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Abstract  

Efficient visible-to-ultraviolet (UV) triplet-triplet annihilation upconversion (TTA-

UC) with large anti-Stokes shift is highly promising in solar-powered and indoor 

applications. Nonetheless, the excitation wavelength is confined to the blue region (< 

450 nm) mainly due to large energy loss during triplet sensitization. Herein, a series of 

multiple resonance thermal activated delayed fluorescence (MR-TADF) compounds are 

constructed as pure organic sensitizers for the purpose of energy-loss reduction, which 

also feature intense absorbance at visible region, high intersystem crossing efficiencies, 

and long triplet lifetimes. By pairing the MR-TADF sensitizers with appropriate UV-

emissive acceptors, green-to-UV TTA-UC systems were realized with anti-Stokes shift 

up to 1.05 eV, upconversion quantum yield up to 7.6% and threshold excitation intensity 

as low as 9.2 mW cm-2 in solution. Proof-of-concept demonstrations suggest the TTA-

UC pairs could be applied as internal or external source of UV photons to trigger 

energy-demanding photopolymerization and photoligation reactions even under 

excitation of low-power-density green LED light, suggesting the broad utility of these 

molecular upconverters. 



INTRODUCTION 

 Triplet-triplet annihilation upconversion (TTA-UC), or triplet fusion, is an anti-

Stokes shifting technique that convert low-energy incident light under weak irradiation 

intensity to high-energy photon.1-2 Comparing to other photon upconversion methods 

including two-photon absorption and rare-earth upconversion, TTA-UC enjoys low 

power density requirement and high upconversion quantum yield (ΦUC),3 and has 

attracted much attention in photovoltaics,4-5 photocatalysis,6-7 bioimaging,8-9 organic 

light-emitting diodes,10 circularly polarized luminescence,11 and photoinduced drug 

release.12 By pairwise selection of sensitizers and acceptors, TTA-UC system featuring 

adjustable excitation/emission wavelength have been demonstrated.13-14 Notably, 

visible-to-UV upconversion is particularly valuable for enhancing the efficiency of 

photocatalytic systems including H2 generation, CO2 reduction and many organic 

reactions,15-16 which always require highly energetic excited state for strong reduction 

or oxidation powers to induce challenging bond activation/formation reactions.17 

Implementation of visible-to-UV TTA-UC with concurrent large anti-Stokes 

emission shift, high ΦUC, and low power density threshold (Ith) is highly essential for 

solar-powered and indoor applications but remains elusive hitherto.18 It is important to 

note that among all of reported visible-to-UV TTA-UC systems, the energy gains are 

less than 0.92 eV, restricting the excitation wavelengths in violet or blue region (Figure 

S1 and Table S1). This limitation is mainly caused by the inherent energy loss during 

S1
*→S1 vibrational relaxation (VR) and intersystem crossing (ISC) process of 

sensitizers.19-20 As manifested in a Jablonski diagram in Scheme 1a, the sum of the 



reorganization energy (λS
*) and the gap between singlet and triplet excited states (ΔEST) 

is always > 0.5 eV.18, 21 To minimize energy loss for triplet sensitization, there have been 

recent advances by using direct S0-T1 absorption sensitizers, but low triplet energy (< 

1.8 eV) and short triplet lifetime (~ 102 ns) of these complexes circumvent their use in 

visible-to-UV TTA-UC.22-24 A more practical route is to adopt donor-acceptor (D-A) 

typed thermally activated delayed fluorescence (TADF) molecules owing to their 

energy degeneracy between excited states (ΔEST < 100 meV), which also allows 

efficient ISC courses from S1→T1 in the absence of noble metals.25 For instance, several 

groups independently reported the use of carbazolyl dicyanobenzene based TADF 

molecules to sensitize p-terophenyl or pyrene derivatives, and achieved anti-Stokes 

shifts up to 0.83 eV under photoirradiation below 450 nm.26-28 Nonetheless, the large 

structural flexibility of charge-transfer-featured S1 state would result in substantial non-

radiative energy loss, and cause weak absorption in the visible range to request large 

excitation threshold that was not even close to solar irradiance.19 

 



 

Scheme 1. The energy loss of (a) conventional photosensitizer and (b) MR-TADF 

photosensitizer with TTA-UC mechanism. 

 

In this context, new sensitizers with satisfactory extinction coefficients (ε) in the 

long-wavelength range (i.e. > 500 nm) while maintaining high triplet energies (i.e. > 

2.2 eV), high ISC efficiency (ΦISC), and long triplet lifetimes becomes an emergent 

request. It is also noted that development of metal-free organic triplet sensitizers is an 

ongoing pursue, considering the high expense and toxicity of precious- or rare-earth-

metal-based complexes.29-30 We hereby report for the first time highly efficient green-

to-UV TTA-UC system operable with weak incident light by implementing multi-

resonance TADF (MR-TADF) compounds as photosensitizing species, and demonstrate 

their potential application in photochemical reactions. The MR effect induced by ortho-



positioned electron-rich N-atom and electron-deficient B-atom in a rigid polycyclic 

aromatic hydrocarbon framework minimizes VR of S1, and separates frontier molecular 

orbitals to promise small ΔEST.31-32 Additionally, these compounds typically display 

much more intense absorption band caused by short-range charge-transfer, comparing 

to the D-A typed counterparts.33 These features render MR-TADF compounds ideal 

candidates as triplet donor and broadens the choice of acceptors (Scheme 1b). To 

maximize anti-Stokes shift, energy loss during triplet-triplet energy transfer (TTET) is 

furtherly reduced by matching the MR-TADF sensitizers with appropriate UV-emissive 

acceptors to give small or even negative triplet energy gaps, eventually lead to 

unprecedentedly large energy gain of 1.05 eV among visible-to-UV TTA-UC systems. 

 

RESULTS AND DISCUSSION 

The advent of MR-TADF molecules has brought exciting opportunities for the 

fabrication of OLEDs with extraordinary efficiency and color purity,25, 34 yet their 

potential as sensitizers remains underexplored. An important issue to be addressed is 

the insufficient ΦISC of MR-TADF compounds comparing to conventional (donor-

acceptor typed) TADF fluorophore, as also reflected by smaller contribution of long-

lived delayed components to the photoluminescence quantum yields (ΦPLs).35 This 

character is related to the pseudo spin-forbidden nature of S1→T1 transition with 

slightly enlarged energy differences (typically in the range of 100 meV ~ 200 meV).33 

To overcome the obstacle, we establish two MR-TADF compounds (BN-2Cz and BN-

2Cz-tBu, Scheme 2a) with twisted geometry as highly promising heavy-element-free 



sensitizers (see Supporting Information for detailed synthetic procedures and 

characterizations). Importantly, the electronic donors (carbazole or 3,6-di-tert-

butylcarbazole) orthogonally linked to the parent B,N-skeleton not only shifts the 

absorbance into green region but also guarantee high ISC efficiency. 

 

 

Scheme 2. The molecular structures of (a) sensitizers and (b) acceptors. 

 

The UV-Vis absorption spectra, fluorescence and phosphorescence (recorded at 77 

K) emission spectra were measured and shown in Figure 1. BN-2Cz displayed strong 

absorption band at 490 nm (ε = 2.37 × 105 M-1 cm-1) in toluene, attributable to the 

multiple resonance charge transfer transition (Figure 1a). The intense mirroring 

fluorescence emission was located at 522 nm (ΦPL = 70%), followed by the 

phosphorescence emission peaking at 554 nm (2.24 eV). Attaching tert-butyl (t-Bu) 

moieties to the 3,6-position of carbazole unit decreased the delocalization energy of 

electronic states and led to a moderate bathochromic shift of the absorption peak (504 



nm, ε = 2.95 × 105 M-1 cm-1). Meanwhile, the fluorescence and phosphorescence 

emission peaks were also shifted to 543 nm and 569 nm (2.20 eV), respectively, with 

ΦPL as high as 84%. Accordingly, the total energy losses were estimated to be only 0.29 

eV and 0.26 eV during triplet sensitization for BN-2Cz and BN-2Cz-tBu (Figure 1c), 

respectively. These results also demonstrated that delicate manipulation of excited state 

energy levels would be possible via structural modification.25 

  

Figure 1. The normalized absorption, fluorescence and phosphorescence spectra of (a) 

(a) sensitizers and (b) acceptors; (c) the energy level of sensitizers and acceptors; 
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toluene as solvent. 

 

Time-resolved transient photoluminescence (TRPL) measurements (λex = 480 nm) 

unveiled distinct double-exponential decay profiles for both compounds in 

deoxygenated toluene solution, characteristic of TADF properties. The prompt 

fluorescence lifetimes (τps) and delayed lifetimes (τds) were determined to be 4.5 ns 

(24.9%) and 21.8 μs (75.1%) for BN-2Cz, 5.2 ns (40.5%) and 17.8 μs (59.5%) for BN-

2Cz-tBu, respectively (Figure S9 and S10). The long-lived components for both 

compounds were strongly quenched in air-saturated solution, indicating the origination 

of delayed fluorescence from triplet states. Based on the ΦPL values and transient PL 

decay characteristics, the ISC rates (kISCs) and ΦISCs were deduced to be 1.1 × 108 s-1 

and 60% for BN-2Cz-tBu, 1.7 × 108 s-1 and 75% for BN-2Cz, respectively, suggestive 

of efficient ISC process for triplet sensitization (Table 1). In stark contrast, the parent 

molecule BN without carbazole substituents exhibited similar ΔEST (0.15 eV) value but 

weak delayed fluorescence signal, with kISC = 1.1 × 107 s-1 and ΦISC = 5.8% (Figure 

S8). To uncover the inherent factors that governed these excited-state properties, we 

carried out TD-DFT calculations and predicted the spin-orbital coupling (SOC) matrix 

elements (ξ) between excited states for BN-2Cz-tBu (ξS1-T1 = 0.112 cm-1, ξS1-T2 = 0.653 

cm-1), BN-2Cz (ξS1-T1 = 0.116 cm-1, ξS1-T2 = 0.802 cm-1, Table S5) and BN (ξS1-T1 = 

0.054 cm-1, ξS1-T2 = 0.131 cm-1). Since ΔES1-T2s were small enough in all cases (<0.16 

eV, Table S6), these results hinted the transition between S1/T2 could be a more efficient 

ISC pathway comparing to S1/T1 with nearly identical orbital parentage, in line with El-



Sayed rules.36-37 Importantly, the introduction of auxiliary donating groups to form a 

twisted D-A geometry was the key to induce much larger orbital difference between S1 

and T2 in BN-2Cz-tBu and BN-2Cz (Figure S27),38 which consequentially facilitated 

the spin flip transition and made them more suitable sensitizer candidates. 

 

Table 1. The photophysical parameters of photosensitizers and acceptors. 

Compound λAbs. 

a
 λEm. 

b
 λPhos. 

c
 ΦPL

 d
 ΦISC

 e
 kq

 f
 ΦUC’

 g
 

BN-2Cz 490 (2.37) 522 554 70 75 1.34 (0.95) 7.6 (6.4) 

BN-2Cz-tBu 504 (2.95) 543 563 84 60 0.25 (0.08) 6.0 (5.0) 

1,5-DTNA 
326 (1.95) 

343 (1.74) 
350/366 554/599 73 - - - 

1,4-DTNA 
333 (2.85) 

350 (3.34) 
357/373 588/638 81 - - - 

aThe maximum absorption peaks, nm (molar extinction coefficient, 105 M-1 cm-1); bThe 

emission peaks, nm; cthe phosphorescence emission peaks, nm (the triplet energy); 
dabsolute fluorescence quantum yield in Ar, %; ethe ISC efficiency, %; fthe 

biomolecular quench rate constant with 1,4-DTNA as acceptor (1,5-DTNA as acceptor), 

109 M-1 s-1; gThe ΦUC with 1,4-DTNA as acceptor (1,5-DTNA as acceptor), %. 

 

 The tiny Stokes shifts and high triplet energy levels (2.20 eV ~ 2.24 eV) of BN-

2Cz and BN-2Cz-tBu allowed them to pair with UV-emissive triplet acceptors. By 

referring to a recent report by Kimizuka et al.,18 1,4-

bis((triisopropylsilyl)ethynyl)naphthalene (1,4-DTNA, Scheme 2b) would be a 

suitable acceptor due to its appropriate triplet energy (T1 = 2.11 eV) and high statistical 

probability to generate singlet excited state (f = 32%). It is also anticipated that chemical 



structure modification of ethynyl naphthalene derivatives would allow simultaneous 

manipulation of both singlet and triplet excited states, thus minimizing enthalpic energy 

loss in TTET and maximizing the anti-Stokes shift value. Based on computational 

results for a series of isomers (Figure S30), a new acceptor (1,5-DTNA) was also 

constructed with a smaller π-conjugated structure and slightly higher triplet energy. 

Correspondingly, toluene solution of 1,5-DTNA (0.01 mM) displayed hypsochromic 

shifted 0-0 absorption peak at 343 nm (ε = 1.74 × 105 M-1 cm-1) comparing to that of 

1,4-DTNA (350 nm, ε = 3.34 × 105 M-1 cm-1) (Figure 1b, Table 1). Following a similar 

trend, the 0-0 vibronic fluorescence and phosphorescence peaks were located at 350 

nm, 554 nm (2.24 eV) for 1,5-DTNA, and 357 nm, 588 nm (2.11 eV) for 1,4-DTNA. 

The ΦPL of 1,5-DTNA (73.3% in Ar) was only slightly lower than that of 1,4-DTNA 

(80.5% in Ar). Based on the energy relationships (Figure 1c), the sensitizer/acceptor 

pairs are separated into two categories: BN-2Cz/1,4-DTNA, BN-2Cz/1,5-DTNA and 

BN-2Cz-tBu/1,4-DTNA as exothermic/isoenergetic systems, and BN-2Cz-tBu/1,5-

DTNA as endothermic systems. Though energy transfer process in the latter 

combination is thermodynamically unfavorable, the energy barrier is still sufficiently 

small (0.04 eV) to allow thermally activated TTET.39 According to precedent reports,39 

long triplet lifetime of the sensitizer is also beneficial to suppress the deleterious reverse 

triplet energy transfer (RTET) process, which is a primary cause of low efficiency in 

endothermic systems. It is hence expected pairing sensitizer and acceptor with negative 

energy difference (ΔET) would be viable in our study to enlarge energy gain without 

significantly deteriorating the TTA-UC performance.39 



 

 

Figure 2. (a) Variation of delayed fluorescence lifetime of BN-2Cz with changes in the 

concentration of the acceptor 1,4-DTNA; (b) the bimolecular quenching rate generated 

from the delayed fluorescence lifetime quenching curves; c[photosensitizer] = 0.01 mM, 

λex = 480 nm, toluene as solvent. 

 

The TTET process was subsequently investigated between sensitizers and 

acceptors (Figure 2a and S10 - S12). For instance, the delayed fluorescence was 

gradually quenched upon titration of the BN-2Cz solution with 1,4-DTNA, indicating 

the occurrence of effective TTET from the sensitizer to the acceptor (Figure 2a).40 The 

observed bimolecular quenching rate constant (kTTET) values derived from the Stern-

Volmer plots (Figure 2b) were determined to be 1.34 × 109 M-1 s-1 for BN-2Cz/1,4-

DTNA and 0.95 × 109 M-1 s-1 for BN-2Cz/1,5-DTNA, and allowed the use of relatively 



 




low concentration of acceptors ([sensitizer] = 0.01 mM, [acceptor] = 1 mM) to reach 

satisfactory TTET efficiency (ΦTTETs > 95%, Table S2). By replacing the sensitizer 

with BN-2Cz-tBu, the collision energy transfer process was mitigated according to 

drastically lowered kTTET of 0.25 × 109 M-1 s-1 for BN-2Cz-tBu/1,4-DTNA. This 

phenomenon was associated with shielded spin-density surface of T1 by the insulating 

t-Bu groups that clearly lowered the Dexter electron exchange probability between 

energy transfer pairs (Figure S27).41 Due to the endothermic nature, BN-2Cz-tBu/1,5-

DTNA presented even smaller kTTET of 0.08 × 109 M-1 s-1. To compensate the retarded 

TTET when using BN-2Cz-tBu as the sensitizer, we optimized [acceptor] to 5 mM in 

the following TTA-UC measurements to attain relatively high ΦTTETs value of 94% for 

BN-2Cz-tBu/1,4-DTNA and 82% for BN-2Cz-tBu/1,5-DTNA (Table S3). Notably, 

increasing [acceptor] is also vital for suppression the notorious RTET process and 

provide an entropic driving force in endothermic systems. For BN-2Cz-tBu/1,5-DTNA 

(ΔET = -0.04 eV) specifically, the effect of RTET on TTA-UC performance could be 

neglected with optimized [acceptor] based on the following relationship: kRTET × 

[sensitizer] = 0.32 × 104 s-1 << kTTET × [acceptor] = 0.35×106 s-1, where the kRTET was 

estimated to be 0.32 × 109 M-1 s-1 from the equation 𝑘RTET = 𝑘TTET × 𝑒𝑥𝑝(− ∆𝐸T𝑘BT).42 

  TTA-UC investigations employing the MR-TADF sensitizers and ethynyl 

naphthalene-based acceptors were subsequently conducted under 517 nm 

photoexcitation. Intense fluorescence in the range of 330 nm - 440 nm that overlapped 

with the emission of the acceptors could be detected in a deaerated toluene solution of 

BN-2Cz (0.01 mM) and DTNA (Figure 3a), accompanying with significantly 



prolonged fluorescence lifetimes (τDF = 287 μs for BN-2Cz/1,4-DTNA system, 134 μs 

for BN-2Cz/1,5-DTNA system), clearly manifesting the long-lived triplet-mediated 

mechanism (Figure S31).18 Likewise, strong delayed emission in UV region could also 

be obtained by using BN-2Cz-tBu (Figure 3a and S32). In all these systems, 

remarkable anti-Stokes shifts ranging from 0.91 eV (375 nm ← 517 nm) for 1,4-DTNA 

as acceptor to 0.98 eV (367 nm ← 517 nm) for 1,5-DTNA as acceptor were recorded, 

deduced by the energy difference between excitation wavelength and the maximum UC 

emission peaks. Noteworthily, since the red-shifted absorption band of BN-2Cz-tBu 

extended down to over 540 nm, photoexcitation of the BN-2Cz-tBu/1,5-DTNA system 

with 532 nm laser was also feasible to produce intense UC emission (Figure S24 and 

S25), offering a remarkable anti-Stokes shift up to 1.05 eV (367 nm ← 532 nm). To the 

best of our knowledge, this is the first report to realize efficient low-power green-to-

UV TTA-UC, with unprecedented anti-Stokes shift values for visible-to-UV 

upconversion systems (Table S1 and Figure S1). 

 



 

Figure 3. (a) Upconverted fluorescence emission spectra of photosensitizers and 

acceptors; (b) double logarithmic plot of the upconverted fluorescence intensity as a 

function of excitation power density in TTA-UC; (c) double logarithmic plot of ΦUC’s 

as a function of excitation power density, Red line indicates the intensity of sunlight 

(2.6 mW cm−2, Figure S19); (d) upconversion intensity at 370 nm at Iex = 160 mW cm−2 

for 1 hour; toluene as solvent. 

 

  The ΦUC’ values (with the theoretical limit standardized to be 100%) deduced by the 

relative quantum yield method of BN-2Cz (0.01 mM) were up to 7.6% and 6.4% when 

pairing with 1,4-DTNA and 1,5-DTNA, respectively, under 517 nm excitation (Figure 

S20 – S24).43 The higher values acquired by using 1,4-DTNA were in line with the 

acceptor’s superior absolute fluorescence quantum yield. Switching the sensitizer to 

BN-2Cz-tBu (0.01 mM) led to only slightly decreased ΦUC’s (6.0% for 1,4-DTNA as 





 ｡｣



acceptor, 5.0% for 1,5-DTNA as acceptor) because of the inferior ISC rate and TTET 

efficiencies. It would hence be reasonable to conclude that the RTET process in the 

non-exothermic system was successfully suppressed. Delightfully, the ΦUC’ values of 

BN-2Cz-tBu-based systems under 532 nm excitation could still approach 6.1% with 

1,4-DTNA as acceptor and 4.0% with 1,5-DTNA (Figure S25 and S26). These results 

are among the best records for pure-organic visible-to-UV upconversion systems 

(Figure S1 and Table S1). It is envisaged that the efficiencies could be further promoted 

by structural optimization of the MR-TADF sensitizer to enhance the ISC efficiency 

(i.e. introducing heavy elements such as Ge, S, Se). 

The threshold excitation power density Ith, where a quadratic-to-linear dependence 

of upconversion intensity on excitation power densities occurs, is another key indicator 

to evaluate TTA-UC systems besides conversion wavelengths and efficiencies.44-46 This 

parameter directly associates with the sensitizer absorbance and TTET efficiency.47 In 

order to reduce Ith values, the concentration of sensitizer was set to 0.1 mM. As 

illustrated in Figure 3b, the BN-2Cz/1,4-DTNA system showed a slope change from 2 

to 1 in the log-log plot of UC emission against the laser power density, and the Ith was 

determined to be as low as 15.8 mW cm-2. Due to a larger molar extinction coefficient 

of BN-2Cz-tBu at 517 nm, Ith was further reduced to 9.2 mW cm-2 in BN-2Cz-tBu/1,4-

DTNA, a value 88% lower than that of the reported vis-to-UV TTA-UC system 

adopting conventional TADF sensitizer (75 mW cm-2).48 According to Figure 3c, the 

ΦUC’ values were maintained as high as 6.8% for these samples even at increased 

concentration of sensitizer, indicating the undesirable photon reabsorption and singlet 



Förster energy transfer were insignificant. Remarkably, since the obtained Iths were 

quite close to the solar irradiance (AM 1.5) of 2.6 mW cm-2 for BN-2Cz and 3.3 mW 

cm-2 for BN-2Cz-tBu (0.1 mM, path length = 1 mm, Figure S19), the ΦUC’ values could 

still reach 1.2% at the solar irradiance. For 1,5-DTNA as acceptor, the Ith values were 

moderately raised to 41.8 mW cm-2 for BN-2Cz and 29.2 mW cm-2 for BN-2Cz-tBu 

(Figure S18).  

 As an important aspect for practical applications, the inherent photostability of the 

upconversion systems was tested (Figure 3d and Figure S26) by monitoring the 

emission intensity at 370 nm under 517 nm photoexcitation with a power density of 160 

mW cm−2. After 1 hour irradiation, the upconversion intensity of most systems 

remained above 90% of their initial value, i.e., 94% for BN-2Cz/1,4-DTNA, 92% for 

BN-2Cz/1,5-DTNA (Figure 3d), and 90% for BN-2Cz-tBu/1,4-DTNA (Figure S26). 

Comparatively, a 24% decay of intensity occurred in BN-2Cz-tBu/1,5-DTNA mixture 

(Figure S26), ascribable to the long-lived triplet excited state of BN-2Cz-tBu and the 

lower TTET efficiency that maybe susceptible to undesirable side reactions. These 

results reflected high ΦTTET may be beneficial to the photostability. 

Stimulated by the high upconversion efficiency, low threshold excitation intensity 

and large anti-Stokes shift of our green-to-UV upconversion systems, photocatalytic 

reactions using green light were subsequently demonstrated. Albeit near-infrared to 

visible TTA-UC has been applied to drive several organic reactions,6, 49-50 majority of 

valuable photochemical transformations rely on UV irradiation due to insufficient 

energy input from single visible photon.51-52 Meanwhile, existing reports about visible-



to-UV TTA-UC for photocatalytic reaction all use intense blue light as excitation source 

(e.g. mercury lamps), which undoubtedly limit the application scope. 

 

 

Figure 4. (a) Photoinitiated radical polymerization. nBuA/EGDMA = 90/10 (v/v), 

c[BN-2Cz] = 0.1 mM, c[1,4-DTNA] = 1 mM, λex = 517 nm, Iex = 80 mW cm−2, toluene 

as solvent; (b) photoligation reactions and the change of absorption spectra of o-QDM 

+ DMAD with photoirradiation time, the inset is the reaction conversion of A1, c[o-

QDM] = 5 mM, c[DMAD] = 6.25 mM, c[BN-2Cz] = 0.05 mM, c[1,4-DTNA] = 1 mM, 

λex = 517 nm, Iex = 300 mW (The size of laser spot is 5mm), toluene as solvent. 

 

Photo-activated free radical polymerization has been a powerful synthetic tool 

applicable in dental cares, non-toxic packaging, and 3D-printing due to its versatility 

and biocompatibility.53-55 While typical photoinitiators only absorb short-wavelength 

photons (mostly UV), UV light sources are eco-unfriendly with the formation of ozones, 

and also present severe thermal effect and shallow penetration depth.56 As a proof of 

concept, we integrated BN-2Cz/1,4-DTNA with the commercially available UV-

absorbing 2,2-dimethoxy-2-phenylacetophenone (DMPA) as a green light 



photoinitiating system, which was applied for the polymerization of n-butylacrylate 

(nBA, as monomer) and ethylene dimethacrylate (EGDMA, as cross-linker).51 DMPA 

has absorption band overlapped with the TTA-UC emission greatly (Figure S36), and 

undergo the Norrish type I α-cleavage to produce free-radical species upon photon 

absorption. In a 2-mL-scale reaction, the mixture was rapidly transformed into a 

transparent freestanding gel upon irradiation with 517 nm laser (80 mW cm-2, 2 min), 

while no gelation occurred in control experiments in the absence of BN-2Cz or 1,4-

DNTA after 30 min (Figure 4a and S41), confirming the necessity of TTA-UC. 

Benefited from efficient UV photon production even under low excitation intensity, 

altering the light source to 517 nm LED (6.3 mW cm-2, 20 min, Figure S34 and S38) 

yielded a gel at the same reaction scale. The increased penetrability of green light 

through the reaction media also enabled photocuring in a scale-up reaction (35 mL, 

curing depth = 4.5 cm) to produce homogeneous gel upon green LED exposure for 2 

hours (Figure S42). The above demonstrations clearly manifested the good sensitivity 

of TTA-UC pair to weak incident light and its sufficient chemical stability to survive 

highly reactive radical species. 

Instead of serving as internal lamps to trigger photoreactions, the TTA-UC pair 

could be also applied as external UV source by segregating the upconversion system 

and reaction system into two different vessels. This strategy is particularly useful under 

certain circumstances such as thermodynamically challenging photoreactions, and may 

also avoid unwanted absorption/emission interference in product detection, simplify the 

workup procedure in photo-isomerization, or photo-click reactions.57 To establish this 



concept, the UV-induced ligation of o‑quinodimethanes, a non-catalyzed Diels-Alder 

reaction recently reported by Goldmann et al. (Figure 4b),52 was selected as model 

reaction. As most of the non-catalyzed photoligations are operable only by UV 

irradiation, it is hence of great significance to extend the excitation to long-wavelength 

region by leveraging TTA-UC. Specifically, by immersing the inner vial containing 

BN-2Cz/1,4-DTNA in the solution mixture of two substrates o-methylbenzaldehydes 

(o-QDM, photocaged diene) and dimethyl acetylenedicarboxylate (DMAD, dienophile) 

(Figure S33), efficient reaction took place when excited with a 517 nm laser beam (300 

mW cm-2). As shown in Figure 4b, the n-π* band absorption intensity of o-QDM at 350 

nm gradually decreased with increasing photoirradiation time, clearly suggesting the 

depletion of o-QDM (Figure S35).52 The conversion of o-QDM reached 96% after 

photoirradiation of 11 h (Figure 6b inset) to provide the Diels-Alder adduct and the 4π-

electrocyclization side product in a similar ratio (90:10) with the preceding result based 

on 1H NMR measurement.52 The turnover number (TON) for the reaction mixture was 

240 regarding to the sensitizer. Comparatively, less than 5% o-QDM was converted in 

the absence of inner vial (control) due to energy mismatch between the excitation 

wavelength (517 nm) and absorption of o-QDM (< 420 nm) (Figure S35 and S37), 

indicating the photoligation was enabled via reabsorption of TTA-UC emission by the 

substrate (Figure S36). In addition, under green LED (6.3 mW cm-2) irradiance, a 

moderate conversion of o-QDM (11%) was still noticed with 18 h photoirradiation, 

while negligible conversion (<1%) took place in the control experiment (Figure S39). 

The long-term stability and high efficiency reflected herein promised the potential of 



using these TTA-UC pairs in other challenging photochemical transformations under 

mild visible-light excitation. 

 

CONCLUSIONS 

  To sum up, a series of pure organic MR-TADF sensitizers featuring unique electronic 

structures have been developed and applied to construct green-to-UV TTA-UC systems 

with energetically suitable acceptors. Due to small vibrational relaxation and tiny ΔEST 

of the MR-TADF compounds, the energy loss is minimized during triplet sensitization 

process, eventually lead to unprecedented energy gain up to 1.05 eV in visible-to-UV 

region. In addition, benefited by the large molar extinction coefficient, high ISC yield 

and long triplet lifetime of the sensitizers, the TTA-UC systems exhibit high ΦUC’ (~ 

7.6%) with low Ith values (~ 9.2 mW cm-2) close to the solar irradiance. The TTA-UC 

pairs could be utilized as stable internal or external phototransducer to activate UV-

dependent polymerization and catalyst-free ligation under green light irradiation with 

weak intensity. Considering the structural versatility of MR-TADF compounds, there 

remains plenty of space to improve the comprehensive performance of visible-to-UV 

molecular upconverters with furtherly enlarged anti-Stokes shift, which would hold 

great promise for a variety of practical applications including photovoltaics and 

photocatalysis.  
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