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SUMMARY

Photocatalysis has traditionally relied on photocatalysts that pri-
marily absorb short-wavelength ultraviolet-visible (UV-vis) light.
However, recent advancements have led to the development of
photocatalysts that can absorb deep-red to near-infrared light.
These near-infrared photocatalysts (NIR-PCs) offer distinct advan-
tages over traditional UV-vis photocatalysts, including deeper
tissue penetration and reduced interference from competing ab-
sorption processes. Herein, we summarize the latest advancements
in their molecular design based on three activation mechanisms:
one-photon absorption, triplet-triplet annihilation upconversion,
and two-photon absorption. This review aims to present not only
various organic transformations facilitated by NIR-PCs but also the
diverse molecular engineering strategies that have been employed
in the design and development of NIR-PCs, particularly focusing on
those with exceptional absorption capabilities in the NIR region.
Finally, a brief overview of the current challenges and opportunities
for future explorations of NIR photocatalysis is presented, under-
scoring the growing significance of NIR-PCs in advancing the fron-
tiers of photocatalysis.

INTRODUCTION

The power of photon has been well recognized and harnessed across various fields,

including synthesis,1–8 catalysis,9–13 solar cell,14–16 luminescence sensing,17–19 and

bioimaging.20,21 Even though light-driven organic transformations have been known

for centuries, photocatalytic reactions were not widely investigated until the last few

decades. Thanks to extensive studies in organic and inorganic molecular photocata-

lysts and the elegant design of photocatalytic systems,8 in recent years, photocatal-

ysis has appeared as a powerful platform to realize various synthetic reactions, such

as reductive dehalogenation,22,23 radical cyclization,24 oxidative biaryl coupling,25

and a-functionalization of arenes and amines,3 allowing previously inaccessible

reaction pathways to be explored and exhibiting a tremendous impact on organic

synthesis.2,4 For instance, photoredox catalysis has facilitated the discovery of other-

wise challenging synthetic strategies for drug synthesis and biomolecule modifica-

tion.7 In particular, the spatiotemporal nature of light irradiation as the sole driving

force has enabled photocatalytic reactions specifically appealing for site-selective

bioconjugation and protein labeling in biological settings, especially when the em-

ployed photocatalysts can absorb the light of wavelengths longer than those ab-

sorbed by nucleotides, sugars, and amino acids found in biology. Such an advantage

allows for the selective delivery of photons to photocatalysts, enabling precise

spatiotemporal control over reactivity in complex biological systems.

THE BIGGER PICTURE

Challenges and opportunities

� The design of NIR light-

absorbing photocatalysts via

one-photon absorption should

prioritize synthetic simplicity

while maintaining a high

extinction coefficient in the NIR

region and competent excited-

state redox power.

� For those following the triplet-

triplet annihilation

upconversion mechanism, there

is a need to develop more

energy-matched sensitizer/

annihilator pairs and find

strategies to protect the triplet

species from oxygen

quenching. Another possibility

is to optimize the energy

transfer process to create

simpler and more efficient

upconversion systems.

� It is of critical importance to

design competent NIR light-

absorbing photocatalysts with

large two-photon absorption

cross-sections and high

photocatalytic efficiency,

enabling their excitation by

inexpensive and readily

available NIR LEDs.
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Traditional photocatalysts have primarily focused on harnessing ultraviolet-visible (UV-

vis) light, corresponding to about 51% of the solar spectrum.26,27However, the remain-

ing half, the near-infrared (NIR) region (700–2,500 nm), represents an underexploited

spectrum due to its low photon energy and the limited NIR light absorption of conven-

tional photocatalysts.28,29 Indeed, many molecular photocatalysts, such as expensive

metal-containing [Ru(bpy)3]
2+ (bpy = 2,20-bipyridyl), [Ir[dF(CF3)ppy]2(dtbpy)]

+ (dF(CF3)

ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine, dtbpy = 4,40-di-tert-butyl-

2,20-bipyridine), and organic dyes like 4CzIPN (1,2,3,5-tetrakis(carbazol-9-yl)-4,6-di-

cyanobenzene), have been developed for a variety of photocatalytic reactions. A close

analysis of their photophysical properties suggests that Ir-based photocatalysts typi-

cally exhibit strong absorption in the UV region with a weak absorption tail in the visible

region (blue light), while Ru-based complexes possess relatively red-shifted absorption

but still most likely no substantial absorption beyond 500 nm. Even though several

organic photocatalysts (e.g., rose bengal and eosin Y) can absorb photons in the wave-

length range of 500–600 nm, their limited lifetimes, redox potentials, and stability is-

sues pose concerns regarding long-term applications. Regardless of the innate photo-

physical properties of each widely used photocatalyst, a common feature is that most

of them do not operate effectively under NIR light irradiation.

From an energy perspective, one-photon absorption (OPA) in the UV-vis region is

usually required to populate the desirable excited states of most photocatalysts

with an energy of 50–80 kcal/mol, which are able to drive many organic transforma-

tions.5 However, the utilization of UV-vis light has intrinsic limitations such as low

penetration through media (for instance, only the reaction medium proximal to

the vessel wall within 2 mm will experience irradiation in visible light-driven reac-

tions)30 and competing absorption by reaction substrates and co-catalysts.31 In

particular, UV-vis light suffers from limited penetration into human tissue, rendering

a great challenge for in vivo applications. In contrast, NIR light shows the best pene-

tration through human tissue.32–34 As most biomolecules (e.g., DNA, amino acid,

protein, and sugar) do not absorb NIR photons and hence are inert to NIR light acti-

vation, minimal perturbation or damage to biomolecules would be anticipated un-

der NIR light irradiation. Therefore, the development of NIR light-activatable photo-

catalysts represents an attractive strategy for light-driven biomolecule modification.

In response to the underutilization of NIR light, recent decades have witnessed a

surge in research aimed at enhancing NIR light-driven photocatalysis. Researchers

have explored various strategies to capture and convert this spectrum of light

more effectively, including the development of narrow-band-gap semiconductors,

upconversion (UC) systems, and NIR light-responsive chromophores. Despite a

wealth of literature reviewing the principles and progress in NIR photocataly-

sis,26–28,35 there remains a critical need for continuous innovation, particularly in

the realm of molecular design. This precision-driven approach involves fine-tuning

the chemical structures of photocatalysts or components within the photocatalytic

systems to maximize their NIR light absorption and hence optimize the photocata-

lytic activity. In this review, we emphasize the molecular design strategies and

methods that enable precise control over NIR light-driven photocatalysis. These

strategies are delineated based on three distinct activation modes, including

OPA,36 triplet-triplet annihilation UC (TTA-UC),37 and two-photon absorption

(TPA). By focusing on photocatalytic systems with excitation wavelengths ranging

from 620 to 850 nm, this review aims to summarize the recent advancements,

address ongoing challenges, and highlight novel opportunities in the field of

deep-red to NIR photocatalysis, offering a forward-looking view into the potential

of this emergent and vital area of photocatalysis.
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OPA

Given the important roles played by conventional organic and organometallic chro-

mophores in visible photocatalysis, many researchers have endeavored to extend

their absorption toward longer wavelengths through various chemical modifications

and use them as deep-red to NIR photocatalysts (NIR-PCs). The overall design stra-

tegies include extending p-conjugated systems, incorporating electron-with-

drawing/donating substituents, directly coupling with other chromophores,38 em-

ploying metal centers with pronounced spin-orbit coupling effects, and enhancing

intramolecular charge transfers (Figure 1A).

Figure 1. Molecular structure of OPA photocatalysts

(A) Design strategies of OPA photocatalysts.

(B) Organic OPA photocatalysts.

(C) Porphyrinoid OPA photocatalysts.

(D) Metal-complexed OPA photocatalysts.
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Organic dyes

Organic dyes have garnered attention as effective photocatalysts in NIR photocatal-

ysis since the early 2000s (Figure 1B). These dyes typically possess extended p-elec-

tron delocalization, a structural feature that is instrumental in absorbing long-wave-

length photons of the NIR spectrum. The absorption of these photons facilitates the

initiation of electron- or energy-transfer processes to drive a variety of chemical

transformations.

Methylene blue (MB), a commonly used organic dye, is known for its ability to absorb

red light with an absorption maximum at 664 nm, making it a suitable agent for NIR

photocatalysis.39 In a seminal study in 2000, Ferroud and colleagues pioneered the

use of MB as a deep-red photocatalyst, demonstrating its capability to facilitate the

photooxidation of piperidine and pyrrolidine derivatives40,41 as well as the indolizine

ring.42 Further expanding its application scope, MB has also been shown to act as an

electron acceptor in catalyzing the Z/E isomerization of azobenzenes.43 Building

upon these precedent examples, more recent studies have explored modifications

to enhance MB’s performance and stability. Notably, in 2021, the Amara group

investigated the immobilization of MB on silica nanoparticles as a strategy to protect

the catalysts from deactivation.44 This innovative approach resulted in a heteroge-

neous catalyst that exhibited improved performance in the photooxidation of citro-

nellol, outperforming its homogeneous counterpart. More recently, the Zhao group

discovered that an MB analog (NMB+) exhibited strong photoredox reactivity.45 It

was found capable of selectively cleaving thermodynamically stable N=N bonds un-

der low-energy excitation using a 655 nm laser. The proposed mechanism involves a

novel consecutive two-photon stepwise absorption process. Initially, NMB+ absorbs

a red photon to generate a triplet excited state (3NMB+*). This is followed by contin-

uous two-electron reduction steps leading to the formation of a reduced species

(LNMB), which then complexes with the azo substrate, enabling the absorption of

a second red photon and the subsequent cleavage of the azo bond. Notably, this

photocatalytic process can be performed in aqueous solutions or hypoxic cells,

paving the way for new bioorthogonal strategies for azo bond cleavage and drug de-

livery applications.

N,N0-Dialkyl-1,13-dimethoxyquinacridinium (DMQA+) represents a class of stable

carbenium ions renowned for their role as NIR emitters.46 A key feature of DMQA+

is its helical structure, which significantly contributes to its high stability as a photo-

catalyst.47 In addition, DMQA+ dyes possess adjustable electrochemical, photo-

physical, and chiroptical properties. These properties can be finely tuned through

the introduction of peripheral auxochrome substituents, offering a versatile toolkit

for customization according to specific photoredox catalytic needs.48,49 In 2020,

the Gianetti group showcased that DMQA+ could engage in both oxidative and

reductive quenching processes under red LED irradiation (lex = 640 nm).50–52 In a

follow-up study, the Gianetti group further expanded the applications of DMQA+

by employing it in the [3+2] cyclization of cyclopropylamines with alkenes and al-

kynes, illustrating the broad potential of DMQA+ in facilitating novel photoredox

catalysis reactions.53

The modification of chromophore structures represents an innovative approach to

extend the optical absorption properties of established dyes into the NIR region.

By ingeniously adjusting the molecular architecture, researchers have successfully

shifted the absorption spectra of several well-known dyes, enabling their application

in NIR-induced photocatalytic reactions. A prime example of this strategy involves

eosin Y, traditionally characterized by its absorption peak at 539 nm and widely
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used in green-light-induced photocatalysis.54 In 2022, the Tanioka group developed

a variant of eosin Y featuring an extended p-conjugation system.55 This modification

induced a bathochromic shift, extending the dye’s absorption maximum to 702 nm

and rendering it capable of catalyzing arylation reactions with aryldiazonium salts

under mild NIR irradiation. Furthermore, iodinated BODIPY dyes were popular

visible-light-absorbing photoredox catalysts56 and prominent in photodynamic

therapy (PDT).57 In 2016, the Han group synthesized a carbazole-substituted

BODIPY molecule with a broad NIR absorption band (600–800 nm) and applied it

to NIR-responsive PDT.58 Afterward, the Duan group explored its application in

NIR photooxidation of benzylamine derivatives, sulfides, and aryl boronic acids.59

Additionally, the Chen group recently reported pH-responsive NIR-PCs consisting

of imidazole-anion-fused perylene diimide chromophores (PDII�).60 Notably, the

PDII�/Cu dual-catalyzed photoinduced atom transfer radical polymerization

(ATRP) can proceed smoothly (lex = 730 nm) even when the vessels are covered

by paper or pig skin, demonstrating the deep penetration capabilities of NIR

photons.

Cyanine dyes, characterized by their conjugated polymethine chains flanked by het-

erocyclic rings, are renowned for their broad absorption spectrum extending from

the visible to the NIR region. These dyes have found versatile applications across

various fields, including NIR fluorescent imaging,61 oxygen photosensitization in

PDT,62 and NIR photoredox catalysis. Their unique structure and extensive conjuga-

tion allow for significant versatility and effectiveness in these applications. A notable

example of cyanine dye application is the work of Kütahya and co-workers, who em-

ployed the zwitterionic cyanine derivative (Cy791) as an NIR photoinitiator. This de-

rivative, when irradiated with a 790 nm LED, proved effective for ATRP of methyl

methacrylate (MMA)63 and also Cu-catalyzed click reactions.64 Further advance-

ments were made in 2021 by the Goddard group, who demonstrated the multifac-

eted capabilities of Cy746.65 This dye was shown to engage in oxidative quenching

of heteroatom-containing substrates, reductive quenching of Umemoto’s reagent,

and energy-transfer processes, effectively generating reactive oxygen species. Their

group’s continued efforts in developing new cyanine-based NIR-PCs revealed that

the amino-substituted cyanine dye (Cy637) significantly accelerates oxidative aza-

Henry reactions, while a variant with an extended conjugated system (Cy997) ex-

hibits enhanced stability under reducing conditions and proficiency in catalyzing tri-

fluoromethylation of alkenes.66 In addition to cyanine dyes, the Goddard group also

explored the potential of squaraine derivatives (Sq) in NIR photocatalysis. Unlike

cyanine dyes, squaraine dyes tend to participate predominantly in electron transfer

photoredox processes, offering an alternative mechanism to the typically observed

energy transfer in cyanine systems.67 Complementing these developments, the

Cheng group established a ketocyanine-type dye as a universal activator for a variety

of reversible addition-fragmentation chain transfer (RAFT) polymerization. These

polymerizations, activated by NIR LED light (lex = 810 nm), underscore the expand-

ing versatility and utility of cyanine and related dyes in advanced photoredox

applications.68

Porphyrinoids

Porphyrinoids, particularly aromatic porphyrins and phthalocyanines, along with

their metal complexes, are distinguished from other organic dyes due to their excep-

tional optical and chemical properties (Figure 1C). Characterized by their robust ar-

omatic structures, these compounds are known for their prominent Soret band at

around 420 nm, making them traditionally favored as photoredox catalysts for reac-

tions under blue and green light irradiation.69,70 A notable study by Gryko and
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colleagues highlighted that base-free porphyrins are capable of promoting red-

light-induced arylation of heterohydrocarbons through oxidative quenching.

Additionally, they demonstrated that these compounds could also facilitate thiol-

yne reactions and decarboxylative alkynylation via reductive quenching, showcasing

the adaptability of porphyrins in engaging with different photoredox mechanisms.71

In pursuit of extending the light absorption range of porphyrins into the NIR region,

the Derksen group made significant strides by modifying the porphyrin scaffold.

They introduced a thiophene ring to the structure resulting in a red shift of the ab-

sorption band to 696 nm.72 This structural alteration has effectively expanded the

utility of porphyrins, enabling them to act as photocatalysts for facilitating dehaloge-

nation reactions under mild NIR irradiation (lex > 645 nm).

The modification of porphyrinoid scaffolds extends beyond altering peripheral sub-

stituents. A significant avenue for enhancing their electronic structures and optical

activities involves the introduction of main-group elements73 or metals74 as the cen-

tral atom. This approach has led to a wide array of porphyrinoids with varied and

improved functionalities, especially in terms of NIR photocatalysis. Silicon phthalo-

cyanines are one such example, demonstrating high optical stability and the ability

to promote photooxidative reactions under minimal catalyst loadings (in the ppb

range) when irradiated at 630 nm.75 Similarly, the Shibata group reported trifluoroe-

thoxy-coated B-subphthalocyanine (TFEO-SubPc), a catalyst that efficiently drives

the trifluoromethylation of unsaturated hydrocarbons with good yields.76

On the other hand, the potential of metal-centered porphyrinoids as NIR-PCs has

been increasingly realized. Ouyang and colleagues reported MgII-chlorin, which

catalyzed the photooxidative hydroxylation of organoboron compounds under

LED irradiation.77 In 2022, the MacMillan group introduced a novel proximity label-

ing strategy using a red-light-excited SnIV-chlorin, catalyzing the reduction of aryl

azides to generate aminyl radicals, effective both in vitro and in cellulo.78 Expanding

the spectrum of NIR-responsive photocatalysts, Boyer and co-workers utilized

aluminum phthalocyanine (lmax = 679 nm) and aluminum naphthalocyanine

(lmax = 783 nm) for controlled RAFT polymerization under deep-red to NIR light.79

Furthermore, the Furuyama group reported that ruthenium phthalocyanine com-

plexes exhibited good compatibility with functional groups in the red-light-medi-

ated chlorotrifluoromethylation reactions.80 In the past decade, zinc phthalocya-

nines have also emerged as efficient photocatalysts promoting a variety of

reactions including perfluoroalkylation reactions of (hetero)aromatics and sulfides

under red light (lex = 635 nm),81 cross-dehydrogenative coupling under NIR LED

light (lex = 810 nm),82,83 and RAFT polymerizations with NIR irradiation (lex =

730 nm).84

Metal polypyridyl complexes

Metal polypyridyl complexes represent a unique class of photocatalysts in the realm

of organic photocatalysis, particularly because of their rich photophysical and redox

chemistry (Figure 1D). In 2020, the Rovis groupmade a significant contribution to this

field by reporting several Os polypyridyl complexes as effective NIR-PCs. Because of

the strong spin-orbit coupling effect of the OsII center, these Os complexes exhibit

S0/T1 excitation in the deep-red and NIR regions (660–800 nm). This property al-

lows them to effectively drive a variety of photoredox processes, including photopo-

lymerization andmetallaphotoredox reactions underNIR irradiation.85 The versatility

of Os polypyridyl complexes was further enhanced by the Rovis group through stra-

tegic modification of the ligand scaffold and electron density.86 They successfully

demonstrated a dual-nickel/[Os(phen)3](PF6)2-catalyzed C–N cross-coupling of aryl
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bromides with amine-based nucleophiles upon irradiation at 660 nm.87 This Os

photocatalyst was also shown to activate aryl azides and aryl(trifluoromethyl)

diazos into nitrenes and carbenes, respectively, facilitating photocatalytic proximity

labeling—a technique of growing interest for its potential in various chemical

and biological applications.88,89 In addition, Landais and co-workers employed

another variant, Os(bptpy)2(PF6)2, as a catalyst to realize the decarboxylation of oxa-

mic acids under deep-red conditions, highlighting the broad potential of OsII poly-

pyridyl complexes in facilitating various chemical transformations under NIR light.90

Moreover, ruthenium polypyridyl complexes, such as [Ru(bpy)3]
2+ and [Ru(tpy)2]

2+,

are well established in the domain of visible photoredox catalysis for their broad

absorption band around 400–500 nm.91 The versatility and effectiveness of these

complexes have led to their widespread adoption in various photocatalytic appli-

cations. Aiming to extend the capabilities of these ruthenium complexes, the Kurth

group undertook modifications on [Ru(Tolyltpy)2]
2+. By introducing a central pyrim-

idine ring, they achieved red-shifted emission (lem = 703 nm) and prolonged

excited-state lifetime (t = 8.8G 1 ns). These modifications resulted in new Ru com-

plexes with enhanced photostability and higher quantum yields. Remarkably, the

modified complexes exhibit the ability to promote water reduction under red light

irradiation.92

In parallel, dirhodium complexes have garnered attention as promising NIR-PCs due

to their panchromatic-light absorption and inherent stability in both water and air.

The Turro group contributed to this field by developing Rh2(II,II) dimers bridged

with either symmetrical93 or asymmetrical94 ligands. These dimers are characterized

by short Rh–Rh bonds, which elevate the energy of the Rh2(s*) orbital, leading to

relatively long-lived 3ML-LCT (metal/ligand-to-ligand charge transfer) excited

states. Such structural and electronic properties enable these dirhodium complexes

to act effectively as NIR-PCs, particularly noted for their role in producing H2 in acidic

solutions (lex = 670 or 735 nm).93,94 Moreover, when these dirhodium complexes

are anchored onto a NiO photocathode, they perform dual functions as both

the photosensitizer and catalytic center. This integration facilitates H2 production

under red light irradiation (lex = 655 nm), effectively reducing energy loss typically

associated with additional intermolecular charge transfer steps.95 In addition, the

iron(I) dimer [CpFe(CO)2]2was reported to catalyze the iodoperfluoroalkylation of al-

kenes under NIR light (lex = 730 nm) excitation. This process involves NIR-light-

induced Fe–Fe bond homolysis to generate the metalloradical, which engages

with perfluoroiodides to generate a perfluoroalkyl radical via a halogen-atom trans-

fer process.96

TTA-UC

The inherent limitation of conventional NIR-PCs lies in the low energy of NIR light,

which may not suffice to drive certain chemically demanding transformations effec-

tively.97 To overcome this challenge, multiphoton excitation strategies, such as TTA-

UC, have been developed.98 By enabling the combination of energy from multiple

photons within each catalytic turnover, TTA-UC facilitates the occurrence of thermo-

dynamically challenging reactions under the irradiation of low-energy photons. This

method essentially allows for the effective utilization of NIR photons, which are indi-

vidually insufficient in energy, by accumulating their energy through a process of

annihilation of triplet excited states. As a result, higher-energy singlet states are

generated that are capable of initiating or driving reactions that single NIR photons

cannot.99
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UC is a nonlinear optical process characterized by the absorption of two ormore low-

energy photons and the subsequent emission of one higher-energy photon.100 This

process is inherently limited by quantum yield considerations, with the UC quantum

yield (FUC) theoretically restricted to less than 50%. The anti-Stokes shift (DEUC) rep-

resents the energy difference between the absorbed low-energy photons and the

emitted high-energy photon. TTA-UC is a specific UC mechanism that typically in-

volves five key steps (Figure 2A). (1) The sensitizer (Sen) absorbs an NIR photon to

generate its singlet excited state (1[Sen]*). (2) The 1[Sen]* undergoes intersystem

Figure 2. Schematic illustrations of TTA-UC pathways and selected examples of TTA-UC photocatalysis

(A) Jablonski diagram of TTA-UC.

(B) Sensitizers.

(C) Annihilators.

(D) Selected examples of NIR-induced reactions through TTA-UC.
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crossing (ISC) to form the corresponding long-lived triplet state (3[Sen]*). (3) The
3[Sen]* transfers its energy to the annihilator (An), resulting in the formation of the

triplet excited state of the An (3[An]*). (4) Two 3[An]* species undergo TTA, leading

to the formation of a singlet ground state and a singlet excited state of Ans (1[An] and
1[An]*, respectively). (5) The high-energy 1[An]* decays into its ground state, accom-

panied by energy transfer or electron transfer processes with a conventional photo-

catalyst or substrate.

Achieving efficient TTA-UC requires careful consideration of several fundamental

aspects. The ideal photosensitizer should exhibit intense light absorption, high ISC

efficiency, and long triplet lifetime, while the ideal An should possess a high fluores-

cence quantum yield. There needs to be a specific energy relationship between the

components, specifically, E(3[Sen]*) > E(3[An]*) and 2E(3[An]*) > E(1[An]*) > E(3[Sen]*),

to facilitate the effective transfer and annihilation of triplet energy. Moreover, the

TTA pair must be spatially oriented to allow for Dexter energy transfer mechanisms,

typically with a distance limitation of around 10 Å to ensure efficient energy transfer.

Understanding and optimizing these parameters are critical in developing TTA-UC

systems that effectively harness low-energy NIR photons for photocatalysis.

In 2019, Rovis, Campos, and co-workers reported NIR-irradiated photocatalysis

following TTA-UC.101 They introduced a system employing PdII-octabutoxyphthalo-

cyanine (PdPc) as the photosensitizer and furanyldiketopyrrolopyrrole (FDPP) as the

An, achieving a remarkable NIR (730 nm) to orange (530 nm) TTA-UC with an FUC of

3.2%. This TTA-UC system was successfully adapted to rose-bengal-mediated

amine oxidation and eosin-Y-catalyzed hydrodehalogenation (Figure 2D) and

radical cyclization reactions under NIR light excitation. Further expanding the poten-

tial of TTA-UC, the authors developed another NIR-to-blue Sen/An pair consisting of

PtII-tetraphenyl-tetranaphthoporphyrin (PtTPTNP) and tetrakis(tert-butyl)perylene

(TTBP). This pair achieved an FUC of 2.0% and an anti-Stokes shift of approximately

1.0 eV. Demonstrating its versatility, this Sen/An pair was used for various reactions,

including [2+2] cyclization reaction catalyzed by [Ru(bpy)3]
2+, vinyl azide cyclization,

and the radical polymerization of MMA, all under the irradiation of an NIR diode.

In 2020, the Han group reported another NIR-to-green TTA-UC pair of PdII-tetra-

phenyl-tetranaphthoporphyrin (PdTNP) photosensitizer and perylene Ans.97 The au-

thors systematically explored their excited states by chemically modifying perylene

Ans and successfully tuned the TTA-UC from an endothermic process to an

exothermic one. This adjustment significantly enhanced the efficiency and practi-

cality of TTA-UC in photocatalytic applications. With illumination under 720 nm

light, the pair of PdTNP and bis(arylalkynyl)perylene exhibited a relatively high

TTA-UC efficiency (FUC = 14.1%), which enabled the eosin-Y-catalyzed photooxida-

tion of arylboronic acid (Figure 2D). Furthermore, they discovered that excitation of

the Sen tetraphenyltetrabenzoporphine palladium (PdTPBP) using 656 nm LEDs led

to the generation of a high-energy excited state of perylene through TTA-UC. This

state was capable of catalyzing the photoreduction of aryl halides even in the

absence of electron sacrificial reagents.102 In parallel, Li and co-workers applied a

red-light-illuminated TTA pair of PdII-5,10,15,20-tetra(N,N-diethylaniline)porphyrin

(PdTPNEt2P) and perylene to achieve selective degradation of oxidized lignin

models.103 The same group also introduced a TTA-mediated photolysis strategy

in which the An was linked to a drug molecule via a photolabile chain.104 Using

PtTNP and PdTPBP as deep-red (650 nm) and NIR (720 nm) Sens, respectively, pho-

toremovable protecting groups such as BODIPY and perylene were activated via

TTA-UC, facilitating the release of the drug by cleaving the photolabile linkage
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(Figure 2D). Moreover, PtTPBP105,106 and [Os(bptpy)2]
2+107 have been reported as

effective NIR-PCs to facilitate photolysis reactions of BODIPY-based prodrugs

through UC-like processes, further expanding the applicability of TTA-UC in phar-

maceutical contexts.

The Wenger group has introduced a novel family of photoactive compounds

comprising Mo(0) complexes with diisocyanide chelate ligands.108 Through

meticulous ligand modification aimed at adjusting the bite angles and extending

p-conjugation, they successfully obtained the deep-red luminescent Mo(0) com-

plex, denoted as Mo(L)3.
109 This complex was demonstrated to sensitize red

(635 nm)-to-blue (430 nm) UC using 9,10-diphenylanthracene (DPA) as the An.

The generated blue output light was then effectively harnessed by [Ru(bpy)3]
2+ to

drive the photoisomerization reaction of stilbene in a separate reaction vessel

(Figure 2D). More recently, the Wenger group reported another new bimolecular

red-to-blue TTA-UC system comprised of [Os(bpy)3]
2+ and 9,10-dicyanoanthracene

(DCA).110 This system was successfully employed in facilitating various photooxida-

tive transformations, including the isomerization of stilbene, a [2+2] cycloaddition

(Figure 2D), a Newman-Kwart rearrangement, and an aryl ether-to-ester

rearrangement.

Beyond organometallic complexes, colloidal nanocrystals have emerged as a prom-

ising alternative for NIR UC to initiate various photocatalytic reactions. Wu and col-

leagues contributed to this expanding field by reporting an NIR-to-yellow TTA-UC

pair consisting of Zn-doped CuInSe2 nanocrystals and rubrene.111 The Zn-doped

CuInSe2 nanocrystals act as efficient photosensitizers, absorbing NIR light and trans-

ferring energy to rubrene, the An. This pair could catalyze reductive dehalogenation,

amine oxidation, cross-coupling, and polymerization reactions.

Several recent studies have indicated the potential of combining NIR-responsive

TTA pairs with photocatalytic water-splitting cells to extend the optical spectral uti-

lization of the photoanodes, consequently leading to improved quantum yields and

more efficient photocatalytic H2 production. For example, Moon and co-workers

pioneered this approach by modifying a Mo:BiVO4 photoanode with a luminescent

back reflector polymer film containing a red-to-blue TTA-UC couple, meso-PdTPBP

and perylene.112 This modification effectively expanded the photoanode’s light ab-

sorption spectrum, enhancing its overall photocatalytic activity and H2 production

efficiency.

Similarly, Li and co-workers applied this concept further by integrating a semicon-

ductor Cd0.5Zn0.5S with a red-to-cyan TTA-UC micelle composed of PdTPBP and

9,10-bis(phenylethynyl)anthracene ammonium salt (NBPEA).113 This innovative

combination leveraged the unique properties of both the semiconductor and

the TTA-UC pair, resulting in a synergistic effect that significantly boosted the

photocatalytic H2 production. Additionally, the Li group developed a strategy to

enhance the efficiency of TTA-UC in water-splitting cells by attaching the DPA

An to a dendritic molecular wire. This design effectively prevents Förster

resonance energy transfer-type back energy transfer from the upconverted An to

the Sen (PdTPBP), thus showing substantial promotion of the photocatalytic H2

production.114

In 2022, Wenger and colleagues introduced a cooperative catalytic strategy based

on a biphotonic excitation mechanism.115 This pioneering approach enables the

harnessing of red light (623 nm LED) to facilitate challenging dehalogenation and
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detosylation reactions (Figure 2D). The heart of this innovative strategy is dual pho-

tocatalysis, which employs a CuI-bis(a-diimine) complex, specifically [Cu(dpa)2]Cl, in

combination with in-situ-generated 9,10-dicyanoanthracenyl radical anion (DCA,-),

in the presence of a sacrificial electron donor, creating a system capable of effec-

tively utilizing red light to drive the targeted reactions.

TPA

In addition to TTA-UC, TPA is another nonlinear optical phenomenon. Initially pre-

dicted by Göppert-Mayer in 1929116,117 and experimentally confirmed by Garrett

and co-workers in 1961,118 TPA has since become a fundamental concept in the field

of photophysics and photochemistry. Contrary to OPA, TPA is characterized by the

simultaneous absorption of two photons, which occurs in two primary steps (Fig-

ure 3A). Initially, one photon is absorbed by the chromophore, leading to the forma-

tion of a short-lived nonresonant excited state, referred to as the ‘‘virtual state.’’

Crucially, for the continuation of the TPA process, a second photon must arrive

within the attosecond timescale to further excite the virtual state to a higher-energy

singlet excited state. A notable aspect of TPA is that the fluorescence intensity

induced by this process increases with the square of the excitation light intensity,

indicating its nonlinear nature.119 Because of the small TPA cross-sections of most

molecules, an excitation light source of high power density is usually required for

TPA studies, which started to take off after the advent of subpicosecond-pulsed la-

sers in the 1990s.120 Since then, TPA has been harnessed in a multitude of applica-

tions ranging from bioimaging121–123 and microscopy124,125 to 3D data storage126

and PDT.127–129

Recent studies have demonstrated that TPA can also be effectively induced using

more economical light sources, such as LEDs or Xe lamps,130–134 thus expanding

its potential in various photocatalytic applications. In the context of NIR photocatal-

ysis, molecular engineering strategies have been employed to develop and enhance

TPA photocatalytic systems, including metal-organic frameworks (MOFs) and mo-

lecular TPA photocatalysts, which will be summarized in this section.

MOF-based TPA photocatalysts

MOFs are porous crystalline materials renowned for their structural versatility, chem-

ical flexibility, and designability. These attributes make MOFs particularly intriguing

for photocatalytic applications. Recently, photon-responsive MOFs have garnered

significant interest because their properties can be readily tuned and activated by

light irradiation, making them suitable for a variety of light-driven processes. One

effective approach for endowing MOFs with NIR two-photon harvesting capabilities

involves the incorporation of photoactive molecules into their structures (Figure 3B).

By attaching these molecules, typically known for their strong NIR absorption and

efficient TPA properties, to the MOF, the resultant materials can effectively harness

NIR light for photocatalytic applications.

Chen, Qian, and co-workers made a notable contribution to the field of MOF-based

photocatalysis by ingeniously incorporating a zwitterionic photoactive pyridinium

linker into the MOF ZJU-56-0.2 using a multivariate strategy. This strategic modifica-

tion endowed the MOF with the capability of TPA under NIR irradiation, significantly

broadening its application in photocatalysis.135 The Duan group took advantage of

this enhanced MOF to achieve photocatalytic C-N and C-O oxidative coupling reac-

tions via a TPA process, specifically under the irradiation of 660 nm LEDs (Fig-

ure 3E).130 Interestingly, the TPA ability of ZJU-56-0.2 was found to increase with

ll

Chem Catalysis 4, 100973, August 15, 2024 11

Please cite this article in press as: Zhong and Sun, Recent advancements in the molecular design of deep-red to near-infrared light-absorbing
photocatalysts, Chem Catalysis (2024), https://doi.org/10.1016/j.checat.2024.100973

Review



the proportion of pyridinium salt ligands within the framework. This correlation sug-

gests that the photocatalytic efficiency of the MOF can be systematically improved

by adjusting the amount of photoactive ligands.

In 2020, Chao, Gasser, and their colleagues discovered that certain ruthenium com-

plexes with p-extended polypyridyl ligands could act as effective two-photon PDT

reagents under NIR light irradiation.136 Building on this finding, the Sun group inte-

grated analogous ruthenium polypyridine complexes into MOFs to create a new

class of MOF-based TPA photocatalysts.132 Under the irradiation of 740 nm LEDs,

Figure 3. Schematic illustrations of OPA and TPA pathways and selected examples of TPA

photocatalysis

(A) Jablonski diagrams of OPA and TPA.

(B) MOF-based TPA photocatalysts.

(C) Design strategies of TPA photocatalysts.

(D) Molecular TPA photocatalysts.

(E) Selected examples of NIR-induced reactions following the TPA mechanism.

ll

12 Chem Catalysis 4, 100973, August 15, 2024

Please cite this article in press as: Zhong and Sun, Recent advancements in the molecular design of deep-red to near-infrared light-absorbing
photocatalysts, Chem Catalysis (2024), https://doi.org/10.1016/j.checat.2024.100973

Review



the resulting MOF-Ru1 is capable of undergoing a TPA process, effectively harness-

ing NIR light to initiate various organic transformations, such as the 1O2-driven C-N

coupling of benzylamines, various redox reactions, and ATRP (Figure 3E).

Molecular TPA photocatalysts

Unlike their MOF-based counterparts, molecular photocatalysts are characterized

by their well-defined and readily tunable structures, making them particularly prom-

ising for homogeneous TPA photocatalysis. While the discovery of many TPA chro-

mophores has been somewhat serendipitous, there are empirical design principles

that guide the creation of competent TPA molecules. For instance, a large p-conju-

gated system can enhance the absorption of light and facilitate the delocalization of

electrons across the molecule, contributing to its ability to absorb two photons

simultaneously. Coplanarity in the structure is often sought to maximize the effec-

tiveness of p-conjugation. Incorporating electron-donating and electron-accepting

groups connected by p-conjugated bridges into the molecular structure can help to

create a push-pull electronic environment (Figure 3C). This arrangement facilitates

the movement of electrons and holes when the molecule absorbs photons,

increasing the efficiency of the TPA process. Introducing centrosymmetric quadru-

polar or branched octupolar structural motifs into the molecular design can enhance

the molecule’s optical and electronic properties, making it more effective in TPA

processes. Symmetric structures, in particular, can lead to better alignment of en-

ergy levels and more efficient electronic transitions.120

In 2017, Gray and co-workers discovered that homoleptic tungsten(0) arylisocyanide

W(CNAr)6 exhibited an extremely large TPA cross-section (d > 103GM)137 and highly

negative reduction potentials. When bulky 2,6-iPr-substituted arylisocyanides were

employed to provide steric protection, the resulting W(CNDipp)6 complex (Fig-

ure 3D) showed a cross-section of 230 GM measured with femtosecond-pulsed

810 nm excitation. W(CNDipp)6 was able to drive the single-photon visible and

two-photon NIR light-promoted photoreduction of aryl iodide (Figure 3E).138

On the other hand, RuII polypyridyl complexes with extended p-conjugated ligands

have garnered considerable attention as TPA PDT agents139 and photoactivable

compounds140 due to their unique photophysical properties. For instance, the Sun

group recently reported that [Ru(bpyvp)3]
2+ (bpyvp = 4,40-bisstyryl-2,20-bipyridine)

complexes (Figure 3D) featuring trans-styryl branches can act as competent TPA

NIR-PCs capable of driving a range of energy transfer and photoredox reactions un-

der 740 nm LED irradiation.131 This versatility underscores the potential of these

complexes in various photocatalytic applications, including those requiring deep tis-

sue penetration or minimally invasive procedures, as is often the case in biomedical

applications. This work also demonstrates the feasibility of using economical and

easily accessible LEDs for homogeneous TPA photocatalysis.

Compared to metal complexes, organic photocatalysts could be more cost effective

and environmentally friendly, making them increasingly attractive for practical appli-

cations. In the pursuit of developing new metal-free photocatalysts with efficient

TPA, the Sun group recently reported a series of benzothiazole-derived molecules

(dBIPs).134 These molecules were specifically engineered to include terminal elec-

tron-donating groups, which significantly improved their photocatalytic activity.

This enhancement is likely due to the increased TPA cross-section and prolonged

excited-state lifetime imparted by these modifications. A notable example from

this series is a dBIP derivative substituted with a dimethylamino group (dBIP-

NMe2; Figure 3D). This modified molecule exhibits a TPA cross-section nearing
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2,000 GM at 850 nm, representing a significant increase in TPA efficiency. As a result,

dBIP-NMe2 effectively catalyzes various O2-involved energy transfer reactions under

850 nm LED irradiation. Similarly, by substituting dBIP with a methoxyl group (dBIP-

OMe), the same group demonstrated its capability in catalyzing trifluoromethylated

bifunctionalization of olefins without the need for sacrificial reagents under 740 nm

LED irradiation.133

Recently, the Abe group introduced electron-donating diphenylamino groups into

the quadrupolar donor-p-donor system, resulting in a novel cyclic stilbene derivative

(D2PDN; Figure 3D).141 This photosensitizer exhibited a TPA cross-section of �170

GM at 700 nm and demonstrated its capability as a potent photocatalyst, particularly

in catalyzing the reduction reaction of aryl bromides under 700 nm Ti-sapphire laser

irradiation.

The introduction of dBIP, D2PDN, and other metal-free TPA compounds reflects a

growing interest and ongoing innovation in the field of organic photocatalysis. As

researchers continue to explore and understand the vast potential of TPA photoca-

talysis, the development of new, efficient, and environmentally friendly organic TPA

photocatalysts is expected to accelerate. This burgeoning area of research holds

great promise for advancing the capabilities and applications of photocatalysis,

particularly as more sophisticated and effective metal-free TPA compounds are

discovered and optimized for various light-driven processes.

OUTLOOK

This review highlights the various types of molecular NIR light-absorbing photocata-

lysts classified by their excitation mechanisms, including OPA, TTA-UC, and TPA.

The potential for precise modulation of electronic structures and optical properties

through molecular design cannot be overestimated, yet the path to practical and

commercial applications of these technologies is lined with challenges.

Red-shifted OPA photocatalysts, while beneficial for long-wavelength absorption,

often face trade-offs with reduced quantum yield and lower excited-state energy

and redox power, limiting the scope of feasible reactions to be catalyzed. Addition-

ally, the synthesis of molecular photocatalysts that absorb NIR light is usually com-

plex and resource intensive. Future research may focus on developing more efficient

and simpler synthetic routes, as well as exploring new systems to enhance quantum

yields and reaction scopes.

On the other hand, the TTA-UC strategy overcomes the energy limitation of NIR

photons by converting long-wavelength light into higher-lying excited states, which

are possible for driving various photoreactions. Despite these benefits, TTA-UC sys-

tems fall short in terms of requiring an oxygen-free environment and face challenges

with low quantum yields due to multiple energy transfer steps. Future efforts might

involve designing more robust Sens and Ans, as well as innovative strategies to pro-

tect TTA-UC systems from oxygen quenching and to improve their overall quantum

yields.

Finally, TPA photocatalysts offer exciting opportunities by allowing the simultaneous

absorption of two NIR photons, thereby expanding the spectrum of usable

excitation light. Although traditionally associated with intense lasers, recent reports

suggest inexpensive NIR LEDs can also be employed as the light source for NIR light-

driven photocatalysis following the TPA strategy. Nevertheless, the bottleneck for its
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wide adoption in organic photocatalysis is the development of photocatalysts with

adequate TPA cross-section and photocatalytic efficiency. Technological advance-

ment in the accurate prediction and measurement of TPA cross-section is also

crucial.

Despite significant progress in developing NIR-PCs, the journey toward wide-scale

industrial and commercial use has just started. As NIR photocatalysis continues to

evolve, it will undoubtedly find applications across various fields like organic synthe-

sis, bioimaging, biomolecule labeling, and drug delivery. Selecting appropriate

application scenarios and continuously improving the molecular design of NIR-

PCs will be key to facilitating the commercialization of these scientific

advancements.
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91. Teplý, F. (2011). Photoredox catalysis by
[Ru(bpy)3]

2+ to trigger transformations of
organic molecules. Organic synthesis using
visible-light photocatalysis and its 20th

century roots. Collect. Czech Chem.
Commun. 76, 859–917. https://doi.org/10.
1135/cccc2011078.

92. Rupp, M.T., Auvray, T., Shevchenko, N.,
Swoboda, L., Hanan, G.S., and Kurth, D.G.
(2021). Substituted 2,4-di(pyridin-2-yl)
pyrimidine-based ruthenium photosensitizers
for hydrogen photoevolution under red light.
Inorg. Chem. 60, 292–302. https://doi.org/10.
1021/acs.inorgchem.0c02955.

93. Whittemore, T.J., Xue, C., Huang, J., Gallucci,
J.C., and Turro, C. (2020). Single-
chromophore single-molecule photocatalyst
for the production of dihydrogen using low-
energy light. Nat. Chem. 12, 180–185. https://
doi.org/10.1038/s41557-019-0397-4.

94. Millet, A., Xue, C., Turro, C., and Dunbar, K.R.
(2021). Unsymmetrical dirhodium single
molecule photocatalysts for H2 production
with low energy light. Chem. Commun. 57,
2061–2064. https://doi.org/10.1039/
d0cc08248a.

95. Huang, J., Sun, J., Wu, Y., and Turro, C. (2021).
Dirhodium(II,II)/NiO photocathode for
photoelectrocatalytic hydrogen evolution
with red light. J. Am. Chem. Soc. 143, 1610–
1617. https://doi.org/10.1021/jacs.0c12171.

96. Su, X.D., Liu, Q., Li, X.N., Zhang, B.B., Wang,
Z.X., and Chen, X.Y. (2023). Near-infrared-
light-induced iron (I) dimer-enabled halogen
atom transfer for rapid
iodoperfluoroalkylation of alkenes. Chem
Catal. 3, 100710. https://doi.org/10.1016/j.
checat.2023.100710.

97. Huang, L., Wu, W., Li, Y., Huang, K., Zeng, L.,
Lin, W., and Han, G. (2020). Highly effective
near-infrared activating triplet-triplet
annihilation upconversion for photoredox
catalysis. J. Am. Chem. Soc. 142, 18460–
18470. https://doi.org/10.1021/jacs.0c06976.

98. Ye, C., Zhou, L., Wang, X., and Liang, Z. (2016).
Photon upconversion: from two-photon
absorption (TPA) to triplet-triplet annihilation
(TTA). Phys. Chem. Chem. Phys. 18, 10818–
10835. https://doi.org/10.1039/c5cp07296d.

99. Glaser, F., Kerzig, C., and Wenger, O.S.
(2020). Multi-photon excitation in photoredox
catalysis: concepts, applications, methods.
Angew. Chem. Int. Ed. 59, 10266–10284.
https://doi.org/10.1002/anie.201915762.

100. Zeng, L., Huang, L., Han, J., and Han, G.
(2022). Enhancing triplet-triplet annihilation
upconversion: from molecular design to
present applications. Acc. Chem. Res. 55,
2604–2615. https://doi.org/10.1021/acs.
accounts.2c00307.

101. Ravetz, B.D., Pun, A.B., Churchill, E.M.,
Congreve, D.N., Rovis, T., and Campos, L.M.
(2019). Photoredox catalysis using infrared
light via triplet fusion upconversion. Nature
565, 343–346. https://doi.org/10.1038/
s41586-018-0835-2.

102. Zeng, L., Huang, L., Lin, W., Jiang, L.H., and
Han, G. (2023). Red light-driven electron
sacrificial agents-free photoreduction of inert
aryl halides via triplet-triplet annihilation. Nat.
Commun. 14, 1102. https://doi.org/10.1038/
s41467-023-36679-7.

103. Liu, S., Liu, H., Shen, L., Xiao, Z., Hu, Y., Zhou,
J., Wang, X., Liu, Z., Li, Z., and Li, X. (2022).
Applying triplet-triplet annihilation
upconversion in degradation of oxidized
lignin model with good selectivity. Chem.
Eng. J. 431, 133377. https://doi.org/10.1016/j.
cej.2021.133377.

104. Huang, L., Zeng, L., Chen, Y., Yu, N., Wang, L.,
Huang, K., Zhao, Y., and Han, G. (2021). Long
wavelength single photon like driven
photolysis via triplet triplet annihilation. Nat.
Commun. 12, 122. https://doi.org/10.1038/
s41467-020-20326-6.

105. Lv, W., Li, Y., Li, F., Lan, X., Zhang, Y., Du, L.,
Zhao, Q., Phillips, D.L., and Wang, W. (2019).
Upconversion-like photolysis of BODIPY-
based prodrugs via a one-photon process.
J. Am. Chem. Soc. 141, 17482–17486. https://
doi.org/10.1021/jacs.9b09034.

106. Long, K., Han, H., Kang, W., Lv, W., Wang, L.,
Wang, Y., Ge, L., and Wang, W. (2021). One-
photon red light-triggered disassembly of
small-molecule nanoparticles for drug
delivery. J. Nanobiotechnology 19, 357.
https://doi.org/10.1186/s12951-021-01103-z.

107. Long, K., Lv, W., Wang, Z., Zhang, Y., Chen, K.,
Fan, N., Li, F., Zhang, Y., andWang, W. (2023).
Near-infrared light-triggered prodrug
photolysis by one-step energy transfer. Nat.
Commun. 14, 8112. https://doi.org/10.1038/
s41467-023-43805-y.

108. Herr, P., Glaser, F., Büldt, L.A., Larsen, C.B.,
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