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ABSTRACT 

In this work, Thermally Activated Delayed Fluorescence (TADF) of a series of emitters with sulfone-based 

acceptor moieties were studied by Density Functional Theory (DFT) methods. Sulfone derivatives were 

shown to be high performing TADF emitters over recent years. When discussing the TADF efficiency, 

various properties, such as, singlet–triplet energy gap (∆EST), spin–orbit coupling (SOC), nature of states 

and the hyperfine coupling (HF) stand out due to their roles in reverse intersystem crossing (RISC). Here, 

we mainly focused on three important structural parameters that affect the intersystem crossing (ISC) and 

RISC pathways and their efficiencies. These three parameters are: 1) effect of meta- and para- 

conjugation, 2) effect of rigid acceptor moieties and 3) effect of phenyl bridge on photophysical 

properties.  

 

INTRODUCTION 

   In recent years, Thermally Activated Delayed Fluorescence (TADF) materials have attracted considerable 

attention due to their 100 % exciton harvesting abilities and high device efficiencies.1 For traditional 

fluorescent materials, known as organic light emitting diodes (OLEDs), only 25 % of excitons lead to 

luminescence, and the remaining 75 % are triplets that are deactivated by nonradiative transitions.2–4 To 

overcome low device efficiencies of fluorescent emitters, phosphorescent materials (PhOLEDs) containing 

heavy metals were developed and due to their emission from triplet state to ground state, the loss of 

triplet excitons was prevented.5,6 Although the loss of excitons were prevented, the heavy metals in their 

structure led to undesirable consequences, such as, high cost and environmental pollution.7 In 2012, 

Adachi and co-workers developed TADF materials as a promising technology, which provides high 

efficiency, cost saving and environmentally friendly applications (Figure 1).2,8–10 Due to the efficient 

harvesting of triplet excitons, TADF materials offer advanced applications in electroluminescence,11 

sensors,12 bioimaging,10,12 and organic lasers.13 
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Figure 1. OLED, PhOLED and TADF mechanism. 

 

Metal free TADF emitters can achieve 100 % internal quantum efficiencies by harvesting triplet excitons 

via the RISC process from the first excited triplet state (T1) to the first excited singlet state (S1) under 

thermal activation.14–17 Many TADF materials usually adopt a twisted donor (D)–acceptor (A) geometry to 

minimize the overlap between highest occupied molecular orbitals (HOMO) and lowest unoccupied 

molecular orbitals (LUMO), which lead to small S1–T1 energy gap (ΔEST).18  

                                                                  (1) 

As represented in the equation 1, decreasing the exchange interaction integral of the HOMO and the 

LUMO wavefunctions is an efficient way to minimize the ΔEST. Recent studies reported that in a cofacial 

configuration of D and A moieties, emitters have the possibility to exhibit Through-Space Charge-Transfer 

(TSCT) which leads to separation between the HOMO and LUMO, thus, leading to small ∆EST values. 

However, compared to the Through-Bond Charge-Transfer (TBCT) systems, TSCT systems have relatively 

lower electronic interactions between D and A moieties, which lead to increased rotations between D and 

A groups and strong non-radiative decays.19 To sum up, there are two possible ways of separating frontier 

molecular orbitals, which is, rationally designing TBCT and TSCT systems. 

   Furthermore, TADF efficiency is not only dependent on ΔEST, but also highly related to the spin–orbit 

coupling (SOC), that is, effective RISC relies on both small ΔEST and large SOC.11,12,16,20,21  For many TADF 

emitters, due to their purely organic structures, SOCs were found to be intrinsically weak, which makes it 
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difficult to obtain efficient RISC in TADF and ISC in phosphorescence. To enhance SOC values in TADF 

emitters, the heavy–atom effect was used; since SOC is proportional to the fourth power of the nuclear 

charge, the most common strategy for improving SOC is introducing non-metal atoms to the molecular 

structure, such as halogens.18,22   

   In this work, we demonstrate photophysical and structural behaviors of a series of sulfone-based TADF 

emitters using computational methods. As listed in Figure 2, the set of molecules under investigation has 

various sulfone-based acceptor moieties such as; diphenylsulfone (DPS), dibenzo- thiophene-S, S,-dioxide 

(DBTO2), 9,9-dimethyl-9H-thioxanthene 10,10-dioxide (TXO2), and thianthrene 5,5,10,10-tetraoxide 

(TTR). 

 

Figure 2. Sulfone based acceptor moieties investigated in this study. 

The donor moieties depicted in this molecule set (Figure 2) are reported in our previous studies as well as 

in recent TADF literature.7,23 In our previous reports, we theoretically investigated the characteristics of 

dimethylacridine (DMAC), carbazole (Cz), phenoxazine (PXZ), phenothiazine (PTZ) and diphenylamine 

(DPA) as donor moieties.7 By simulating a wide molecule set with different donor and acceptor moieties, 

we study the effects and significance of the sulfur atom in various structures. As reported in literature, 

DPS is a multi-talented acceptor moiety, with strong electron withdrawing ability due to the highly 

electronegative oxygen atoms and provides excellent TADF activity due to its central twist.24,25 Moreover, 

since it has tetrahedral geometry, it is known to restrict the π- conjugation of the emitters leading to CT 

compounds. While the DBTO2 and TXO2 acceptor moieties were used to understand the influence of 

acceptor rigidity on descriptors; the TTR group was selected to predict the effects of two iso-energetic low 

energy conformers –SO2 unit on conjugation between D-A units and on energy levels.  
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THEORETICAL CALCULATIONS 

   To better understand the structural and photophysical properties of the emitters discussed in this study, 

a computational analysis was conducted using the Gaussian1626 and Amsterdam Density Functional 

(ADF)27 software packages. Geometries in the ground and excited S1 and T1 states were optimized at the 

M062X28/6-31+G(d,p)29 level of theory. Tamn Dancoff Approximation (TDA)30 calculations for the S0→Sn 

and S0→Tn transitions using the M062X/6-31+G(d,p) and ωB97XD31/6-31+G(d,p) levels were performed 

with respect to the optimized S0 state geometries. This choice is due to the fact that the TDA method 

provides a more balanced description of both triplet and singlet excited states, and compared to Time-

Dependent DFT (TD-DFT), it is free from triplet instability issues.32 6-311++G(3df,3pd)33 extra basis set was 

used for the sulfur atom in all calculations. From the theoretical calculations, it can be observed that 

different acceptor and donor moieties exhibit characteristic torsions (see Tables S2-S6). Moreover, some 

compounds exhibit two different iso-energetic iso-energetic low energy conformers conformers 

presenting TADF as well as non-TADF activities. While near orthogonal geometries resulted in very small 

ΔEST values making the RISC process viable, planar conformers were shown to yield larger ΔEST values 

representing non-TADF behavior. 

   In order to better analyze electron processes at exited states, including internal conversion (IC), ISC and 

RISC processes, we report the lowest 10 states for singlet and triplet excitations. Surprisingly, energy 

differences between excited states show the possibility of high-energy hot exciton pathways in ISC 

processes. Moreover, the nature of the excited singlet and triplet states is evaluated using Natural 

Transition Orbitals (NTOs), obtained with the Nancy_EX code34 and visualized with the Avogadro35 

software package. Data obtained from calculations at ωB97XD/6-31+G(d,p) level of theory were reported 

in Tables S7-S20. 

   In consideration of the first-order perturbation theory, SOC values between excited singlet and triplet 

geometries were computed at S1 and T1 geometries using the ADF software package at M062X/DZP36 level 

of theory. 

   The ultraviolet-visible (UV-Vis) absorption spectra of the investigated emitters were modeled by 

generating 30 conformers through a Wigner distribution as implemented in the Newton-X software 

package.37 Vertical transitions from each snapshot were convoluted using Gaussian functions of full-width 

at half length (FWHL) of 0.15 eV. Absorption spectra calculations via Wigner distribution method have 

been performed with B3LYP,38 PBE0,39 M062X and BLYP38 functionals using the 6-31+G(d,p) basis set.  



5 
 

Integral equation formalism polarizable continuum model (IEF-PCM) was used in all calculations, to 

implicitly model the solvent environment.40–42 Optimized geometries were rendered with the CYLview 

software package.43 

 

RESULTS and DISCUSSION 

Effects of meta- and para- Conjugation on Photophysical Properties 

   Although sulfone-based TADF emitters have been reported by several research groups, the majority of 

these studies focus on para-substituted materials. Comparatively, we theoretically investigated both 

meta- and para-substituted sulfone based emitters to clarify the effects of different positions of the donor 

moieties on photophysical properties. As depicted in Figure 3, we modeled five meta- and five para-

substituted molecules with the DPS donor moiety and various donor groups, such as, Cz, PTZ, PXZ, DMAC 

and DPA.  

 

 

Figure 3. Meta- (Group 1) and para-substituted (Group 2) TADF emitters with DPS acceptor moiety. 
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Compounds: m-Cz-DPS-Cz,44 m-PTZ-DPS-PTZ,44 m-DMAC-DPS-DMAC,44 m-PXZ-DPS-PXZ,44 m-DPA-DPS-

DPA,44 p-Cz-DPS-Cz,45 p-PTZ-DPS-PTZ,46 p-DMAC-DPS-DMAC,47 p-PXZ-DPS-PXZ,47 p-DPA-DPS-DPA.48 

   

   It is well-known that photophysical properties of organic compounds are highly affected by geometric 

parameters. The majority of the studies in literature focus exclusively on symmetric emitters with D-A-D 

skeletons.49 However, a few studies have been reported to clarify the effects of asymmetric emitters in 

TADF efficiencies .49 Optimized geometries of meta- and para-substituted TADF emitters show that for S0 

state structures, the tetrahedral geometry of DPS moiety do not change, however, significant changes 

were observed in the bending of donor moieties. As reported in Tables S2 and S3, while para-substituted 

DPS containing TADF emitters yield highly symmetrical structures, their meta-substituted analogues have 

asymmetric geometries.  

   Herein, a comprehensive analysis on the effects of symmetric and asymmetric geometries as well as the 

bends in donor groups was performed. Bent conformations in ground state are known to avoid molecular 

aggregation and the formation of intermolecular excimers.50 Therefore, emitters with bent donor moieties 

are expected to be favorable in preventing molecular aggregation, which leads to non-emissive decays.50   

   Following the geometry analyses, we further modeled the energy alignments of singlet and triplet states 

and aimed to investigate the differences between meta- and para-substituted emitters. Figure 4 

demonstrates that except for the DPA-derivative, para-substituted emitters yield lower energy triplet 

levels compared to their meta- counterparts; and low-lying singlet state energies decreased in para-

substituted emitters. Moreover, we also observed that many compounds in the first two groups exhibit 

iso-energetic S1 and S2 states, which may cause multiple emission bands with identical or different natures. 

On the other hand, lower energy triplet states in para-emitters create greater number of possible 

pathways for RISC process, which also leads to greater amount of exciton harvesting from iso-energetic 

triplet states below the S1 level.  
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Figure 4. Energy levels of meta- (Group 1) and para-substituted (Group 2) TADF emitters computed at 

M062X/6-31+G(d,p) level of theory in toluene. 

 

   As shown in Figure S6, absorption spectra of para-substituted emitters yield lower energy bands 

compared to the meta-substituted compounds. This behavior of para-substitution suggests that 

geometries with smaller distortion cause stronger electron conjugation in the excited state. It should also 

be noted that theoretical absorption spectra of both meta- and para-emitters exhibit dominant high 

intensity bands in higher energies, indicating that while S0 → S1 absorptions are almost negligible, strong 

excitations to upper singlet states are highly dominant in both Group 1 and 2 (Table S21). Comparisons 

between meta- and para-substituted emitters showed that para-substituted compounds have larger 

oscillator strengths, which is an important parameter in understanding excited state transitions. As listed 

in Table S21, except for para-substituted Cz-DPS-Cz and DPA-DPS-DPA emitters, compounds usually 

exhibit negligible transition to S1 level and strong transitions to higher singlet states. It is also shown that 

for meta-substituted Cz-DPS-Cz emitters, absorptions with relatively larger oscillator strengths are (>0.1) 

S4, S6, S8 and S9. On the other hand, its para-substituted analogue has S0 → S1 transition with quite strong 

oscillator strength, f=0.6433. Similar to the Cz-DPS-Cz emitter, para-substituted DPA-DPS-DPA emitter 

exhibits strong S0 → S1 transition (f=0.9967), while its meta- analogue has negligible transition to S1 state, 

and quite strong transitions to higher singlet states. For meta- and para-substituted PTZ-DPS-PTZ, PXZ-
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DPS-PXZ and DMAC-DPS-DMAC emitters, strong excitations from S0 to Sn states opens up alternative ISC 

channels for TADF emitters.  

  It is well-known that population of high energy excited states leads to more energy loss during the IC 

process to the S1 level. Therefore, with the help of strong SOC values between high energy singlet and 

triplet states, instead of IC, emitters may experience ISC between Sn and neighboring triplet states, leading 

to decreased energy loss and hence, higher efficiency.51 Population of triplet states are affected by both 

the energy difference and the SOC between relevant singlet and triplet states. As reported in Table S22, 

though strong SOC between high oscillator strength singlet states and T1 or T2 states is possible (such as 

in meta-Cz), a strong coupling between high-energy singlet levels and high-energy triplet levels can also 

be observed (such as in meta-PTZ). Moreover, we also observed that iso-energetic triplet states, such as, 

the ones observed in m/p-PXZ-DPS-PXZ, p-DMAC-DPS-DMAC and p-PTZ-DPS-PTZ compounds may exhibit 

SOC values in different strengths, which shows that these iso-energetic triplet levels are in different 

natures, 3CT/3LE, and state mixing processes enhancing RISC is possible in these emitters. For instance, p-

PXZ-DPS-PXZ emitter has iso-energetic T1 and T2 states which have 0.64 cm-1 and 1.61 cm-1 SOC values, 

respectively, and this difference in SOC values can be attributed to the different natures of T1 and T2 states 

(Table 1).  

Table 1. Natures of S1, T1-T5 states of the emitters in Group 1 and Group 2 computed at M062X/6-
31+G(d,p) level of theory in toluene. 

 

Emitters 
S1  

(Φs) 
T1  

(Φs) 
T2 

 (Φs) 
T3  

(Φs) 
T4  

(Φs) 
T5  

(Φs) 

m-Cz-DPS-Cz CT 
0.5570 

LE 
0.7721 

LE 
0.8095 

LE 
0.8065 

LE 
0.9629 

LE 
0.9618 

p-Cz-DPS-Cz CT-LE 
0.7047 

CT-LE 
0.8405 

CT-LE 
0.8622 

LE 
0.7503 

LE 
0.7622 

LE 
0.9676 

m-PTZ-DPS- PTZ CT-LE 
0.4703 

CT-LE 
0.7920 

LE 
0.8164 

CT-LE 
0.5513 

CT 
0.5599 

LE 
0.7030 

p-PTZ-DPS- PTZ CT 
0.3310 

CT-LE 
0.7845 

CT-LE 
0.7859 

CT 
0.4534 

CT 
0.4614 

LE 
0.6823 

m-DMAC-DPS-DMAC CT 
0.3939 

CT-LE 
0.6062 

CT-LE 
0.5834 

LE 
0.8424 

LE 
0.7313 

CT-LE 
0.5798 

p-DMAC-DPS-DMAC CT 
0.1642 

CT 
0.1692 

CT 
0.1677 

LE 
0.8800 

LE 
0.8798 

LE 
0.7097 

m-PXZ-DPS-PXZ CT 
0.4383 

CT-LE 
0.7597 

CT-LE 
0.7578 

CT-LE 
0.6758 

CT-LE 
0.6576 

CT-LE 
0.5843 

p-PXZ-DPS-PXZ CT 
0.2485 

CT-LE 
0.4301 

CT 
0.3921 

CT-LE 
0.7840 

CT-LE 
0.7951 

LE 
0.7599 

m-DPA-DPS-DPA CT-LE 
0.7416 

CT-LE 
0.8193 

CT-LE 
0.7288 

CT-LE 
0.7987 

LE 
0.8031 

LE 
0.8448 

p-DPA-DPS-DPA CT-LE 
0.7594 

CT-LE 
0.8375 

CT-LE 
0.8465 

LE 
0.8208 

LE 
0.8373 

LE 
0.8241 
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   As mentioned previously, multiple triplet states below the S1 level creates multiple RISC possibilities. To 

analyze the probability of RISC from different triplet levels, SOC values between relevant states were 

calculated. As reported in Table S22, root mean square coupling element (RMSCE, VSOC), which is directly 

proportional to RISC rate constant have been calculated for all states (for transition between S1 and T1 

states, |⟨S1|ĤSOC|T1⟩| is divided into three to represent the average over the three triplet states for each 

possible value of the total angular momentum J=−1,0,1, see the equation 3).  

                                             kRISC =
2π

ℏ
  |VSOC|2 x ρFCWD                                                                     (2) 

                                              VSOC=  
 1

3
  |⟨S1|ĤSOC|T1⟩|                                                                       (3)          

  It is obvious that transition from any triplet state below S1 is possible with a strong SOC value. 

Importantly, it was observed that the energy gaps closest to the experimental value generally exhibit 

strongest |VSOC|2, and generally, SOC values in para-substituted emitters are larger than the meta-

substituted ones (except emitters Cz-DPS-Cz and PTZ-DPS-PTZ). These higher SOC values in para-

substituted emitters can be attributed to the larger amount of state mixing in iso-energetic triplet levels 

below the S1 state. 

   As represented in Table 2, among meta- and para-analogues, slight changes were observed in HOMO-

LUMO energies and the energy difference between these two molecular orbitals (Eg). For compounds Cz-

DPS-Cz, PTZ-DPS-PTZ and DMAC-DPS-DMAC, meta-substitution leads to larger HOMO energies, thus, 

stronger electron donating ability of Cz, PTZ and DMAC donor moieties. On the other hand, while the PXZ 

donor moiety represents almost equal HOMO energies in meta- and para-substituted emitters, their DPA 

analogues yield better donating ability with para-substitution. This behavior of DPA-DPS-DPA emitter can 

be attributed to the highly sterically hindered and twisted structure in meta-compound, which results in 

disruption of conjugation within the molecule.  For the electron accepting ability, LUMO energies of meta- 

and para-substituted compounds were checked and it was observed that for PTZ-DPS-PTZ, DMAC-DPS-

DMAC and PXZ-DPS-PXZ compounds, para-substitution leads to smaller LUMO energies and stronger 

electron withdrawing towards the acceptor moiety. Overall, the position of the donor moiety in these two 

molecule sets did not cause large differences in Eg values and these results are consistent with the similar 

∆EST values of meta- and para- isomers (except Cz-DPS-Cz and PTZ-DPS-PTZ emitters). 
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Table 2. HOMO and LUMO energies, and energy gaps of Group 1 and Group 2 emitters computed at 
M062X/6-31+G(d,p) level of theory in toluene. 

 

Emitters HOMO LUMO LUMO - HOMO 
(Eg) (eV) 

ΔEST 
a=experiment 
b=theoretical 

m-Cz-DPS-Cz -0.2579 -0.0460 0.2120 0.44a / 0.36b 

p-Cz-DPS-Cz -0.2594 -0.0457 0.2137 0.25-0.31a  /  0.27b 

m-PTZ-DPS- PTZ -0.2459 -0.0478 0.1980 0.01a  / 0.04b 

p-PTZ-DPS- PTZ -0.2461 -0.0488 0.1973 0.40 a /  0.21b 

m-DMAC-DPS-DMAC -0.2404 -0.0445 0.1959 0.05a  / 0.09b 

p-DMAC-DPS-DMAC -0.2421 -0.0466 0.1955 0.09a / 0.01b 

m-PXZ-DPS-PXZ -0.2427 -0.0476 0.1951 0.06a  / 0.03b 

p-PXZ-DPS-PXZ -0.2426 -0.0499 0.1928 0.08a  / 0.02b 

m-DPA-DPS-DPA -0.2459 -0.0324 0.2135 -  / 0.33b 

p-DPA-DPS-DPA -0.2439 -0.0313 0.2126 0.54a  / 0.42b 

 
    

 

  To further compare the RISC behaviors of meta- and para-emitters, we theoretically calculated the 

energy gaps between singlet and triplet states. As reported in Table 2, experimental energy gaps were 

well reproduced and the largest absolute deviation was obtained as 0.29 eV for p-PTZ-DPS-PTZ emitter. 

Importantly, these energy gaps correspond to the gaps between S1 and triplet state with largest RMSCE. 

In particular, proving the deterministic effect of SOC is consistent with our recent study published in 

2022.23  

   To summarize our findings so far, changing the position of the donor moiety from para- to meta- results 

in an increase in the twisting angle between donor and acceptor moieties, which is beneficial for 

separation of frontier molecular orbitals. For the molecules in the first two groups, we have investigated 

the energy level alignments of excited states. Surprisingly, there are more than one triplet states below 

the S1 level. Moreover, the presented results show that there are iso-energetic singlet and triplet states, 

which have the possibility to contribute to ISC and RISC processes. Further analyses led us to conclude 

that the RISC process is mainly a SOC driven mechanism and it occurs between the states with strongest 

SOC values. Additionally, we also present our findings for the oscillator strength and its effect on IC/RISC 

pathways. 
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Effect of Rigidity of The Acceptor Moiety on Photophysical Properties 

   According to molecular design strategies, rigid compounds are good candidates for spatially separated 

frontier molecular orbitals, which makes them CT based compounds due to their short π–conjugation 

length and high steric hindrance. Therefore, here we analyzed the behaviors of rigid TXO2, DBTO acceptor 

moieties and flexible DPS moiety to observe and compare the photophysical differences arising from the 

degree of rigidity.  

   

 
 

Figure 5. Comparison of different photophysical properties for different acceptor moieties computed at 

M062X/6-31+G(d,p) level of theory in toluene (TXO2-PXZ, p-PXZ-DPS-PXZ, TXO2-DMAC, p-DMAC-DPS-

DMAC, DBTO-DMAC) and in dichloromethane (DBTO-PXZ). 

Compounds: TXO2-PXZ,52 p-PXZ-DPS-PXZ,53 DBTO-PXZ,54 TXO2-DMAC,24 p-DMAC-DPS-DMAC and DBTO-

DMAC.24 

   As shown in Figure 5, TTR, DBTO and DPS acceptor moieties with different rigidities behave differently 

in photophysical properties. By virtue of the geometric analysis, we observed that these three acceptor 

moieties create perfectly orthogonal geometries with DMAC unit. On the other hand, their coupling with 

PXZ donor group leads to ~10 shift from orthogonality (Table S4). We further investigated their electron 

accepting abilities with the help of Eg values and observed that LUMO energies decrease in the order of 



12 
 

TXO2-PXZ, p-PXZ-DPS-PXZ and DBTO-PXZ which indicates that DBTO is the strongest and TXO2 is the 

weakest electron acceptor. On the other hand, ΔEST values of the six emitters under investigation are 

extremely small both experimentally and theoretically. This indicates that any possible difference in RISC 

mechanisms of these compounds can arise from any other parameter, but not from the singlet-triplet 

energy gap. At this stage, since the natures of triplet states will be the determinative factor in RISC, the 

effects of these acceptor moieties on the natures of excited triplet states have been analyzed. The results 

obtained using metahybrid M062X functional are shown in Table 3. 

Table 3. Natures of S1, T1-T5 states computed at M062X/6-31+G(d,p) level of theory in toluene (TXO2-
PXZ, p-PXZ-DPS-PXZ, TXO2-DMAC, p-DMAC-DPS-DMAC, DBTO-DMAC) and in dichloromethane (DBTO-

PXZ). 

Emitters 
S1  

(Φs) 
T1  

(Φs) 
T2 

 (Φs) 
T3  

(Φs) 
T4  

(Φs) 
T5  

(Φs) 

TXO2-PXZ 
CT 

(0.2809) 
LE 

(0.8393) 
LE 

(0.8372) 
CT 

(0.3879) 
CT 

(0.3939) 
LE 

(0.8082) 

p-PXZ-DPS-PXZ 
CT 

(0.2485) 
CT-LE 

(0.4301) 
CT-LE 

(0.3921) 
CT-LE 

(0.7840) 
CT-LE 

(0.7951) 
CT-LE 

(0.7599) 

DBTO-PXZ 
CT 

(0.1854) 
CT 

(0.3842) 
CT 

(0.4018) 
CT-LE 

(0.6394) 
CT-LE 

(0.6383) 
LE 

(0.9497) 

       

TXO2-DMAC 
CT 

(0.3465) 
CT 

(0.3422) 
CT 

(0.3206) 
LE 

(0.8951) 
LE 

(0.8951) 
LE 

(0.7484) 

p-DMAC-DPS-DMAC 
CT 

(0.1642) 
CT 

(0.1692) 
CT 

(0.1677) 
LE 

(0.8800) 
LE 

(0.8798) 
LE 

(0.7097) 

DBTO-DMAC 
CT 

(0.1712) 
CT 

(0.2102) 
CT 

(0.2044) 
LE 

(0.9530) 
CT-LE 

(0.4715) 
CT-LE 

(0.4789) 

 
 

   The S1 state natures of all emitters were found to be in CT character with perfectly separated FMOs. 

Their T1 and T2 states are generally in CT character except TXO2-PXZ and para-PXZ. For T2, T3, T4 and T5 

states, while para-PXZ emitter represents mixed character, DBTO-PXZ emitter represents an obvious 

increase in LE transitions. On the other hand, TXO2-PXZ does not represent any regular trend from T2 to 

T5. ∆Φs values in Figure 5 are in well agreement with the SOC values which represent an enhancement 

with the increase nature difference between singlet and triplet states. Comparing with their phenoxazine 

analogues, we observed the better FMO separation of T1 and T2 states, which is reflected in Φs values, of 

DMAC containing emitters (see Table 3). Hence, the SOC from these low lying triplet states exhibit smaller 

values than their PXZ- analogues. Besides lower Φs indices of the first two triplet states, T3, T4 and T5 states 

show larger LE character, thus, larger SOC values. Considering all comparisons, we learned that the 

different acceptor moieties may yield various SOC values with higher triplet levels and there is no a regular 

trend between these acceptor groups.  
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   Further analyses of excited state energies show that going from TXO2-PXZ to DBTO-PXZ, energies of the 

first singlet states decrease (see Figure 6), thus, compared to TXO2 acceptor moiety, DPS and DBTO yield 

bathochromically shifted absorption spectra (see Figure S6). According to the our theoretical findings 

reported in Figure 6, energy comparisons are in well agreement with the experimental emission spectra 

of investigated compounds which emit in blue-green, blue and yellow for TXO2-PXZ,52 p-PXZ-DPS-PXZ52 

and DBTO-PXZ54 compounds respectively. Moreover, we observed the similar decreasing energy trend for 

triplet states, and the energies of T1 and T2 states are iso-energetic in all emitters. This degeneracy of 

triplet states leads to state mixing between the states in different nature, thus, leading to larger SOC 

values and more efficient RISC processes. On the other hand, for compounds with iso-energetic identical 

nature states, such as, TXO2-DMAC, p-DMAC-DPS-DMAC and DBTO-DMAC, hyperfine coupling (HF) can 

play an important role in enhancing ISC/RISC processes. Hyperfine couplings are mainly observed in 

compounds, which have identical nature singlet and triplet states leading to very small SOC values.55 

Different from SOC-driven RISC pathway (3LE → 1CT), hyperfine coupling induced RISC can be observed 

between identical nature states (3CT → 1CT). Therefore, as an alternative to the SOC-driven RISC 

mechanism, efficient RISC can also occur simultaneously via both the SOC and hyperfine coupling 

processes.56 
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Figure 6. Energy levels of TTR, DPS and DBTO containing TADF emitters computed at M062X/6-31+G(d,p) 

level of theory in toluene (TXO2-PXZ, p-PXZ-DPS-PXZ, TXO2-DMAC, p-DMAC-DPS-DMAC, DBTO-DMAC) 

and in dichloromethane (DBTO-PXZ). 

 

   To sum up, the nature of excited states for TXO2, DPS and DBTO acceptor moieties are similar and 

surprisingly, Φs values of emitters with DPS (flexible) and DBTO (rigid) acceptor groups are found to be 

very close to each other. Additionally, LUMO energies of these emitters are also quite similar representing 

their similar electron accepting abilities, which is consistent with their similar absorption spectra (see 

Figure S6). Moreover, energy level alignments of this molecule set was found to behave differently from 

the first two groups (Figure 4). In contrast to Groups 1 and 2, the molecule set under investigation have 

low lying iso-energetic singlet and triplet levels with similar nature of states. Thus, contrary to the SOC-

driven RISC between different nature of states, we theoretically observe that HF coupling may also play a 

role in RISC process. 
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Effects of Phenyl Bridges on Photophysical Properties 

   Density functional theory calculations of Groups 3 and 4 were performed on ground state energy 

surfaces. As shown in Figure 7, Group 4 is the bridge-containing analogue of Group 3. Herein, we aimed 

to theoretically examine the effects of bridging the donor and acceptor moieties with a phenyl ring to 

observe the change in properties such as, geometric parameters, excited state energies, FMO separations 

(energy gaps between HOMO and LUMO orbitals) and energy gaps between the excited states involved 

in the RISC process. In the set of molecules under investigation, the TTR moiety with two sulfur atoms has 

been selected as the acceptor group and Cz, DMAC, PXZ and PTZ moieties with different steric hindrance 

and aromaticity have been selected as the donor moieties. 

 

 
 

Figure 7. Bridged and non-bridged TADF emitters with TTR acceptor moiety. Compounds: Cz-TTR,57 

DMAC-TTR,58 PXZ-TTR,59 PTZ-TTR,58 Cz-Ph-TTR,60 DMAC-Ph-TTR,58 PXZ-Ph-TTR61 and PTZ-Ph-TTR.58 

 

As reported in Table S5 and Table S6, effect of inserting a phenyl bridge largely affected the torsion angles 

between acceptor groups and their adjacent moieties. As an expection, the carbazole moiety in Cz-TTR 

and Cz-Ph-TTR exhibits ~40 and ~37 torsion angle, respectively; thus, inserting phenyl bridge in carbazole 

containing emitter do not cause large effect on torsion angle of Cz moiety. As reported in Table 4, both 

experimental and theoretical ΔEST values for the Cz-TTR emitter are smaller than their phenyl containing 
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analogue (Cz-Ph-TTR), a situation which can be attributed to the larger electron-hole separation (see Phi-

S indices in Table 5).  

 

Figure 8.Optimized geometries and electron - hole ornitals of planar and orthogonal conformers of PTZ-

TTR, PTZ-Ph-TTR and DMAC-TTR emitters computed at M06-2X/6-31+G(d,p) level of theory. 

On the other hand, DMAC and PTZ containing emitters were found to have two possible conformers, 

which are orthogonal and planar. As shown in Figure 8, relative energy differences between orthogonal 

and planar conformers of these emitters are very small, indicating the presence of iso-energetic low 

energy conformers in their D-A and D-π-A structures.  
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Table 4. HOMO-LUMO energies, Eg and ΔEST values of Group 4 and 5 emitters computed at M062X/6-

31+G(d,p) level of theory in toluene (for Cz-Ph-TTR, DMAC-TTR, DMAC-Ph-TTR, PXZ-TTR, PXZ-Ph-TTR, 

PTZ-TTR, PTZ-Ph-TTR) and in ethy ethanoate (Cz-TTR). 

 

Emitters HOMO LUMO 
LUMO - HOMO 

(Eg) (eV) 

ΔEST 
a=experiment 
b=theoretical 

Cz-TTR -0.2659 -0.0666 0.1993 0.10a / 0.05b 

Cz-Ph-TTR -0.2566 -0.0668 0.1899 0.30 a / 0.15 b 

     

DMAC-TTR 
(Planar) 

-0.2695 -0.0550 0.2145 0.45a / 0.33 b 

DMAC-TTR 
(Orthogonal) 

-0.2535 -0.0660 0.1875 0.01a / - 

DMAC-Ph-TTR 
(only orthogonal) 

-0.2393 -0.0669 0.1723 0.06 a / 0.00 b 

     

PXZ-TTR -0.2458 -0.0678 0.1780 - / 0.37 b 

PXZ-Ph-TTR -0.2390 -0.0677 0.1712 0.05 a / 0.02 b 

     

PTZ-TTR 
(Planar) 

-0.2722 -0.0546 0.2176 0.38a / 0.25 b 

PTZ-TTR 
(Orthogonal) 

-0.24967 -0.0674 0.1822 0.10a / 0.01b 

PTZ-Ph-TTR 
(Planar) 

-0.2592 -0.0611 0.1981 0.57a / 0.20b 

PTZ-Ph-TTR 
(Orthogonal) 

-0.2431 -0.0676 0.1755 0.01a / 0.07b 

 

According to Table 4, effects of orthogonal geometries on singlet–triplet energy gap were well reproduced 

and their TADF activity due to the iso-energetic low energy conformers has been proved once again. 

Moreover, we also observed that the orthogonal geometries lead to a decrease in the LUMO and an 

increase in the HOMO energies, thus, they yield smaller Eg values. Due to the smaller Eg values calculated 

for orthogonal geometries, their emission spectra were expected to be bathochromically shifted 

compared to their planar analogues, and although we did not calculate theoretical emission spectra, by 

way of comparing with experimental spectra reported in literature, we concluded that the calculated Eg 

values are consistent with the experimental data  reported in literature.58To further study the effects of 

phenyl insertion and geometry changes on photophysical properties, we computed Phi-S indices at the 

M062X/6-31+G(d,p) level of theory in experimental solvents.  
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Table 5. Natures of S1, T1-T5 states computed at M062X/6-31+G(d,p) level of theory in toluene (for Cz-

Ph-TTR, DMAC-TTR, DMAC-Ph-TTR, PXZ-TTR, PXZ-Ph-TTR, PTZ-TTR, PTZ-Ph-TTR) and in ethy ethanoate 

(Cz-TTR). 

 

Emitters 
S1  

(Φs) 
T1  

(Φs) 
T2 

 (Φs) 
T3  

(Φs) 
T4  

(Φs) 
T5  

(Φs) 

Cz-TTR 
CT-LE 

(0.5372) 
LE 

(0.6815) 
LE 

(0.9669) 
LE 

(0.7556) 
LE 

(0.6962) 
LE 

(0.9489) 

Cz-Ph-TTR 
CT-LE 

(0.7649) 
LE 

(0.9017) 
LE 

(0.7723) 
LE 

(0.9601) 
LE 

(0.9118) 
LE 

(0.9495) 

       

DMAC-TTR 
(Planar) 

CT-LE 
(0.7150 

LE 
(0.7941) 

LE 
(0.7471) 

LE 
(0.9543) 

LE 
(0.9551) 

LE 
(0.9622) 

DMAC-TTR 
(Orthogonal) 

CT 
0.2008 

CT 
0.2255 

CT 
0.4256 

LE 
0.8829 

LE 
0.9490 

LE 
0.7289 

DMAC-Ph-TTR 
(only orthogonal) 

CT 
(0.4644) 

CT 
(0.4545) 

LE 
(0.9450) 

LE 
(0.8793) 

LE 
(0.7088) 

LE 
(0.7127) 

       

PXZ-TTR 
CT-LE 

(0.5143) 
CT-LE 

(0.5045) 
CT 

(0.4417) 
LE 

(0.7709) 
CT-LE 

(0.5976) 
CT-LE 

(0.5589) 

PXZ-Ph-TTR 
CT 

(0.2247) 
CT-LE 

(0.5210) 
LE 

(0.7435) 
LE 

(0.9473) 
LE 

(0.8069) 
LE 

(0.7076) 

       

PTZ-TTR 
(Planar) 

LE 
(0.6951) 

LE 
(0.8187) 

LE 
(0.7689) 

LE 
(0.9175) 

LE 
(0.8723) 

LE 
(0.9630) 

PTZ-TTR 
(Orthogonal) 

CT 
(0.1588) 

CT 
(0.1974) 

LE 
(0.7363) 

CT-LE 
(0.5658) 

LE 
(0.7236) 

LE 
(0.9450) 

PTZ-Ph-TTR 
(Planar) 

CT-LE 
(0.6631) 

LE 
(0.8496) 

LE 
(0.8313) 

LE 
(0.8525) 

LE 
(0.9040) 

LE 
(0.8741) 

PTZ-Ph-TTR 
(Orthogonal) 

CT 
(0.3481) 

LE 
(0.7746) 

CT-LE 
(0.4652) 

LE 
(0.9449) 

LE 
(0.6797) 

LE 
(0.6983) 

       

As summarized in Table 5 and as represented in Figure 9, insertion of phenyl bridge may increase or 

decrease the electron and hole separation of triplet states differently.    Due to better separation in 

orthogonal geometries, going from planar to orthogonal conformers, a general decrease in Phi-S indices 

was observed. Since the S1 states of orthogonal emitters were found to be in CT or mixed character, their 

SOC values with triplet states in strong LE character were observed to be the strongest couplings (see 

Figure 8). We further compared the electron – hole overlaps of bridged and non-bridged emitters, and 

observed that for Cz, PXZ and PTZ containing emitters, significant differences arise from the presence of 

phenyl bridges. 



19 
 

 

 

 

Figure 9. Frontier molecular orbital distributions of Group 4 and Group 5 emitters computed at M06-
2X/6-31+G(d,p) level of theory in toluene (for Cz-Ph-TTR, DMAC-TTR, DMAC-Ph-TTR, PXZ-TTR, PXZ-Ph-

TTR, PTZ-TTR, PTZ-Ph-TTR) and in ethy ethanoate (Cz-TTR). 

 

However, negative or positive effect of using phenyl bridge can vary in different emitters. For instance, 

while the insertion of a phenyl bridge to Cz-TTR and PTZ-TTR lead to increase in electron-hole overlap, 

separation increased in PXZ-Ph-TTR emitter. 

The contribution of a phenyl bridge to excited state energies and energy gaps were also examined and 

the relative positions of the excited singlet and triplet states were reported in Figure 10. With the 

incorporation of the phenyl moiety, an increasing trend in S1 energy levels was observed in all emitters, 

except for DMAC-Ph-TTR. This situation can be attributed to the larger decrease in the torsion angle of 

DMAC moiety in phenyl containing emitter compared to the other donor moieties which leads to larger 

increase in planarity and conjugation length, thus decrease in S1 energy (see Table S5 and S6). 
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Figure 10. Energies of singlet and triplet excited states computed at M062X/6-31+G(d,p) level of theory 

in toluene (for Cz-Ph-TTR, DMAC-TTR, DMAC-Ph-TTR, PXZ-TTR, PXZ-Ph-TTR, PTZ-TTR, PTZ-Ph-TTR) and in 

ethy ethanoate (Cz-TTR). 

 

   On the other hand, compared to the D-A emitters, T1 energies of phenyl containing analogues were 

increased, except compound with the PTZ moiety. Despite the benefit of longer conjugation in bridge 

containing D-π-A emitters, increased electron-hole overlap generally led to an increase in the LE character 

of the T1 state. Correspondingly, SOC values of phenyl containing emitters were increased, leading to 

larger RISC probabilities.  

    

   Summarizing, insertion of the π-bridge affected the behavior of emitters differently. While some 

materials exhibit larger ∆EST values with π-linkers, some of them represented smaller ∆EST values. On the 

other hand, HOMO-LUMO gaps of the emitters were found to be very close in emitters with or without π-

bridges. Notably, DMAC-TTR and PTZ-TTR emitters were found to have iso-energetic low energy 

conformers conformers with different photophysical properties. Our findings in ∆EST and nature of states 

analyses confirmed the TADF activity of orthogonal conformers. Lastly, in most of the emitters under 

investigation, phenyl unit containing TADF materials represented larger SOC values. 

 

CONCLUSION 

   In summary, we present a comprehensive theoretical study on structural and photophysical properties 

of sulfone-based TADF emitters. Our investigations reveal that the molecule set under investigation 

presents various geometric behaviors, such as bearing bent conformations which prevent the formation 



21 
 

of intermolecular excimers as well as having iso-energetic low energy conformers, which exhibit TADF or 

non-TADF activities. Notably, our analyses on the effects of meta- and para-conjugation showed that the 

regioisomers possess different photophysical properties. The first two molecule sets were shown to have 

multiple triplet levels below the S1 state, which opens alternative ISC/RISC pathways. Moreover, we also 

presented the possibilities of IC, ISC and RISC processes between the high lying singlet and triplet levels. 

Additionally, we observed that the larger amount of state mixing in iso-energetic triplet levels below the 

S1 state enhances the SOC values and RISC probabilities. Moreover, we observed that for compounds with 

iso-energetic identical nature states, hyperfine coupling (HF) can play an important role in enhancing 

ISC/RISC processes. 

   We further modeled the effects of rigid acceptor moieties in TADF performance and our findings reveal 

that the hyperfine couplings between the identical nature states may also enhance RISC probabilities. In 

the last part of our study, we discussed the effects of phenyl bridges on structures and photophysical 

properties. Our findings show that most of the phenyl bridge containing TADF emitters present larger SOC 

values. This work is intended to provide insight and pave a way to design new TADF emitters. In light of 

our findings, it is possible to design new emitters with desired properties and give rise to the 

developments in TADF technology with new molecule designs. 
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