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Abstract: Intramolecular through-space charge transfer thermally 
activated delayed fluorescence (TSCT-TADF) has attracted much 
attention recently as it can achieve both small energy splitting and 
high emission efficiency. However, the relationship of excited states 
between TSCT and through-bond charge transfer (TBCT) remains a 
challenge in the TSCT-TADF molecules. Herein, three compounds 
DPS-m-bAc, DPS-p-bAc and DPS-OAc that possess emissive TSCT 
and/or TBCT states were prepared. Interestingly, so-called inverted 
energy gap was found for both DPS-m-bAc and DPS-p-bAc in toluene 
solution, which results from the different charge transfer states of 
ICThigh and ICTlow proved by the detailed transient photoluminescence 
and calculated results. Intense emission from blue to yellow 
associated with high photoluminescence quantum yields of 70-100% 
were measured in doped polymethyl(methacrylate) (PMMA) films. 
Notably, compound DPS-m-bAc achieves the highest reverse 
intersystem crossing rate constant (kRISC) of over 107 s-1 in PMMA film, 
benefiting from close-lying TSCT and TBCT states. The solution-
processed device with DPS-m-bAc displays a maximum external 
quantum efficiency of 21.7%, and a relatively small efficiency roll-off 
(EQE of 20.2% @ 100 cd m-2). Overall, this work demonstrates how 
with judicious emitter engineering, a synergy between different charge 
transfer excited states can be achieved, providing an avenue to 
achieve highly efficient solution-processed OLEDs. 

Introduction 

The efficient harvesting of non-emissive triplet excitons for light 
production in organic light-emitting diodes (OLEDs) remains a 
research theme of continuing interest.[1-4] Among the most 
successful designs are phosphorescent emitters,[5] which have 
been widely developed over the past two decades. By virtue of 

the presence of a heavy noble metal center, efficient intersystem 
crossing (ISC) between first excited singlet (S1) and triplet (T1) 
states occurs due to strong spin-orbit coupling (SOC) and these 
compounds efficiently emit light from the T1 state.[6] However, the 
noble metals required in these emitters are scarce and so their 
use is not sustainable. Furthermore, (several) microseconds long 
triplet lifetime in phosphorescent emitters leads to a reduction of 
external quantum efficiency (EQE) at high current densities, the 
so-called efficiency roll-off effect, owing to bimolecular loss 
processes such as triplet-triplet annihilation and triplet-polaron 
quenching. An alternative class of emitters that can also achieve 
internal quantum efficiencies of up to 100% yet do not use scarce 
metal centers are purely organic thermally activated delayed 
fluorescence (TADF) compounds.[7-12] Whereas phosphorescent 
emitters collate all of the excitons on T1 prior to emission via 
intersystem crossing (ISC) to harvest the singlet excitons, the 
excitons in TADF emitters emit only from the singlet state, this 
made possible by the endothermic up conversion of triplet 
excitons via reverse intersystem crossing (RISC) that is enabled 
by the small singlet-triplet energy gap (ΔEST) between the lowest-
lying singlet and triplet excited states.[13] However, the RISC rate 
in organic TADF molecules is usually on the order of 105 to 106 s-

1.[14] This leads to a relatively long delayed fluorescence lifetime, 
which contributes to a large triplet exciton density in the TADF 
device and thus poor efficiency roll-off. Therefore, accelerating 
the RISC process is crucial to addressing this issue and improving 
device stability. 

The RISC process within the regime of first order perturbation 
theory is described by the relationship = 𝜘!" Δ𝐸!#⁄  ,[15] where 𝛼 is 
the first order mixing coefficient and 𝜘!" is the spin-orbit coupling 
value. Based on this, the development of small molecule TADF 
emitters relied robustly upon the minimization of ΔEST, which is  
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Figure 1. (a) Design strategy of organic emitters followed in this work; (b) structural evolutions of three molecules; (c) crystallographic data of 
three molecules 
accomplished by reducing the spatial overlap of the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO).[10,16-17] So, an accurate measure of 
ΔEST is paramount to understanding the underlying RISC 
mechanism.  

Most reported TADF molecules possess donor (D) and 
acceptor (A) moieties that are weakly coupled electronically by 
means of twisted conformations and possess emissive through-
bond charge transfer (TBCT) excited states where the 
conjugation is mediated by a p-bonding network in the 
molecule.[9,18,19] There are examples of highly efficient TBCT-
based TADF emitters with emission colors spanning from blue to 
red.[20-22] Despite the advances documented in these reports, a 
vast majority of these emitters possess kRISC values slower than 
106 s-1, which contribute to poorer device performance, especially 
in terms of efficiency roll-off at high luminance. Through-space 
charge transfer (TSCT) emitters are compounds that contain 
weakly electronically coupled donor and acceptor motifs whose p-
systems interact through space. Complicating the analysis of 
photophysics is that the contributions of through-space versus 
through-bond interaction are difficult to disentangle in a 
compound where donor and acceptor moieties are covalently 
linked. These compounds typically show fast kRISC,[23] which 
implies a small ΔEST. In the literature, there are now numerous 
reports of seemingly negative ΔEST values in some of these 
TSCT-based emitters (Chart S1).[24-30] The reduced internal 

conversion rate, a result of weak electronic coupling between the 
donor and acceptor moieties, leads to emission from higher lying 
states.[31-33] If this happens within the triplet manifold, it leads to a 
blue-shifted delayed luminescence spectrum (acquired with a 
millisecond time delay at 77 K) with respect to the steady-state 
emission spectrum (acquired at 77 K). This is often interpreted as 
a negative ΔEST; however, it must be noted that the parameter 
ΔEST, and in particular the associated notion of an inverted 
singlet-triplet gap, only has meaning if the orbitals involved 
describe the same electronic state yet differ in the spin states. In 
this manuscript we demonstrate that detailed low temperature (ca. 
5 K) spectroscopic investigations, preferably time-resolved, are 
required to confidently identify the origin of the phosphorescence, 
and so the energy of the lowest-lying triplet state, and thus an 
accurate assignment of the ΔEST value. We illustrate how steady-
state measurements conducted at 77 K can easily be 
misinterpreted to an erroneous assignment of ΔEST. 

With the initial goal of designing fast kRISC TSCT emitters for 
solution-processed OLEDs, we designed and synthesized 
molecules with a diphenyl sulfone (DPS) acceptor and 9,9-
dimethyl-9,10-dihydroacridine (Ac) as the donor (Figure 1c). We 
realized that this family of compounds is ideally suited to address 
the issue of so-called negative singlet-triplet gap.  There are two 
donors in DPS-p-bAc and DPS-m-bAc molecules where the �-
systems are electronically coupled both through-bond and 
through-space, which leads to closely lying CT states. 77 K 
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steady-state emission from these CT states leads to the deceptive 
observation of a negative singlet-triplet gap. However, 5 K time-
resolved measurements reveal the origins and energies of the 
singlet and triplet excited states and clarify that these compounds 
in fact have vanishingly small yet positive ΔEST. Intense emission 
from blue to green with high PLQY of 70-100% were observed in 
solution and film states. Notably, DPS-m-bAc shows the fastest 
kRISC exceeding 107 s-1 in doped PMMA film. Solution-processed 
OLED based on DPS-m-bAc achieved a maximum EQE (EQEmax) 
of ～22% and a small efficiency roll-off, showcasing the value of 
this emitter design. 

Results and Discussion 

Synthesis and Characterization 

As presented in Scheme S1, Ullmann coupling between the 
commercial thiophenol and either 2,4-difluoro-1-iodobenzene or 
4-bromo-1-fluoro-2-iodobenzene generated the thioether 
derivatives 1 and 3, respectively. Oxidation with H2O2 afforded the 
corresponding sulfone derivatives 2 and 4. DPS-m-bAc was 
synthesized via double nucleophilic aromatic substitution from 2 
and Ac in poor yield (16%). Similarly, DPS-p-bAc was prepared 
via a single nucleophilic aromatic substitution from 4 and Ac 
followed by Buchwald-Hartwig amination with another molecule of 
Ac in 74% yield. The Buchwald-Hartwig amination of compound 4 
led to the unanticipated formation of DPS-OAc via nucleophilic 
attack of the base in moderate yield (63%). All three compounds 
were purified by column chromatography and recrystallization, 
and then fully characterized by 1H NMR and 13C NMR 
spectroscopy, MALDI-TOF mass spectrometry, HPLC (Figure 
S1-S12) and single-crystal X-ray diffraction. As illustrated in 

Figure S13, compounds DPS-m-bAc and DPS-p-bAc exhibit 
good thermal stability with decomposition temperatures (Td) of 
370 °C and 353 °C, respectively, at a 5% weight loss. By contrast, 
DPS-OAc has a lower Td of only 241 oC, presumably due to the 
lability of the tert-butoxy group. 

Single Crystal Analysis 

Single crystals of all three emitters were obtained by slow 
evaporation of CH2Cl2/hexane (v/v=1:1) solutions of the 
respective compounds. The molecular packing in these crystals 
was investigated systematically, and all relevant data are listed in 
Table S6. As shown in Figure S14, donor and acceptor moieties 
are almost perfectly perpendicular with torsion angles in the range 
of 85-90o. Both DPS-m-bAc and DPS-p-bAc show cofacial 
arrangement between the acridan and diphenylsulfone (Figure 
1d). There are some short intramolecular distances between the 
two cofacial fragments. For example, the ring-centroid/ring-
centroid (one benzene ring in DPS and another one in the Ac 
moiety, see Figure 1d) distances were found to be 3.830 and 
3.822 Å for compounds DPS-m-bAc and DPS-p-bAc, respectively. 
Also, the S/N distances are shorter than the sum of their van der 
Waals radii (ca. 3.4 Å). These short intramolecular distances 
demonstrate that through-space conjugation can occur in these 
two compounds.[34] Compared to DPS-m-bAc and DPS-p-bAc, no 
cofacial arrangement was found between the donor and acceptor 
moieties in DPS-OAc.  

Electrochemical properties 

Redox potentials of the three emitters were determined by 
cyclic voltammetry (CV) in dichloromethane using 0.1 M tetra-n-
butylammonium hexafluorophosphate as the supporting  

 
Figure 2. Photophysical data of the three compounds under investigation. (a) Absorption of compounds in toluene (10-5 M); (b) 
photoluminescence spectra of compounds (in toluene, λexc = 300 nm) at room temperature; (c) photoluminescence spectra of compounds (in 
10 wt% PMMA, λexc = 300 nm) at room temperature (inset: the pictures from left to right are DPS-m-bAc, DPS-p-bAc and DPS-OAc); Low 
temperature (77 K) fluorescence (Fl) and delayed emission (DE, delayed with 1 ms) of compounds in toluene (d: DPS-m-bAc, e: DPS-p-bAc; f: 
DPS-OAc) with excitation wavelength of 300 nm; energy level diagram for the transitions observed in the solid solution of DPS-m-bAC.  

electrolyte, and ferrocene/ferrocenium as the internal reference. 
Irreversible oxidation (Eox) waves with onset potentials of 0.51, 
0.50 and 0.47 V (vs. EFc/Fc+) were detected for DPS-m-bAc, DPS-
p-bAc and DPS-OAc, respectively (Figure S17). The potentials 

for DPS-m-bAc and DPS-p-bAc are almost identical, suggesting 
that the positional isomerism only has a negligible effect on the 
oxidation potential. No reduction waves were detected within the 
electrochemical window of the solvent. Using the equation: EHOMO 



RESEARCH ARTICLE    

4 
 

= -(Eox 
onset

 + 4.8) eV, the HOMO energy levels of the emitters were 
calculated to be -5.31, -5.30, -5.27 eV for DPS-m-bAc, DPS-p-
bAc and DPS-OAc, respectively. Based on the optical band (Eopt 

g ) 
gap, determined from the onset of absorption edge, and the 
calculated HOMO energy levels, the LUMO energy levels were 
evaluated to be -2.38, -2.39, -2.11 eV for DPS-m-bAc, DPS-p-bAc 
and DPS-OAc, respectively. 

Photophysical Properties 

The photophysical properties of the three compounds are 
summarized in Table 1. As seen in Figure 2a and Figure S18, all 
three compounds display two distinct absorption bands in toluene 
solution. The compound DPS-OAc possesses a strong absorption 
band centered at about 280 nm (4.43 eV), which we assign to the 
π-π* transitions localized on each of the donor and acceptor 
fragments, while the weak absorption band between 320 and 400 
nm is associated with an intramolecular charge transfer (ICT) 
transition between the donor and acceptor fragments. The two 
compounds DPS-m-bAc and DPS-p-bAc show an increase in the 
intensity of the higher energy band, presumably due to the 
contribution from the localized π-π* transitions on the additional 
acridine. Furthermore, the lower energy band is much more 
intense and shifted to the red by about 25 nm (corresponding to 
about 0.2 eV in this energy range). Evidently, there is an 
additional charge-transfer contribution. A major difference 
between DPS-OAc and the other two compounds is the 
replacement of the tert-butoxy group with a second Ac moiety. In 
these two compounds, as demonstrated by the single crystal X-

ray diffraction studies, there is a cofacial arrangement between 
the electron-rich acridan and the electron-deficient 
diphenylsulfone. We speculate that the additional contribution to 
the absorption spectrum is related to the additional Ac moiety and 
may possibly involve some through-space charge-transfer 
contribution. Thus, in addition to the ICT state already present in 
DPS-OAc, in DPS-m-bAc and DPS-p-bAc there exists another 
ICT state about 0.2 eV below it.  

At room temperature, intense photoluminescence (PL) with 
peak maxima at 461, 524 and 532 nm (λexc = 300 nm) are 
observed in toluene for DPS-m-bAc, DPS-p-bAc and DPS-OAc, 
respectively (Figure 2b). The broad and structureless PL bands 
suggest that the emissions originate from ICT states. Both the 
DPS-m-bAc and the DPS-p-bAc emissions are red-shifted with 
respect to DPS-OAc, which is consistent with the trend observed 
in the absorption spectra, and is also consistent with emission 
from a ICT state in DPS-OAc whose origin is distinct from the ICT 
emissions of DPS-m-bAc and DPS-p-bAc; positive 
solvatochromism was observed in each of the three emitters, 
which corroborates the ICT character of the emissive excited 
states (Figure S19). The emission maximum red-shifts by 48 nm 
(0.20 eV) for DPS-m-bAc, 53 nm (0.22 eV) for DPS-p-bAc and 70 
nm (0.28 eV) for DPS-OAc in CH2Cl2 relative to toluene, revealing 
decreasing CT character in these compounds in the order of DPS-
OAc > DPS-p-bAc > DPS-m-bAc. In passing, we note that all 
three compounds show clear aggregation-induced emission 
enhancement (AIEE) in THF/H2O mixtures with varying water 
fractions (fw) (Figure S20).  

 
Figure 3. Photophysical data of the compounds in toluene. (a) Transient photoluminescence of the compounds in toluene solution at both 5 K 
and 80 K; (b) spectra taken at various delay times in a toluene glass of (top) DPS-m-bAc at 80 K, (middle) DPS-OAc at 80K, and (bottom) DPS-
OAc at 5 K. 
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Figure 4. Spectra in toluene solution of DPS-m-bAc at 80 K and various time delays with (a-d) corresponding to the stages 1-4 indicated in 
Figure 3a. 

The low-temperature (LT) emission was collected in toluene 
glass at (77 K) for steady state detection (Fl) and for detection at 
1 ms after excitation (DE), and is shown in Figure 2d-f. While for 
DPS-OAc, the long-lived component is slightly red-shifted from 
the steady-state emission, the opposite is the case for DPS-p-bAc 
and, in particular, for DPS-m-bAc. In these latter two compounds, 
the long-lived emission is shifted to the blue compared to the 
steady-state emission. When considering these data in isolation, 
it is tempting to attribute the long-lived emission to 
phosphorescence and the steady-state emission to fluorescence, 
and then to read off the presumed singlet and triplet energies from 
the onset of the emission bands. When doing so, one would arrive 
at the conclusion of a negative singlet-triplet gap, similar to some 
reported results of other TSCT TADF compounds shown in 
Scheme 1. The parameter ΔEST only has meaning if the singlet 
and triplet excited states reside on the same species. In an effort 
to account for the origins of the apparent inverted singlet-triplet 
gap, we undertook a detailed transient photoluminescence study. 
Figure 2g indicates the state ordering that we argue for in DPS-
m-bAc (and also in DPS-p-bAc), based on the time-resolved 
luminescence data discussed in the next section.  

Transient photoluminescence properties in toluene 

In order to understand the origin of the unusual blue-shifted 77 
K delayed emission spectra compared to the 77 K steady-state 
emission spectra presented in Figure 2, we investigated the time-
resolved PL decays at both 5 and 80 K (Figure 3 and Figure S20).  

The transient decay of DPS-OAc in toluene at both 
temperatures consists of a short decay with about 50 ns lifetime, 
attributed to prompt fluorescence, and a very slowly decaying 
component that extends well into the regime of tens of ms, which 
must therefore be phosphorescence. The fluorescence red-shifts 
within 150 ns (Figure 3b, bottom panel), which is ascribed to the 
presence of different conformers in the toluene glass, each 

emitting at different energies and decaying with different kinetics. 
The phosphorescence spectrum, taken at 36 ms delay after the 
exciton pulse, does not change position with time (Figure S22), 
indicating a single low energy excited triplet state responsible for 
the emission. Since DPS-OAc does not have this lower energy 
ICT state (referred to as ICTlow henceforth) but only the higher 
energy ICT (ICThigh) state, these spectra serve as references for 
the 1ICThigh and 3ICThigh positions for all three compounds 
investigated here. When heating from 5 K to 80 K, we observe no 
significant change in the energies of these states (Figure 3b, 
middle panel).  

For compound DPS-m-bAc the photophysical behavior is more 
complex. As with DPS-OAc, at 5 K the decay curve shows both 
prompt fluorescence and phosphorescence (Figure 3a). However, 
at 80 K, a new feature, assigned to TADF, strongly contributes to 
the total emission. We identify four distinct stages of the emission 
decay that are detailed in Figure 4 and that are compared to DPS-
OAc in Figure 3b.  

The time range of stage 1 corresponds to the prompt 
fluorescence, the spectrum of which is shown in Figure 4a. We 
observe a high-energy band that decays faster than the main 
prompt fluorescence band. The position of this fast-decaying 
higher energy band coincides roughly with the energy of the 
1ICThigh observed in DPS-OAc, while the remaining prompt 
fluorescence band of DPS-m-bAc is further red-shifted. Thus, we 
attribute the initial emission centered at about 410 nm (3.02 eV) 
to the 1ICThigh state, while the remaining emission, peaking at 
around 500 nm (2.48 eV), is assigned to an 1ICTlow state at slightly 
lower energies, as indicated in Figure 2g.   

Stage 2 (Figure 4b) corresponds to TADF, with a typical 
evolution of the delayed fluorescence spectra over time 
associated with some blue-shifting of the emission. This behavior 
can again be rationalized by the different RISC rates and 
associated delayed emission lifetimes of the different conformers 
present in the toluene glass.[35] Stage 3 reveals a red-shift of the 
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1ICTlow emission during the time from 60 �s to 1 ms (Figure 4c). 
Such behavior can be rationalized by assuming the presence of a 
lower energy conformer associated with a larger ΔEST and thus 
slower kRISC (vide infra in quantum chemical calculations).  

At the end of stage 3, there is a transition from delayed 
fluorescence to phosphorescence, as evident from the decay 
kinetics (Figure 3a). Stage 4 thus documents mainly the 
phosphorescence (Figure 4d) at times longer than 1 ms. We 
observe a blue-shift, which is unusual for phosphorescence 
spectra. Comparison between the 80 K spectra at 36 ms for DPS-
m-bAc with DPS-OAc (Figure 3b) suggests that the species 
emitting after 36 ms is the 3ICThigh state. 

Figure 2g provides an overview of the relative order of the 
excited states in DPS-m-bAc. In this compound, there is the same 
1ICThigh state that exists in DPS-OAc, yet there is also an 
additional 1ICTlow state from the interaction between the acridine 
and the DPS moieties. The associated triplet state, 3ICTlow, is only 
about 0.2 eV lower in energy, which may be due to a rather small 
wavefunction overlap caused by the through-space contribution 
in this state or the larger through-bond delocalization obtained 
from the addition of the second acridine.[36] Even though the 
singlet-triplet splitting in the ICThigh state is larger than in the ICTlow 
state, the 3ICThigh state is still at higher energy than the 1ICTlow 

state. As a result, the 77 K spectra (Figure 2a) show a 
phosphorescence that occurs at higher energy than the 
fluorescence in the same compound, i.e., an “apparent negative 
singlet-triplet gap”, yet the phosphorescence and the 
fluorescence pertain to states localized on different parts of the 
molecule. The photophysical behavior of DPS-p-bAc largely 
(Figure S23) is similar to that of DPS-m-bAc; however, there is a 
much smaller observed contribution from the emission from the 
ICThigh state.    

Photoluminescence properties in host-guest films  

We next explored whether this behavior is transferred into thin 
films, as this is relevant for device applications. We then 
considered the properties of our compounds when diluted at 10 
wt% in both the electronically inert matrix PMMA (see Supporting 
Information) and the charge-transporting OLED relevant host 
mCP. The spectral and time-dependent features of the 
compounds remain preserved in both thin films (Figure S24-S28). 
Compared to the emission profiles in solution, small 
hypsochromic shifts are observed for all three emitters in the films 
(see Figures 2b, c and S25). The temperature-dependent 
transient PL decay curves reveal that the delayed components 
are gradually enhanced from 100 to 300 K (Figure S27). These 
results clearly demonstrate that the three compounds emit via 
TADF. The photophysical property in mCP are very similar to 
those in PMMA (Table S1). The transient PL decay curves still 
display clear double exponential decays under degassed 
conditions at room temperature, with a fast decay in the range of  
26～34 ns, and a slower decay in the microsecond regime (2.7～
7.0 μs, Figure S28 and Table 1) for each of the three emitters. 
PLQYs of 95, 83 and 21% were measured for DPS-m-bAc, DPS-
p-bAc and DPS-OAc in doped mCP host, respectively. The 
abnormally low emission efficiency of DPS-OAc in mCP is due to 
the energy transfer from the emission to the mCP host as the host 
has a lower triplet energy of 2.92 eV.  

Based on the PLQY and emission lifetimes, the photophysical 
parameters for radiative decay (kr), intersystem crossing (kISC) 
and reverse intersystem crossing (kRISC) were calculated (using 
equations S1－S6[37]) and the relevant results are provided in 
Table 1 and Table S1. Compared to DPS-OAc, both DPS-m-bAc 
and DPS-p-bAc exhibit much more delayed fluorescence and 
have a much higher k rISC in both PMMA (Table S1) and  
 

Table 1. Photophysical characterization of the three compounds studied in this work. 
 DPS-m-bAc DPS-p-bAc DPS-OAc 
a (λabs/ε)/(nm/105 L·mol-1·cm-1) 283/0.68, 370/0.04 283/0.60, 362/0.02 283/1.17, 354/0.04 
a λem/nm 524 532 461 
b λem (77 K)/nm 480 (Fl), 445 (Ph) 486 (Fl), 472 (Ph) 447 (Fl), 453 (Ph) 
c 1ICThigh  (80 K)/ nm (eV) 391 (3.17) 390 (3.17) 396 (3.13) 
c 3ICThigh (80 K)/ nm (eV) 425 (2.92) 430 (2.88) 417 (2.97) 
c 1ICTlow (5 K)/ nm (eV) 430 (2.88) 434 (2.86) - 
c 3ICTlow (5 K)/ nm (eV) 432 (2.87) 437 (2.84) - 
c ΔEST (5 K)/eV 0.01 0.02 0.16 
d λem/nm 506 515 4446 
d τp/ns 26 32 34 
d τd/μs 2.7 3.6 7.0 
d Φ/% 95 83 21 
d Φp/% 8.80 11.21 15.00 
d Φd/% 86.20 71.79 6.00 
d kr/106 s-1 3.1 3.4 / 
d knr/105 s-1 1.6 7.0 / 
d kISC/107 s-1 3.5 2.7 / 
d kRISC/107 s-1 0.44 0.21 / 
e Eox/V 0.51 0.50 0.47 
f EHOMO/eV -5.31 -5.30 -5.27 
f ELUMO/eV -2.38 -2.39 -2.11 
f Eg/eV 2.93 2.91 3.16 

a: at the peak maximum in toluene solution at room temperature; b: at the peak maximum in toluene solution at 77 K; c: derived from the onset 
of time integrated fluorescent and phosphorescent spectra at 5 K for the lowest excited states; d: in a 10 wt% doped mCP film at room 
temperature; e: in CH2Cl2 solution at room temperature (vs. EFc/Fc+); f: EHOMO = -(Eox+4.8) eV, ELUMO = (Eg + EHOMO) eV, Eg = 1240/λedge. 

mCP, ascribed to the presence of a second ITC state. 
Impressively, DPS-m-bAc shows the fastest kRISC of all three 
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compounds having values of 1.18 and 0.44 × 107 s-1 in PMMA and 
mCP, respectively, which are among the fastest RISC rate 
constants for TSCT-based emitters (Figure S28d and Table S7).  

Computational studies 

 
Figure 5. 3D structures of the O (a, c and e) and P (b, d and f) 
conformers of the three compounds (DPS-m-bAc: a and b; DPS-p-
bAc: c and d; DPS-OAc: e and f) under study. The central benzene 
ring is observed from the side so that all its carbon atoms appear in 
one line. Hydrogen atoms are omitted for clarity. 

From the spectroscopic studies, we have identified singlet and 
triplet emission from two different ICT states, that is ICTlow and 
ICThigh, remarkably without any intramolecular energy transfer 
between them. To rationalize the origin of these states, we turned 
to computations (see Figures 5, 6 and VIII in Supporting 
Information). Importantly, we noted that the excited state 
parameters of the three compounds showed a significant 
conformational dependence. Acridan substituents attached via 

nitrogen to phenyl groups can either be orthogonal (referred to as 
O conformer, Figure 5) to the phenyl π-system, or parallel 
(referred to as P conformer, Figure 5). For both DPS-m-bAc and 
DPS-p-bAc, the two conformers are within 1 kcal/mol suggesting 
that both could be present in solution in significant amounts. For 
DPS-OAc, the P conformer is predicted to be almost 3 kcal/mol 
higher in energy which suggests it to be significantly less 
populated. Nevertheless, for all three compounds, the 
interconversion barriers between the O and P conformers are 
within 4 kcal/mol suggesting rapid interconversion. 

Key simulated excited-state parameters of these conformers 
are summarized in Table S2. They show that the O conformers of 
DPS-m-bAc and DPS-p-bAc are predicted to have significantly 
smaller singlet-triplet gaps compared to the corresponding P 
conformers. In contrast, both the O and P conformers of DPS-
OAc are predicted to have practically identical and large singlet-
triplet gaps. Additionally, the P conformers generally show higher 
oscillator strengths for the vertical transitions between S0 and S1 
across all three compounds, both in S0 and in S1 geometries, 
suggesting the O conformers to be less emissive than the P 
conformers. Furthermore, we find that the P conformers of DPS-
m-bAc and DPS-p-bAc show significantly higher excitation 
energies between S0 and S1 compared to the corresponding O 
conformers. Notably, for DPS-OAc, the corresponding excitation 
energy for the P conformer is slightly lower than for the O 
conformer but they are similar.  

Based on the computations, it would seem plausible that both 
prompt fluorescence and phosphorescence of DPS-OAc only 
take place from the O conformer, which is predicted to be lower 
in energy. However, as the first excited states in the O and P 
conformers of DPS-OAc are predicted to have similar energies, 
they cannot be distinguished and emission might also take place 
from the P conformer. This is consistent with the experimental  

 

Figure 6. (d) Difference electron density plots for DPS-m-bAc, DPS-p-bAc and DPS-OAc in both their O and P conformers at the SOS-
ωB88PP86 level of theory using r2SCAN-3c ground state geometries together with the corresponding vertical singlet-triplet gaps at the same 
level of theory. 
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observation of only one ICThigh state for that compound. 
Additionally, the computations also agree with the observed 
comparably large energy difference between fluorescence and 
phosphorescence and the absence of significant TADF for DPS-
OAc as the corresponding singlet-triplet gap is predicted to be 
relatively large. 

For both DPS-m-bAc and DPS-p-bAc, the computations 
suggest the potential involvement of both the O and the P 
conformers in their spectroscopic behavior. We noted in the 
experimental section that we observe a high-energy band 
decaying faster than the main prompt fluorescence band for DPS-
m-bAc in stage 1. Additionally, we noted that this band coincides 
roughly with the fluorescence energy of the excited singlet state 
in DPS-OAc. In the simulations, we find that the S1 state of the P 
conformer of DPS-m-bAc has significantly larger excitation 
energy than the S1 state of the corresponding O conformer. The 
P conformer is also predicted to have a significantly higher 
oscillator strength and it has a comparable excitation energy as 
the S1 state of the O conformer of DPS-OAc. Hence, the 
computations for DPS-m-bAc suggest that the S1 state of the P 
conformer should show high-energy fluorescence, similar in 
energy to the DPS-OAc fluorescence, that decays faster than the 
S1 state of the corresponding O conformer, and thus agrees 
qualitatively with the spectroscopic observations. Finally, the 
computations also correctly identify the high-energy fluorescent 
state with a large energy gap to the corresponding triplet state and 
the low-energy fluorescent state with a small singlet-triplet energy 
gap. Thus, based on our simulations, ICTlow would correspond to 
the excited states in the O conformer of DPS-m-bAc and DPS-p-

bAc, and ICThigh would correspond to the excited states in the P 
conformer of these two compounds. For DPS-OAc, ICThigh could 
correspond to the excited states in either the O conformer or the 
P conformer. 

However, agreement between simulation and experiment is not 
perfect as the excitation energies between S0 and T1 in the P 
conformers of both DPS-m-bAc and DPS-p-bAc are predicted to 
be lower in energy than between S0 and S1 in the corresponding 
O conformers. In our experiments, we observed part of the 
phosphorescence at a higher energy than the low-energy 
fluorescence. Moreover, the simulations systematically 
overestimate the excitation energies in these compounds as they 
are predicted to be in the UV region whereas our experiments 
show them to be in the VIS range which likely stems from both a 
neglect of excited state relaxation and a systematic misestimation 
of the excitation energies by the density functional approximation 
employed. Yet, systematic deviations in the simulated excitation 
energies obtained via density functional approximations are quite 
common. Additionally, the prediction of triplet excitation energies 
is expected to be less accurate than the corresponding singlet 
excitation energies with the computational methods used. Thus, 
overall, we suggest that the presence of both O and P conformers 
for the compounds under study, especially for DPS-m-bAc and 
DPS-p-bAc, can serve as a potential rationalization for the 
observed photoluminescence behavior. This model agrees well 
with the observations related to fluorescence, for which the 
computational methods are expected to deliver more accurate 
results, though there are some shortcomings in the  

 
Figure 7. The energy levels, molecular structures in the device and devices performance. (a) energy levels of the device;  (b) molecular 
structures; (c) EL spectra of the devices; (d) EQE-current density curves. Inset: the images of the devices (left is DPS-m-bAc, and right is DPS-
p-bAc). 
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Table 2. Device performance with the three emitters. 

Material 
Dopant 
/wt % 

Von 
/V 

Lmax 
/cd m-2 

CEmax 
/cd A-1 

EQEmax 
/% 

EQE/% 
(@100 cd m-2) 

CIE (x, y) 
λEL 
/nm 

DPS-m-bAc 10% 4.0 2474 57.49 21.7 20.2 (0.22, 0.44) 504 

DPS-p-bAc 10% 4.4 1649 34.77 12.1 11.5 (0.25, 0.49) 510 

DPS-OAc 10% 4.4 117.3 7.11 5.0 0.6 (0.19, 0.23) 470 

description of some observations related to phosphorescence. 
Importantly, however, the model is able to give a satisfactory 
explanation on why we can observe emission from 3ICThigh at all. 
At first sight, emission from 3ICThigh seems to violate Kasha’s rule. 
There are two lower energy states available, that is 3ICTlow and 
1ICTlow, and in view of the small energy difference they have to 
3ICThigh one would expect them to be populated very efficiently 
through internal conversion or intersystem crossing, respectively. 
However, if the ICThigh pertains to the P conformer and ICTlow to 
the O conformer, this implies that these states are not on the 
same molecule but rather on different molecules in the solution or 
film. This readily accounts for the absence of energy transfer 
between ICThigh and ICTlow, and hence Kasha’s rule is not violated. 

To further characterize the excited states of the molecules 
computationally, we investigated the difference electron densities 
between the ground state (S0) and the first electronic excited 
states (S1 and T1) in more detail (Figure 6). First, we observed 
across all three compounds that the lowest energy excited singlet 
states stem mainly from ICT excitations whereas the lowest 
energy excited triplet states stem largely from local excitations 
(LE). As expected, in the lowest energy excited singlet states, 
electron density is generally transferred from the donors (Ac) to 
the acceptor (DPS). Specifically, in the O conformer of DPS-m-
bAc, both Ac groups donate electron density, in the corresponding 
P conformer only the Ac group ortho to the sulfone does. For 
DPS-p-bAc, we observe that in the O conformer only the Ac group 
ortho to the sulfone donates electron density, whereas in the P 
conformer both Ac groups do. For DPS-OAc, the Ac group 
donates electron density in both conformers but only the P 
conformer also shows contributions from the alkoxy group. 
Notably, the difference densities of the O and P conformers for 
DPS-m-bAc and DPS-p-bAc show comparable contributions of 
through-space interaction whereas the corresponding computed 
singlet-triplet gaps show a significant difference. This suggests 
that the contribution from the through-space charge transfer in 
these compounds has little to do with their singlet-triplet gaps.  

We would like to emphasize that while the presence of multiple 
conformers can provide an explanation for the photophysical 
observations, we cannot rule out the involvement of higher-lying 
excited states. Based on additional computational investigations 
of higher excited singlet and triplet states, which are detailed in 
the Supporting Information, we find this explanation less likely. 

Organic light-emitting diodes 

To explore the device performance of these compounds, 
solution-processed OLEDs employing all three emitters as the 
dopant were fabricated with the configuration ITO/PEDOT:PSS 

(40nm)/mCP:dopant (10 wt%, 35 nm)/DPEPO (9 
nm)/TmPyPB(45 nm)/LiF (0.5 nm)/Al (120 nm). In these devices, 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) 
(PEDOT:PSS) serves as the hole injection layer, while bis[2-
(diphenylphosphino)phenyl] ether oxide (DPEPO) and 1,3,5-tri(m-
pyrid-3-yl-phenyl)benzene (TmPyPB) act as the hole-blocking 
and electron-transport layers, respectively. The emitter layer 
consists of a 9,9'-(1,3-phenylene)bis-9H-carbazole (mCP) host 
blended with the dopant at an optimized doping level of 10 wt.%. 
The energy levels of the device as well as relevant molecular 
structures are depicted in Figure 7a. 

The devices display intense electroluminescence (EL) with 
maxima, �EL, at 504, 510 and 470 nm for DPS-m-bAc, DPS-p-
bAc and DPS-OAc, respectively (Figure 7b and Figure S34a). 
The broad and structureless EL profiles are similar to the PL 
spectra, indicating that the EL originates from the same excited 
state. The absence of host emission implies that a complete 
energy transfer occurs between the host and the dopant for DPS-
m-bAc and DPS-p-bAc. For DPS-OAc, the broad emission at 400 
nm could be assigned to originating from the host matrix. The 
corresponding CIE (Commission International de I'Éclairage) 
chromaticity coordinates are (0.22, 0.44), (0.25, 0.49) and (0.19, 
0.23) for DPS-m-bAc, DPS-p-bAc and DPS-OAc, respectively 
(Figure S35). Figure 7c and S34c show the external quantum 
efficiency (ηext) versus luminance and current density-voltage-
luminance (J-V-L) curves. As indicated in Table 2, all devices 
display satisfying turn-on voltages (Von in 1 cd m-2) in the range of 
4.0–4.4 V. Owing to the highest emission efficiency in the film, the 
DPS-m-bAc-based device exhibited the best performance with a 
maximum ηext of 21.7%, which is among the best performances 
for the TSCT-type TADF solution-processed OLEDs with simple 
device structure (Table S6). Impressively, the device still 
possesses very high EQE of 20.2% at 100 cd m-2 (Figure 7c, 
Table 2), implying a relatively small efficiency roll-off. The DPS-p-
bAc-based device shows a lower ηext of 12.1% presumably due to 
its lower PLQY. As for DPS-OAc, the device shows a poor 
performance with an ηext of 5.0%, accompanied by a severe 
efficiency roll-off, probably due to the poor stability of the tert-
butoxy group. Notably, the unmatched energy levels between 
mCP and DPS-OAc is likely also responsible for the unsatisfying 
device performance.  

Conclusion 

In summary, we addressed the issue of why an apparent 
negative singlet-triplet gap can be observed in some emitters. For 
this purpose, three systematically tuned organic emitters, namely 
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DPS-m-bAc, DPS-p-bAc and DPS-OAc, were synthesized and 
fully characterized. All three compounds possessed clear TADF 
and AIEE properties. An analysis of the absorption spectra in 
solution reveals that while DPS-m-bAc and DPS-p-bAc possess 
two ICT states, namely, ICThigh and ICTlow states, DPS-OAc 
possesses only the ICThigh state and thus serves as a reference 
for the 1ICThigh and 3ICThigh energies. Time-resolved 
photoluminescence studies (performed at both 5 K and 80 K) 
indicate that 3ICTlow and 1ICTlow are nearly isoenergetic due to 
some through-space contribution to this ICT state while there is a 
relatively large gap between the 1ICThigh and 3ICThigh states due to 
the through-bond nature of this ICT state. Importantly, overall, the 
3ICThigh state lies higher in energy than both 1ICTlow and 3ICTlow, 
and internal conversion between the higher and lower 3ICT states 
is slower than phosphorescence from 3ICThigh. As a result, 77 K 
measurements show phosphorescence from 3ICThigh in addition 
to the fluorescence from 1ICTlow, which could easily be 
misinterpreted as a negative singlet-triplet gap, even though, as 
clarified with the help of detailed time-resolved 
photoluminescence measurements performed at 5 K, all the 
compounds have very small yet positive singlet-triplet gaps. Solid-
state photophysical investigations show that DPS-m-bAc shows 
the highest kRISC with a value on the order of 107 s-1 due to its 
strong TSCT effect and a relatively weak TBCT effect. 
Correspondingly, the solution-processed OLEDs based on DPS-
m-bAc achieved the highest EQE of 21.7%, concomitant with 
small efficiency roll-off. 

Supporting Information 

Supplemental Information can be found online or from the author. 
[CCDC 2109592, 2109595 and 2109596 contains the 
supplementary crystallographic data for this paper. These data 
can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif.] 
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