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Abstract 

We introduce a simple quantum-mechanical model for thermally activated delayed fluorescence (TADF). 

The Hamiltonian is represented in the basis of four spin-mixed diabatic states representing pure charge 

transfer (CT) and local excitations (LE). The model predicts that it is possible to realize lowest-lying 

adiabatic singlet (S1) and triplet (T1) states with a small singlet-triplet gap, differing CT/LE contributions, 

and appreciable LE component in the S1 state. These characteristics can explain the coexistence of fast 

T1→S1 reverse intersystem crossing and S1→S0 radiative decay in some chromophores. Through the 

sampling of the parameter space and statistical analysis of the data, we show which parameter 

combinations contribute the most to the TADF efficiency. We also show that conformational fluctuations 

of a single model donor-acceptor system sample a significant region of the parameter space and can 

enhance the TADF rate by almost three orders of magnitude. This study provides new guidelines for 

optimization of TADF emitters by means of electronic structure and conformation engineering.  

  



 

 

Introduction 

Thermally activated delayed fluorescence (TADF)1,2 is believed to be one of the most promising routes to 

increase the efficiency of organic light-emitting diode (OLED) devices.3–8 Harvesting of normally non-

emissive triplet excitons is achieved through design of molecular emitters that can undergo an efficient 

thermally activated intersystem crossing to a singlet manifold, followed by a radiative relaxation to the 

ground state. To date, this idea has enabled a large number of metal-free organic emitter9–19 and the 

technology is becoming competitive with already commercially deployed phosphorescent OLEDs.11,16,18–21 

In an OLED device, 25% of generated excitons end up in the first excited singlet state S1 and 75% in the 

first excited triplet state T1. Due to electron exchange interactions, the dark T1 state has lower energy than 

the bright S1 state (Figure 1a). In the canonical model of TADF, the triplet exciton needs to be thermally 

activated to become isoenergetic with the S1 state. Subsequently, spin-orbit (SO) coupling can convert it 

into a singlet state, from which photon emission is a spin-allowed process. This reverse intersystem 

crossing (RISC) mechanism is a thermally activated process, so its efficiency critically depends on the 

energy barrier, i.e. the singlet-triplet gap Δ𝐸𝐸𝑆𝑆𝑆𝑆. Additionally, the rate of transition depends on the spin-

orbit coupling ⟨𝑆𝑆1�𝐻𝐻�𝑆𝑆𝑆𝑆�𝑇𝑇1⟩ between the relevant states. This highlights that efficient RISC can proceed, 

assuming small but non-vanishing spin-orbit coupling, only if S1 and T1 are energetically close. 

The first successful purely organic TADF emitters were based on the design principle aiming at 

minimization of the singlet-triplet gap5–7. This was achieved by linking electron donor and acceptor units 

in such a way that the dihedral angle was close to orthogonality. As a result, the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were localized on the donor 

and acceptor, respectively. The minimization of the HOMO-LUMO spatial overlap led to small exchange 

splitting, and consequently small Δ𝐸𝐸𝑆𝑆𝑆𝑆. Employing this donor-acceptor (D-A) architecture resulted in a 



 

 

strong charge transfer (CT) character of the lowest excited singlet and triplet states, best described by a 

one-electron HOMO to LUMO excitation. 

To date, there have been many ab initio studies of TADF emitters, initially  focusing on calculations of the 

singlet-triplet gaps22–28. High-throughput screening approaches have been proposed29–31 to find new 

emitters with an effective tradeoff between small Δ𝐸𝐸𝑆𝑆𝑆𝑆  and fast radiative decay. Further 

experimental15,32–34 studies have shown that for many TADF molecules the lowest triplet state is in fact a 

local excitation (LE), which indicated that the understanding of the TADF mechanism is incomplete and 

known design strategies are not optimal. Since then, a number of theoretical works have analyzed the 

mixed CT/LE nature of the excited states35–40, importance of vibronic effects41–45, and influence of the 

interactions with the environment46–49, including the importance of static and dynamic disorder50,51. 

Several recent review articles summarize the computational and theoretical developments in the field52–

55. 

In this paper, we propose a new four-state model for TADF that generalizes the canonical model by 

including both the CT and LE states. We examine the behavior of this model as a function of its microscopic 

parameters, i.e. the energy gap and electronic couplings between the states.  In the Theory section, we 

begin by summarizing the canonical two-state model and then introduce the four-state generalization. 

Next, in the Results section, we perform a Monte Carlo sampling of the parameter space to unravel which 

parameters are decisive for TADF efficiency. This is followed by an ab initio exploration of the 

conformation space of a model donor-acceptor system. The study allows us to formulate new guidelines 

for the design of efficient TADF materials. 

Theory 

Two-state model of TADF 



 

 

The standard two-state model for TADF7 can be described as an electron transfer from the HOMO orbital 

localized on the donor (D) moiety to the LUMO orbital on the acceptor (A). This picture gives rise to two 

isoenergetic spin-mixed charge-transfer states CT1 and CT2 

|𝐶𝐶𝑇𝑇1⟩  =
1
√2

|𝜙𝜙𝐻𝐻(1)𝛼𝛼(1)𝜙𝜙𝐿𝐿(2)𝛽𝛽(2)| (1)

|𝐶𝐶𝑇𝑇2⟩ = −
1
√2

|𝜙𝜙𝐻𝐻(1)𝛽𝛽(1)𝜙𝜙𝐿𝐿(2)𝛼𝛼(2)| (2)
 

The electronic coupling between these two states is known as the exchange integral  

�𝐶𝐶𝑇𝑇1�𝐻𝐻��𝐶𝐶𝑇𝑇2� = (𝜙𝜙𝐻𝐻(𝐷𝐷)𝜙𝜙𝐿𝐿(𝐴𝐴)|𝜙𝜙𝐿𝐿(𝐷𝐷)𝜙𝜙𝐻𝐻(𝐴𝐴)) = 𝐾𝐾𝐻𝐻𝐿𝐿 (3) 

and the corresponding eigenfunctions of the Hamiltonian are spin-pure states | 𝐶𝐶1 𝑇𝑇⟩  = 1
√2

(|𝐶𝐶𝑇𝑇1⟩+

|𝐶𝐶𝑇𝑇2⟩) and | 𝐶𝐶3 𝑇𝑇⟩  = 1
√2

(|𝐶𝐶𝑇𝑇1⟩ − |𝐶𝐶𝑇𝑇2⟩). The energies of these states can be written as 

𝐸𝐸𝑆𝑆1 = ℎ𝐻𝐻 + ℎ𝐿𝐿 + 𝐽𝐽𝐻𝐻𝐿𝐿 + 𝐾𝐾𝐻𝐻𝐿𝐿 (4)
𝐸𝐸𝑆𝑆1 = ℎ𝐻𝐻 + ℎ𝐿𝐿 + 𝐽𝐽𝐻𝐻𝐿𝐿 − 𝐾𝐾𝐻𝐻𝐿𝐿 (5) 

where ℎ𝐻𝐻/ℎ𝐿𝐿 is the one-electron HOMO/LUMO integrals and  𝐽𝐽𝐻𝐻𝐿𝐿 is the Coulomb two-electron integral 

(𝜙𝜙𝐻𝐻(𝐷𝐷)𝜙𝜙𝐻𝐻(𝐷𝐷)|𝜙𝜙𝐿𝐿(𝐴𝐴)𝜙𝜙𝐿𝐿(𝐴𝐴)). From Eqs. 4 and 5 results that the singlet-triplet gap is simply twice the 

exchange integral 

Δ𝐸𝐸𝑆𝑆𝑆𝑆 = 2𝐾𝐾𝐻𝐻𝐿𝐿 (6) 

which immediately suggest that minimizing the exchange integral by spatial separation of HOMO and 

LUMO is a reasonable design strategy for TADF emitters.  

This design principle has been realized in many TADF emitters which are based on the donor-acceptor (D-

A) architecture11,18. The large dihedral angle between D and A units causes spatial localization of HOMO 

and LUMO and consequently small exchange integral 𝐾𝐾𝐻𝐻𝐿𝐿 . Despite these early successes, it has been 

realized that the two-state model has several deficiencies. First, a pure 𝐶𝐶1 𝑇𝑇 state would have a very small 



 

 

oscillator strength, so efficient luminescence following efficient RISC would not be possible. This is 

because there is a single variable (HOMO-LUMO overlap) that governs both the oscillator strength and 

singlet-triplet gap. Efficient TADF requires both large oscillator strength (large HOMO-LUMO overlap) and 

a small singlet triplet gap (small HOMO-LUMO overlap). There is thus an inescapable tradeoff - one cannot 

have high oscillator strength and small gaps at the same time - and so TADF rates are fundamentally 

limited to a theoretical maximum of ~1 µs-1. The second deficiency of the two-state model is that ISC 

between two states of the same electronic character is very inefficient as the spin flip needs to be offset 

by a change of the orbital angular momentum so that the total angular momentum is conserved56,57. This 

means that the spin-orbit coupling between two pure CT states vanishes ⟨ 𝐶𝐶1 𝑇𝑇|𝐻𝐻𝑆𝑆𝑆𝑆| 𝐶𝐶3 𝑇𝑇⟩ = 0 and the 

intersystem crossing is impossible irrespective of how small the energy gap is. Finally, it has been noticed 

that TADF efficiency does not always correlate with the small singlet-triplet gap10. Relatively high 

efficiencies have been observed for emitters with large apparent gaps. Also, donor-acceptor-donor (D-A-

D) architectures have been shown to be more efficient compared to D-A systems despite having similar 

singlet-triplet gaps8,9,58. Recently, several new approaches to the design of TADF emitters16,59,60 and 

increasing the efficiency of the devices20,61,62 have been proposed. 

Four-state model of TADF 

In the two-state model, efficient TADF is limited because of the tradeoff between small singlet-triplet gaps 

and large oscillator strengths due to the CT character of the states involved. On the other hand, there is 

experimental evidence that a local triplet (3LE) state that is energetically close to both CT states plays a 

role in RISC15,32–34. In particular, it has been suggested that vibronic non-adiabatic effects are responsible 

for the interaction between CT and LE states and efficient RISC41–44,57,63–65. Here we propose a model that 

generalizes the two-state model to include also LE states. This model bypasses the need for non-adiabatic 



 

 

effects to explain efficient TADF; however, it does not preclude this mechanism to be operational in some 

cases. 

As the starting point, we assume that the active space is composed of three orbitals. To focus the 

discussion, we assume that HOMO and LUMO+1 are localized on the donor, and LUMO is localized on the 

acceptor (2 electrons in 3 orbitals); however, the model works for any three orbitals that can describe 

one-electron charge-transfer and local excitations (e.g. HOMO on donor and HOMO-1, LUMO on acceptor 

– 4 electrons in 3 orbitals). Consideration of all possible single excitations within the active space gives 

four electron configurations illustrated in the top panel of Figure 1b. These configurations correspond to 

the conceptual picture of excitations as the electron transfer between spatially localized molecular 

orbitals. 

 

Figure 1 Comparison of electronic configurations and resulting energy diagrams in a two-state (a) and 

four-state (b) model. 



 

 

Note that these states are diabatic states with a well-defined electronic character, so they can be classified 

as charge-transfer (CT1 and CT2) or local (LE1 and LE2) excitations, and that they are not eigenfunctions 

of the spin operator. For these reasons, the Hamiltonian in the (|𝐶𝐶𝑇𝑇1⟩, |𝐶𝐶𝑇𝑇2⟩, |𝐿𝐿𝐸𝐸1⟩, |𝐿𝐿𝐸𝐸2⟩) basis is 

not diagonal and, to a good approximation (discussed in the SI), takes the following form 

𝐻𝐻� = �

0 𝐾𝐾𝐶𝐶𝑆𝑆 𝑡𝑡 𝐾𝐾𝑋𝑋
𝐾𝐾𝐶𝐶𝑆𝑆 0 𝐾𝐾𝑋𝑋 𝑡𝑡
𝑡𝑡 𝐾𝐾𝑋𝑋 Δ𝐸𝐸 𝐾𝐾𝐿𝐿𝐿𝐿
𝐾𝐾𝑋𝑋 𝑡𝑡 𝐾𝐾𝐿𝐿𝐿𝐿 Δ𝐸𝐸

� (7) 

The parameters of the Hamiltonian are Δ𝐸𝐸 - the energy gap between CT and LE states, where the energy 

of the CT states is arbitrarily set to 0; the exchange integrals 

𝐾𝐾𝐶𝐶𝑆𝑆 = �𝐶𝐶𝑇𝑇1�𝐻𝐻��𝐶𝐶𝑇𝑇2⟩ = (𝜙𝜙𝐻𝐻(𝐷𝐷)𝜙𝜙𝐿𝐿(𝐴𝐴)|𝜙𝜙𝐿𝐿(𝐴𝐴)𝜙𝜙𝐻𝐻(𝐷𝐷)) (8)
𝐾𝐾𝐿𝐿𝐿𝐿 = �𝐿𝐿𝐸𝐸1�𝐻𝐻��𝐿𝐿𝐸𝐸2⟩ = (𝜙𝜙𝐻𝐻(𝐷𝐷)𝜙𝜙𝐿𝐿+1(𝐷𝐷)|𝜙𝜙𝐿𝐿+1(𝐷𝐷)𝜙𝜙𝐻𝐻(𝐷𝐷)) (9)

 

a sum of a one-electron hopping integral and a two-electron integral  

𝑡𝑡 = �𝐶𝐶𝑇𝑇1�𝐻𝐻��𝐿𝐿𝐸𝐸1⟩ = 𝑡𝑡′ + 𝐾𝐾𝑋𝑋′ = 〈𝜙𝜙𝐿𝐿(𝐴𝐴)�ℎ��𝜙𝜙𝐿𝐿+1(𝐷𝐷)〉 + (𝜙𝜙𝐻𝐻(𝐷𝐷)𝜙𝜙𝐻𝐻(𝐷𝐷)|𝜙𝜙𝐿𝐿(𝐴𝐴)𝜙𝜙𝐿𝐿+1(𝐷𝐷)) (10) 

where ℎ� is the one-electron part of the Hamiltonian; and a two-electron integral 

𝐾𝐾𝑋𝑋 = �𝐶𝐶𝑇𝑇1�𝐻𝐻��𝐿𝐿𝐸𝐸2⟩ = (𝜙𝜙𝐻𝐻(𝐷𝐷)𝜙𝜙𝐿𝐿+1(𝐷𝐷)|𝜙𝜙𝐿𝐿(𝐴𝐴)𝜙𝜙𝐻𝐻(𝐷𝐷)) (11) 

The Hamiltonian in Eq. 7 can be block-diagonalized in the basis of diabatic spin-pure states 

| 𝐶𝐶𝑇𝑇1 ⟩ =
1
√2

(|𝐶𝐶𝑇𝑇1⟩+ |𝐶𝐶𝑇𝑇2⟩) (12)

| 𝐶𝐶𝑇𝑇3 ⟩ =
1
√2

(|𝐶𝐶𝑇𝑇1⟩ − |𝐶𝐶𝑇𝑇2⟩) (13)

| 𝐿𝐿𝐸𝐸1 ⟩ =
1
√2

(|𝐿𝐿𝐸𝐸1⟩ + |𝐿𝐿𝐸𝐸2⟩) (14)

| 𝐿𝐿𝐸𝐸3 ⟩ =
1
√2

(|𝐿𝐿𝐸𝐸1⟩ − |𝐿𝐿𝐸𝐸2⟩) (15)

 

which leads to two 2x2 Hamiltonians operating in the singlet and triplet subspaces 



 

 

𝐻𝐻�𝑆𝑆 = � 𝐾𝐾𝐶𝐶𝑆𝑆 𝑡𝑡 + 𝐾𝐾𝑋𝑋
𝑡𝑡 + 𝐾𝐾𝑋𝑋 Δ𝐸𝐸 + 𝐾𝐾𝐿𝐿𝐿𝐿

� (16) 

𝐻𝐻�𝑆𝑆 = � −𝐾𝐾𝐶𝐶𝑆𝑆 𝑡𝑡 − 𝐾𝐾𝑋𝑋
𝑡𝑡 − 𝐾𝐾𝑋𝑋 Δ𝐸𝐸 − 𝐾𝐾𝐿𝐿𝐿𝐿

� (17) 

Diagonalizing these Hamiltonians gives closed form expressions for the energies of the adiabatic states 

𝐸𝐸𝑆𝑆1, 𝐸𝐸𝑆𝑆2, 𝐸𝐸𝑆𝑆1, 𝐸𝐸𝑆𝑆2, as well as for the coefficients of the eigenvectors in the basis of spin-pure diabatic 

states (see SI). In particular, the expression for the singlet-triplet energy gap Δ𝐸𝐸𝑆𝑆𝑆𝑆 is the following 

Δ𝐸𝐸𝑆𝑆𝑆𝑆 = 𝐾𝐾𝐿𝐿𝐿𝐿 + 𝐾𝐾𝐶𝐶𝑆𝑆 − �1
4

(Δ𝐸𝐸 + 𝐾𝐾𝐿𝐿𝐿𝐿 + 𝐾𝐾𝐶𝐶𝑆𝑆)2 − (Δ𝐸𝐸 + 𝐾𝐾𝐿𝐿𝐿𝐿)𝐾𝐾𝐶𝐶𝑆𝑆 + (𝑡𝑡 + 𝐾𝐾𝑋𝑋)2

+�
1
4

(Δ𝐸𝐸 − 𝐾𝐾𝐿𝐿𝐿𝐿 − 𝐾𝐾𝐶𝐶𝑆𝑆)2 + (Δ𝐸𝐸 − 𝐾𝐾𝐿𝐿𝐿𝐿)𝐾𝐾𝐶𝐶𝑆𝑆 + (𝑡𝑡 − 𝐾𝐾𝑋𝑋)2 (18)

 

which is significantly more complicated than simply twice the exchange integral within the two-state 

model. The gap Δ𝐸𝐸𝑆𝑆𝑆𝑆 depends on all the parameters of the model and it is clear that the design principle 

based on the minimization of HOMO-LUMO spatial overlap is not the only way to obtain a small singlet-

triplet gap. The first square root in Eq. 18 reduces the gap, while the second acts in the opposite direction, 

so the final outcome depends on the interplay between Δ𝐸𝐸  and different coupling elements. While the 

exchange couplings and Δ𝐸𝐸 affect the energy separation between CT and LE diabatic states, the mixing of 

these diabats is determined by |𝑡𝑡 + 𝐾𝐾𝑋𝑋| and |𝑡𝑡 − 𝐾𝐾𝑋𝑋| for singlet and triplet manifolds, respectively. This 

means that CT and LE states of different multiplicity have different mixing strengths, which will result 

in a different electronic character of the respective energy states. Due to the different contribution of 

CT and LE states, the spin-orbit coupling between S1 and T1 states could be appreciable without the 

mediation of the T2 state via non-adiabatic coupling. The efficiency of this direct pathway will depend on 

the relative signs and values of 𝑡𝑡 and 𝐾𝐾𝑋𝑋, as well as values of Δ𝐸𝐸 and exchange integrals. Coupling of 𝐶𝐶𝑇𝑇1  

and 𝐿𝐿𝐸𝐸1  through the  (𝑡𝑡 + 𝐾𝐾𝑋𝑋) element also means that the S1 state is a mixture of the CT and LE diabats 



 

 

rather than a pure CT state, which explains how TADF molecules can have an appreciable dipole coupling 

to the ground state and be efficient light emitters (see Figure 1b). 

At this point, the four-state model explains why efficient TADF is possible in organic molecules: In principle, 

the right electronic Hamiltonian can simultaneously yield a small singlet-triplet gap Δ𝐸𝐸𝑆𝑆𝑆𝑆 together with 

qualitatively different contributions of LE and CT states in the S1 and T1 adiabats, which enable efficient 

inter-system crossing, as well as a significant contribution of the local excitation in the S1 state, which 

enables high quantum yields. This clearly demonstrates that the tradeoff between minimizing the HOMO-

LUMO overlap for small singlet-triplet gaps and maximizing it for efficient fluorescence is not a physical 

limitation, but merely an artifact of the oversimplified two-state model. Our result also highlights the role 

of both CT and LE diabatic states and demonstrates that consideration of the lowest adiabatic states of 

each spin multiplicity can be sufficient for efficient RISC.  

While the model suggests that non-adiabatic coupling is not necessary for efficient RISC, it does not 

preclude its relevance. It is plausible that coherent mixing of T1 and T2 states enhances the RISC rate in 

the vicinity of conical intersections or avoided crossings, where the T1-T2 gap is very small. Another 

possibility for importance of molecular vibrations is their contribution through non-Condon effects. 

Within the Condon approximation all the matrix elements in Eq. 7 are constant and independent of the 

molecular geometry. However, molecular vibrations can lead to large variations in instantaneous 

couplings, effectively modulating both RISC and fluorescence. In this case, the rates depend only on 

nuclear positions, but not momenta, which is also consistent with the proposed conformational 

dependence13 of TADF efficiency. Nevertheless, it is important to stress that neither non-adiabatic nor 

non-Condon effects are necessary for efficient TADF from the perspective of the four-state model.  

Results 



 

 

Parameter space exploration 

The four-state model depends on five parameters which determine the relative energetics and character 

of the first two excited states within singlet and triplet manifolds. We will focus on three quantities 

predicted by the model, which can be optimized to boost the overall TADF efficiency. First, the singlet-

triplet gap Δ𝐸𝐸𝑆𝑆𝑆𝑆  (Eq. 18) needs to be minimized to assure significant thermally-induced population of 

vibrational states of the T1 electronic state, which are isoenergetic with the S1 state. Second, in order to 

maximize the fluorescence rate, the transition dipole moment between S1 and S0 states needs to be as 

large as possible. While this quantity cannot be calculated within the four-state model without introducing 

the one-electron basis explicitly, we note that quantum yield correlates with the LE character of the S1 

state, which is assumed to be bright. Therefore, we consider the quantity 𝑆𝑆1𝐿𝐿𝐿𝐿 = |⟨ 𝐿𝐿𝐸𝐸1 |𝑆𝑆1⟩|2 as a proxy 

for fluorescence efficiency. Finally, appreciable spin-orbit coupling is a prerequisite for fast RISC even in 

the small Δ𝐸𝐸𝑆𝑆𝑆𝑆 limit. The SO coupling cannot be directly calculated from the model; however, according 

to El-Sayed’s rule it is only non-vanishing between states with substantially different electronic character. 

Therefore, as the proxy for efficient SO we use the unsigned difference between CT contributions in the 

S1 and T1 states: Δ𝐶𝐶𝑇𝑇 = ||⟨ 𝐶𝐶𝑇𝑇1 |𝑆𝑆1⟩|2 − |⟨ 𝐶𝐶𝑇𝑇3 |𝑇𝑇1⟩|2|. 

The analytical expressions for Δ𝐸𝐸𝑆𝑆𝑆𝑆, 𝑆𝑆1𝐿𝐿𝐿𝐿, and Δ𝐶𝐶𝑇𝑇 can be obtained directly by diagonalizing the model 

Hamiltonians in Eqs. 16 and 17; however, their dependence on the parameters is rather complicated 

(compare with states’ coefficients in the SI). To better understand how manipulating different parameters 

can lead to changes in the TADF efficiency we performed a Monte Carlo sampling of the parameter space. 

To this end, we made some a priori assumptions about the relevant ranges of values (see SI). We sampled 

random 106 points from the parameter space and calculated the corresponding  Δ𝐸𝐸𝑆𝑆𝑆𝑆 , 𝑆𝑆1𝐿𝐿𝐿𝐿 , and Δ𝐶𝐶𝑇𝑇 

values. Histograms of these quantities are presented in Figure 2. 



 

 

 

Figure 2 Distributions of Δ𝐸𝐸𝑆𝑆𝑆𝑆 , 𝑆𝑆1𝐿𝐿𝐿𝐿 , and Δ𝐶𝐶𝑇𝑇  calculated for parameters obtained from a random 

sampling of the parameter space. 

The distribution of singlet-triplet gaps (Figure 2a) resembles a bell-shaped curve, which reflects the 

complex dependence on several uniformly distributed parameters (see Eq. 18). The average of Δ𝐸𝐸𝑆𝑆𝑆𝑆 is 

1.25 eV and the standard deviation is 1.10 eV. This is in stark difference with the two-state model for 

which Δ𝐸𝐸𝑆𝑆𝑆𝑆 = 2𝐾𝐾𝐶𝐶𝑆𝑆. An interesting feature of the distribution is that there is a significant number of 

points with Δ𝐸𝐸𝑆𝑆𝑆𝑆 < 0. This appears as perhaps an unphysical result, because negative singlet-triplet gaps 

are normally not observed in practice. However, based on constrained DFT calculations, Difley et al. have 

found exciplex systems that exhibit negative gaps66, which was explained by the kinetic exchange effect 

which stabilizes singlet states. Recently Olivier et al.51 also reported negative Δ𝐸𝐸𝑆𝑆𝑆𝑆 resulting from stronger 

stabilization of the singlet state by the polarizable environment. Neither of these mechanisms is 

operational in our four-state model, which could mean that we are sampling the regions of the parameter 

space which are unphysical or exceedingly difficult to realize in real molecules. Nevertheless, this is not a 

problem of the model itself and general conclusion can still be drawn from these results. In particular, it 

is clear that relatively many combinations of parameters can lead to small singlet-triplet gaps, which is 

beneficial for fast RISC in TADF molecules. 

The distribution of 𝑆𝑆1𝐿𝐿𝐿𝐿 (Figure 2b) shows that the first singlet excited state is usually dominated by the CT 

character (𝑆𝑆1𝐿𝐿𝐿𝐿 < 0.5). This is the case for 75% of the sampled parameter vectors and corresponds well 



 

 

with the experimental observations about TADF emitters. Nevertheless, the figure shows also that there 

are many parameter combinations which yield a significant component of the LE state in S1, which should 

lead to appreciable fluorescence efficiency. Figure 2c illustrates how likely it is to find parameters that 

lead to S1 and T1 states that differ in their electronic character. The maximum of the distribution is at 0.4, 

and more often than not these two states are appreciably different. This is again in line with many reports 

on TADF emitters, where the lowest triplet state is found to have a substantial LE component. This in turn 

opens up a possibility for significant spin-orbit coupling, which would be otherwise prevented by El-

Sayed’s rule. 

To gain more insight into which parameters control TADF efficiency, we filtered the data and retained only 

17706 out 106 solutions satisfying the criteria Δ𝐸𝐸𝑆𝑆𝑆𝑆 < 0.1 𝑒𝑒𝑒𝑒, 𝑆𝑆1𝐿𝐿𝐿𝐿 > 0.25, and Δ𝐶𝐶𝑇𝑇 > 0.4, which are 

likely to represent efficient TADF emitters (see SI for details). This filtering naturally selects parameter 

values that are beneficial for TADF and rejects parameter values that are harmful. The resulting 

distributions of parameters are shown in Figure 3. Figure 3a suggest that small energy offset between CT 

and LE states is beneficial for TADF; however, the distribution is rather broad with a standard deviation of 

approximately 0.5 eV and either energetic ordering of states is possible. There is some preference for 

smaller values of 𝐾𝐾𝐶𝐶𝑆𝑆 (Figure 3b), but many solutions can be found even with relatively large CT exchange 

integrals. The distribution of LE exchange integrals (Figure 3c) is also broad, with the mean 1 eV and 

standard deviation 0.4 eV. Figure 3d and Figure 3e show that both 𝑡𝑡 and 𝐾𝐾𝑋𝑋 have to be non-vanishing. In 

particular, the larger 𝐾𝐾𝑋𝑋 the more likely is that solutions represent efficient TADF and the distribution of 

hopping integrals 𝑡𝑡 has maximum at ±1 eV. While all the parameters were uncorrelated in the original set, 

filtering is expected to introduce some correlations, and revealing them should provide guidelines for 

parameter combinations that yield efficient TADF activity. First, we note that while the signs of 𝑡𝑡 and 𝐾𝐾𝑋𝑋 

were random and uncorrelated in the original set, now all these parameters are of the same sign; 



 

 

therefore, this condition appears as a prerequisite for efficient TADF. Note that flipping the phase of either 

𝜙𝜙𝐿𝐿 or 𝜙𝜙𝐿𝐿+1 orbital will change the sign of both parameters, so only non-trivial changes in the orbital shape 

can influence the relative sign. Based on the above observations, the most critical design parameters for 

fast TADF are the magnitude and relative sign of t and KX. The fact that two heretofore unrecognized 

parameters are more important than 𝐾𝐾𝐶𝐶𝑆𝑆 – which had been previously thought to dominate TADF rates – 

suggests that some previous design efforts may have succeeded partly by serendipity. For example, 

rotation of a dihedral angle will typically change 𝐾𝐾𝐶𝐶𝑆𝑆 (which was thought to be most important) and also 

the magnitude and sign of 𝑡𝑡 and 𝐾𝐾𝑋𝑋 (which are typically even more important). 

 

Figure 3 Histograms of parameters of the model Hamiltonian after filtering of the data. 

To extract more nuanced correlations, we performed a principal component analysis (PCA) of the 

covariance matrix. The detailed analysis is deferred to the SI, but the main conclusion is that small values 

of 𝑡𝑡 − 𝐾𝐾𝑋𝑋 and to lesser extent moderately negative Δ𝐸𝐸 − 𝐾𝐾𝐿𝐿𝐿𝐿 are necessary for efficient TADF activity. 

The analysis of analytical solutions of the four-state model sheds some light on the importance of 𝑡𝑡 − 𝐾𝐾𝑋𝑋 

and Δ𝐸𝐸 − 𝐾𝐾𝐿𝐿𝐿𝐿. The energy of the S1 state is stabilized by |𝑡𝑡 + 𝐾𝐾𝑋𝑋| while T1 is stabilized by |𝑡𝑡 − 𝐾𝐾𝑋𝑋|, so 



 

 

small values of the latter parameter lead to shrinking of the singlet-triplet gap, which is always beneficial 

for TADF efficiency. Small |𝑡𝑡 − 𝐾𝐾𝑋𝑋| also favors stronger LE character of the T1 state relative to S1 and 

consequently leads to larger Δ𝐶𝐶𝑇𝑇 values. The energies of the 𝐿𝐿𝐸𝐸3  and 𝐶𝐶𝑇𝑇3  states are Δ𝐸𝐸 − 𝐾𝐾𝐿𝐿𝐿𝐿 and −𝐾𝐾𝐶𝐶𝑆𝑆, 

respectively. Therefore, for LE to be the dominant component in T1, the condition Δ𝐸𝐸 − 𝐾𝐾𝐿𝐿𝐿𝐿 < −𝐾𝐾𝐶𝐶𝑆𝑆  

must hold. At the same time, the energy gap between these states cannot be too large to allow effective 

mixing, which explains why moderately negative values of Δ𝐸𝐸 − 𝐾𝐾𝐿𝐿𝐿𝐿 are beneficial for efficient TADF. By 

a similar argument, appreciable 𝑆𝑆1𝐿𝐿𝐿𝐿 and efficient fluorescence requires that Δ𝐸𝐸 + 𝐾𝐾𝐿𝐿𝐿𝐿 is not much larger 

than 𝐾𝐾𝐶𝐶𝑆𝑆 on the scale of the coupling element 𝑡𝑡 + 𝐾𝐾𝑋𝑋. This suggests that, contrary to the prediction of the 

conventional two-state model, minimization of 𝐾𝐾𝐶𝐶𝑆𝑆 is not necessarily the best strategy for maximizing 

TADF efficiency.  

Conformation space exploration 

In order to apply the design principles from the four-state model, it would be ideal to explore the 

parameter space of Δ𝐸𝐸, 𝑡𝑡, 𝐾𝐾𝑋𝑋, 𝐾𝐾𝐶𝐶𝑆𝑆 and 𝐾𝐾𝐿𝐿𝐿𝐿 in candidate TADF molecules. However, this is challenging for 

two reasons. First, the parametrization of the four-state Hamiltonian from ab initio calculations requires 

explicit construction of the diabatic states (CT1, CT2, LE1 and LE2) and accurate evaluation of the related 

energies and couplings. Although the latter could be achieved through methods such as constrained 

DFT67–70 or ∆SCF71,72, it is not straightforward how to define the relevant states in these frameworks. 

Second, optimization in the chemical space is difficult due to its discreteness. While carrying out such 

optimization would be part of the long-term goal that leads to new emitters, we choose at this point to 

explore parameter space by varying the conformation of a single donor-acceptor system (i.e. the distance 

and relative orientation between the donor and the acceptor moieties), which has the practical benefit of 

being continuous. 



 

 

Our model system is based on a donor-acceptor exciplex with a TPA (triphenylamine) donor and a TRZ 

(2,4,6-triphenyl-1,3,5-triazine) acceptor, both of which are common moieties in TADF design6,14,18,29,73. The 

exciplex is known to possess intermolecular charge-transfer (CT) excited states and great conformational 

flexibility19. The lowest excited states have a dominant CT character due to the fact that LE states are high-

lying excited states in a typical exciplex. Meanwhile, according to the four-state model, we want the T1 

and S1 states of the exciplex to have a mixed CT/LE character. Therefore, we make two modifications to 

the TPA/TRZ exciplex. First, we link an extra donor CZ (carbazole) to the TRZ group to form CZ-TRZ. CZ-TRZ 

is a well-known fluorophore and has been used as a parent compound for several high-efficiency deep-

blue TADF materials17,21. Using CZ-TRZ as the acceptor in the exciplex introduces low-lying excited states 

with LE character, while excited states with CT character are due to excitations between TRZ and TPA 

moieties. Second, we add chlorine groups to TPA to form TPA-Cl. This further tunes the energetics of the 

CT excites states so that lowest CT and LE states are close enough, which corresponds to a small Δ𝐸𝐸 

parameter in the four-state model. The final structures of TPA-Cl (donor) and CZ-TRZ (acceptor) are shown 

in Figure 4. 



 

 

 

Figure 4 Structures of TPA-Cl (donor) and CZ-TRZ (acceptor). 

Arbitrary conformations were generated as snapshots of molecular dynamics (MD) simulations, using the 

OPLS-aa force field.74 In order to obtain exhaustive sampling of the conformation space, we found it 

necessary to put the dimer under pressure and reduce the van der Waals parameters for the monomers. 

Further details can be found in the SI. As a result, the conformational space we explore is significantly 

different than the thermally accessible conformation space. To be clear, this is intentional: the aim of the 

calculations is to ascertain whether some configuration (which may or may not be thermally accessible 

for this donor and acceptor) could display dramatically accelerated TADF. If so, this observation would 

provide strong evidence that the four-state model is actually relevant for TADF in real molecules. The 

excited states in the selected conformations were computed in the framework of TD-DFT, using the B3LYP 

exchange-correlation functional75,76 and the 6-31+G* basis set.77–81 It is well known82,83 that standard 

hybrid functionals, such as B3LYP, give inadequate descriptions of CT states. Although the use of optimally-

tuned range-separated hybrids23,24 has been found to be a practical solution that works well for TADF 

emitters, the goal was not to make quantitative predictions about individual conformers, which may or 



 

 

may not be possible to synthesize in the laboratory, but to show that the TADF rate of a given system can 

undergo substantial improvements as parameters like 𝑡𝑡 and 𝐾𝐾𝑋𝑋 vary with conformation. Hence, it was 

desirable to choose a functional that could reproduce qualitative trends at a minimal computational cost. 

Given the TD-DFT results, the rate of prompt fluorescence was estimated using the Einstein coefficient84 

𝑘𝑘F =
𝑒𝑒2𝜔𝜔102 

2𝜋𝜋𝜀𝜀0𝑚𝑚𝑐𝑐3
𝑓𝑓10 (19) 

where e and m are the electron charge and mass, respectively; c is the speed of light; and ω10 and f10 are 

the S1-S0 transition frequency and oscillator strength, respectively. The TADF rate was estimated using the 

formula12 

𝑘𝑘TADF =
𝑘𝑘F[𝑆𝑆1]

[𝑆𝑆1] + [𝑇𝑇1] =
𝑘𝑘F

1 + 𝐾𝐾
(20)

𝐾𝐾 ≡
[𝑇𝑇1]
[𝑆𝑆1] = 3 exp �

Δ𝐸𝐸𝑆𝑆𝑆𝑆
𝑘𝑘B𝑇𝑇

� (21)
 

where kB is the Boltzmann constant, and the temperature T was taken to be 298 K. The last formula 

assumes that the excited state populations have thermalized and that only the S1 and the T1 states are 

populated to a significant extent. Since TADF timescales are on the order of microseconds, the first 

assumption would hold, provided that there exists an efficient ISC pathway. Meanwhile, the second 

assumption should be valid in most conformations of interest. Among the conformers that exhibited the 

largest oscillator strengths (>10-3) and the smallest ΔEST (< 100 meV), the T2 state was almost always higher 

in energy than the S1 state. If the T2 state were lower in energy than the S1 state, then the T2 state should 

be included in the denominator, and such cases can be found in the SI. However, the correction was 

neglected in the main discussion, because taking the T2 state into consideration did not alter the statistics 

in a meaningful way. In general, the formula provides an upper bound to the TADF rate, since RISC might 

not be fast enough to replenish the S1 state. 



 

 

The results have been summarized in Figure 5, and the numerical output on the most relevant conformers 

has been provided in the SI. Figure 5a is a histogram of the TADF lifetimes. It is clear that the DFT optimized 

geometry is not the optimal conformation in terms of TADF. Since there was a selection bias towards high 

TADF rates, the distribution is skewed, but a significant number of conformations were found to exhibit 

higher TADF rates than the DFT optimized geometry. A TADF lifetime as short as 2.0 μs (oscillator strength 

of 1.4x10-2 and ΔEST of 0.02 eV), an 800-fold improvement over the DFT optimized geometry, has been 

obtained. Condensed phase effects were gauged at the level of linear-response conductor-like polarizable 

continuum model (LR-CPCM),85,86 the details of which have been provided in the SI. Figure 5b is a 

scatterplot of the condensed phase against the gas phase TADF rates. While LR-CPCM tended to stabilize 

the S1 state, decrease ΔEST, and increase the oscillator strength, the effects were insufficient to induce 

qualitative changes in the TADF rates. Hence, the remainder of the discussion will proceed based on the 

gas phase results. Finally, Figure 5c is a scatterplot of the oscillator strength against the ΔEST, testing the 

fundamental tradeoff predicted by the two-state model, in which a single variable (HOMO-LUMO overlap) 

determines both quantities. The correlation between the two variables is weaker than would be expected 

based on the conventional two-state model.7 The distribution may suggest an upper bound on the 

oscillator strength that can be achieved at a given ΔEST for this exciplex, but if so the slope is quite steep, 

allowing a sizable oscillator strength to coexist with a small ΔEST. This is fairly strong evidence that by 

inducing large conformational changes, one can influence TADF through factors beyond the simple 

electron-hole overlap term that dominates the two-state model. One obvious explanation for this is that 

different conformations are probing variations in 𝑡𝑡 − 𝐾𝐾𝑋𝑋  by varying the relative phase of these 

contributions. 



 

 

 

Figure 5 (a) Histogram of TADF lifetimes. (b) Scatterplot of the condensed phase against the gas phase 

TADF lifetimes. The solid black line has a unit slope (𝑦𝑦 = 𝑥𝑥). (c) Scatterplot of the S1-S0 oscillator strength 

against ΔEST. 

For two of the conformers that exhibited high TADF rates (τTADF < 10 μs), the dominant pairs of natural 

transition orbitals (NTOs)87 in the S1 and the T1 states have been visualized in Figure 6. Notice that the 

second conformer exhibits a linear conformation, with the donor moiety next to the TRZ group of the 

acceptor moiety, as opposed to a stacked conformation that would be expected in the equilibrium 

geometry. In both conformers, the spatial separation of the hole and the particle orbitals is consistent 

with the strong CT character of the S1 and the T1 excitations, but parts of the hole orbitals, as well as the 

particle orbital in the second conformer, can be seen delocalized onto the opposite moiety, which 



 

 

indicates also a non-negligible LE contribution. As a result, a substantial oscillator strength could be 

obtained, even when the donor and the acceptor molecules were not in a stacked conformation. Further 

note the differences between the NTOs of the S1 and the T1 states, which are most obvious in the 

delocalized lobes of the hole and the particle orbitals. In particular, the T1 excitation appears to have a 

stronger LE character than the S1 excitation. Again, this is consistent with the predictions of the four-state 

model, where differential mixing of CT and LE states is possible in the singlet and triplet manifolds. We 

suspect that the differences between the S1 and the T1 states for this dimer would be even more 

pronounced in reality and that their apparent similarity is due to the abovementioned shortcoming of the 

B3LYP functional favoring CT states. Other conformers also exhibited varying degrees of CT/LE mixture in 

the S1 and the T1 states, and more examples have been provided in the SI (Figures S2-S3). A more detailed 

comparison of the S1 and the T1 states based on the Kohn-Sham orbitals can also be found in the SI. 



 

 

 

Figure 6 (a, c) Hole and (b, d) particle orbitals of the S1 state. The insets are the corresponding NTOs of 

the T1 state. 

All in all, a more sophisticated computational method or an experiment could reveal most of the found 

conformers to be poor TADF emitters. For the purposes of this study, however, it sufficed to show that a 

large oscillator strength, a small ΔEST, and a substantial spin-orbit coupling can coexist in the framework 

of a reasonable density functional. A priori, it should be no easier to optimize a set of properties in the 

DFT world than it is in the real world. The in silico discovery of efficient TADF via spin-orbit coupling should 

motivate a search for such systems in vitro. 

Discussion 

Turning to the ensemble statistics of the conformers, the most obvious feature is the order-of-magnitude 

variations in the oscillator strengths and the energy gaps, indicating strong non-Condon effects in the 



 

 

context of the four-state model. Although the conformations may be unrealistic as equilibrium geometries, 

they are realistic as snapshots in time. Further assuming the validity of the Born-Oppenheimer 

approximation, the TADF rates based on the TD-DFT results are just the instantaneous rates at the 

corresponding times along the trajectory. Hence, the results support the proposition that the 

instantaneous TADF rate of a system can be maximized at some non-equilibrium geometry. There might 

even exist a system where most accessible conformations have higher TADF rate than the equilibrium 

geometry. The existence of such system would help explain the experimental account of Ward and 

collaborators58 that TADF in a D-A-D system diminished when the motion of the donor and the acceptor 

moieties was hindered. Indeed, constraining the geometry would be detrimental if thermal motion gave 

access to an ensemble of conformations with higher TADF rates. On the other hand, it would also be 

possible to harness the conformational dependence by freezing an emitter in the conformation or the 

range of conformations that maximizes the rate. Such design strategy becomes viable in light of the four-

state model’s implication that the rates depend only on the nuclear positions, and not on the momenta. 

Of course, there are some questions that must be answered before conformational variation can lead to 

the improvement of real TADF emitters. First, there is the theoretical problem of determining the 

structural features that facilitate TADF. In the model system, there did not appear to be a particular 

distance, torsion or orientation that could be conclusively associated with high TADF rates. Perhaps it was 

to be expected, considering the intricate interplay of several variables in the four-state model. Then, there 

is the experimental problem of synthesizing molecules in a specific conformation. While there have been 

efforts to tune the conformation of TADF emitters using steric hindrance,17,58 there does not appear to be 

an established method or guideline to date. Nevertheless, conformational variation introduces a new 

dimension over which TADF emitters can be optimized. Further theoretical and experimental efforts 



 

 

should be directed to elucidating the structural features that facilitate TADF and the synthetic techniques 

of enforcing these structures on real molecular systems. 

Conclusions 

We have proposed a simple four-state model which explains the key prerequisites for efficient thermally 

activated delayed fluorescence in organic donor-acceptor systems. The four spin-mixed diabatic states 

constitute the conceptual basis to discuss the electronic structure of TADF emitters. We show that the 

resulting lowest-lying adiabatic triplet (T1) and singlet (S1) excited states can have the necessary 

characteristics to assure efficient TADF. These characteristics are small singlet-triplet gap, different 

electronic character of S1 and T1, and significant component of the local excitation in S1. The first two 

conditions enable fast reverse intersystem crossing, while the last one enables appreciable quantum 

yields. The model suggests that non-adiabatic effects are not necessary for efficient TADF; however, it 

does not rule out their contribution completely.  

Monte Carlo sampling reveals that the conditions for efficient TADF are relatively easy to satisfy in the 

parameter space; however, it does not mean that it is equally easy to realize them in real molecular 

systems. The statistical analysis of the data filtered for TADF activity reveals that a close mutual alignment 

of some pairs of parameters of the model is a prerequisite for TADF, while their magnitude fine-tunes its 

efficiency. This observation provides new design principles for optimization of organic emitters, which 

should aim at satisfying the parameter alignment criteria. 

Establishing the structure-property relationships between different molecular architectures and model 

parameters should be the next step in the exploration of the four-state model, which would lead 

eventually to the exploration of the chemical space. The most straightforward way to achieve this is to 

parametrize the four-state Hamiltonian based on ab initio calculations or experimental data. This would 



 

 

allow to extract correlations between different molecular designs and model parameters, and eventually 

guide development of new emitters with improved efficiency. The optimal parametrization strategy and 

its exploitation will be a subject of further investigations. In the meantime, by means of combined 

molecular dynamics and TD-DFT simulations for a model exciplex systems, we show that significant 

increase of TADF efficiency can be also obtained by exploration of the conformation space. This supports 

the vibronic mechanism for TADF, in which the non-Condon effects modulate the instantaneous TADF 

rates and maximize them for some non-equilibrium conformations. Additionally, our study suggests that 

optimization of condensed-phase molecular conformations, e.g. through controlled exploitation of steric 

hindrance or application of pressure may be a practical design strategy for improved OLED materials.  
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