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Abstract 

Epitomised by 4CzIPN, donor-acceptor (D-A) thermally activated delayed fluorescence 

(TADF) compounds based on the carbazoyl dicyanobenzene have now become widely used as 

they are sustainable photocatalyst alternatives to organometallic complexes owing to their 

similar optoelectronic properties to many of the iridium-based photocatalysts. Multi-resonant 

TADF (MR-TADF) compounds offer distinct advantages over D-A TADF compounds as they 

have more intense low-energy absorption bands, offering faster reaction kinetics, and are less 

sensitive to the polarity of the environment, mitigating undesired energy loss that typically 

accompanies the CT excited states of the photocatalysts. Here we report the assessment of 

strongly photoreducing boron- and nitrogen-doped MR-TADF compounds DABNA-1, 

tDABNA, CzBN and DtBuCzB across a range of benchmark photochemical reactions. The 

structural differences between each member of this library of photocatalysts enables modulation 

of their ground- and excited-state redox potentials. These photocatalysts performed 

competitively compared to the literature-known 4CzIPN, Ph-PTZ and fac-Ir(ppy)3. 

Introduction 

Photocatalysis has cemented itself as an important tool for synthetic organic chemists, allowing 

for thermally inaccessible transformations to be conducted at room temperature utilising visible 

light energy as the driving force.1-3 During a photocatalytic reaction, the photocatalyst (PC) is 

excited into an excited state (PC*) by absorbing incident visible light. After rapid internal 

conversion processes the PC* can subsequently interact with substrates (S) in several different 

ways. If the PC* transfers its energy to S, the activation mode is termed photoinduced energy 

transfer (PEnT), and can occur via either a Dexter or a Förster energy transfer mechanism.4 If 

the interaction involves single-electron transfer, the mechanism is termed photoinduced 

electron transfer (PET), occurring via oxidative quenching (where the PC* is initially oxidised 

to PC+• and S is reduced to S–•) or reductive quenching (where the PC* is reduced to PC–• and 
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S is oxidised to S+•) catalytic cycles. Collectively, PET photocatalalysis is commonly referred 

to as photoredox catalysis.  

In homogenous photocatalysis, broadly, PCs can be divided into two main families: transition 

metal complexes and organic photocatalysts. The initial explosion of interest in photocatalytic 

reactions over the past 15 years or so has been accompanied by the frequent use of 

organometallic Ru(II) and Ir(III) complexes as photocatalysts (Figure S2), which interact with 

substrates exclusively from their triplet excited state. Despite their ability to photocatalyze a 

wide range of reactions, the platinoid metals are scarce and costly and the toxicity profile is 

suboptimal, particularly if late-stage photocatalysis is to be used in pharmaceutical synthesis.5-

7 The most prominent organic PCs are either natural organic dyes, like Eosin Y,8,9 Rose 

Bengal,10,11 fluorescein,5,12,13 and acridinium salts,14,15 or donor-acceptor (D-A) thermally 

activated delayed fluorescent (TADF) emitters originally designed for use in organic light-

emitting diodes.3,16  

Unlike fluorescent dyes, the singlet (S1) and triplet (T1) excited states of TADF compounds are 

both populated, facilitated by a small energy gap (∆EST) between the two that permits exciton 

cycling by a combination of intersystem crossing (ISC) and reverse intersystem crossing 

(RISC). The small ∆EST results from the small exchange integral between the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). In donor-

acceptor TADF emitters, this separation is most commonly achieved when the donor and 

acceptor adopt a strongly twisted conformation such that electronic communication between 

the two is very weak. Luo et al.17 first demonstrated that prototypical TADF carbazolyl 

dicyanobenzenes (CDCBs) like 4CzIPN (Figure 2f, Figure S1a) can be highly efficient visible-

light PCs. Due to its remarkably similar photophysical properties to the widely used 

photocatalyst [Ir(dF(CF3)-ppy)2(dtbbpy)]PF6, 4CzIPN has been repeatedly shown to be a 

highly versatile and competitive photocatalyst across a broad range of transformations.3 

Modulating the structure of 4CzIPN and its derivatives results in the facile tuning of their 

ground and excited state redox potentials, making this class of PCs much more versatile than 

the naturally occurring organic dyes historically used for photocatalysis.17,18 Beyond 4CzIPN 

and structurally related PCs, a small number of other D-A TADF compounds have been 

explored as PCs. Recently, we reported that pDTCz-DPmS (Figure S1b) was a versatile PC 

across a range of photocatalytic reactions.19 Bouzrati-Zerelli et al. used a similar D-A PC 

containing electron-deficient diphenyl sulfone to initiate a free radical polymerisation of 

methacrylates.20 Hojo et al. showed that a group of imidazophenothiazine (IPTZ)-based TADF 

emitters (Figure S1c) can serve as efficient photocatalysts in five different PEnT reactions.21 
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This work built upon related imidazoacridine-based TADF compounds that were demonstrated 

to photocatalyse [2+2] cycloadditions in a PEnT mechanism.22 

 

Figure 1. a) Structures of previous examples of multi-resonant thermally activated delayed 

fluorescence (MR-TADF) photocatalysts (PC) DiKTa and Mes3DiKTa.b) This work: Boron-

Nitrogen doped MR-TADF photocatalysts.  

We demonstrated that the multi-resonant TADF (MR-TADF) emitters DiKTa (Ered* = 1.49 V 

and Eox* = -1.16 V in MeCN23) and Mes3-DiKTa (Ered* = 1.35 V and Eox* = -1.04 V in 

MeCN17) are attractive compounds as PCs ( 

Figure 1a), matching or even outperforming D-A TADF and organometallic PCs across a 

mechanistically broad range of reactionsError! Reference source not found..23 MR-TADF 

emitters are typically n- and p-doped nanographene compounds that have short-range charge 

transfer (SRCT) excited states that lead to relatively small ΔEST.24 Importantly, the SRCT stare 

is less strongly influenced by the polarity of the solvent than long-range CT (LRCT) states of 

D-A TADF compounds, meaning that less energy is lost in these compounds in polar solvents.24 

As well, due to their rigid structure, there is less geometric reorganization in the excited state, 

leading to bright, narrowband emission and intense low-energy absorption bands The high 
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molar absorptivity in the visible region of these bands is beneficial in photocatalysis as it means 

that the concentration of PC* is higher and the rate of the reaction is generally faster.  

Strongly photoreducing literature organic PCs include Ph-PTZ (PTH), AZ1, and AZ2Error! 

Reference source not found., possessing excited-state oxidation potentials, Eox* of -2.10,25 -

2.34,26 and -2.36 V,26 respectively (Figure 2a-c). Unfortunately, the low-energy absorption 

bands of each of these PCs have low molar absorptivity (Ph-PTZ: λabs = 300 nm in MeCN, ε 

not quantified,27 AZ1 and AZ2: λabs = 373 nm, ε = 5.2 × 103 M-1cm-1 and λabs = 370 nm, ε = 4.9 

× 103 M-1cm-1 in DMF).26 Therefore, a strongly photoreducing PC possessing an intense low-

energy absorption band in the visible region would be highly desirable. Despite the significant 

promise of these MR-TADF molecules, DiKTa and Mes3DiKTa are only moderately 

photoreducing (Eox* = -1.16 and -1.05 V, respectively) yet are strong photooxidizing agents 

(Ered* = 1.49 and 1.31 V for DiKTa and Mes3DiKTA, respectively) (Figure 2d, e)Figure 3. 

These two photocatalysts should therefore have behave similarly to 4CzIPN (Eox* = -1.04 and 

Ered* = 1.35 V17) and thus would not be appropriate to use in reactions that require more highly 

photoreducing catalysts. We thus targeted identifying MR-TADF compounds that would be 

more stronger photoreducing and still leverage the distinct advantages of the photophysical 

properties endemic to this class of compounds. 

 

Figure 2. Chemical structures of literature known strongly photoreducing photocatalysts (a) Ph-

PTZ, (b) AZ1 and (c) AZ2 as well as the strong photooxidising photocatalysts (d) DiKTa, (e) 

Mes3DiKTa, and (f) 4CzIPN. Mes = mesityl 
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Here, we investigated four boron/nitrogen MR-TADF emitters as PCs. These include: DABNA-
1, first reported by Hatakeyama et al. (

 

Figure 3),28 which has an intense absorption band in DCM at λabs of 437 nm (ε = 24.6 × 103 M-

1 cm-1);28 a tert-butyl-substituted derivative tDABNA that has a slightly red-shifted, intense 

absorption band at λabs of 445 nm29 though the authors did not report its molar absorptivity; a 

carbazole analogue to DABNA-1, CzBN that has a red-shifted absorption band at λabs of 457 

nm in toluene;30 and a tert-butyl-substituted analogue, DtBuCzB, that possesses the most red-

shifted absorption band of the four compounds at λabs of 467 nm in toluene.31 For the latter two 

compounds, no molar absorptivity data were reported. The four photocatalysts are each strongly 

photoreducing, ranging from CzBN (Eox* = -1.51 eV) to tDABNA (Eox* = -1.98 eV) (Figure 

3). These have comparable photoreducing strength to recognized strongly photoreducing 

literature photocatalysts fac-Ir(ppy)3 (Eox* = -1.73 V) and Ph-PTZ (Eox* = -2.10 V) (Figure 

3). 
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Figure 3. Structures and redox potentials of the MR-TADF emitters investigated as 

photocatalysts in this work and a comparison to literature known photocatalysts (redox 

potentials of Ph-PTZ taken from ref. 32 in MeCN, 3DPA2FBN and 5MeOCzBN taken from 

ref. 18 in MeCN and fac-Ir(ppy)3 from ref. 33,34 in MeCN). 
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Results and Discussion 

Synthesis and photophysical investigations 

DABNA-1, tDABNA, CzBN and DtBuCzB were synthesised using a two-step protocol that 

was adapted from the literature (Figure S4). The overall unoptimized yields were 12, 19, 37 and 

32% for DABNA-1, tDABNA, CzBN and DtBuCzB, respectively, with the bromination being 

the yield-limiting step in the synthesis. The photophysical and electrochemical properties of 

DABNA-1, tDABNA, CzBN and DtBuCzB were investigated in toluene (PhMe), THF, DCM, 

MeCN and DMF, commonly used solvents for photocatalysis reactions, and their properties 

cross-compared to those of the archetypal TADF PC 4CzIPN. Cyclic voltammetry (CV) and 

different pulse voltammetry (DPV) scans of DABNA-1 are shown in Figure S25a. In MeCN 

and DMF, the reduction was found to be irreversible at Ered of -2.24 and -2.14 V vs SCE, 

respectively, values that are comparable to the literature PC fac-Ir(ppy)3 (Ered of -2.19 V vs 

SCE in MeCN33); no reduction was observed in THF or DCM as the electron affinity lies 

beyond the solvent window. The oxidation of DABNA-1 is irreversible in THF, MeCN and 

DMF but reversible in DCM. The Eox values are broadly similar in DMF, MeCN and DCM at 

Eox of 0.86 0.80 and 0.85 V vs SCE, respectively; however, this changes significantly in THF 

(Eox of 1.01 V), possibly due to the formation of a THF adduct upon oxidation. The oxidation 

potentials are more positively shifted than of fac-Ir(ppy)3 (Eox of 0.77 V vs SCE in MeCN33). 

Due to the reduced solubility of tDABNA, the CV and DPV could only be recorded in THF, 

DCM and DMF (Figure S25b). None of these three solvents has a redox window sufficiently 

broad that permitted the recording of the reduction of this compound, suggesting that its 

reduction is even more negative than that of DABNA-1. The Eox of tDABNA is cathodically 

shifted compared to DABNA-1, having values of 0.84, 0.74, and 0.91 V vs SCE in DMF, DCM 

and THF, respectively; notably, as with DABNA-1, the Eox of tDABNA is the most anodically 

shifted in THF. CzBN is only soluble in DCM (Figure S25c), compared to DABNA-1 and 

tDABNA its Eox is more positive at 1.14 V and the oxidation is reversible but CzBN is not as 

oxidizing as 4CzIPN, DiKTa or [Ir(ppy)2(dtbbpy)](PF6)2 (Eox of 1.52,17 1.66, 35 and 1.21 V36 

vs SCE, respectively in MeCN). The reduction of CzBN is likewise anodically shifted and 

irreversible at Ered of -1.69 V (Figure S25c) compared to those of DABNA-1 (Ered = -2.24 V vs 

SCE in MeCN) and tDABNA (no reduction peak observed in any solvent). For comparison, 

CzBN is more reducing than [Ir(ppy)2(dtbbpy)](PF6)2 (Ered of -1.51 V vs SCE in MeCN36). 

The tert-butyl groups in DtBuCzB improved the solubility of this compound and 

electrochemistry could be recorded in both THF and DCM. The oxidation wave is reversible at 

Eox of 1.21 and 1.05 V, respectively, similar in value to that of CzBN in DCM, while the 
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reduction is irreversible at Ered of -1.77 V in DCM (the electrochemical window of THF is not 

sufficiently broad for the reduction to be recorded in this solvent) (Figure S25d). The collated 

electrochemical data are found in Table 1 and S1.  

The absorption profiles of DABNA-1, tDABNA, CzBN and DtBuCzB in THF are all similar 

but the tert-butyl-substituted analogues have a more intense and red-shifted low-energy SRCT 

band and the SRCT band of the carbazole analogues is red-shifted compared to the DPA-based 

compounds due to an enhanced conjugation in the former (Figure 4c, Table 1). Importantly, 

each of these compounds has a low energy absorption band that is significantly more intense 

than commonly used iridium photocatalysts. For example, the e for SRCT bands in THF of 

CzBN (λabs = 457 nm), tDABNA (λabs = 443 nm) and DABNA-1 (λabs = 439 nm) are 48.1 × 

103, 15.2 × 103 and 26.3 × 103 M-1cm-1, which are at least four times more intense than those of 

fac-Ir(ppy)3 (ε = 7.2 × 103 M-1cm-1 at λabs = 375 nm33 in MeCN) or [Ir(ppy)2(dtbbpy)](PF6) 

(ε = 3.4 × 103 M-1cm-1 at λabs = 422 nm in THF, Figure S54). Notably, these bands are also more 

absorptive than the LRCT band of 4CzIPN (ε = 15 × 103 M-1cm-1 at λabs = 369 nm in THF) 

(Figure S28a). Crucially, the molar absorptivity of the MR-TADF compounds in the blue region 

of the visible light spectrum is significantly higher compared to the other strongly 

photoreducing PCs highlighted in Figure S3 (e = 24 × 103, 14 × 103, 21 × 103 and 15 × 103 M-

1cm-1 for DABNA-1, tDABNA, CzBN and DtBuCzB, respectively, in THF at 440 nm, while 

Ph-PTZ does not absorb at 440 nm).27 
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Figure 4. CVs and DPVs of DABNA-1, tDABNA, CzBN and DtBuCzB in a) DCM (note 

CzBN could not be measured in this solvent), scan rate: 0.1 V/s b) THF, scan rate: 0.1 V/s. c) 

UV-vis absorption spectra of DABNA-1, tDABNA, CzBN and DtBuCzB in THF and d) 

Steady-state PL spectra for DABNA-1 (λexc = 340 nm), tDABNA (λexc = 390 nm), CzBN (λexc 

= 400 nm) and DtBuCzB (λexc = 425 nm) in THF. Measurements were performed under air and 

at room temperature. 

In THF, DABNA-1, tDABNA, CzBN and DtBuCzB emit at λPL of 453, 458, 475, 483 nm 

(Figure 4b), emissions that are blue-shifted compared to that of 4CzIPN at λPL = 528 nm (Figure 

S28b). Acquisition of the emission profiles in different solvents confirmed the small degree of 

positive solvatochromism (Figure S27a). This implies that the singlet optical gap E0,0 for all 

four compounds remains broadly the same across the four solvents (Figures S30-S34). The 

largest variance in E0,0 was observed for tDABNA of 0.04 eV (Table S4). In contrast, the 

emission of 4CzIPN undergoes more significant stabilization in polar media, reflected in the 

wider range of E0,0 values spanning a difference of 0.10 eV. Owing in part to their large optical 

gaps, all four catalysts are strongly photoreducing, with Eox* = -1.91, -1.98, -1.51 and -1.55 for 

DABNA-1, tDABNA, CzBN and DtBuCzB, respectively, in DCM. These values are much 
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more negative than those of 4CzIPN (Eox* = -1.04 V) and DiKTa (Eox* = -1.16 V), and 

comparable to those of fac-Ir(ppy)3 (Eox* = -1.73 V in MeCN) and Ph-PTZ (Eox* = -2.1 V in 

MeCN).  

The singlet and triplet excited-state energies were measured in 2-MeTHF glass at 77 K (Figure 

S35 and Table S5). The S1 energy was inferred from the onset of the steady-state emission while 

the T1 energy was determined from the time-gated emission (acquisition 1-9 ms after 

excitation). DABNA-1 has the highest excited-state energies of the four compounds (S1 = 2.81 

eV, T1 = 2.65 eV) while DtBuCzB has the lowest energies (S1 = 2.66 eV, T1 = 2.52 eV). Their 

excited-state energies are comparable to those of DiKTa (S1 = 2.82 eV, T1 = 2.62 eV in toluene) 

and fac-Ir(ppy)3 (T1 = 2.50 eV in MeCN).33  

Table 1. Selected optoelectronic properties of DABNA-1, tDABNA, CzBN and DtBuCzB and 

the literature known photocatalysts 4CzIPN, fac-Ir(ppy)3, DiKTa, Ph-PTZ.a 

Compound λabs / 

nm 

λPL / nm E0,0 / 

eV 

Eox / V Ered / V Eox* / V Ered* / 

V 

ET1 / eV 

DABNA-1 438 461 2.76 0.85 -2.24b -1.91 0.52b 2.65 

tDABNA 444 466 2.72 0.74 / -1.98 / 2.64 

CzBN 457 480 2.65 1.14 -1.69 -1.51 0.96 2.58 

DtBuCzB 467 488 2.60 1.05 -1.77 -1.55 0.83 2.52 

4CzIPN 376 544 2.60 1.52c -1.21c -1.04c 1.35c 2.56c 

fac-Ir(ppy)3d 375 494e 2.53f 0.77 -2.19 -1.73 0.31 2.50 

[Ir(ppy)2(dtbbpy)]PF6g 415s 591 2.17 1.21 -1.51 -0.96 0.66 2.52 

[Ru(bpy)3](PF6)2h 452 615 2.10 1.29 -1.33 -0.81 0.77 2.12i 

DiKTaj 436 467 2.82 1.66 -1.33 -1.16 1.49 2.62k 

Ph-PTZl < 300 445 2.78 0.68 / -2.10 /  

aValues reported in dichloromethane unless otherwise noted. λabs is the lowest energy absorption 

band. E0,0 is determined by the intersection between normalised absorption and emission spectra 

(Figure S30-S34). Redox potentials are given vs SCE and are obtained from the maxima in the 

DPV of the reduction and oxidation peaks. Excited-state redox potentials were calculated from 

Eox* = Eox – E0,0 and Ered* = Ered + E0,0. ES1 and ET1 were determined by the onsets of the steady-

state and delayed emission spectra (measured 1 ms after excitation with gate time of 9 ms), 

respectively, measured in 2-MeTHF glass at 77 K. bMeasured in MeCN. cTaken from Ref 17 in 

MeCN. dTaken from Refs 33,34. eMeasured in alcoholic glass. fin 2-MeTHF from Ref 37. gTaken 

from Refs 36,38,39 in MeCN. hTaken from Refs 40-42 in MeCN. iMeasured in aqueous solution. 

jTaken from Ref 35 in MeCN. kMeasured in toluene. lTaken from Refs 27,32 in MeCN. 
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We next assess the photostability of the four compounds in each of the solvents by comparing 

their absorption spectra before and after photoexcitation using a 440 nm LED (Figure S26). The 

absorption spectra of all four compounds in MeCN remained broadly unchanged. In THF, the 

diphenylamine-based emitters DABNA-1 and tDABNA were found to be photostable, showing 

no obvious changes in the absorption spectra (Figure S36a and b); however, the SRCT band in 

the absorption spectra of CzBN and DtBuCzB after irradiation is significantly blue-shifted 

(Figure S36c and d). Curiously the opposite phenomenon was observed in DCM where there is 

no appreciable change in the absorption spectra of CzBN and DtBuCzB, while the SRCT band 

in DABNA-1 and tDABNA is red-shifted. Considering the structural differences between 

DABNA-1 and tDABNA compared to CzBN and DtBuCzB, it is evident that the inclusion of 

diphenyl amine groups leads to an increased photostability in THF, while the structures with 

carbazole are more photostable in DCM.  

Photocatalysis  

Oxidative Quenching Photoredox Catalysis 

Given the strong photoreducing power of all four PCs, we explored their use in the challenging 

dehalogenation reaction of aromatic halides. Methyl 4-chlorobenzoate has a reduction potential 

of Ered = -2.0 V measured in MeCN (Figure S45). Ph-PTZ has been reported to photoreduce 

this substrate in 100% yield in MeCN.25 Previously reported reaction conditions include the use 

of an amine as a sacrificial reductant to regenerate PC from PC·+ following oxidative quenching 

with methyl 4-chlorobenzoate. However, in order to mechanistically exclude halogen-atom 

transfer (XAT), where the radical cation of the sacrificial amine extracts the halogen atom from 

the substrate,43 we adjusted the reaction conditions to intercept the aryl radical with 1,3,5-

trimethoxybenzene (TMB). 

Both Ph-PTZ and DABNA-1 (Table 2, Entries 2 and 5) can promote the quantitative 

dehalogenation of methyl 4-chlorobenzoate; however, coupling with the radical trap is not 

efficient and results in a roughly 50:50 mixture of dehalogenated product to coupled product 

for Ph-PTZ as well as DABNA-1. In MeCN-d3 only the coupled product was observed in both 

the 1H NMR spectrum and the GC-MS, implying that the proton needed for the dehalogenated 

product (2) is abstracted from the solvent (Figure S44). Using pivalonitrile instead of 

acetonitrile as the solvent led to a slight improvement in the ratio of coupled product to 

dehalogenated product (Table 2, Entry 7; however, this was accompanied by an overall drop in 

yield. 
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Table 2. Dehalogenatative cross-coupling reactions between methyl 4-chlorobenzoate (MCB) 

and 1,3,5-trimethoxybenzene (TMB).a 

 
Entry Photocatalyst Condition Yield 1 / % Yield 2 / %  

1 None λexc = 440 nm, MeCN 0 ± 0 0 ± 0 

2 Ph-PTZ λexc = 390 nm, MeCN 47 ± 5 49 ± 2 (quant.b) 

3 Ph-PTZ λexc = 440 nm, MeCN Trace Trace 

4 Ph-PTZ λexc = 390 nm, MeCN, 10 equiv. TMB 65 ± 1 34 ± 5 

5 DABNA-1 λexc = 440 nm, MeCN 47 ± 4 48 ± 2 

7 DABNA-1  λexc = 440 nm, Pivalonitrile 34 ± 1 19 ± 1 

6 4CzIPN λexc = 440 nm, MeCN 0 ± 0  0 ± 0 

7 fac-Ir(ppy)3 λexc = 440 nm, MeCN Trace Trace 

8 [Ru(bpy)3](PF6)2 λexc = 440 nm, MeCN 0 ± 0 0 ± 0 

9 DABNA-1 λexc = 440 nm, THF 0 ± 0 18 ± 1 

10 tDABNA λexc = 440 nm, THF 0 ± 0 17 ± 0 

11 CzBN λexc = 440 nm, THF 0 ± 0 26 ± 2 

12 DtBuCzB λexc = 440 nm, THF 0 ± 0 21 ± 0 
aMCB (0.1 mmol), TMB (0.5 mmol), Cs2CO3 (0.2 mmol), PC (5 mol%) in 1 mL solvent under 

a nitrogen atmosphere. Irradiated for 24 h at RT. Yield determined by 1H NMR spectroscopy 

using 1,3-dinitrobenzene or dibromomethane as an internal standard, averaged over two 

experiments. b Literature reported yield after 24 h in MeCN using NBu3 and HCO2H as an 

additive and λexc = 380 nm.25 

Both Ph-PTZ and DABNA-1 act as equally good PCs for this reaction; however, lower energy 

excitation can be used with DABNA-1 (Table 2, Entry 5), while at 440 nm trace product is 

formed using Ph-PTZ (Table 2, contrast Entries 2 and 3). This is important as certain organic 

compounds absorb at 390 nm but not at 440 nm. For example, the use of methyl 4-iodobenzoate 

yielded 21% of 1 and 19% of 2 in the absence of a PC when irradiated at 390 nm, but no reaction 

was observed when the substrate was irradiated at 440 nm (Table S11). When using DABNA-

1 as a PC in the reaction with methyl 4-iodobenzoate, the products 1 and 2 were formed in 

yields of 24 and 27%, respectively (Table S10). When Ph-PTZ is used as the PC (lexc = 390 

nm), yields of 33 and 40% for 1 and 2, respectively, were obtained, largely mirroring the 

efficiency of the background reaction (Table S10). Upon irradiation at 440 nm, none of 4CzIPN 

(Eox* = -1.04 V)17, [Ru(bpy)3](PF6)2 (Eox* = -0.81 V)44 and fac-Ir(ppy)3 (Eox* = -1.73 V)34 
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could photocatalyzed the reaction (Table 2, Entry 6-8), this owing to their insufficient 

photoreducing power to reduce methyl 4-chlorobenzoate (Ered = -2.0 V). 

Surprisingly, Stern-Volmer quenching studies revealed that there is no quenching of the 

emission of DABNA-1 with either the aryl halide or TMB. We thus investigated whether there 

is the formation of an electron donor-acceptor (EDA) complex by UV-visible absorption 

spectroscopy between the electron-rich TMB and the aryl halide for all three aryl halides. The 

absorption spectra revealed no emergence of a low-energy band and thus we concluded that 

there is no evidence of the formation of EDA complexes in these solutions. We then studied the 

photostability of DABNA-1 under the reaction conditions by comparing the absorption of the 

reaction mixture prior to and after photoexcitation. The absorption spectrum of the reaction 

mixture is the same as DABNA-1 in MeCN prior to irradiation, but it changes significantly post 

reaction, pointing to a photoinstability of the PC under the reaction conditions (Figure S45c). 

Thus, DABNA-1 for this reaction acts as a pre-photocatalyst. We then studied the 

photodegradation of the PC and the formation of 1 and 2 as a function of time by 1H NMR and 

absorption spectroscopy (Figure 5). After 30 minutes, the intensity of the SRCT absorption 

band of DABNA-1 decreased in intensity to 84% of its original, while the dehalogenated 

product was detected only in trace amounts. The intensity of this band decreased steadily to 

27% of its original intensity at 5 hours, while the yield of the dehalogenated product plateaued 

at 35%; however, after 24 h there is complete dehalogenation of methyl 4-chlorobenzoate.  
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Figure 5. Time-dependent study of the degradation of DABNA-1 and the formation of 

dehalogenated product in the dehalogenation reaction outlined in Table 2. MCB (0.1 mmol), 

TMB (0.5 mmol), Cs2CO3 (0.2 mmol), PC (5 mol%) in 1 mL MeCN under inert conditions, 

Irradiated at 440 nm. 12 reactions were run in parallel of which three were analyzed after the 

given time elapsed, one for absorption measurement and two for determining the average yield 

and error by 1H NMR spectroscopy in CDCl3 using CH2Br2 as an internal standard. The % yield 

represents the combined yield of 1 and 2. For the absorption measurements, after each time 

interval, 20 µL of the reaction mixture was taken and diluted further with 1 mL of MeCN before 

absorption measurements. 

We then proceeded to assess CzBN, tDABNA and DtBuCzB as photocatalysts in the same 

reaction, due to their poor solubility in MeCN (and most other organic solvents), the subsequent 

studies were conducted in THF. Unfortunately, this solvent was problematic for this reaction 

as there was no evidence of 1 with these PCs nor with DABNA-1, while 2 was formed in yields 

of 18, 17, 26 and 21%, respectively, using DABNA-1, tDABNA, CzBN and DtBuCzB. This 

outcome likely is due to the more easily abstractable proton from THF than from MeCN leading 

to a much faster rate of a hydrogen atom transfer (HAT) from the solvent to the aryl radical 

than trapping with TMB. Of the four PCs, CzBN produced the highest yield of dehalogenated 

product.  

We also assessed the performance of these PCs in the photocatalytic atom transfer radical 

addition (ATRA) reaction of styrene and p-toluenesulfonyl chloride (TsCl).45,46 The generally 

accepted mechanism involves an oxidative quenching of the PC* by TsCl, generating a tosyl 

radical (Ts•), which engages in a radical addition onto the olefin. The benzylic radical is then 

oxidized by PC+•, regenerating the ground-state neutral catalyst and forming a cationic 

intermediate that is subsequently trapped by the liberated chloride anion (Figure S46). The 

https://doi.org/10.26434/chemrxiv-2024-3gcgt ORCID: https://orcid.org/0000-0001-7183-6022 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-3gcgt
https://orcid.org/0000-0001-7183-6022
https://creativecommons.org/licenses/by/4.0/


15 

reduction potential of TsCl (Ered = -0.94 V vs SCE)46 is comfortably less negative than the Eox* 

of these PCs (Table 1), meaning that all four PCs are capable of reducing TsCl. Separately, the 

PC•+ must be capable of oxidizing the carbon-centred radical following addition to the olefin; 

therefore, a moderate ground-state oxidation potential is also needed to turn over this reaction. 

The use of [Ru(bpy)3](PF6)2 (Eox* = -0.86 V vs SCE) as the PC has been show to yield the 

product in 80% in MeCN,46 while organic D-A TADF compounds like pDTCz-DPmS and 

4CzIPN are not nearly as efficient, affording 16 and 10% of product, respectively, in DCM.19 

The MR-TADF library in this study was tested in this reaction as the PC in different solvents, 

with either one or two equivalents of styrene ( 

Table 3). 

Table 3. Atom radical transfer reaction between styrene and tosyl chloride (TsCl).a 

 

Entry Photocatalyst Solvent 1H NMR Yield / % 

1 No catalyst DCM 0 ± 0 

2 DABNA-1 THF 23 ± 1 

3 DABNA-1 MeCN 10 ± 1 

4 DABNA-1 DCM 56 ± 0 

5 tDABNA THF 26 ± 2 

6 tDABNA MeCN 7 ± 2 

7 tDABNA DCM 63 ± 4 

8 CzBN  THF 22 ± 9 

9 CzBN MeCN 13 ± 0 

10 CzBN DCM 42 ± 3 

11 DtBuCzB  THF 17 ± 3 

12 DtBuCzB MeCN 11 ± 4 

13 DtBuCzB DCM 48 ± 5 

14 4CzIPN (1 mol%) DCM 39 ± 4 (10b) 

15 fac-Ir(ppy)3 (1 mol%) DCM 89 ± 3 (45%c) 

16 [Ru(bpy)3]Cl2 (1 mol%) DCM 84 ± 2 (80c) 

17 [Ir(ppy)2(dtbbpy)](PF6) (1 mol%) DCM 71 ± 2 

aTsCl (0.25 mmol), styrene (0.50 mmol) and PC (3 mol% / 1 mol%) in 1 mL solvent. Irradiated 

at 440 nm for 24 h at rt under a nitrogen atmosphere. Yield determined by 1H NMR 

spectroscopy using TMB as an internal standard. bLiterature reported yield for 4CzIPN in DCM 
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after 24 h with λexc = 390 nm.19 cLiterature reported yield for fac-Ir(ppy)3 and [Ru(bpy)3]Cl2 

in MeCN after 24 h with λexc = 455 nm.46 

In general, the reaction is sluggish in THF, with the highest yield of 26% being obtained using 

tDABNA ( 

Table 3, Entry 4). A small solvent screen showed that in MeCN the yields drop drastically using 

each of the four PCs ( 

Table 3, Entries 2, 5, 8 and 11), while switching to DCM afforded product yields of 56, 63, 42 

and 48% for DABNA-1, tDABNA, CzBN and DtBuCzB, respectively ( 

Table 3, Entries 3, 6, 9 and 12), all of which are higher than those reported using D-A TADF 

PCs. Product yields of 89, 84, 71, and 39%, respectively, were obtained using literature PCs 

[Ru(bpy)3](PF6)2, fac-Ir(ppy)3, [Ir(ppy)2(dtbbpy)](PF6) and 4CzIPN. The low yield for 

4CzIPN is surprising as it should possess sufficient reducing power (Eox* = -1.04 V vs SCE17) 

to reduce TsCl (Ered = -0.94 V vs SCE).46  

The photostability of tDABNA was investigated under the reaction conditions (Figure 6b). As 

we had shown that this compound in solution is photostable in THF but not in DCM (Figure 

6a) we wanted to determine whether there is a connection between the low yield in THF 

compared to DCM and the photostability of the PC. After irradiation in each of DCM and THF, 

the absorption profile of tDABNA changed significantly, with the complete disappearance of 

the low energy SRCT absorption band. This clearly shows that tDABNA is not stable under the 

reaction conditions regardless of the solvent used. Bryden et al. have shown that the of 

photostability of a wide range of photocatalysts engaged in photoredox reactions is generally 

poor.47  
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Figure 6. Degradation study of the ATRA reaction with tDABNA as the PC. TsCl (0.25 mmol), 

styrene (0.50 mmol) and PC (3 mol%) in 1 mL solvent under inert conditions. Absorption 

before and after 24 h irradiation at 440 nm in THF and DCM. 

  

https://doi.org/10.26434/chemrxiv-2024-3gcgt ORCID: https://orcid.org/0000-0001-7183-6022 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-3gcgt
https://orcid.org/0000-0001-7183-6022
https://creativecommons.org/licenses/by/4.0/


18 

Reductive Quenching Photoredox Catalysis 

We next selected the pinacol coupling of benzaldehyde as a model reductive quenching 

reaction, which involves PET from the sacrificial reductant, diisopropylethylamine (DIPEA), 

to the of PC* to form PC–•, which then reduces benzaldehyde with the assistance of DIPEA+• 

(Figure S50).48 

Table 4. Photocatalyzed pinacol coupling of benzaldehyde.a 

 
Entry Photocatalyst 1H NMR Yield / % Ered* / V Ered / V 

1 No PC 0 ± 0 / / 

2 DABNA-1 (3 mol%) 64 ± 2 (29 ± 0) 0.52 -2.24 

3 tDABNA (3 mol%) 61 ± 4 (35 ± 4) n.d.b n.d.b  

4 CzBN (3 mol%) 70 ± 1 (0 ± 0) 0.96 -1.69 

5 CzBN (3 mol%), 2 h 36 ± 0 0.96 -1.69 

6 CzBN (3 mol%), dark 0 ± 0 0.96 -1.69 

7 DtBuCzB (3 mol%) 53 ± 0 (0 ± 0) 0.83 -1.77 

8 fac-Ir(ppy)3 (1 mol%) 26 ± 2 (19 ± 1) 0.31 -2.19 

9 [Ru(bpy)3](PF6)2 (1 mol%) 3 ± 1 (0 ± 0) 0.77 -1.33 

10 4CzIPN (1 mol%) 71 ± 1 (73 ± 2); 68c 1.35 -1.21 

11 4CzIPN (1 mol%), 2 h 50 ± 0  1.35 -1.21 

12 [Ir(ppy)2(dtbbpy)](PF6) (1 mol%) 70 ± 4 (77 ± 2); 44d 0.66 -1.51 

13 [Ir(ppy)2(dtbbpy)](PF6) (1 mol%), 2 h 69 ± 2  0.66 -1.51 
aBenzaldehyde (0.2 mmol), DIPEA (1.0 mmol), PC (3 mol% / 1 mol%) in 1 mL solvent. 

Irradiated at 440 nm for 24 h at rt. Yield determined by 1H NMR spectroscopy using TMB as 

an internal standard. Reactions carried out under an inert atmosphere and yields in parentheses 

are under air. b Reduction potential of tDABNA could not be determined in any solvent due to 

the too limited solvent windows. c Literature reported yield after 2 h in DMF and λexc = 390 

nm.19 d Literature reported yield after 15 h in MeCN and λexc = 450 nm, 11 W CFL.48 

Gratifyingly, a yield of 70% was obtained using CzBN as the PC under a nitrogen atmosphere 

after 24 hours (Table 4, Entry 4). The yields were slightly lower using DABNA-1, tDABNA 

and DtBuCzB at 64, 61 and 53%, respectively (Table 4, Entries 2, 3 and 7). Decreasing the 

reaction time to 2 h resulted in a much lower yield of 36% (Table 4, Entry 5). The literature 

accepted mechanism involves a reductive quench of the PC* by DIPEA, which means that the 

Ered* of the PCs should be more positive than the oxidation potential of DIPEA (Eox = 0.86 V 

vs SCE)49 for the reaction to be exergonic. With Ered* = 0.96 V vs SCE for CzBN in THF, 
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CzBN is the only PC of the four in the study that possesses a more positive Ered* than the Eox 

of DIPEA. Control reactions under air led to no product formation using either CzBN or 

DtBuCzB (Table 4, Entries 4 and 7 in parentheses); however, product yields of 29 and 35% 

were obtained using DABNA-1 and tDABNA, respectively, (Table 4, Entries 2 and 3 in 

parentheses). One possible reason for this divergence in behaviour would be the increased 

photostability of these two compounds in air under the reaction conditions compared to CzBN 

or DtBuCzB as demonstrated in (Figure 7a and b) for two exemplar PCs, DABNA-1 and 

CzBN. There are minimal changes in the absorption profiles of the reaction mixture with 

DABNA-1 under both an inert and aerated atmosphere after irradiation compared to the profiles 

before absorption, suggesting that DABNA-1 is mostly photostable in these conditions. The 

slight change of the absorption spectra at higher energy is more pronounced under aerated 

conditions, which may exmplain the lower yields in air with this PC. The time-resolved PL 

decays of DABNA-1 and CzBN under nitrogen in THF are similar, possessing a major prompt 

fluorescence component with lifetimes, tp, of 10.4 and 7.6 ns, respectively, and a minor delayed 

fluorescence component with lifetimes, td, of 42.3 and 58.8 µs, respectively (Figure S53). 

Under air, the delayed fluorescence is completely quenched in both compounds while the tp 

decrease modestly 7.0 and 6.2 ns for DABNA-1 and CzBN, respectively. Thus, there seems to 

be no correlation between competitive quenching of the excited state of these two PCs by O2 

and reaction yield, and it is at present unclear where there is such a divergence in reactivity 

between these two PCs under air other than the general photoinstability of CzBN.  
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For CzBN, however, the absorption profiles under both inert and aerated atmospheres changed 

significantly after irradiation, implying that CzBN is unstable under these conditions. It is not 

evident why there is such a divergent photostability behavior between these two photocatalysts 

nor how this is correlated to reaction yield.  

 

Figure 7. Degradation study of the pinacol coupling reaction with DABNA and CzBN as the 

PC under a) an inert atmosphere and b) an aerated atmosphere. Benzaldehyde (0.2 mmol), 

DIPEA (1.0 mmol) and PC (3 mol%) in THF (0.1 M). Absorption spectra before and after 24 h 

irradiation at 440 nm in THF. 

The yields using the reference PCs fac-Ir(ppy)3, [Ru(bpy)3](PF6)2, 4CzIPN and 

[Ir(ppy)2(dtbbpy)](PF6) in THF under aerated conditions at 1 mol% loading, which is typically 

used in the literature, are 19, 0, 73 and 77%, respectively (Table 4, Entries 8, 9, 10, and 12 in 

parentheses). Of these PCs [Ered*(fac-Ir(ppy)3) = 0.31 V, Ered*([Ru(bpy)3](PF6)2) = 0.77 V, 

Ered*(4CzIPN) = 1.35 V and Ered*(Ir(ppy)2(dtbbpy)](PF6)) = 0.66 V], 4CzIPN has the 

strongest thermodynamically driving force for this reaction, which may explain the high 

product yield using this photocatalyst, but this argument is incongruent for 

[Ir(ppy)2(dtbbpy)](PF6). Under an inert atmosphere, the yields only slightly improved to 26 

and 3% using fac-Ir(ppy)3 and [Ru(bpy)3](PF6)2 while when using 4CzIPN and 

[Ir(ppy)2(dtbbpy)](PF6) the yield decreased slightly to 71 and 70%, respectively (Table 4, 

Entries 8, 9, 10 and 12). Of the three best-performing PCs, CzBN, 4CzIPN and 

[Ir(ppy)2(dtbbpy)](PF6), CzBN has the highest molar absorptivity (ε = 21, 6, and 2 × 103 M-1 

cm-1 for CzBN, 4CzIPN and [Ir(ppy)2(dtbbpy)]PF6, respectively) at the excitation wavelength 

(Figure S54) . Thus, the reaction should proceed the fastest with this PC, assuming that the rate-

determining step is the initial reductive quenching of the PC* with DIPEA. After 2 hours, the 

product yields were 36, 50, and 69% using CzBN, 4CzIPN and [Ir(ppy)2(dtbbpy)](PF6), 

https://doi.org/10.26434/chemrxiv-2024-3gcgt ORCID: https://orcid.org/0000-0001-7183-6022 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-3gcgt
https://orcid.org/0000-0001-7183-6022
https://creativecommons.org/licenses/by/4.0/


21 

respectively (Table 4, Entries 5, 11 and 13), implying that rate-determining step is not the initial 

PET to the PC*.  

Energy Transfer Photocatalysis 

We next assessed if these four PCs could engage in Dexter PEnT photocatalysis, using the E/Z 

isomerization of alkenes as a model reaction. It is generally accepted that the T1 energy of the 

photocatalyst should lie intermediate those of the E and Z isomers to selectively photocatalyze 

the isomerization of the E isomer to the Z isomer. We assessed E-stilbene, diisopropyl fumarate 

and cinnamyl acetate as substrates. The ET of E-stilbene and diisopropyl fumarate are 2.2 eV50 

and 2.7 eV51, respectively, while the triplet energies of Z-stilbene and diisopropyl maleate are 

ET of 2.5 eV50 and 3.1 eV,51 respectively. E-methyl cinnamate, structurally similar to E-

cinnamyl acetate, has a reported triplet energy of ET of 2.38 V.52 

Table 5. E/Z isomerisation of cinnamyl acetate.a 

 
Entry Photocatalyst E / Z ratio T1b / eV 

1 No PC 100/0 ± 0 / 

2 DABNA-1 (inert atmosphere), 24 h 24/76 ± 0 2.65 

3 DABNA-1 (aerated atmosphere), 24 h 25/75 ± 0 2.65 

4 DABNA-1 (aerated atmosphere), 2 h 25/75 ± 0 2.65 

5 tDABNA  30/71 ± 1 2.64 

6 CzBN  20/81 ± 1 2.57 

7 CzBN (dark) 100/0 ± 0 2.57 

8 DtBuCzB  22/78 ± 0 2.52 

9 4CzIPN 15/85 ± 0  

10 fac-Ir(ppy)3  23/78 ± 4 2.50 

11 [Ru(bpy)3](PF6)2  100/0 ± 0 2.12 
aCinnamyl acetate (0.2 mmol), PC (3 mol%) in 1 mL solvent under aerated conditions unless 

otherwise noted. Irradiated at 440 nm for 2 h at RT. Ratio determined by 1H NMR spectroscopy 

of an average over two experiments. bT1 energy determined from the onset of the 

phosphorescence spectra at 77 K in 2-MeTHF glass. 

DABNA-1 performed the best with cinnamyl acetate as the substrate in THF, leading to an E/Z 

ratio of 24/76 after 24 h under an inert atmosphere (Table 5, Entry 2). The yield effectively did 

not change under aerated conditions (E/Z ratio of 25/75, Table 5, Entry 3), implying that DET 

to the substrate outcompetes DET to O2. Decreasing the reaction time to 2 hours had no effect 
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on product yield (Table 5, Entry 4). Using tDABNA, CzBN, and DtBuCzB as PCs resulted in 

E/Z ratios of 30/70, 20/80, and 22/78, respectively, (Table 5, Entries 5, 6, and 8), meaning that 

CzBN is the best PC of the four for this transformation. There seems to be a correlation between 

the reaction yield and the ∆EST of the PC as CzBN has the smallest one at ∆EST of 0.09 eV (cf. 

Table 1), implying that the triplet state of CzBN is more readily populated as the intersystem 

crossing rate would be fastest for this compound. The E/Z ratios are comparable to those using 

4CzIPN and fac-Ir(ppy)3, while [Ru(bpy)3](PF6)2 could not activate the photoisomerization 

of cinnamyl acetate (Table 5, Entries 5-7).  

Conclusions 

We have assessed the potential of four known boron-containing MR-TADF emitters as 

alternative photocatalysts across a mechanistically diverse range of reactions. Certain 

conditions resulted in our photocatalyst to not be photostable; however, this was not necessarily 

correlated with a reduction in product yield. Nonetheless, we found that there was variability in 

the photocatalyst that performed the best based on the model reactions surveyed. For instance, 

DABNA-1 yielded in a complete dehalogenation of methyl 4-chlorobenzoate, tDABNA 

performed the best in an ATRA reaction with a 63% yield, while 4CzIPN yielded only 39%; 

further, CzBN is the best PC in both the pinacol coupling (70% yield; 4CzIPN yields 71%) and 

the energy transfer reaction (E/Z = 20/80 for cinnamyl acetate). This study demonstrates the 

value of these MR-TADF compounds as PCs to enable activation of substrates with large 

reduction potentials while also providing versatility across a range of PET and PEnT reactions. 

This study reinforces the claim that MR-TADF compounds are competitive alternatives to 

common literature known PCs.  
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