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Abstract

A series of four emissive regio-isomers are synthesized based on the dibenzo[a,c]phenazine-11,12-dicarbonitrile 

(DBPzCN) acceptor scaffold and a triphenylamine (TPA) donor. Density functional theory is utilized to compare the relative 

differences in molecular conformation, excited state distributions, and orbital interactions. Steady-state and time-resolved 

emission spectroscopy reveal strongly contrasting emissive properties and triplet harvesting of the four materials. In 

zeonex host emission maxima range widely, with differences of over 100 nm. Additionally, isomers 3-TPA-DBPzCN and 
4-TPA-DBPzCN show photoluminescence quantum yields (PLQYs) of 46 and 62%, while 1-TPA-DBPzCN and 2-TPA-
DBPzCN instead show values <1 and 24%, respectively. Relevant to thermally activated delayed fluorescence (TADF), 

very small singlet-triplet energy gaps are observed for isomers 2-TPA-DBPzCN and 4-TPA-DBPzCN, with corresponding 

reverse intersystem crossing (rISC) rates of 0.6 and 1.6×105 s-1, respectively. Unique in possessing both fast rISC and a 

relatively high PLQY, the unconventional 4-TPA-DBPzCN regio-isomer turns out to be an efficient TADF emitter, 

highlighting the important role of donor-acceptor substitution position in the design of efficient TADF materials targeting 

specific wavelength ranges.

1 Introduction 

The importance of organic light-emitting diodes (OLEDs) in the display industry has risen from novelty to dominance in the 

last decade. Global interest in this technology is further encouraged by the appealing advantages it can provide in terms 

of reduced energy consumption, compatibility with flexible substrates, large-scale processability, and tuneability of material 

properties.1-3 Meanwhile, several challenges must still be overcome in the development of efficient OLED emitters, 

especially at the long wavelength edge of the visible spectrum. Indeed, emission in the deep red to near-infrared (NIR) 

region, commonly defined as the wavelength range between 650 and 1400 nm,4 is required to enable multiple interesting 

applications such as night vision, fingerprinting, security/cryptography, light-based communication, and extending further 

to biomedical imaging, biosensors, and optical therapies.5-11 

Unfortunately, the molecular design strategies for all-organic π-conjugated molecules that emit efficiently in this 

wavelength region are not straightforward. The absorption and emission bands of an organic emitter are typically red-

shifted when the π-conjugated system is expanded, thereby lowering the optical gap.12 While effective, this approach often 

triggers two unfavorable phenomena that result in quenching of the fluorescence: the ‘energy gap’ law and the formation 
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of ‘H-type’ aggregates. The energy gap law states that the narrowing of energy gaps between the excited singlet states 

and the vibrational manifolds of the ground state - an inescapable consequence of the increased density of states as the 

singlet energy decreases - increases the rate of non-radiative decay losses through molecular vibrations.13 This competes 

with the emissive decay mechanism, thereby reducing the fluorescence efficiency. While the rigidity of a π-conjugated 

system can help to combat vibrational losses, the resulting molecular planarity can often simultaneously induce the 

formation of the aforementioned H-aggregates via undesired cofacial stacking. Emission from the lower excited (red-

shifted) state of such ‘excimer’ aggregates is forbidden due to the out-of-phase orientation of the molecular transition 

dipoles, again resulting in a significant loss of fluorescence efficiency at practical doping concentrations of such emitters.14

While it is clear that smart material design can help to suppress the effects of both phenomena, additional focus must also 

be placed on maximizing device emission efficiency. In parallel with the photoluminescence quantum yield (PLQY), it is 

vital for emissive materials to be able to generate emission from both singlet and triplet excitons in the context of OLED 

operation. For 3rd generation OLEDs, upconversion of excitons from the non-emissive triplet state(s) to the first excited 

emissive singlet state via reversed intersystem crossing (rISC) allows this. Both rISC and consequent thermally activated 

delayed fluorescence (TADF) are supported by the available thermal energy of the environment, and become active when 

the energy difference between singlet and triplet states (or singlet-triplet energy gap, ΔEST) is minimized.15, 16 The design 

of charge-transfer (CT) TADF emitters that achieve such small ΔEST typically relies on the use of electron-donating and 

electron-accepting units, which maintain a twisted conformation along their connecting bond(s).17 This gives rise to a 

minimal overlap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

localized on the donor and acceptor part, respectively, and hence a low exchange energy and small ΔEST.18 However, 

some degree of overlap is still required as this supports the singlet emission oscillator strengths and higher quantum 

yields.19 As such, careful and balanced molecular design and structural finetuning are both crucial for the development of 

novel high-performance TADF materials.

One strategy to potentially improve TADF properties entails the investigation of positional or regio-isomers via ‘isomeric 

modulation’.20-31 In the case of red TADF emitters, this generally involves the relocation of donor units and/or auxiliary 

acceptor groups (e.g. nitriles) on a rigid acceptor core and assessing how this affects the emission wavelength, PLQY, 

and TADF efficiency.32-35  The dibenzo[a,c]phenazinedicarbonitrile (DBPzCN) acceptor scaffold is often employed in the 

design of red TADF emitters, and has multiple synthetically accessible sites for donor/acceptor attachment (Figure 1).36-

45 

 

Figure 1: Examples of reported red TADF emitters based on the DBPzCN acceptor. The main photophysical characteristics (emission wavelength, 

fluorescence quantum yield, and singlet-triplet energy gap) are given for the materials in doped films.
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The extended π-conjugated system and significant rigidity of DBPzCN help to limit losses via non-radiative vibrational 

decay pathways.46 Additionally, the incorporation of the N-heterocyclic moiety and nitrile groups enhance the electron-

withdrawing capability of the acceptor significantly, further redshifting the emission. By incorporating a pyrene moiety, 

Wang et al. and Shang et al. were recently able to access the previously unexplored 1(/8)-position of DBPzCN and thereby 

design novel TADF emitters.21, 24 To expand upon this work and assess the full set of regio-isomers, we attach a donor 

unit on the remaining unexplored 4(/5)-position of DBPzCN and fully characterize and compare the emissive properties of 

the resulting novel materials (Figure 2).

N N

NC CN

N

N N

NC CN

N

N N

NC CN

N

N N

NC CN

N
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N N
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Figure 2: Structural overview of the DBPzCN template (with numbered core positions) and the explored emitters 1-TPA-DBPzCN, 2-TPA-DBPzCN, 

3-TPA-DBPzCN, and 4-TPA-DBPzCN.

In this study, four novel regio-isomers of (4-(diphenylamino)phenyl)dibenzo[a,c]phenazine-11,12-dicarbonitrile47 (TPA-
DBPzCN; Figure 2) are computationally analyzed, synthesized, and photophysically characterized. Triphenylamine (TPA) 

is employed as a strong electron-rich donor unit for which the precursor is readily available. Time-dependent density 

functional theory (TDDFT) calculations are used to simulate the molecular geometries of the molecules and derive their 

associated singlet and triplet energy levels. Following the preparation of the different bromo-substituted phenanthrene-

9,10-dione precursors, two synthesis strategies are tested and utilized to obtain the final materials. Compounds 2-TPA-
DBPzCN and 3-TPA-DBPzCN are readily synthesized from commercially available starting products, whereas 1-TPA-
DBPzCN and 4-TPA-DBPzCN showcase the attachment of the donor unit on unconventional core positions. The four 

isomers are photophysically characterized in both solution and doped films, revealing significant differences between the 

isomers with regard to peak emission wavelength, PLQY, and TADF efficiency.

2 Results and Discussion
2.1 Synthesis

2-Bromophenanthrene-9,10-dione and 3-bromophenanthrene-9,10-dione were purchased, while 1- and 4-

bromophenanthrene were synthesized according to literature procedures and then oxidized to the respective 

phenanthrene-9,10-diones using chromium(VI) oxide (Scheme 1).48, 49 Two different strategies - referred to as pathway 

‘A’ and ‘B’ - were then investigated to synthesize the final materials. In pathway A, the brominated phenanthrene-9,10-

diones were first coupled to the triphenylamine donor unit using a Suzuki-Miyaura cross-coupling reaction. Subsequently, 

the acquired TPA-substituted phenanthrene-9,10-diones were used in an acid-catalysed condensation reaction with 4,5-

diaminophthalonitrile. This produced isomers 2-, 3-, and 4-TPA-DBPzCN in high yields, but was unsuccessful for the 1-

TPA-DBPzCN isomer, even under harsher conditions (see ESI, section 2). This is thought to be a result of the large steric 

hindrance in combination with the strong electron-donating capacity of the TPA donor unit. Accordingly, pathway B was 

designed, in which the order of the previous reactions was reversed. Although this method is complicated by the limited 

solubility of the Br-DBPzCN intermediates, isomers 2- and 3-TPA-DBPzCN were nonetheless obtained in high yields. 1-
TPA-DBPzCN was also successfully prepared, albeit in a lower yield of 20%, likely due to the still considerable steric 

hindrance and the poor solubility of the acceptor unit. The final materials underwent temperature-gradient vacuum 

sublimation to further purify them prior to their structural and photophysical characterization. Full details on the synthetic 

procedures and structural characterization data are provided in the Electronic Supplementary Information.
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Scheme 1: Synthesis protocol for 1-TPA-DBPzCN, 2-TPA-DBPzCN, 3-TPA-DBPzCN, and 4-TPA-DBPzCN: (i) CrO3, glacial acetic acid, reflux, 2 
h; (ii) Pd(PPh3)4, Na2CO3, toluene, water, reflux, 24 h; (iii) HCl (37%), EtOH, THF, 40 °C, 24 h; (iv) glacial acetic acid, reflux, 24 h.

2.2 Computational Analysis and (TD)DFT Calculations

DFT calculations (M06/6-311G[d]) were performed to optimize the molecular geometries of isomer 1-, 2- ,3-, and 4-TPA-
DBPzCN. Subsequently, singlet (S1-S2) and triplet (T1-T5) excited state energies were obtained using TDDFT calculations 

using a modified LC-BLYP (ω = 0.17 bohr−1) exchange-correlation (XC) functional.50 These calculations were performed 

under the Tamm-Dancoff approximation51 (TDA) and the polarizable continuum model (PCM) in cyclohexane to simulate 

a non-polar environment.52 The Gaussian16 package was utilized to perform all calculations.53 The orbital spatial 

distributions were obtained from single-point calculations using the same LC-BLYP(17)/6-311G[d] method. The CT 

character of the involved states was investigated by looking at the differences between ground and excited state electron 

densities. These CT characters are described by the distance over which the electronic charge is transferred (dCT) and the 

related change in dipole moment (Δµ), calculated as described by Le Bahers and coworkers.54 Furthermore, the spin-orbit 

coupling (SOC) matrix elements were evaluated using the PySOC 23 program using the same XC functional, basis set, 

and PCM treatment as described above.55
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Figure 3: Optimized molecular geometries and orbital spatial distributions (LUMO+1, LUMO, HOMO, and HOMO-1) for 1-TPA-DBPzCN, 2-TPA-
DBPzCN, 3-TPA-DBPzCN, and 4-TPA-DBPzCN. Values of dihedral angles are given in red. Isocontour values of 0.02 (a.u.) were used for all 
orbitals.

Optimization of the molecular geometries reveals clear similarities as well as differences in the relative orientation (and 

dihedral angle) of the TPA and DBPzCN subunits between the different isomers (Figure 3). Molecules 2- and 3-TPA-
DBPzCN give a smaller dihedral angle (θ ≈ 36°), not unexpected for a bond between TPA and a rigid but non-sterically 

constrained acceptor moiety.56 Accordingly, both isomers 2- and 3-TPA-DBPzCN retain a relatively planar conformation 

where the donor unit lies roughly in the same plane as the acceptor unit (Figure S3). Significant differences are observed 

for the geometry of 1- and 4-TPA-DBPzCN. The increased steric hindrance pushes the TPA away from the acceptor core 

in 1-TPA-DBPzCN, giving rise to a dihedral angle of around 71°. Meanwhile, 4-TPA-DBPzCN exhibits a slightly smaller 

steric repulsion with the acceptor core, resulting in a dihedral angle of 61°. Furthermore, both 1- and 4-TPA-DBPzCN are 

expected to assume a distorted conformation as the donor unit is pushed outside of the plane of the acceptor (Figure S3). 

Despite the clear differences in the calculated molecular geometries, the molecular orbital distributions are very similar for 

all four isomers. The HOMO is primarily localized on the TPA donor unit, whereas the LUMO and LUMO+1 can be found 

on the acceptor (Figure 3). Superimposing the HOMO and LUMO distributions for each of the isomers shows a small 

overlap, thereby fulfilling the principal requirement of TADF molecular design. The main noteworthy difference in orbital 

distributions can be found for the HOMO-1. In 2- and 4-TPA-DBPzCN, this orbital is localized on the donor unit and the 

bottom part of the acceptor core, whereas 1- and 3-TPA-DBPzCN show a more delocalized orbital distribution onto the 

acceptor. As such, electron transitions that occur from the HOMO-1 might differ in their CT character. 

From the TDDFT calculations, the nature, energy, and orbital distribution of the relevant excited states can be derived and 

compared. The first excited singlet states (S1) of all isomers are characterized mainly by a HOMO to LUMO transition, 

from which their CT character becomes apparent (Table S1). Proper investigation of the CT character of other (higher-

lying) excited states requires a more in-depth analysis of the ground and excited state electron density differences (Table 
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S1, S2, and Figure S1). These show the change of electron density in a molecule upon a transition from the ground state 

to a specific excited state. Changing electron densities in both the donor and acceptor unit (decreasing and increasing, 

respectively) are thus indicative of the CT nature of the excited state. When the changing electron densities are confined 

to the same unit (similar molecular distribution), the energy state is characterized as a locally excited (LE) state instead. 

Additionally, the strength of the spin-orbit coupling between a singlet and triplet state can be determined from the calculated 

SOC matrix elements. Together with the relative positions and orderings of the energy levels and the singlet-triplet gap, 

these values help to express the likelihood of a transition to occur between two specific states. A comprehensive excited 

state energy diagram is presented in Figure 4, and also tabulated in the ESI (Table S3). 

Figure 4: Schematic overview of the excited state energy levels (in eV) of all four isomers with their corresponding CT (black), LE (white), and mixed 
CT/LE (dashed) character as obtained through TDDFT calculations. Relevant S0-Tx and S1-Tx (x = 1-5) couplings and SOC values are shown in blue 
(SOC values > 1 cm-1 in bold).

1-TPA-DBPzCN shows an interesting set of first excited (singlet and triplet) states which are relatively low in energy and 

noticeably separated from any higher states. With a small simulated ΔEST of 0.14 eV, good triplet upconversion could be 

envisaged. However, it is known that spin-orbit coupling between 1CT and 3CT states is forbidden under the requirement 

of total angular momentum conservation.57 Instead, intersystem crossing occurs more readily between 1CT and 3LE states 

(according to the El Sayed rule58), and is promoted by vibronic coupling (VC) in case of rISC for D-A TADF materials.59-61 

As no neighbouring 3LE states are present in proximity to T1 (3CT) to enhance upconversion via vibronic coupling, T1 is 

expected to act as an exciton sink, despite the relatively small ΔEST.59 This is further corroborated by the large SOC value 

for the transition from T1 to the ground state (Figure 4), allowing non-radiative deactivation and preventing efficient TADF.

A further comparison can be made between isomers 2-, 3-, and 4-TPA-DBPzCN. The theoretical ΔEST decreases from 

0.45 eV in 3-TPA-DBPzCN to 0.32 eV in 4-TPA-DBPzCN, and down to 0.27 eV in 2-TPA-DBPzCN (Table S3). In 2-TPA-
DBPzCN, upconversion from T1 could be further enhanced by the presence of close-lying 3LE states through vibronic 

coupling, with T2 (LE) showing improved SOC and T3 (LE) being nearly isoenergetic to S1.62 Intermediate 3LE states 

between S1 and T1 are also present in 3-TPA-DBPzCN, but these exhibit a much larger gap to S1, which weakens the 

potential contribution of spin-vibronic coupling.63 Similarly to 2-TPA-DBPzCN, close-lying 3LE states and an S1-

isoenergetic triplet state are also observed in 4-TPA-DBPzCN. Furthermore, it is also noted that 4-TPA-DBPzCN is the 

only isomer that has been simulated to have a T1 state with LE character. This could allow SOC and upconversion to S1 

to compete with the decay from T1 to the ground state, thereby diminishing non-radiative losses.64 Furthermore, relatively 

large SOC values are observed for the transition between S1 and T1 (LE), T2 (LE), T3 (LE), and even T4 (CT), despite its 

apparent CT character. In this case, upconversion could occur directly from T1 (LE) - and potentially T2 (LE) and T3 (LE) - 

to S1 (CT) through a combination of SOC and VC.59, 63 Alternatively, as the ΔEST of 4-TPA-DBPzCN is relatively large, 

second-order non-adiabatic coupling might occur between T1 (LE) and T4 (CT).65
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2.3 Photophysical Characterization

Steady-state absorption and emission spectra were measured in toluene and zeonex host (Figure 5). Several high-energy 

absorption bands can be observed below 450 nm for all 4 isomers in toluene, which are attributed to the π–π* and n–π* 

transitions occurring in the TPA and DBPzCN moieties.47  The peak at around 360 nm is less defined for 1- and 4-TPA-
DBPzCN, likely due to the distorted molecular geometry of the TPA unit. A relatively broad peak can be observed at longer 

wavelengths (> 450 nm) which corresponds to the CT absorption band. The relative intensity of this CT band correlates 

with the calculated value of the oscillator strength for each isomer (3 >> 4 ≈ 2 > 1), which can be found in the ESI (Table 
S3). The emission spectra in toluene are comparable for each isomer, with exception of the shifted emission peak 

maximum for 2- and 4-TPA-DBPzCN compared to 1- and 3-TPA-DBPzCN (Figure 5). 
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Figure 5: Normalized steady-state absorption (dashed lines) and emission spectra (solid lines) for all four isomers in 10-5 M toluene solution (left, 
λexc = 440 nm) and emission spectra for 0.1 w/w% zeonex solid films (right, λexc = 440 nm). Graph inset (left) shows the magnified absorption 
spectrum of 1-TPA-DBPzCN, revealing a weak CT absorption band. The inflexion around 650 nm in the emission spectra of all four isomers in 
zeonex film (right) is attributed to the onset of significant instrument-specific intensity correction at longer wavelengths.

The fluorescence quantum yields (ΦF) of all four isomers were determined in toluene solution to ascertain and compare 

their luminescence efficiency (Table 1). These measurements were performed under inert (ΦF,inert) and ambient air 

conditions (ΦF,air) to evaluate the impact of an oxygen-quenched triplet upconversion mechanism (Figure S4). The 

quantum yields in toluene solution are relatively low, with the notable exception of 3-TPA-DBPzCN. The fluorescence 

improves from the “cis” molecular geometry in 1-TPA-DBPzCN (ΦF,air = 0.01) to the intermediate situation for 2-TPA-
DBPzCN (ΦF,air = 0.05) to the “trans” molecular geometry in 3-TPA-DBPzCN (ΦF,air = 0.41). The unconventional geometry 

of 4-TPA-DBPzCN results in an intermediate quantum yield (ΦF,air = 0.11). Meanwhile, the quantum yields in oxygen-free 

toluene increase in tandem with the calculated oscillator strengths, improving the most for 3-TPA-DBPzCN (ΦF,inert = 0.52). 

Singlet oxygen quantum yields (ΦΔ) were also determined in toluene solution, to investigate the formation of triplet states 

under standard air atmosphere (Figure S5). Molecular oxygen (which exists in the triplet ground state) can quench the 

populated excited triplet states of emissive materials, quantitatively forming singlet oxygen. As such, the higher singlet 

oxygen quantum yield of 3-TPA-DBPzCN (ΦΔ = 0.58) is indicative of the formation of longer-lived triplet states which can 

undergo some rISC in solution.

Additional steady-state absorption and emission spectra were measured in methylcyclohexane (MCH) and chloroform 

(CF) to investigate solvatochromic effects (Figure S6). The inherent broadness and observed red-shift of the emission 

bands in more polar solvents suggest a CT character for the emissive singlet state, as predicted by the TDDFT 

calculations. In chloroform, the strong stabilization of the CT state shifts the emission band beyond 700 nm, giving rise to 

NIR emission.
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Table 1. Spectroscopic parameters of the four emitters.

[a] CT band absorption maxima in toluene solution. [b] Fluorescence emission maxima in 10-5 M toluene solution and zeonex film (λexc = 440 nm). 

[c] Fluorescence emission maxima in CBP and DPEPO film (λexc = 440 nm). [d] Photoluminescence quantum yields in toluene solution under air and 

inert atmosphere relatively determined vs Coumarin 153 (ФF = 0.38, λexc = 440 nm in ethanol). [e] Absolute photoluminescence quantum yields in 

zeonex determined using an integrating sphere under air and inert atmosphere at room temperature (λexc = 440 nm). [f] Singlet oxygen quantum 

yields in toluene solution determined vs coronene (ФΔ = 0.90, λexc = 325 nm in toluene) by monitoring the absorbance of 1,3-diphenylisobenzofuran 

at 414 nm under emission from a secondary light source. [g] Determined from cyclic voltammetry (ESI, section 7).

Next, the solid-state emission properties of doped films were investigated. Since the emitters show very low solubility (~0.1 

mgmL-1 in toluene) and hence an assumed tendency to aggregate, low doping concentrations were utilized throughout. 

Separately, considerable acceptor π-stacking (interplanar distances of 3.61 Å) was observed in the single crystal X-ray 

structure of 3-TPA-DBPzCN (the only material in this series that yielded usable crystals, Figure S9), lending credence to 

this assumed propensity towards aggregation. Firstly, 0.1 w/w% films in zeonex host were prepared. Zeonex has a non-

conjugated polymer structure, allowing for the creation of smooth, homogenous films. Additionally, it exhibits a low 

polarizability (similar to MCH), which limits its influence on the stabilization of the CT states.66 It is therefore often used to 

investigate the intrinsic solid-state TADF properties of novel compounds. When going from the more polar toluene solution 

to a zeonex film, a blue-shift in the emission maximum is typically observed (Figure 5). This is true for zeonex films of 2-, 
3-, and 4-TPA-DBPzCN. Only 1-TPA-DBPzCN shows a significantly red-shifted emission in zeonex, which can be 

attributed to its large tendency to aggregate (as correlated with its exceptionally poor solubility). The luminescence 

efficiencies are noticeably different in the zeonex host. Compared to in toluene solution, the quantum yields remain roughly 

the same for 1-TPA-DBPzCN (ΦF,air = <0.01) and 3-TPA-DBPzCN (ΦF,air = 0.47), while a decent increase is observed for 
2-TPA-DBPzCN (ΦF,air = 0.17) and especially 4-TPA-DBPzCN (ΦF,air = 0.49). With the exception of 3-TPA-DBPzCN, the 

quantum yield is even more enhanced in zeonex film when applying an inert atmosphere. This suggests an improvement 

of the triplet upconversion and the presence of a delayed fluorescence component, most pronounced for 2-TPA-DBPzCN 
(ΦF,inert = 0.24) and 4-TPA-DBPzCN (ΦF,inert = 0.62).

Two additional host materials were selected to investigate the effects of host nature and polarizability on the solid-state 

emission properties: 4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP, ET = 2.6 eV)67 and bis[2-(diphenylphosphino)phenyl]ether 

oxide (DPEPO, ET = 3.0 eV).68 These small-molecule hosts are widely used in the development of OLEDs because of their 

excellent energy alignment and respective high hole or electron mobility. As the polar environment further stabilizes the 

CT emissive state relative to zeonex, a significant red-shift is observed in both 1 w/w% CBP and 1 w/w% DPEPO films, 

pushing the solid-state emission closer to the NIR (Figure S10 and Table 1). Additional high-energy emission bands are 

revealed in both CBP and DPEPO films by changing the excitation wavelength from 400/450 to 350 nm. In CBP, these 

bands originate from (partial) excitation of the host, as confirmed by the measurement of a pure CBP film (Figure S10).69. 

In DPEPO, it is possible that these signals arise from a distorted conformation which might become more prevalent in the 

strongly polar host. The higher relative intensity of these undesired emission bands in 1-TPA-DBPzCN highlights its poor 

CT emission character, likely caused by the unfavourable twisted “cis”-geometry of the molecular structure.24 

Time-resolved emission spectroscopy (TRES) experiments were then done to investigate the time-dependent emission 

mechanisms of the four emitters in zeonex films (as well as in CBP and DPEPO). Contour plots of the normalized time-

resolved emission spectra of the zeonex films are shown in Figure 6, while additional contour plots of the CBP and DPEPO 

films are provided in Figure S11 and S12. For TADF emitters, three distinct emission phenomena can generally be 

identified at separate timescales, i.e. prompt fluorescence in the nanoseconds regime, delayed fluorescence in the micro- 

to milliseconds regime, and phosphorescence at the late milliseconds to seconds regime. Since classical 

Compound λCT abs 

(nm)[a]
λem (nm)[b] 
tol/zeonex

λem (nm)[c] 
CBP/DPEPO

ΦF, toluene
[d]

air/inert
ΦF, zeonex

[e]

air/inert ΦΔ
[f] HOMO/LUMO 

(eV)[g]

1-TPA-DBPzCN 536 632/692 707/727 0.01/0.02 <0.01/<0.01 0.27 -5.45/-3.61
2-TPA-DBPzCN 495 694/634 641/700 0.05/0.07 0.17/0.24 0.30 -5.51/-3.71
3-TPA-DBPzCN 484 630/564 660/700 0.41/0.52 0.47/0.46 0.58 -5.54/-3.64
4-TPA-DBPzCN 480 672/592 641/667 0.11/0.14 0.49/0.62 0.39 -5.57/-3.75
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phosphorescence is a forbidden transition, it is typically outperformed by non-radiative decay and thereby too weak to be 

observed at room temperature. Therefore, measurements are also done at 80 K to limit vibrational energy losses and 

analyse the phosphorescence emission to determine experimental T1 energies.

Figure 6: Normalized time-resolved emission spectra (contour plots) for all isomers in 0.1 w/w% zeonex films (λexc = 355 nm) at room temperature 
(top row) and 80 K (bottom row).

At room temperature, initial fluorescence emission remains relatively constant for all four isomers up until a few hundred 

nanoseconds, when a small red-shift is observed for 3- and (most clear for) 4-TPA-DBPzCN. This shift is often attributed 

to the slower emission decay from shifted excited singlet states with slightly different molecular geometries, typically as a 

result of a changing dihedral angle between the donor and acceptor unit.70, 71 At 80 K, this shift can be more pronounced 

due to the (limited) rotational freedom of the phenyl moieties of the TPA donor unit. For 1-TPA-DBPzCN, a rather unusual 

blue-shift appears to be observed at room temperature. However, investigation of the time-resolved emission spectra 

reveals the presence of a weak, second emission band which starts to dominate after the decay of the main prompt 

emission. Possibly linked to some rare molecular conformation of 1-TPA-DBPzCN, this band might only become visible 

due to the low PLQY of the material’s primary emission channel.

In the micro- to milliseconds regime, delayed emission is observed at the same wavelength as the prompt emission for 2-
, 3-, and 4-TPA-DBPzCN. This emission likely originates from the same singlet state (i.e. S1), suggesting TADF. Isomers 

2- and especially 4-TPA-DBPzCN show relatively strong delayed fluorescence which persists for the entire time window 

of the measurement, while the delayed emission of 3-TPA-DBPzCN dips below the detection limit of the instrument for 

most of the early microseconds regime. Meanwhile, 1-TPA-DBPzCN shows only delayed fluorescence intensity 

comparable with the baseline of the instrument, again likely resulting from the extremely poor PLQY of this particular 

material. 

At 80 K, the delayed emission of 2-, 3-, and 4-TPA-DBPzCN partially or completely disappears in the microseconds 

timeframe, as the triplet upconversion mechanism becomes thermally less accessible. Instead, a (small) red-shifted 

emission can be seen for 2- and 3-TPA-DBPzCN at a later timescale which represents the phosphorescence. Contrarily, 

a small blue-shift is observed at a later timescale for 4-TPA-DBPzCN, likely due to the LE nature of the T1 state (as 

predicted by TDDFT). This is experimentally confirmed by the phosphorescence spectrum at 80 K, which shows some 

vibronic fine structure (Figure S13). Since residual delayed fluorescence and phosphorescence are visible at roughly the 

same wavelength as the prompt fluorescence in the contour plot of 4-TPA-DBPzCN at 80 K, a minimal ΔEST is expected. 

This gap can be experimentally determined by subtracting the onset of the steady-state fluorescence spectrum at room 

temperature and the 80-millisecond delay-time phosphorescence spectrum at 80 K (Figure S13 and Table 2). The smaller 

gap between the fluorescence and phosphorescence correlates with the increased intensity of the microsecond delayed 

fluorescence in the contour plots of 2-, 3- and 4-TPA-DBPzCN in zeonex film at room temperature. As such, this supports 

our previous hypothesis of TADF being the proposed triplet upconversion mechanism.
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Meanwhile, 2-, 3- and 4-TPA-DBPzCN show rather comparable contour plot profiles in both CBP and DPEPO (Figure 
S11 and S12). Here, the CT emission band is rather poorly defined due to the limited luminescence intensity which drops 

below the noise baseline of the instrument at longer emission lifetimes. Unfortunately, the contour plots of 1-TPA-DBPzCN 

in particular become quite unusable for characterising the CT emission bands in both CBP and DPEPO, as the high energy 

bands become more dominant.

Further comparison between the delayed emission properties can be made by plotting the total emission decay curves of 

the four isomers in zeonex. Figure 7 shows the decrease of the total photon-count over time. The first descending curve 

represents the prompt fluorescence decay, whereas the second part shows the delayed fluorescence decay as a result of 

(delayed) triplet to singlet upconversion. The prompt fluorescence decay appears largely similar for all isomers, while the 

strongest and most rapid delayed emission component is observed for 4-TPA-DBPzCN. The relative contribution of the 

delayed emission to the total photon-count remains largely consistent between 2-, 3-, and 4-TPA-DBPzCN in CBP and 

DPEPO (Figure S15). However, the overall slope decreases when moving from zeonex to CBP and DPEPO films as a 

result of the larger polarizability and structural rigidity of the hosts.66 For 1-TPA-DBPzCN, only the prompt fluorescence 

decay could be plotted. This emission quickly disappears in zeonex and DPEPO, while a longer prompt emission is 

observed in CBP film. 
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Figure 7: Total emission decay (calculated via the integrated area under the emission curve) for 1-TPA-DBPzCN (green), 2-TPA-DBPzCN (blue), 
3-TPA-DBPzCN (red), and 4-TPA-DBPzCN (black) at room temperature (open circles) and 80 K (closed circles). Data points with signal below the 
noise baseline have been omitted from the figure.

Applying a kinetic fitting model to the double decay curve allows for the determination of important kinetic properties such 

as the fluorescence rate contant (kF) and both the standard and reversed intersystem crossing rate constants (kISC and 

krISC, respectively).72 The fitted values for these parameters are given in Table 2 (and Table S7 for CBP and DPEPO). 

Highest values for kF are observed for 3-TPA-DBPzCN and correspond to faster prompt fluorescence. Meanwhile, the kISC 

of 3-TPA-DBPzCN appears to be smaller than those of 2- and 4-TPA-DBPzCN, indicating slower and less overall 

formation of populated triplet states following photo-excitation. This is particularly the case in zeonex films, where the 

largest differences between 3-TPA-DBPzCN and the other isomers are apparent. Its derived higher kF and lower kISC can 

be further corroborated by its high PLQY in film, which remains the same in both ambient air and inert atmosphere.
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Table 2. Experimental singlet-triplet gaps and derived kinetic properties of the four emitters in zeonex.

[a] Determined by taking the difference of the onset of the steady-state fluorescence band at room temperature and the 80-milliseconds delay-time 

phosphorescence band at 80 K. [b] Derived by applying a kinetic fitting model to the total emission decay curves.72 [c] Could not be determined due 

to absence of measurable phosphorescence. [d] Could not be determined due to the absence of measurable delayed fluorescence.

The most important difference in the kinetic properties of the isomer series can be found in the krISC values. krISC improves 

significantly going from 3-TPA-DBPzCN (~1×104 s-1) to 2-TPA-DBPzCN (~2×104 s-1) and finally to 4-TPA-DBPzCN 
(~16×104 s-1) in zeonex. Since the rate (and efficiency) of the rISC process are intrinsically linked to the size of the singlet-

triplet energy gap (in addition to the nature of the relevant states), a relative increase in krISC should be expected when the 

ΔEST is minimized further. This trend is clearly illustrated in Table 2, where the minimal ΔEST of 4-TPA-DBPzCN results in 

it possessing the best triplet upconversion in comparison to the larger ΔEST of 3-TPA-DBPzCN. The substantially higher 

k(r)ISC values of 4-TPA-DBPzCN in zeonex can be explained by the presence of its unique T1 (LE) state. The LE nature of 

its triplet state enables faster (r)ISC through more efficient SOC with the CT S1 state, in accordance to the El Sayed rule.58 

Interestingly, 2-TPA-DBPzCN seems to express better TADF than 3-TPA-DBPzCN, despite their seemingly identical 

molecular conformations, with the 3-TPA-DBPzCN exhibiting a faster PF and an oxygen invariant film PLQY more 

reminiscent of purely fluorescent chromophores. Since 4-TPA-DBPzCN also shows the largest increase in PLQY from air 

to inert atmosphere in zeonex, it clearly stands out as the best TADF emitter among the investigated regio-isomer series. 

Considering the rare utilisation of this substitution position in existing reports of TADF materials using this and similar 

acceptors, we envisage that the discovery of superior TADF in 4-TPA-DBPzCN compared to its regio-isomers will stimulate 

further investigation of similarly substituted materials in future. A final comparison of the main emission characteristics for 

the four isomer materials in zeonex can be found in Figure 8.

Figure 8: Schematic overview of the main emission characteristics of 1-TPA-DBPzCN (green), 2-TPA-DBPzCN (blue), 3-TPA-DBPzCN (red), and 
4-TPA-DBPzCN (black) in 0.1 w/w% zeonex films. The relative positions of the first excited singlet and triplet states are shown according to their 
experimentally determined energies (in eV), with the exception of the triplet state of 1-TPA-DBPzCN. The corresponding CT (black) or LE (white) 
character of the excited state is also indicated. The photoluminescence quantum yields are expressed in percentages.

Compound ΔEST (eV)[a] kF (107 s-1)[b] kISC (106 s-1)[b] krISC (105 s-1)[b]

1-TPA-DBPzCN /[c] 2.46 /[d] /[d]

2-TPA-DBPzCN 0.027 0.91 9.33 0.19
3-TPA-DBPzCN 0.124 3.23 3.69 0.12
4-TPA-DBPzCN ~0 1.35 18.3 1.59 
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3 Conclusions

In this work, the influence of the regio-isomeric position of a triphenylamine donor on the standard and delayed emission 

properties of TPA-DBPzCN was investigated. Changes in relative orientation between the donor and acceptor subunits 

have a profound effect on the emission wavelength, photoluminescence quantum yield, and delayed fluorescence rate 

and efficiency. The twisted conformation and larger dihedral angles in 1-TPA-DBPzCN and 4-TPA-DBPzCN play an 

important role in changing their emission characteristics. Notwithstanding, different behaviour is even observed between 

2-TPA-DBPzCN and 3-TPA-DBPzCN, which exhibit the same dihedral angle according to the TDDFT calculations. While 

1-TPA-DBPzCN shows the desired strongly red-shifted emission in different host materials, its emission is largely 

quenched. This is mainly attributed to the unfavourable molecular “cis” conformation and extreme twisting of the donor 

unit. Additionally, this conformation seems to give rise to a low-energy triplet trap state with large spin-orbit coupling to the 

ground state. 2-TPA-DBPzCN shows surprisingly decent TADF characteristics despite its limited dihedral angle, possibly 

explained by a suitable alignment of both theoretical and experimental triplet and singlet energy states. Meanwhile, 3-
TPA-DBPzCN shows noticeably different emission behaviour. A relatively high fluorescence quantum yield is attributed to 

the favorable molecular “trans” conformation and larger oscillator strength. Unfortunately, the emission red-shift and TADF 

characteristics are rather poor in zeonex film, in which it acts more similarly to typical fluorescent dyes. Finally, 4-TPA-
DBPzCN is revealed as the overall best TADF emitter in this regio-isomer series. In zeonex, it exhibits the fastest (r)ISC 

rates and highest (increase in) quantum yield through improved S1-T1 spin-orbit coupling as a result of its near-zero ΔEST 

and unique 3LE first excited triplet state. This series therefore showcases the importance of investigating underexplored 

structural motifs and substitution positions in progressing the design and properties of TADF emitters. 
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