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ABSTRACT: Triplet-triplet annihilation photon up-conversion (TTA-PUC) has gained immense 

attention among the scientific community in the last decade due to its application in the fields of 

energy, biology, and photocatalytic organic synthesis. One of the main aims to improve the 

efficiency of these low-to-high photon-energy conversion is to reduce energy losses during the 

intersystem crossing (ISC). Since 2015, many strategies have been reported to address this 

challenge and a significant update has been noticed in this field. This review is aimed to critically 

analyze these updates and provide an outlook for the future. A detailed mechanism of ISC in 

thermally activated delayed-fluorescence (TADF) molecules that possess a small singlet−triplet 

energy gap, is discussed with a focus on its deeper understanding and the impact of molecular 

design. In this context, a range of selected organic and inorganic TADF molecules are thoroughly 

evaluated. Osmium(II) complexes that exhibit a spin-forbidden metal-to-ligand charge-transfer 

(3MLCT) transition in their Vis-NIR-IR absorption spectra and can be excited directly into their 

triplet state, thereby bypassing the energy loss during ISC, are also debated in sufficient detail for 

their advantages as well as shortcomings in being used in TTA-PUC. This work aims at reviewing 

the latest progress in this field, understanding the fundamental ISC mechanism of these 

photosensitizers, and critically addressing the challenges that are faced in this field. This review is 

anticipated to serve as a helpful script for identifying future directions and designing molecular 

sensitizers for TTA-PUC, which can sensitize the triplet state with minimum energy loss during 

ISC and can be helpful for increasing the anti-Stokes shift in TTA-PUC.    

Key Words: Intersystem Crossing, Triplet-Triplet Annihilation Upconversion, Thermally 

Activated Delayed Fluorescence, Osmium Complexes, Zirconium Complexes 
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1. INTRODUCTION  

Recently a tremendous interest has been noticed in the field of triplet−triplet annihilation photon 

up-conversion (TTA-PUC) due to potential applications of this process in diverse areas such as 

bio-sensing,1,2 bio-imaging,3,4 photodynamic therapy (PDT),5,6 photocatalysis,7,8 and 

optoelectronic devices9,10 etc. The PUC is a counterintuitive process of absorption of low-energy 

photons whilst emission of high-energy photons is observed relative to the excitation source (an 

anti-Stokes shift). In other words, upon the absorption of longer-wavelength light, an emission of 

a shorter-wavelength light is observed.11–14 A number of traditional up-conversion methodologies 

such as the use of rare-earth metals, inorganic crystals, and two-photon absorbing materials have 

been known to the scientific community for a long time.15–20 However, triplet−triplet annihilation 

photon up-conversion (TTA-PUC) has recently received immense interest due to the use of a low-

power excitation source (< 2 mW cm−2), strong absorption of UV-Vis-NIR light, high PUC 

quantum yield (up to 45%) and non-coherent excitation source such as terrestrially available 

sunlight (1.5 AM).21–23 

4.1 Scope of the Review. This review is mainly focused on different strategies that have been 

used to minimize the singlet−triplet energy gap during ISC of a molecular photosensitizer to be 

used in TTA-PUC. A review article related to this topic was published in 2017 but at that time 

only a few examples of molecules used to probe the strategy were reported.22 A major part of that 

review article was dedicated to materials (nanocrystals) and only three examples of thermally 

activated delayed fluorescence (TADF)-based photosensitizer for TTA-PUC were discussed. For 

osmium-based complexes, two published examples were included in that review. Since that time, 

many new reports have been published on TTA-PUC with different types of TADF sensitizers, 

along with new osmium(II)-based complexes that need to be critically analyzed in the context of 
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molecular chemistry. Moreover, the scope of our review is not only to focus on these 

photosensitizers for TTA-PUC application but also to look into their ISC mechanisms that can be 

a useful script available to the scientists not only for energy applications, but also for bioimaging, 

photocatalysis and LED applications, etc. 

2. TRIPLET-TRIPLET ANNIHILATION PHOTON UPCONVERSION  

TTA-PUC, generally a bimolecular system, consists of a triplet photosensitizer and a triplet 

acceptor/annihilator. In this system, a triplet photosensitizer absorbs low-energy (= long-

wavelength) photon to reach a singlet excited state (S1) and then accesses the triplet excited state 

(T1) via spin inversion; this process is called the intersystem crossing (ISC).8,24,25 The sensitizer in 

the triplet state transfers its energy to a triplet-energy acceptor/annihilator by triplet−triplet energy 

migration (TEnM). The detailed mechanism of a general TTA up-conversion system containing a 

triplet photosensitizer and triplet acceptor is shown in Figure 1a. This process of TEnM process 

from a triplet sensitizer to the triplet acceptor can be direct or can be mediated by charge transfer 

as shown in Figure 2.26–29 Due to the diffusion, collision, and TTA of two triplet beneficiary 

molecules, a singlet state (S1) is formed, followed by a radiative relaxation (emitting high-energy 

(short-wavelength) photons) to the ground state, and anti-Stokes shift is observed.303132  
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Figure 1. Schematic representation of a conventional TTA-PUC system (a), and strategies used to 

prevent energy loss during ISC of photosensitizers in TTA-PUC systems involving a charge-

transfer excited state (b), a TADF-based photosensitizer (c), and an Os(II) complex-based 

photosensitizer (d). S0, S1 and T1 represent the ground state, lowest singlet excited state and lowest 

triplet excited state, respectively. Blue lines and green lines are representing absorption of the 

photosensitizer and emission of the acceptor, respectively.  

 In order to ensure efficient TEnM and TTA, the molecules should be in close vicinity (10 Å) 

because these electron-exchange mechanisms are of the Dexter-type by nature.33 As shown in 

Equation (1), the rate constant for the Dexter energy migration, kEnM, depends upon the distance r 

separating the energy donor from the acceptor molecule, as well as on the sum of the energy donor 
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and acceptor radii (R), and J, the integral for spectral overlap between the electron donor and 

acceptor in Equation 1. 

𝑘EnM  ∝ 𝐽𝑒𝑥𝑝 [
−2𝑟

𝑅
]                       (1) 

 

 

Figure 2. Schematic representation of direct and CT mediated TEnM. D and A stand for a donor 

and acceptor compound and D* and A* for a photoexcited donor and acceptor, respectively. The 

green arrows represent CT meditated TEnM and the blue arrow direct TEnM from a donor to 

acceptor molecule. 

Due to the dominant TTA process in the high excitation energy region, the relation between emitter 

triplet and excitation energy becomes quasilinear, as compared to the quadratic relation observed 

in the low excitation energy region for TTA-PUC.  The cross point obtained by fitting lines of 
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these low and high excitation-energy regions is denoted as the Ith value (upconversion threshold) 

and its relation with α (the molar absorption coefficient at the excitation point of the 

photosensitizer), EM (the sensitizer-to-annihilator TEnM efficiency), DAT (the diffusion constant 

for annihilator triplet), T (the triplet excited-state lifetime of annihilator), and ar (the annihilation 

distance in-between triplets of annihilator, that is ~ 1 nm) is presented in Equation 2.  

𝐼𝑡ℎ = [𝛼∅𝐸𝑀8𝜋𝐷AT 𝑎𝑟]
−1[𝜏𝑇]

−2      (2) 

This equation elaborates that a high molar absorption coefficient and a longer triplet lifetime of 

photosensitizer, as well as significant efficiency for TEnM between triplet sensitizer and triplet 

acceptor, and remarkable triplet diffusion are all essential to get a lower Ith value.34,35 

The photon up-conversion quantum yield, that is, the ratio between the absorbed incident photons 

to the emitted photons, of an up-conversion system can be represented by Equation 3. 

∅UC =
1

2
𝑓∅ISC∅EnM∅TTA∅FL      (3) 

where ISC is singlet-to-triplet intersystem crossing quantum yield for a sensitizer, EnM is the 

sensitizer-to-triplet acceptor energy migration efficiency, TTA is the  triplet-triplet annihilation 

efficiency for a triplet annihilator, FL is the fluorescence quantum yield for a triplet annihilator 

and f is statistical probability factor of annihilator to generate singlet state through triplet-triplet 

annihilation.31,36 

2.1 Role of ISC in TTA photon upconversion 

Intersystem crossing (ISC) from a singlet to triplet excited state is a phenomenon of significant 

importance in the fundamentals of photochemistry and photophysics.37–41 A deeper insight into the 

difference between the corresponding singlet and triplet excited states could be apprehended by 

the principle of quantum chemistry. For a single electron, the spin quantum number (S) is 1/2 and 

its projection parallel to the magnetic field can be denoted by m = ± ½. According to the Pauli 
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exclusion principle, the spin of two electrons in an orbital is always inverted (cannot be identical) 

because the value of four quantum numbers cannot be similar. The state multiplicity can be 

determined by using the simple formula 2S+1 (where S = spin of system given by the cumulative 

sum of individual electrons spin). For neutral molecules, the spin of an electron pair is inverted (S 

= 0) and the overall multiplicity is a singlet. However, for a two-electron system with identical 

spins, the overall multiplicity is a triplet. For a triplet state, there are three allowed components of 

the spin state (−1, 0, and +1), as shown in Figure 3.  

 

Figure 3. Vector-diagram presentation of singlet and triplet states. The term ‘S’ represents the spin 

of an electron and ‘m’ its projection. T+, T0 and T− are the components of the triplet state. 

The ISC rate constant is represented by Equation 4, where Sx and Ty are representing singlet and 

triplet states, respectively, H is the Hamiltonian operator for spin-orbit coupling (SOC), and ΔE is 

the energy difference between singlet and triplet states.  

𝐾 ∝  
⟨Ty|𝐻|Sx⟩

2

(∆𝐸Sx−Ty)
2              (4) 

Singlet

T0 T−
T+

Multiplicity

(2S+1)
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From Equation 4 it is apparent that large values of SOC and a small energy gap between singlet-

triplet states are crucial factors determining an efficient ISC. However, the singlet-triplet energy 

gap is generally large for most organic and inorganic molecules and its origin can be traced to the 

exchange energy J (2J = ∆𝐸Sx−Ty
). Since crossing from a singlet state to a triplet state is a spin 

forbidden process, triplet-state lifetimes are generally longer compared to those of singlet 

states.38,42 The long-lived triplet state ensures efficient energy- and electron-migration processes, 

making triplet photosensitizing useful for various applications.43–45 Most of the conventional triplet 

photosensitizers depend upon the SOC effect of heavy atoms on ISC. Complexes of heavy 

transition metals, including platinum, are not only costly to synthesize but also feature shortening 

of triplet lifetimes and increased dark toxicity (cell viability in the absence of irradiation). These 

drawbacks make alternative strategies for efficient singlet-to-triplet ISC highly desired.38,46,47  

2.2 Strategies to avoid energy loss during ISC and their application in TTA-PUC 

Recently many new techniques have been introduced to attain ISC such as by appending a stable 

radical to a chromophore48–50 or twisting a -conjugated framework51–53. Replacement of carbonyl 

oxygen in an organic compound with sulfur in a thiocarbonyl group (thionated photosensitizers) 

and orthogonally connected electron donor-acceptor  molecules can also induce ultrafast singlet-

to-triplet ISC.54–57 For most of these techniques, energy is lost during ISC from a singlet to triplet 

state due to the singlet−triplet energy difference. This review is aimed to discuss some strategies 

to minimizing excitation-energy loss when accessing the triplet state of a photosensitizer by either 

decreasing the singlet−triplet energy gap or by populating directly the triplet state, and the 

application of such molecules for TTA-PUC. 

As mentioned above, the TTA-PUC quantum yield depends upon the ISC quantum yield 

(Equation 2). Equation 4 reveals that ISC depends upon the energy difference between the singlet 
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and triplet states. Hence, decreasing the energy gap between the singlet and triplet states may lead 

to high triplet quantum yield by overcoming the energy loss during ISC.58,59 The following section 

is dedicated to the discussion on different strategies used to obtain efficient ISC by avoiding energy 

loss during ISC. 

3. Charge-transfer state to minimize energy loss during ISC for TTA-PUC 

Photo-activated charge separation (CS) between electron donor and acceptor molecules is an 

important phenomenon in the fields of photovoltaic solar cells, natural/artificial photosynthesis, 

photocatalytic reactions, etc.60–66 However, the discussion in this review is confined to the role of 

CS and charge-transfer (CT) states in ISC. To start the description, we may consider a [D-A] 

molecule consisting of electron donor (D) and acceptor (A) units. Usually, electronic excitation 

promotes the molecule from its ground state to an excited state called the locally excited state 

(1LE). In the LE state either the donor [D*−A] or acceptor [D−A*] become excited, inducing 

electron transfer from D to A to reach a CT state and form a zwitterion [D+• −A−•], as shown in 

Figure 4. This charge-transfer state is a singlet and short-lived, as the reverse process, 1CT→S0, is 

a spin-allowed transition.67–70 Apart from the D−A energy difference and the SOC value, polarity 

and viscosity of the surrounding medium are two other vital factors influencing this process.71–74 
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Figure 4. Schematic representation of an electron donor (D) and acceptor (A) molecule (D-A) in 

the ground state, locally excited singlet state (1LE) and charge-transfer singlet state (1CT) having 

a zwitterionic character, D+• −A−•. D* and A* represent photoexcited donor and acceptor units, 

respectively. In the charge-transfer state energy levels, the semi-transparent arrows denote the 

position where the electron has been transferred from. 

The first reports of charge-transfer mediated ISC to populate a triplet state can be traced back to 

the work published by El-Sayed75 and later by Okada et al.76 The schematic representation of the 

formation of charge transfer mediated SOCT-ISC and RP-ISC is provided in Figure 5. Typically, 

when electron donor and electron acceptor moieties are connected with a spacer bridge, the 1CT 

state acts as a precursor to trigger radical-pair intersystem crossing (RP-ISC) due to hyperfine 

coupling (HFC). The latter usually occurs when there is a spacer molecule between the D and A 

moieties and a very weak D−A electronic interaction that eventually decreases the J value (where 

J is a spatial overlapping wavefunction for two electrons, corresponding to the singlet−triplet 
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energy difference) for the radical pair [D+• −A−•], and 3CT is populated due to HFC. If the 3CT 

state is lying higher than the 3LE state, the latter can be populated by charge recombination (CR). 

However, if 3CT has a lower energy than the 3LE state, a long-lived 3CT state can be observed. 

Moreover, in compact, orthogonally connected D−A systems, in which the molecular orbital 

angular momentum changes during CR, causing variation in the electron-spin angular momentum, 

the CR-induced ISC, also called spin-orbital charge-transfer (SOCT) ISC, becomes evident.77–80 

Recently, a tremendous interest has been witnessed in exploring the CS-involved ISC to yield 

triplet states in D−A systems comprising a boron dipyrromethene (Bodipy; 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene),66,81–85 naphthalenediimide,86–89 perylene,90,91 perylenebisimide,78,92–95  

etc. 

 

Figure 5. Schematic representation of CT-mediated ISC. HFC stands for a hyperfine coupling 

interaction. 1[D+•−A−•] and 3[D+•−A−•] represent charge-transfer singlet (1CT) and triplet (3CT) 

excited states, respectively. 3LE and J denote the locally excited triplet state and the exchange 

energy of electrons, respectively. Where D and A represents an electron donor and electron 

acceptor unit in the molecule. 

1LE
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h
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It is important to mention that in compact D−A-based molecules, the electronic coupling 

between D and A can be tuned by controlling their geometry. One of the interesting aspects of this 

tuning is to attain a new band in the electronic absorption and emission spectra at long 

wavelengths, i.e., a new (broad) absorption/emission band that is absent in the absorption/emission 

spectra of the separate D and A moieties.96–99 Its origin in the D−A system lies in an appropriate 

electronic coupling between the D and A moieties, resulting in an accessible charge-transfer 

absorption (S0→
1CT).100–103 The energy and intensity of the CT absorption is strongly dependent 

upon the viscosity and polarity of the solvent media used for the measurement.104  

3.1 Significance of S0→1CT photo-excitation for efficient TTA-PUC  

The CT electronic absorption is important for two reasons. First, the CT absorption band 

is red-shifted compared to the LE singlet state (S1) and hence it is possible to excite the molecule 

at longer wavelengths and attain a sufficiently prolonged anti-Stokes shift in a TTA up-conversion 

(Figure 1b). Secondly, although S0→1CT absorption is observed at a longer wavelength (a lower 

energy), the triplet energy state remains uncompromised. Hence, there is a reduced energy loss in 

ISC upon the population of the 1CT state (S0→1CT→T1) as there is a smaller energy gap between 

1CT and the triplet state compared to the locally excited singlet (S0→S1 (LE)→T1) separated from 

the triplet state by a large energy gap, as illustrated in Figure 2b. The use of CT state for 

photoexcitation of a chromophore is helpful for limiting the energy losses during ISC by electronic 

excitation into the 1CT state, which can further improve the up-conversion quantum yield. To use 

this strategy for TTA-PUC, Zhao et al. synthesized a Bodipy−perylene D−A dyad (Figure 6).  
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Table 1. Photophysical and TTA-PUC Properties of CT excitable and TADF 

Photosensitizers. 

Sensitizer Emitter Solvent/ 

Medium 
exc

a/nm T
b/s ΔES/T

c/eV UC
d/% ΔEUC

e Ref

.f 

BDP-

Pery 

perylene toluene 589 196 0.64 5.7 0.65 105 

4Cz-

TPN-Ph 

DPA thin film 532 NS 0.11 0.28 0.56 106 

4-Cz-IPN q-Ph benzene 445 80 0.083 3.9 0.73 107 

4-Cz-IPN t-Ph benzene 445 80 0.083 2.8  0.83 107 

4-Cz-IPN PPO OA-THF 445 80 0.083   ˗ g 0.52 108 

4-Cz-IPN pyrene OA-THF 445 80 0.083 0.66 0.44 108 

4-Cz-IPN BPh-

TIPS 

C-HEX 447 80 0.083 4.0 1.17 109 

4-Cz-IPN R-/S-TP toluene 445 80 0.083 7.9 0.40 110 

BTZ-

DMAC 

DPA toluene 545  ˗ g 0.11 1.9 0.52 111 

DCF-

MPYM 

DPA THF 635 22.1 0.03 11.2 0.94  112 

DCF-

MPYM 

Py THF 635 22.1 0.03 7.0 0.80 112 

DCF-

MPYM-

Me 

DPA THF 635 40 0.02 13.6 0.94 113 

a Excitation wavelength used for TTA-PUC. b Triplet lifetime. c Singlet-triplet energy gap. d Up-

conversion quantum yield. e Anti-Stokes shift. f Literature reference. g Not reported. For literature 

references lacking the anti-Stokes shift values, the latter were calculated from the TTA-PUC 

spectra supplied in the research papers. 

Free Bodipy absorbs at 500 nm and perylene between 400 ̶ 450 nm (showing a vibronic 

structure). For the Bodipy-perylene dyad (BDP-Pery) a new, moderately broad absorption band is 
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observed at a lower energy (at 535 ̶ 635 nm). The CT origin of the absorption has been confirmed 

by time dependent density functional theory (TD-DFT) calculations. This CT absorption band 

appears as a result of increased electronic coupling between the two moieties in the dyad featuring 

a coplanar conformation that is permitted in the absence of the methyl groups in the 1,3,5,7-

positions at the Bodipy moiety.  This dyad is used for TTA up-conversion with perylene as the 

triplet acceptor.105 The CT absorption band permits excitation at a longer wavelength (589 nm) 

and the up-conversion quantum yield of 5.7% was determined in this case (Figure 1b). The detailed 

photophysical parameters are listed in Table 1. An increased anti-Stokes shift of 0.65 eV was 

observed by the excitation into the CT state, compared to the anti-Stokes shift of merely 0.37 eV 

for the LE excitation.105 

 

Figure 6. TTA-PUC of BDP-Pery (sensitizer) and Pery (acceptor/emitter) upon the excitation at 

589 nm in N2- and air-saturated solutions. (a) UV-visible photoluminescence up-conversion 

spectra of BDP-Pery (sensitizer) and Pery (acceptor/emitter) in toluene. (b) A photographic 

representation of the TTA-PUC solutions containing the sensitizer and acceptor showing UC 

emission in N2 saturated solution along with reference in air saturated environment (c) Molecular 

structures of the sensitizer and acceptor. Reproduced by the permission of the American Chemical 

Society (Figures 6a and 6b).105 

z   

c 
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4. TADF TO MINIMIZE ENERGY LOSS DURING ISC FOR TTA-PUC 

Thermally activated delayed fluorescence (TADF) has recently gained prodigious attention due 

to its intensive use in the organic light emitting diodes (OLEDs).114–119TADF molecules are usually 

made up of at least one electron donor and one electron acceptor moiety. The energy difference 

between the singlet and triplet states is very small, which is favorable for facile reverse ISC (reISC). 

The reISC is due to a transition from a triplet to a singlet state of the system. As a result, a radiative 

decay is observed from the singlet state after reISC with a time delay, being termed as delayed 

fluorescence (DF). The DF spectral profile is same as normal fluorescence; however, due to the 

involvement of a triplet state, the fluorescence decay lifetime is longer and emission intensity is 

oxygen senstive.120,121 To exhibit an efficient TADF, the molecules should not only feature a 

minimum singlet/triplet energy gap (< 150 meV) but also experience a low non-radiative 

decay.43,122,123 

Another important aspect that influences the TADF efficiency is the exchange energy of 

electrons, J, which can be defined as the singlet−triplet energy gap (2J = ΔES/T).124,125 The 

diminished value of electron exchange energy consequently favors an efficient TADF. The 

evaluation of J value for a TADF system can be represented by Equation 5. 

 

(5) 

 

In Equation 5, e represents electronic charge, ∅H  and φL  stand for HOMO and LUMO wave 

functions, respectively, and 𝑟1 , 𝑟2  denote positions of coordinates. It can be apprehended that 

decreasing the overlap of HOMO−LUMO electronic densities in the donor and acceptor moieties 

in a D−A molecule can be useful for an efficient TADF manifestation. From the perspective of a 

 

𝐽 =   ∅H  𝑟1 𝜑𝐿 𝑟2  
𝑒2

𝑟1 −  𝑟2
 ∅H 𝑟2 𝜑𝐿 𝑟1 𝑑𝑟1𝑑𝑟2 
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molecular structure designed to improve the separation of the HOMO and LUMO electronic 

densities, the connecting bonds between the D and A moieties should be twisted to obtain a 

spatially perpendicular geometry.  

SOC also plays a substantial role in reISC. In early research on the TADF mechanism it was 

believed that low-lying singlet and triplet energy levels were involved in the singlet-to-triplet ISC 

and triplet-to-singlet reISC. However, recent studies have revealed that this mechanism is 

relatively complicated. Usually, upon photoexcitation of a TADF molecule, 1LE or 1CT states are 

populated, followed by ISC to 3CT and/or 3LE states.126 In most of the molecules,  a 1CT singlet 

state is predominantly generated upon photoexcitation due to a D→A electron transfer. 1CT→3CT 

ISC is a forbidden process because singlet−triplet coupling with an identically occupied spatial 

orbital is zero.127 Population of 3LE directly from a 1LE is also forbidden due to the same reason. 

The El-Sayed rule for ISC rates states that SOC and efficient reISC (and hence TADF) from a 1CT 

state is possible if donor and/or acceptor 3LE is in resonance with 1CT.128–134 The significant role 

of a closely lying 3LE state in the overall TADF process was reported by many scientists; however, 

the high reISC rate constants (TADF kreISC >106 s-1) obtained experimentally cannot be justified 

by SOC between 1CT and 3LE or by the hyperfine coupling (HFC) between 1CT and 3CT states. It 

was proposed that both triplet states (3CT and 3LE) are crucial to achieve the reISC process by 

using quantum dynamics technique. This has led to the discovery that when optimizing TADF 

molecules, there are at least two energy gaps to be considered. To achieve an equilibrium between 

the 3LE and 3CT states and enable adiabatic crossover between the 1CT and 3CT states, there is 

possibility of a spin inversion between the 3CT and 1CT states while 3LE-TADF is vibronically 

coupled to these states. 134–137  The mixing of the 3CT and 3LE states is illustrated in Figure 7. Part 

7(a) corresponds to a scenario where the 3CT and 3LE states do not interact at all, resulting in a 
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very low reISC rate. In Part 7(b) the 3CT and 3LE states are mixing at the crossing point due to 

vibrational coupling, which enhances the reISC process to 1CT.134–137   

 

Figure 7. A typical TADF model demonstrating (a) non-adiabatic coupling in the absence of a 

3LE and 3CT interaction, and (b) non-adiabatic vibronic coupling at the coincidence point of the 

3LE and 3CT states. 

4.1 Desired characteristics of TADF sensitizers for efficient TTA-PUC  

A great deal of interest in using TADF molecules as light-harvesting contenders for TTA-PUC 

has been noticed in the last decade. The uprising use of TADF photosensitizers in converting low-

energy photons to high-energy photons can be explained with the special characteristics of these 

molecules. First, TADF molecules typically show ISC without involving a heavy atom. The first 

and second generation of triplet photo-excitable sensitizers were capable of undergoing singlet-to-

triplet ISC due to the SOC effect of heavy atoms, that is, metals such as platinum, iridium, 

palladium, ruthenium, or non-metals, for instance bromine and iodine.138–145 These heavy atoms 

bring with them many disadvantages, including high costs of precious metals. Hence, triplet photo-

excitable sensitizers without a heavy atom, such as TADF sensitizers, are superior compared to 

the first and second generation of sensitizers because of the small singlet-triplet energy gap, ΔES/T, 
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in the TADF molecules facilitating ISC. Secondly, due to small ΔES/T, the energy loss during ISC 

is diminished. In most triplet photo-excitable sensitizers ΔES/T is large. Some of the excitation 

energy therefore becomes dissipated during the singlet-to-triplet ISC. In 1CT-excitable 

photosensitizers the singlet−triplet energy gap is decreased (as discussed earlier) compared to 

traditional triplet photo-excitable sensitizers, which reduces energy losses during ISC. However, 

in TADF molecules this singlet-triplet energy gap is further reduced, enhancing energy saving 

during the ISC (Figure 1). Currently most of the major studies on TADF photo-excitable sensitizers 

focus on achieving high delayed-fluorescence quantum efficiency, which is desired for practical 

applications such as in LEDs. For these applications an efficient reISC is therefore crucial to enable 

a delayed radiative decay from singlet state. However, contrary to LED applications, the desired 

properties of TADF photo-excitable sensitizers for TTA-PUC are slightly different. A suitable 

TADF sensitizer for TTA-PUC and LED applications should manifest a high ISC quantum yield 

and a small singlet-triplet energy gap to avoid energy loss during ISC. However, the requirement 

inverse to LED application is that the reISC from a triplet to singlet state should be inefficient for 

TTA-PUC application. Due to inefficient reISC in the triplet sensitizer, TEnM from a sensitizer to 

acceptor can be promoted. Reversely, a TADF photo-excitable sensitizer with an efficient reISC 

may manifest poor TEnM from sensitizers to acceptor in a TTA-PUC system due to an active 

triplet-to-singlet ISC channel. A high up-conversion luminescence quantum yield may accordingly 

emerge from TTA-PUC exhibiting poor reISC and efficient TEnM. 

4.2 Carbazolyl dicyanobenezene-based TADF sensitizers for TTA-PUC 

Baldo and co-workers used a red TADF (600 nm)-manifesting molecule for the first time in a 

TTA up-conversion system.106 Specifically, 4CzTPN-Ph (Figure 8), previously reported for its 

application in OLEDs, was used as a triplet sensitizer with DPA as a triplet acceptor.122 This 
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photosensitizer exhibits a photoluminescence quantum yield of 26%. Its synthesis was carried out 

under an inert an atmosphere assisted by sonication to reach a high product yield (76%). TTA-

PUC up-conversion for 4CzTPN-Ph was evidenced in a solid-state system where a 20 ̶ 50 nm-

thick layer of a triplet annihilator and sensitizer was fabricated on a quartz surface by a vacuum 

thermal evaporation methodology. A linear relationship was observed between the UC 

luminescence intensity and laser power. The delayed emission lifetime was reported to be 1.72 µs 

for the neat film. The TEnM efficiency for the TADF sensitizer and the acceptor was reported to 

reach 9.1%. Although the reported TTA-PUC efficiency (0.28%) was not very high and the anti-

Stokes shift was 0.56 eV, these results have opened the door to utilizing a new type of 

photosensitizer in TTA-PUC. Later many attempts were made to improve the up-conversion 

quantum yield and the anti-Stokes shift in TTA-PUC systems by using TADF photosensitizers as 

light-harvesting molecules. These photosensitizers, despite of red-shifted absorption, maintain an 

uncompromised, high triplet-energy state, making it possible to use triplet acceptors with a higher-

energy state (shorter wavelength), resulting in an increased anti-Stokes shift for a TTA-PUC 

system. 
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Figure 8. A TTA-PUC system consisting of 4CzTPN-Ph as the TADF sensitizer and DPA as the 

acceptor, along with the value of the anti-Stokes shift and the singlet−triplet energy gap in the 

TADF photosensitizer. 

Carbazolyl dicyanobenezene (4-Cz-IPN; Figure 9) is a widely studied TADF sensitizer, first 

reported by Adachi et al. for organic LED applications.122 This molecule shows strong absorption 

of UV-visible light in the range of 280-490 nm. The contribution of a charge-transfer character to 

the electronic excitation in the visible region (for the S1 state) was revealed by TD-DFT 

calculations showing the HOMO and LUMO localized on the electron donor (carbazolyl) and 

acceptor (dicyanobenzene) moieties, respectively. This is a green-light emitting molecule (em = 

507 nm) with a very high luminescence quantum yield reaching up to 94% and a delayed-

fluorescence lifetime of 5.1 µs for the longer component. The steric hindrance created between 

dicyanobenezene and carbazolyl groups in 4-Ca-IPN is responsible for 60o dihedral angle between 

them. Hence, the HOMO and LUMO are clearly separated, leading to a small singlet−triplet energy 

gap of 0.083 meV. These properties make 4-Cz-IPN a suitable contender for manifesting TADF 

that is indeed experimentally observed.122 The synthesis of this compound is relatively easy and 

straightforward. 
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Figure 9. A TTA-PUC system consisting of a TADF sensitizer (4-Cz-IPN) combined with t-Ph, 

q-Ph, PPO, pyrene, and BPh-TIPS triplet acceptors. Two highest anti-Stokes shift values 

obtained with t-Ph and BPh-TIPS and the singlet−triplet energy gap in the TADF photosensitizer 

are also added. 

4-Cz-IPN has been an intensively studied TADF photosensitizer for TTA up-conversion. The 

discussion of the nature of the triplet state in 4-Cz-IPN will benefit from a brief overview of 

electron paramagnetic resonance (EPR) spectroscopy as a useful technique to unravel this TADF 

property. The nature of the triplet state in TADF sensitizers can be 3LE, 3CT, or co-existence of 

both. EPR spectroscopy is a useful technique to distinguish these paramagnetic states due to its 

remarkable selectivity towards the populated triplet sublevels leading to electron-spin polarization 

(ESP) of the lowest triplet sublevels. As a matter of fact, usually very dissimilar ESP patterns as 
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well as different rates for the populated sublevels of the triplet state are observed for the two 

different ISC mechanisms.146 EPR is therefore very useful to differentiate between the ISC 

mechanisms, i.e., the 3LE or 3CT states.78–80 In EPR spectra, as a result of ESP transitions, a 

polarization-enhanced emission ‘E’ or absorption ‘A’ signals are observed. Consequently, 

different spin-polarization patterns are observed for different molecules in their EPR spectra. For 

4-Cz-IPN, the spin polarization mechanism is represented in Figure 10. The EPR spectral pattern 

for 4-Cz-IPN was observed to be AEE/EAA. With the aid of spectral simulations, none of separate 

SOC- or HFC-based mechanisms could reproduce the experimental EPR spectra. However, when 

the HFC and SOC mechanisms were considered together, the spectral match was perfect. Hence 

based on these results it was suggested that the direct involvement of HFC between 1CT and the 

higher triplet states Tn is a precursor to populate a 3CT state that upon internal conversion to a 

closely-lying lower triplet state, ultimately populates the 3LE state (Figure 10). A small energy gap 

between 1CT and 3CT states, which is smaller than the Zeeman energy (0.21−0.40 cm-1), also 

favors this claim.147 
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Figure 10. A spin-polarized mechanistic representation of the triplet excited state of 4-Cz-IPN 

induced by ISC from the singlet excited state (S1) in the presence of an external magnetic field 

along the z-axis.  Reproduced by permission of the American Chemical Society.147  

In 2016, Kimizuka and co-workers utilized TADF-manifesting 4-Cz-IPN  as a photosensitizer 

combined with p-quarterphenyl (q-Ph) and p-terphenyl (t-Ph; Figure 9) triplet acceptors, in an 

attempt to further increase the anti-Stokes shift of TTA up-conversion.107 Upon photoexcitation of 

the sensitizer at 445 nm, up-converted UV emission of q-Ph and t-Ph was observed, with anti-

Stokes shifts of 0.73 eV and 0.83 eV, respectively. The up-conversion quantum yield was estimated 

slightly below 2.8% for t-Ph and increased to 3.9% when q-Ph was used as the triplet acceptor. 

The up-converted emission observed in the near-UV region (below 420 nm) is supremely 

beneficial for photocatalytic splitting of water molecules to produce H2 as a green fuel for energy 

devices. Such applications can effectively amplify the efficiency of solar energy utilization at 

wavelengths that are usually hard to harvest due to small bandgaps of solar devices.22,148   
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Photostability of the TTA-PUC system based on the 4-Cz-IPN photosensitizer and t-Ph, q-Ph 

as triplet acceptors was studid in 2019 by Kim and co-workers.108 Two new acceptors, viz. 2,5-

diphenyloxazole (PPO; Figure 9) and pyrene were also tested. Oleic acid was used as a medium 

for the TTA-PUC due to its ability to act as a singlet-oxygen receptor in aerated solutions, thereby 

providing a facility to observe TTA-PUC under aerated conditions. Their work demonstrated that 

no decrease in up-converted emission was observed upon excitation of 4-Cz-IPN with a 445-nm 

laser light up to 30 min, when pyrene was used as the triplet acceptor. Contrary to pyrene, the other 

acceptors (t-Ph, q-Ph, PPO) paired with 4-Cz-IPN in the TTA-PUC were less efficient and a 

decrease in TTA-PUC luminescence was evidenced. This undesired result was ascribed to 

photodegradation of 4-Cz-IPN and a modified proportion of reISC and TEnM. Although the 4-

Cz-IPN /pyrene pair demonstrated photostability for up to 1 h, with an up-conversion quantum 

yield reaching 0.66% in air, the anti-Stokes shift for this visible-to-near UV up-conversion was 

merely 0.44 eV.  

Although a sharp drop in the solar absorption spectrum occurs below 310 nm, the photons with 

energies in this hazardous UV-B/C range are highly important in many applications, such as the 

treatment of industrial waste waters149 and photocatalytic water splitting,150,151 not accessible with 

low-energy photons in the visible spectral range from commercial ready-to-use LEDs.152 Hence in 

an effort to harvest energy from the visible spectral region and up-convert it into the near-UV/UV 

region, a team of German scientists reported109 an organic TTA-PUC system consisting of the 4-

Cz-IPN photosensitizer paired with a novel triplet acceptor p-biphenyl-triisopropylsilylethynyl 

(BPh-TIPS) (Figure 9) to provide an alternative annihilator with emission beyond 310 nm. They 

succeeded to achieve a blue to UV-A TTA-PUC with a remarkably large anti-Stokes shift of 1.17 
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eV by photoexciting 4-Cz-IPN at 447 nm. The up-conversion quantum yield for this system was 

reported to reach 4.0%. 

Chiral compounds are capable of displaying circularly polarized luminescence (CPL)153–156 that 

has various potential applications, for example in the field of biology for cancer diagnosis,157 in 

synthetic chemistry for photo-driven chemical synthesis,158,159 and in physics for the optical 

displays.160–163 However, this property is rarely reported in real-time applications due to the poor 

luminescence dissymmetry factor (glum). Duan and his co-workers used chiral R(S)-4,12-

biphenyl[2,2]paracyclophane (R-/S-TP; Figure 11) as an annihilator paired with the 4-Cz-IPN 

photosensitizer to obtain a high TTA-PUC quantum yield of 7.9% by excitation with 445-nm laser 

light.110 They designed and used this TTA-PUC system to improve the value of the glum of the 

triplet emitter, which serves as a pivotal index for the quantification of the CPL performance. It 

can be expressed as glum = 2 × (IL − IR)/(IL + IR), where IL and IR represent left-handed and 

right-handed CPL intensities of a chiral luminescent molecule. Its value ranges between +2 and 

−2, corresponding to left- or right-handed CPL. The authors claimed to have amplified the glum 

value of R-/S-TP by TTA-PUC significantly, from 3.1 × 10−3 to 9.2 × 10−3. Moreover, this CPL-

active TTA-PUC was also realized in a smart material called (disordered) nematic liquid crystals 

(NLC) and the glum value was further boosted up to 0.19, which was associated with special optical 

properties of NLC such as circular dichroism and optical rotation (Figure 11). This high glum value 

of was further utilized in enantioselective photo-triggered polymerization of diacetylene.110 
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Figure 11. A circularly polarized luminescence (CPL)-active TTA-PUC system consisting of the 

TADF sensitizer (4-CZ-IPN) and the triplet acceptor (R-/S-TP), which results in a boosted in glum 

value realized in a nematic liquid crystalline phase (5CB). UC-CPUVL stands for up-converted 

circularly polarized ultraviolet luminescence.  Reproduced by permission of the Nature Publishing 

Group.110 

Ma and co-workers reported a series of TADF-based carbazolyl dicyanobenezene derivatives 

(4CzPN, 4CzPN-1DBP, 4CzPN-2DBP, 4CzPN-8DBP, Figure 12) along with 4-Cz-IPN as a 

reference photosensitizers for visible to near-UV photon up-conversion with 2,7-di-t-butyl-pyrene 

(DBP) as a triplet annihilator.164 They found that efficient reISC in the TADF molecules (4-CzPN 

and 4-Cz-IPN) causes inefficient TEnM to the annihilator (DBP) and, consequently, a low up-

conversion quantum yield. To address this issue, DBP was appended to the photosensitizer with a 

linker (Figure 12) to suppress reISC and to achieve efficient TEnM to the annihilator. As a result, 
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reduced singlet−triplet equilibrium facilitated the triplet exciton to shift and become localized on 

the appended triplet annihilator. The results in polyurethane films demonstrated a very weak TTA-

PUC with 4-CzPN and 4-Cz-IPN; however, 4CzPN-1DBP exhibited 80× higher up-converted 

emission intensity.  

 

Figure 12. TTA-PUC system consisting of TADF sensitizers, 4CzPN, 4CzPN-1DBP, 4CzPN-

2DBP and 4CzPN-8DBP, paired with the appended DBP triplet acceptors. 

In 2018 Ma, Castellano and their co-workers reported energy migration dynamics of 4CzPN-

1DBP.165 They found that the triplet exciton of 4CzPN was transmitted to the DBP moiety, 

followed by a transfer to free DBP by TEnM in an organic solvent. Ultrafast transient absorption 

(TA) spectroscopy revealed triplet decay rate constants reaching 9.9 × 102 s˗1 and 7.4 × 102 s˗1 for 

tethered and monochromophoric molecules, respectively. An efficient and irreversible 

intramolecular TEnM from 4CZPN to DTBP was observed due to the slower triplet decay of 

DTBP in the tethered molecule, which was responsible for the higher yield of TTA-PUC  

4-Cz-IPN is the most widely used TADF photo-excitable sensitizer for the application in TTA-

PUC and high up-conversion quantum yields and remarkably large anti-Stokes shifts have been 

demonstrated. However, this molecule and its reported derivatives absorb in the green region of 
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the visible light. A careful design of 4-Cz-IPN derivatives with appended chromophores that shift 

the visible absorption of the molecules to the red/near-IR region while keeping the triplet energy 

levels uncompromised, can be can appealing choice for their future use in biological and energy 

applications. 

4.3 Benzothiadiazole- and naphthalenediimide-based TADF photosensitizer for 

TTA-PUC 

The D-A-D triad obtained by the condensation of donor benzothiadiazole (BTD) and two 

acceptor 9,9-dimethyl-9,10-dihydroacridine (DMAC) moieties (BTD-DMAC, Figure 13) exhibits 

an intramolecular CT behavior.122,166,167 This photo-excitable sensitizer was initially reported to be 

used for a red LED, with the external quantum efficiency reaching up to 8.8% and the triplet 

quantum yield of 51.2%. It can be easily synthesized by a C−N coupling reaction between 

dibromobenzothiadiazole and DMAC under an inert atmosphere, using Pd(II) acetate as a catalyst 

to obtain a high reaction yield (76%).168 

Yang and co-workers utilized red TADF-emitting BTD-DMAC as a photosensitizer in TTA-

PUC.111 DPA was used as a triplet annihilator paired with this sensitizer and a very long anti-

Stokes shift (97 nm) was determined for this system. The luminescence of this UC system covers 

almost all the blue (up-converted emission) and red (TADF emission) visible region, with up-

conversion quantum yield reaching 1.9% (Table 1).  For this system, photon up-conversion was 

also evidenced even in aerated toluene at increased concentration of the sensitizer and acceptor 

(1:20), which was attributed to the non-quenched triplet state of the sensitizer in the aerated 

environment. A moderately large anti-Stokes shift (0.52 eV) was observed for this system.  
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Figure 13. (a) TTA-PUC system consisting of a TADF sensitizers BTZ-DMAC paired with 

DPA as the triplet acceptor, with the corresponding values of the singlet−triplet energy gap in the 

photosensitizer and the anti-Stokes shift. (b) TTA-PUC emission spectra of the BTZ-DMAC and 

DPA mixture at three different concentration ratios and photographs in inset showing TTA-PUC. 

Reproduced by the permission of the Royal Society of Chemistry.111 

Naphthalenediimide (NDI) is a well-known chromophore and has intensively been studied in 

the fields of photochemistry, photobiology and photophysics.169–172 Hussain et al. have recently 

reported a series of NDI-carbazole-based compact electron donor-acceptor systems demonstrating 

SOCT-ISC and TADF. For these molecules, population of a triplet state upon photoexcitation of 

NDI-Cz-Ph and NDI-Ph-Cz (Figure 14) via a charge-transfer state was evidenced with fs-ns TA 

spectroscopy. A moderate 
1O2 production (~26% quantum yield) further supported the population 

of the triplet state.88 The photophysical properties of these molecules were also studied with the 

time resolved electron paramagnetic resonance (TR-EPR) spectroscopy to clarify the nature of the 

populated triplet states. TR-EPR is a useful tool to investigate spin polarization of a triplet state.78–

80,173,174 With the aid of this technique it was confirmed that for NDI-Cz-Ph 1CT→3LE followed 

by a long lived 3CT state was observed, with a lifetime of 45 µs (Table 2). For NDI-Ph-Cz, 

1CT→3LE ISC occurs and the lifetime of 51.9 µs was determined for the triplet state. The small 
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singlet−triplet energy gap in these triads is responsible for reISC and hence TADF. These TADF 

molecules were used as sensitizers for TTA up-conversion with DPA as a triplet acceptor and a 

high up-conversion quantum yield of 8.2% with the anti-Stokes shift of 0.55 eV were observed at 

very low concentrations of the photosensitizer (10−5 M) and acceptor (4 × 10−5 M). 

 

Figure 14. TTA-PUC systems consisting of TADF sensitizers NDI-Cz-Ph and NDI-Ph-Cz 

paired with DPA as the triplet acceptor. The corresponding values for the singlet−triplet energy 

gaps in the photosensitizers and the anti-Stokes shift of the DPA emission are also given. 

4.4 Fluorescein-based TADF photosensitizer for TTA-PUC 

Peng and co-workers reported a fluorescein derivative (DCF-MPYM) (Figure 15) for the 

detection of serum albumin in bovine samples. The DCF-MPYM compound was synthesized by 

the Knoevenagel condensation; however, an intermediate step involving the Duff reaction was also 

required to yield the final product.175 Shortly afterwards they reported this compound again for 

TADF properties that were studied in a sufficient detail by steady-state and nanosecond time-

resolved transient absorption and emission spectroscopies. The TADF property of this compound 

was manipulated for high-resolution bioimaging in living cells and excellent results were obtained 

by getting flawless imaging of cellular organelles.176 In 2019 they once again used the same 
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multipurpose compound for applications in photon up-conversion, aimed to enhance the up-

conversion quantum yield and enlarge the anti-Stokes shift for the TTA-PUC system. DCF-

MPYM was used as the photo-excitable sensitizer that featured strong absorption of visible light 

reaching down to the red region. Making this sensitizer capable of electronic excitation with 635-

nm laser light rendered it suitable for TTA up-conversion with perylene and DPA paired as triplet 

acceptors and a large anti-Stokes shift of 0.94 eV was determined for the DPA acceptor. DCF-

MPYM with a sufficiently longer triplet lifetime (22.1 µs) was claimed to ensure an efficient 

TEnM and, hence, a high up-conversion quantum yield (11.2%). In a combination with perylene 

as the triplet acceptor, this sensitizer exhibited a lower efficiency of up-conversion luminescence 

(7.0%).112 Recently a new study on DCF-MPYM and its methylated derivative DCF-MPYM-Me 

(ee Figure 15) suggested, based on the reISC rate constants of 0.047 s−1 and 7.723 s−1 for DCF-

MPYM and DCF-MPYM-Me, respectively, that direct T1→S1 reISC is impossible in these 

systems.  An alternative pathway was proposed based on deep-going computational studies.113 
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Figure 15. TTA-PUC systems consisting of DCF-MPYM and DCF-MPYM-Me TADF 

sensitizers paired with DPA and perylene as triplet acceptors. The values of singlet−triplet energy 

gaps in the photosensitizers and the corresponding anti-Stokes shifts are also given. 

The newly proposed pathway involves thermally activated reverse internal conversion. 

According to this study, the T1→T2 transition (internal conversion) is facilitated by the conical 

intersection between the two states and T2→S1 reISC passes through the minimum energy crossing 

point. The newly designed DCF−MPYM−Me molecule was also used as a triplet photosensitizer 

for TTA up-conversion with DPA paired as the triplet acceptor. A remarkably high up-conversion 

quantum yield was observed (13.6%) in this case, which is slightly higher compared with the non-

methylated carboxyl group-containing derivative. The authors have claimed that the increased up-

conversion quantum yield of the methylated derivative is attributed to the longer triplet lifetime 

(40 µs) of DCF−MPYM-ME. The methyl group in the ester substituent occupies a larger space,  
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Table 2. Photophysical and TTA-PUC Properties of Organic and Inorganic TADF 

Photosensitizers. 

Sensitizer Emitter Solvent/ 

Medium 
exc

a/

nm 

T
b 

/s 

ΔES/T
c 

/eV 
UC

d 

/% 

ΔEUC
e Ref.f 

NDI-Cz-Ph DPA TOL 532 45.1 0.03 8.2 0.56 88 

NDI-Ph-Cz DPA TOL 532 51.9 0.01 7.9 0.56 88 

4-Cz-IPN Me-Naph BENZ 457 80 0.08 2.5 0.99 177 

4-Cz-IPN t-Ph BENZ 457 80 0.08 3.4 0.83 177 

4-Cz-IPN Me-Naph +t-Ph BENZ 457 80 0.08 7.6 0.83 177 

Bn-Cz 1,4-DT-Naph TOL 517 NS 0.003  7.6 0.91 178 

Bn-Cz 1,5-DT-Naph TOL 517 NS 0.003 6.4 0.98 178 

tBu-Bn-Cz 1,4-DT-Naph TOL 532 NS 0.003  6.0 NS 178 

tBu-Bn-Cz 1,5-DT-Naph TOL 532 NS 0.003 5.0 1.05 178 

Zr(MPPP)2 Cz-DPA THF 514.5 350 0.20 37.4g 0.59 179 

Zr(MPPP)2 F-DPA THF 514.5 350 0.20 37.8g 0.59 179 

Zr(MPPP)2 CN-Cz-DPA THF 514.5 350 0.20 74.7g 0.50 179 

a Excitation wavelength used for TTA-PUC. b Triplet lifetime. c Singlet−triplet energy gap. d Up-

conversion quantum yield. e Anti-Stokes shift.  f Literature reference. g Up-conversion quantum 

efficiency. 

reducing the non-radiative transition and thereby extending the lifetime as compared with 

DCF−MPYM (22.1 µs). Although DCF-MPYM has demonstrated a very promising increase of 

the up-conversion quantum yield, the delayed fluorescence efficiency for this molecule is very 
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high (84%).176 This implies that reISC is dominant in this TADF sensitizer and the triplet exciton 

is predominantly converted to the singlet exciton. Efforts should be made to minimize reISC in 

such molecules to achieve higher ISC quantum yields and hence elevated TTA-PUC efficiency.  

4.5 TADF photosensitizer with an intermediate acceptor in TTA-PUC 

A limited TTA-PUC efficiency is observed in some systems due to inefficient TEnM and  

unwanted backward energy migration from the triplet energy acceptor to the triplet energy 

donor.180,181
 In order to address this problem, the Kimizuka group reported in 2018 a new strategy 

of using three different interacting compounds (a photosensitizer, an intermediate acceptor and a 

second acceptor/emitter) in TTA-PUC system, contrary to the traditional TTA-PUC system that 

utilizes two interacting compounds (a photosensitizer and an acceptor/emitter).182 A triplet 

sensitizer and a triplet acceptor/annihilator (here called intermediate acceptor) are similar to the 

conventional TTA up-conversion system; however, a third chromophore is introduced as an 

emitter that receives singlet energy from the intermediate acceptor via Förester resonance energy 

transfer (FRET). This mechanism is illustrated in Figure 16.  
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Figure 16. A schematic diagram of the TTA-PUC systems consisting of an intermediate 

acceptor, a TADF sensitizers, 4-Cz-IPN, paired with an intermediate acceptor (Me-Naph) and 

emitter TPh. 

In a system as shown in Figure 16, the absolute quantum yield of the TTA photon up-conversion 

process can be described by modification in the conventional expression of Equation 3.  

∅UC =
1

2
𝑓∅ISC∅EnM∅EnMI∅TTA∅FL          6  
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where T is the triplet quantum yield for sensitizer, EnM is the sensitizer to intermediate triplet 

acceptor energy migration efficiency, EnMI is intermediate acceptor to triplet emitter energy 

migration efficiency, TTA is the triplet-triplet annihilation efficiency for triplet annihilator, FL is 

the fluorescence quantum yield for a triplet annihilator. In a recent article Yurash et al. used  the 

standard TADF sensitizer 4-Cz-IPN to adopt this strategy of pairing three chromophores in a 

photon up-conversion system (Figure 16).177 The TTA up-conversion quantum yield for the 4-Cz-

IPN and 1-methylnaphthalene (Me-Naph) binary system was determined to reach 3.4% and the 

anti-Stokes shift value was 0.99 eV. However, the up-conversion quantum yield of the 

corresponding ternary system, comprising 4CzIPN, Me-Naph, and t-Ph, was found to be more 

than two times higher (7.6%) compared to the binary system, which was tentatively attributed to 

the increased efficiency of TEnM from the sensitizer to the end-acceptor (mediated by Me-Naph).  

4.6 Multiple resonance TADF photosensitizer in TTA-PUC 

Multiple-resonance TADF (MR-TADF) sensitizers are polycyclic organic compounds with 

electron-rich nitrogen atoms located in ortho positions to an electron-deficient boron atom, 

inducing the MR effect. The MR effect efficiently minimizes the vibrational relaxation (VR; S1*→ 

S1) during ISC by reducing the antibonding/bonding characteristics of frontier molecular orbitals 

and sharp emission spectra are observed.183–186 The MR effect makes these sensitizers different 

from normal TADF emitters. MR-TADF sensitizers only demonstrate the signature property of a 

small singlet-triplet energy gap, and reISC, but also manifest a small VR in a TTA-PUC sensitizer 

as compared to a conventional TADF photosensitizer (Figure 17). In 2021, MR-TADF molecules 

were used as sensitizers to observe an efficient green to UV TTA-PUC. By the 517-nm optical 

excitation of the MR-TADF sensitizer, Bn-Cz, paired with 1,4-DT-Naph as the acceptor/emitter 

(Figure 17c) an anti-Stokes shift of 0.91 eV was measured.  
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Figure 17. (a) Schematic representation of the role of MR-TADF photosensitizers in TTA-PUC. 

(b) Application of MR-TADF photosensitizer in photopolymerization and photo-ligation. (c) 

TTA-PUC systems consisting of MR-TADF sensitizers Bn-Cz and tBu-Bn-Cz paired with 1,4-

DT-Naph and 1,5-DT-Naph as triplet acceptors. Values of singlet−triplet energy gaps in the 

photosensitizers and the anti-Stokes shift are also given. Reproduced by the permission of the 

Chinese Chemical Society.178 
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The anti-Stokes shift increased to 0.98 eV when 1,5-DT-Naph was used as an acceptor/emitter 

paired with Bn-Cz. A t-butyl-substituted derivative, tBu-Bn-Cz, was also used as a triplet 

sensitizer paired with 1,5-DT-Naph, which could be excited at a lower-energy side of the green 

spectral region (532 nm) to increase the anti-Stokes shift to 1.05 eV. The up-conversion quantum 

yield was found to reach 7.6% and 6.0% for BN-Cz and tBu-Bn-Cz, respectively, with 1,4-DT-

Naph paired as the triplet acceptor. As shown in Figure 17b, the importance of the TTA-PUC pair 

(BN-Cz and 1,4-DT-Naph) was also demonstrated by using this system in photopolymerizion to 

induce quick gelation (within 3 min) in a photoligation reaction to obtain a cycloadduct with a 

remarkably high product yield.178 

4.7 Zirconium(IV)-based TADF photosensitizer in TTA-PUC 

Many transition metal complexes exhibit phosphorescence due to radiative decay from the triplet 

metal-to-ligand charge-transfer (3MLCT) state to the ground state. However, thermally activated 

delayed fluorescence that is usually observed in organic compounds, is less likely to be observed 

in transition metal complexes. While some complexes of late transition metals such as copper,187–

189 zinc,190 gold191 and silver192–194 have been reported for delayed fluorescence with or without 

prompt fluorescence, complexes of early transition metals such as zirconium are rarely studied to 

unravel such properties. Zirconium, the member of the Group-4 triad, is categorized as the fourth 

most abundant transition metal on the Earth, hence capable of forming cost-effective molecules. 

There are only very few studies on zirconium(IV)-based metal complexes  in the field of 

photophysics because of the main challenge that arises due to its unique electronic configuration 

which requires comparatively different strategies to design a molecule for required photophysical 

properties as compared to those that are generally used for designing molecular complexes of late 

transition metals.195–198 Transition metals with a deficiency of electrons in their d orbitals (e.g., the 
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d0
 electronic configuration of Zr(IV)) may undergo charge transfer from symmetry-adapted 

occupied ligand orbitals (LMCT) as opposed to metal-to-ligand charge transfer (MLCT) 

commonly observed in complexes of late-transition-metals with acceptor ligands. To achieve 

LMCT in d0 metal complexes, the ligands are chosen carefully to be electron-rich in nature, acting 

as electron donors stabilizing the electron deficient transition metal centres in these complexes.199–

201  

Recently the Castellano group have utilized a moisture- and air-stable zirconium(IV) complex, 

Zr(MPPP)2, where MPPP stands for 2,6-bis(5-methyl-3-phenyl-1H-pyrrol-2-yl)pyridine)202 as a 

triplet photosensitizer for TTA up-conversion paired with DPA and a new series of carbazole 

appended DPA derivatives (Cz-DPA, F-Cz-DPA, CN-Cz-DPA; Figure 18) as triplet acceptors. 

Zr(MPPP)2 absorbs strongly visible light (λmax = 525 nm; ɛ = 21570 M-1cm-1), which corresponds 

to optical population of an excited state having a mixed 1LMCT and intraligand (1IL) character, 

and manifests TADF with an exceptionally long triplet excited-state lifetime of 350 µs.202 Upon 

the excitation of Zr(MPPP)2 at 514.5 nm, blue up-converted emission (also visible to unaided 

eye) was observed with the whole series of DPA, Cz-DPA, F-Cz-DPA and CN-Cz-DPA triplet 

acceptors. An exceptionally high up-conversion yield (< 31%) was determined throughout the 

series, with the maximum yield of 43% with the traditional DPA triplet acceptor. It is noteworthy 

that with increasing power, a linear slope with UC luminescence was observed for all the acceptors. 

This transition metal sensitizer-based PUC system also demonstrated maximum PUC efficiency 

with solar irradiance (26.7 mW cm-2), proposing its potential real-time applications in solar energy-

based systems.179 

A closer look at the Table 1 and 2 indicates that as compared to 1CT excitable sensitizers TADF 

sensitizers generally manifest small singlet-triplet energy gap and MR-TADF sensitizers have even 
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smaller singlet-triplet energy gap. It is also apparent that smaller singlet-triplet energy gap of 

sensitizers along with longer triplet excited state lifetimes can facilitate higher quantum 

efficiencies and quantum yields of TTA upconversion.  

 

Figure 18. TTA-PUC systems consisting of Zr(IV)-bound sensitizers Zr(MPPP)2 tBu-Bn-Cz 

paired with DPA, Cz-DPA, Cz-DPA-CN and Cz-DPA-F triplet acceptors. Values of the 

singlet−triplet energy gap in the photosensitizers and the anti-Stokes shift are also given. 

 

5. DIRECT EXCITATION INTO TRIPLET STATE FOR TTA-PUC MEDIATED 

BY OSMIUM COMPLEXES  

In all the strategies described in the preceding section, energy loss during the intersystem crossing 

from a singlet to a triplet state was reduced by decreasing the singlet−triplet energy gap. However, 

the direct excitation of a molecule into the triplet state can bypass ISC and hence overcome the 

total energy loss during ISC (Figure 1).180,203–205 A great number of Os(II) pseudoctahedral 
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complexes with diimine or similar redox-active ligands have been studied for the photophysical 

and electron transfer properties.206–215 The main reason why these osmium(II) complexes are 

highly interesting is the distinguished possibility to get optically excited directly into the lowest-

energy T1 state. These complexes show triplet character  (normally spin-forbidden for 3d transition 

metal centers) in their Vis-near-IR absorption spectrum,216–218 which provides an opportunity to 

save the energy lost during ISC. The molar absorption coefficient for S0→T1 (
3MLCT) transitions 

in Os(II) complexes is sufficiently large (ε > 1000 M-1cm-1) due to the strong spin-orbital coupling 

of the heavy Os atom (with the large spin-orbit coupling constant of 3381 cm-1) and this feature is 

normally not apparent in isoelectronic platinum, iridium and ruthenium-based complexes.219–225  

Kimizuka and co-workers have intensively studied Os(II) complexes for TTA-PUC. In 

2016, they exploited for the first time an Os complex for direct population of a triplet state to 

observe NIR-to-visible PUC. They reported a novel lipophilic osmium(II) chlorido complex 

(OsCl-Tpy/Bpy; Figure 19) with branched (amino)alkyl and t-butyl groups on the 2,2:6′,2′′-

terpyridine (Tpy) and 2,2′-bipyridine (Bpy) ligands, respectively, to increase its solubility in 

organic solvents.203 This complex show strong S0→T1  MLCT absorption at 888 nm tailing below 

950 nm. By using rubrene (Rub) as a triplet acceptor, photoexcitation at 938 nm led to NIR-to-

visible up-converted emission observed at 570 nm. 
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Figure 19. A TTA-PUC system consisting of an Os(II)-based sensitizers, OsCl-Tpy/Bpy, that 

is directly excited into a 3MLCT state, and the Rub triplet acceptor. The value of the anti-Stokes 

shift determined for this system is also given. Photoluminescence spectra was reproduced by the 

permission of the American Chemical Society.203  

Due to the direct excitation into the T1 (
3MLCT) state, the energy loss during the ISC was 

completely bypassed and a large anti-Stokes shift of 0.86 eV was observed. However, due to the 

heavy-atom effect of Os, the triplet lifetime of OsCl-Tpy/Bpy is very short (12 ns; Table 3) and 

hence inefficient TEnM during TTA-PUC is manifested. Consequently, a very weak up-

conversion quantum yield (0.001%) was observed in solution, which is a drawback of these 

photosensitizers. However, Kimizuka and co-workers prepared nanoparticles (NP) of this 

sensitizer with the rubrene emitter by precipitation in water and synthesized an NP-based 

polyvinyl-alcohol (NP-PVA) film. The up-conversion quantum yield of this solid TTA-PUC 

system improved significantly to 0.34%.226 This results was attributed to efficient TEnM. After 

this pioneering report of an osmium(II) complex designed for the TTA-PUC application, not only 

the Kimizuka group but also many other research groups have paid their attention to osmium(II)-

based complexes and modified their structures to tune the  photophysical properties to be beneficial 

for the TTA-PUC applications.  

Blue light (< 500 nm) is a very convenient tool for biological systems due to its use in 

various photochemical reactions and targeted release of drug upon photoexcitation.14,227 Due to 

this importance, the Kimizuka group synthesized an osmium complex (Os-(BrPh-Tpy) (Figure 

20) with bromophenyl substituents at the Tpy ligands in order to decrease their LUMO energy and 

shift the 3MLCT absorption to the NIR spectral region (750 nm).181 The NIR light is very useful 

for biological system due to its ability to penetrate deeply into the living tissues. In combination 
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with a blue light emitter in a TTA-PUC system this be an exceptionally useful tool. TTBPy (Figure 

20) was used as the triplet emitter paired with Os-(BrPh-Tpy). Upon excitation with 724-nm light, 

NIR-to-visible up-conversion was witnessed with a moderate quantum yield of 2.7%. The anti-

Stokes shift for this system reached 0.97 eV. Experiments were also performed to observe up-

conversion of this system in a solid mixture, but no PUC emission was noticed. When the sensitizer 

and triplet acceptor, after grinding, were fused in a capsule in a PVA solid-matrix film, quenching 

by triplet dioxygen was sufficiently blocked and PUC was observed.228 However, the PUC 

quantum yield was lower due to an acceptor-to-donor back energy migration. 

Table 3. Photophysical and TTA-PUC Properties of Selected Osmium(II) Complexes 

Sensitizer Emitter Solvent/ 

Medium 
exc

a/nm T
b/ns UC

c/% ΔEUC
d Ref.e 

OsCl-Tpy/Bpy Rub CHCl3 938 12 0.001 0.86 203 

Os-(BrPh-Tpy) TTBPy DMF 724 207 g 2.7 0.97 181 

Os(bPey-Tpy) TTBPy DMF 724 23 g , h 5.9 0.86 229 

Os-BDP PBI DCM 635 1729 1.2 0.55 230 

Os-Ph PBI DCM 635 23 0.2 0.55 230 

Os-Bpy DPA DCM 663 107 0.4 1.14 231 

Os-Bpy Py DCM 663 107 1.1 0.92 231 

Os-Bpy BPEA DCM 663 107 3.0 0.71 231 

Os-Phen DPA DCM 663 373 5.9 1.14 231 

Os-Phen Py DCM 663 373 2.3 0.92 231 
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Os-Phen BPEA DCM 663 373 12.5 0.71 231 

Os-Phen-Ph DPA DCM 663 386 1.2 1.14 231 

Os-Phen-Ph Py DCM 663 386 2.5 0.92 231 

Os-Phen-Ph BPEA DCM 663 386 10.3 0.71 231 

Os-DPA Mt-DPA DCM 663 1.2  5.3 1.12 232 

Os-Ph-DPA Mt-DPA DCM 663 1.1 9.7 1.12 232 

a Excitation wavelength used for TTA-PUC. b Triplet lifetime. c Up-conversion quantum yield. d  

Anti-Stokes shift. e Literature reference. f Not reported. g Phosphorescence lifetime. 
h In µs. 

 

 

 

 

Figure 20. A TTA-PUC system consisting of an Os(II)-based sensitizer Os-(BrPh-Tpy) that is 

directly excited into a low-lying 3MLCT state, and the TTBPy triplet acceptor. The value of the 

anti-Stokes shift determined for this system is also given. Reproduced by the permission of the 

Royal Chemical Society (photoluminescence up-conversion spectra).181 
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In 2019 photophysical properties of three osmium(II) complexes, Os-Bpy, Os-Phen, and 

Os-Phen-Ph (Figure 21), were reported.231  The 3MLCT lifetimes of these complexes span the 

range of 107-386 ns. These molecules were used as sensitizers in TTA-PUC in pairs with DPA, 

Py and DPEA triplet acceptors. The maximum up-conversion quantum yield of 5.9% and the 

largest anti-Stokes shift of 1.14 eV were determined for the Os-Phen and DPA system. Although 

these osmium(II) complexes proved to be very useful due to their capability of being directly 

excited into the T1  state,  most of these sensitizer have, however, very short triplet lifetimes. A 

short triplet lifetime is usually considered a drawback of a triplet photosensitizer because it cannot 

secure sufficient duration for the energy- and electron-migration processes which are the key for 

photophysical applications of triplet sensitizers including TTA-PUC.  

Looking at the photophysical parameters of osmium complexes in Table 3, it can be 

concluded that an increased lifetime of the ISC involved processes could be helpful to get higher 

quantum yield of upconversion. 
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Figure 21. TTA-PUC systems consisting of Os-based sensitizers (a) Os-Bpy, (b) Os-Phen, and 

(c) Os-Phen-Ph that are directly excited into a low-lying 3MLCT state; DPA, Py and DPEA are 
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paired as triplet acceptors. Values of corresponding anti-Stokes shifts determined for these systems 

are also reported. 

5.1 TEnM from metal center to organic chromophore for prolonged lifetime 

The triplet excited state lifetime of a compound is of great importance because of its pivotal role 

in various photophysical phenomena such as electron and energy transfer. It is especially crucial 

for intermolecular processes that are diffusion-controlled. Their efficiency is directly related to the 

length of triplet excited state lifetimes of the molecules being involved, as proven by many 

applications such as PDT,233 photocatalysis,234–236 and TTA-PUC.31,36 For transition metal 

complexes the triplet lifetimes are usually short due to the SOC effect of heavy metals. By shifting 

the triplet to a ligand center upon 3MLCT excitation, the triplet lifetime can be prolonged due to 

the reduced SOC effect. Zhao and co-workers synthesized an osmium tris(2,2′-bipyridine) 

complex with an appended Bodipy unit (Os-BDP; Figure 22), aimed at shifting the 3MLCT state 

of the osmium complex (1.72 eV) via TEnM to the Bodipy unit (1.67 eV) which has a lower-triplet 

energy state compared with the osmium complex.230 Their results demonstrated that the triplet 

lifetime of the Bodipy-appended complex increased significantly to 1.7 µs compared with 23 ns 

for the reference complex (Os-Ph; Figure 22). Excitation of the sensitizer with 635-nm laser light 

led to up-converted emission of paired perylenebisimide (PBI) at 550 nm. Also, the up-conversion 

quantum yield of 1.2% for Os-BDP was higher compared with merely 0.17% for Os-Ph. The 

higher up-conversion quantum yield of Os-BDP was attributed to the longer-lived triplet state and 

the consequently improved TEnM efficiency. 
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Figure 22. TTA-PUC systems consisting of Os(II)-based sensitizers Os-Ph and Os-BDP that are 

directly excited into a low-lying 3MLCT state (ultimately a Bodipy-localized triplet state for Os-

BDP), and the PBI triplet acceptor. The value of the anti-Stokes shift determined for these systems 

is also given. 

Photoactivation of proteins and light-induced control of protein activity require excitation with 

visible light that however only barely penetrates living tissues due thier non-homogeneity causing 

scattering of photons.237–240 On the other hand far-red, NIR and SWIR photons are capable of deep 

tissue penetration. Such a PUC system was introduced by Kimizuka and co-workers.181. They used 

Os(bPey-Tpy) (Figure 23) with perylene units appended at Tpy pincers by phenylene linkers. A 

very long phosphorescence lifetime (42 µs) was observed for this complex compared to 207 ns 

determined for the analogous reference osmium(II) complex) with bromophenyl substituents at 

Tpy, Os-(BrPh-Tpy). The extended lifetime was ascribed to a triplet equilibrium between 3MLCT 

and a perylene-localized triplet state (3IL). The longer span of the lifetime ensured an efficient 

TEnM in the TTA up-conversion system from sensitizer to acceptor. A higher up-conversion 

quantum yield (up to 2%) was obtained with this sensitizer paired with the TTBPy emitter than 

measured with Os-(BrPh-Tpy). However, the anti-Stokes shift of 0.86 eV determined for 

Os(bPey-Tpy) is smaller (Table 3) compared to Os-(BrPh-Tpy). Upon excitation, TTA-PUC 
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(blue emission) was also observed in hydrogel, which was utilized for genome engineering.229 This 

application successfully regulated the morphology of hippocampal neurons that play a significant 

role in long-term memory and cognitive learning.241  

 

Figure 23. TTA-PUC system consisting of the Os(II)-based sensitizer Os-(bPey-Tpy) that is 

directly excited into a low-lying 3MLCT state (ultimately a pyrene-localized triplet state) and the 

TTBPy triplet acceptor. The corresponding anti-Stokes shift observed for this system also given. 

In 2020, DPA-appended osmium(II) complexes (Os-DPA and Os-Ph-DPA in Figure 24) 

were reported.232 The molecular structure designing motive for these complexes was the shift of 

the metal−Phen centered 3MLCT state to DPA through TEnM and reach a triplet equilibrium. 

Consequently, the triplet lifetimes of the DPA-appended complexes increased significantly to ~ 1 

µs compared to the reference complex lacking the DPA units (Os-Phen; 373 ns). For Os-DPA 

paired with the DPA acceptor/emitter molecule, an efficient TTA photon up-conversion was 

observed (9.7%) The high up-conversion yield can be attributed to efficient TEnM from the 

sensitizer to the acceptor in TTA-PUC system due to prolonged triplet lifetime of the sensitizer. 

The anti-Stokes shift for this system reached the value of 1.12 eV.  
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Figure 24. TTA-PUC systems consisting of the Os(II) based sensitizers Os-Ph-DPA and Os-

DPA that are directly excited into a low-lying 3MLCT state (ultimately a DPA-localized triplet 

state) and the DPA triplet acceptor. The values of the anti-Stokes shifts measured for these systems 

are also given. 

6. CONCLUSIONS AND OUTLOOK 

Enormous progress has been witnessed in the field of TTA-PUC in designing new triplet 

photosensitizers, and various methodologies have been opted to reduce energy loss during ISC. 

However, there are still numerous challenges to overcome and augment the efficiency of these 

sensitizers. From the molecular design point of view, the prediction of charge-transfer absorption 

bands in the UV-Vis-IR spectral range is still a main hurdle to design such photosensitizers and 

hence photosensitizers which are capable of being photoexcited at CT are rarely reported. 
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Moreover, the molar absorption coefficient of a CT absorption band is not large in all the solvents, 

resulting inefficient light-harvesting capability of these sensitizers which is one of the vital 

requirements and has a strong impact on the efficiency of TTA-PUC. Although TADF 

photosensitizers have demonstrated remarkably high up-conversion quantum yields as well as 

exceptionally large anti-Stokes shifts owing to their high triplet energy levels, designing TADF 

photosensitizers addressed with near-IR excitation and their use in TTA-PUC remains a less 

investigated area in this field. Osmium(II) complexes represent a new emerging class of 

photosensitizers for TTA-PUC field due to their capability of being sensitized directly into their 

triplet states by virtue of the appearance of S0→T1 transitions in their electronic   absorption spectra, 

which permits to bypass energy losses during ISC. However, the low intensity of the S0→T1 

transitions in these sensitizers reduces their light-harvesting ability as one of the vital requirements 

for a photosensitizer with a high TTA-PUC quantum yield. Moreover, the triplet lifetimes of these 

Os(II) sensitizers are usually very short, which is limiting the TEnM during TTA-PUC. These two 

drawbacks are reflected in low up-conversion quantum yields obtained with such systems. 

Although TEnM strategies have been used to shift the triplet state localization from a metal center 

to a remote ligand to decrease the heavy metal effect and achieve prolonged lifetimes, there is still 

much space for further update in this field. 

 In short, in this review various strategies recently exploited to minimize energy-loss during 

ISC in molecular photosensitizers designed for TTA-PUC, have been critically evaluated. We have 

summarized these techniques, analyzed in detail the ISC mechanism and highlighted challenges in 

this field. It is anticipated that this overview will be of considerable interest to the scientific 

community active in this area of research.   
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Abbreviation 

TTA-PUC = Triplet-triplet annihilation photon up-conversion 

ISC = Intersystem crossing 

TADF = Thermally activated delayed-fluorescence 

MLCT = Metal-to-ligand charge-transfer 

PDT = Photodynamic therapy 

TEnM = Triplet−triplet energy migration 

CR = Charge recombination  

CS = Charge separation 

CT = Charge-transfer 

RP-ISC = Radical-pair intersystem crossing 

SOCT-ISC = Spin-orbital charge-transfer intersystem crossing 

OLED = Organic light emitting diode 

reISC = Reverse intersystem crossing 

DF = Delayed fluorescence 

ESP = Electron-spin polarization 

EPR = Electron paramagnetic resonance 

HFC = Hyperfine coupling 

CPL = Circularly polarized luminescence 

UC-CPUVL = Upconverted circularly polarized ultraviolet luminescence 

MR-TADF = Multiple-resonance thermally activated delayed-fluorescence 

LMCT = Ligand to metal charge transfer 
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IL = Intraligand 

NP = nanoparticles 

VR = Vibrational relaxation 

FRET = Förester resonance energy transfer 

TD-DFT = Time dependent density functional theory 
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