4 Photoredox catalysis using InP/ZnS QD-sensitized TTA-UC system. a) The optimized photocatalytic redox reaction scheme for the dehalogenation of 4-
bromoacetophenone and C-C coupling reaction between 4-bromoacetophenone and N-methylpyrrole. b) A table showing the optimized condition as well as 
other control experiments under different reaction conditions. All these experiments confirm the sole role of the TTA-UC process in enabling the photocatalytic 
redox reaction with visible light. (*The negligible yields obtained with direct excitation of DPA catalyst could be attributed to photodegradation due to 
prolonged UV irradiation) 
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carried out using a low-energy excitation, showcasing the 
power of the TTA-UC process. 
 

Next, a plausible mechanism is presented based on the 
experimental data obtained and the literature reports (Fig. 5a). 

The singlet excited state of DPA (1DPA*) (1), generated via 
InP/ZnS QD-sensitized TTA-UC, can undergo a reductive or 
oxidative quenching pathway to activate the C-Br bond in 4-

bromoacetophenone (3) via the formation DPA•- or DPA•+ 

respectively. PL quenching experiments were performed to 

b)

c)

a)

Fig. 5 a) Schematic representation of the plausible mechanism of photocatalytic redox reaction driven by the upconversion energy generated from InP/ZnS 
QD-sensitized TTA-UC process. 1DPA* formed via the TTA-UC process participates in a series of charge transfer steps, which eventually lead to the formation 
of the aryl radical 5. The photophysical studies show b) a negligible quenching of the fluorescence of DPA in presence of 4-bromoacetophenone; whereas a 
drastic quenching of DPA fluorescence in presence of DIPEA. c) Stern-Volmer plot obtained from the relative fluorescence quenching of DPA in presence of 
4-bromoacetophenone and DIPEA. This confirms that the excited 1DPA* first undergoes a reductive quenching in the presence of DIPEA during the 
photocatalytic process.

PicturesResultsTimeExcitation sourcePhotosensitizersEntry

Polymerization10 min532 nm LaserInP/ZnS-ACA-DPA1

No Polymerization2 h532 nm LaserOnly QDs2

No Polymerization2 h532 nm LaserNo QDs (only DPA)3

No Polymerization2 h532 nm LaserOnly monomer + cross 
linker

4

No Polymerization2 hOnly heat 
(~60 °C)

Only QDs 5

+ +
InP/ZnS-ACA-DPA 

+ DIPEA Polymer
(PMMA)

Radical Initiator
(0.25 mmol)

Methyl methacrylate 
monomer (4.7 mmol)

Hexane-1,6-diacrylate
cross linker (2.2 mmol)

532 nm Laser
10 min

a)

b)

Fig. 6 Photopolymerization of MMA with InP QD-sensitized TTA-UC system. a) Schematic representation of the optimized condition for photopolymerization 
of MMA with InP QD-sensitized TTA-UC system. b) A table summarizing the optimized conditions for the polymerization reaction, as well as the control 
experiments confirming the sole involvement of the InP/ZnS QD-sensitized TTA-UC process.
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identify the pathway in the present study. In these experiments, 
DPA molecules were directly excited at 385 nm, and its 
fluorescence was monitored in the presence of either 3 or 
DIPEA (at the same ratio as in the reaction mixture). A minimal 
quenching of the DPA fluorescence was observed upon the 
addition of 3 (80 mM) to the DPA solution, confirming that the 
electron transfer from 1 (i.e., the oxidative quenching) is not the 
likely first step. On the other hand, upon the addition of DIPEA 
(300 mM) to the DPA solution, a substantial quenching of the 
DPA fluorescence (~70%) was observed, confirming that 
reductive quenching is the first step in the photocatalytic 
process (Fig. 5b). The Stern-Volmer plot constructed from 
fluorescence quenching data confirms the superior PL 
quenching of DPA by DIPEA, further validating the reductive 
quenching pathway (Fig. 5c). The reductive quenching pathway 
results in the formation of DPA•- (2) and the DIPEA radical cation 
(DIPEA•+). 2 then transfers its photoexcited electron to 1, 
generating 4-bromoacetophenone radical anion (4), which 
finally dissociates to form the aryl radical (5). The radical 5 can 
then get trapped by N-methyl pyrrole to yield the C-C coupled 
product (6) or undergo a hydrogen atom transfer from the 
DIPEA•+ to produce acetophenone (7). The dehalogenation of 
aryl halides in the presence of DIPEA is well-known to follow a 
radical-based pathway.45 The formation of C-C coupled product 
6 in a significant amount (~45 %) further confirms that a radical-
based pathway is involved in the present study as well. 
 
Radical-mediated photopolymerization with TTA-UC process 
 
The ability of the TTA-UC process to generate the radical under 
visible light excitation motivated us to use the aryl radical (5 in 
Fig. 5a) as an initiator for a photopolymerization reaction. We 
chose the radical polymerization of methyl methacrylate 
(MMA) to produce polymethyl methacrylate (PMMA). The 
radical polymerization of MMA is conventionally carried out in 
presence of an initiator under high-energy UV light excitation.46 
Considering the wide range of applications of PMMA, shifting 
from a high-energy UV excitation to a lower-energy and more 
abundant visible-light excitation will be a better sustainable 
approach to drive the polymerization of MMA. In this context, 
the suitability of InP QD-sensitized TTA-UC system developed in 
the present study was tested. Within 10 min of irradiation with 
a 532 nm continuous-wave laser, the liquid reaction mixture 
turned into a solid polymer gel as shown in Fig. 6a. Control 
experiments in the absence of either DPA or QDs or both, 
showed no signs of polymerization, even when the irradiation 
was carried out for ~2 h (Fig. 6b, entries 2-4). Moreover, no 
signs of polymerization were observed under continuous 
heating of the reaction mixture for ~2 h at ~60 °C, confirming 
that TTA-UC is solely responsible for the photopolymerization 
(Fig. 6b, entry 5). 

Conclusions 
Our work showcases the potential of the InP QD-sensitized TTA-
UC system in driving high-energy-driven chemical 
transformations with lower-energy excitations. Photophysical 

studies reveal the active involvement of a bimolecular 
annihilation process, with a green-to-blue UC QY of ~8.2% and 
an apparent anti-Stokes shift (Δas) of 0.55 eV. The upconversion 
energy from the InP QD-sensitized TTA-UC system was used to 
drive the photo-activation of substituted aryl-bromides under 
visible-light excitation, leading to the formation of 
corresponding dehalogenation and C-C coupled products. An 
excellent conversion yield of ~85% was achieved in 12 h for the 
TTA-UC-triggered photoredox reaction. Further, the 
upconversion energy from the InP QD-sensitized TTA-UC system 
was used to produce PMMA within 10 min of visible-light-driven 
radical polymerization of MMA. Thus, two UV light-demanding 
chemical reactions were efficiently performed with visible-light 
excitation by harnessing QD-sensitized upconversion energy. 
The introduction of QD-sensitized green-to-blue UC into 
chemical synthesis could promote the use of visible-light 
excitation for driving a wider set of chemical transformations 
that typically demand UV light excitation. Such approaches are 
essential to achieve more sustainability in chemical synthesis. 
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