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Abstract
In the traditional molecular design of thermally activated delayed fluorescence (TADF) emitters
composed of electron-donor and electron-acceptor moieties, achieving a small singlet-triplet energy
gap (ΔEST) in strongly twisted structures usually translates into a small fluorescence oscillator
strength, which can significantly decrease the emission quantum yield and limit efficiency in organic
light-emitting diode (OLED) devices. Here, based on the results of quantum-chemical calculations on
TADF emitters composed of carbazole donor and 2,4,6-triphenyl-1,3,5-triazine acceptor moieties, we
propose a new strategy for the molecular design of efficient TADF emitters that combine a small ΔEST
with a large fluorescence oscillator strength. Since this strategy goes beyond the traditional
framework of structurally twisted, charge-transfer type emitters, importantly, it opens the way for
coplanar molecules to be efficient TADF emitters. Here, we have theoretically designed the HMATTRZ emitter, composed of azatriangulene and diphenyltriazine moieties, which is coplanar due to
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intra-molecular H-bonding interactions. The synthesis of HMAT-TRZ and its preliminary
photophysical characterizations point to HMAT-TRZ as a potential efficient TADF emitter.

In the field of organic light-emitting diodes (OLEDs), much attention has been recently given
to efficient harvesting of triplet excitons via reverse intersystem crossing (RISC) from the lowest
triplet (T1) excited state to the lowest singlet (S1) excited state, induced by thermal activation. [1] This
process gives rise to thermally activated delayed fluorescence (TADF), with the singlet exciton yields
greatly exceeding the theoretical limit (i.e., 25%) derived from spin statistics, which can lead to
internal quantum efficiencies near 100% in metal-free organic compounds.[1] Purely organic TADF
emitters thus represent a promising pathway towards high-performance and low-cost full-color and
white OLEDs.
Small singlet-triplet energy gaps (∆EST) are required to facilitate the T1 → S1 RISC process in
TADF emitters.[2-4] Early investigations on TADF systems have been based on the premise that a small
∆EST can be achieved by separating the wavefunction distributions of the highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs). [5-8] This initial moleculardesign strategy relies on the simple principle that, if the main electron configuration describing both
the S1 and T1 states corresponds to such a HOMO-to-LUMO transition (i.e., a single electronconfiguration description), the exchange energy will vanish and ∆EST will be very small. In this
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instance (here, in the context of linear response time-dependent density functional theory (LRTDDFT) under the Tamm-Dancoff approximation (TDA)),[9] ∆EST can be expressed as:

EST  2 HOMO(1)LUMO(1)| f Hxc | LUMO(2)HOMO(2)

(1)

where f Hxc denotes the Coulomb-exchange-correlation kernel. According to Equation (1), ∆E ST is
directly proportional to the overlap (<H|L>; H: HOMO and L: LUMO) between the HOMO and LUMO
wavefunctions. Based on this single electron-configuration recipe, a number of TADF emitters with
small or even vanishing ∆EST have been found in highly twisted molecules composed of electrondonor (D) and electron-acceptor (A) moieties.[2-4] In such molecules, both S1 and T1 states have a
substantial charge-transfer (CT) excitation character. However, in such CT molecules, the transition
dipole moments  S1  S 0 between the ground state (S0) and the S1 state are expected to be very small
since  S1  S 0 is also directly proportional to the HOMO-LUMO orbital overlap:

S

1  S0



 S1  S 0  L  H  L H

(2)



where  denotes the dipole operator and S 0 / S1 , the electronic wavefunctions of the S0/S1 state. As
a consequence, while TADF emitters with such a CT excitation character can present an almost
vanishing singlet-triplet energy gaps and thus a fast RISC rate, the weakness of the S1 → S0 transition
2

dipole moments (and therefore of the oscillator strength that depends on  S1  S 0 ) can significantly
decrease the photoluminescence quantum yield (PLQY), and limit efficiencies in OLED devices. [10, 11]
[12, 13]
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Recently, some of us have synthesized and characterized TADF emitters composed of
carbazole donor and 2,4,6-triphenyl-1,3,5-triazine acceptor moieties,[11] see the CPT2 – CPT4 series
in Figure 1a; these emitters have shown very good photophysical properties and device performance.
In particular, the CPT3 and CPT4 molecular systems not only have large oscillator strengths for
fluorescence radiative decay, leading to PLQYs of nearly 100%, but also moderate ∆E ST values (lower
than 0.3 eV), with the result that external electroluminescent quantum efficiencies of the OLED
devices reach up to 20%.[11] In addition, it was found experimentally that an increase in the number
of carbazole donors led to an increase in the fluorescence oscillator strength and a decrease in
singlet-triplet energy gap. These findings, however, cannot be rationalized on the basis of the
traditional design principle of CT molecules. Thus, it is critical to develop more reliable descriptions
of the microscopic mechanisms behind a combination of large fluorescence oscillator strength and
small ∆EST.
Here, we first consider the CPT1 − CPT4 series shown in Figure 1a, and analyze the electronic
structures of their S1 and T1 states via advanced quantum-chemical (QC) calculations; we focus on
the (vertical and adiabatic) excitation energies, natural transition orbitals (NTO) describing the S1 and
T1 excitations,[14] and overlaps of the corresponding electron-hole density distributions (the
computational methodologies are detailed in Part A of the Supporting Information (SI)). For the sake
of comparison, CPT5 with strongly electron-donating N,N-dimethyl groups, see Figure 1a, is also
investigated. The results of the calculations allow us to rationalize the mechanism behind the
efficiency of these TADF emitters. Importantly, they allow us to propose a new molecular-design
strategy that can be extended to coplanar TADF emitters.
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For the CPT1 – CPT4 systems, the calculations indicate that an increase in the number of
donor moieties leads to a decrease in the S0 → S1 (both vertical and adiabatic) excitation energies
while the S0 → T1 excitation energies hardly change, see Figure 1b; therefore, the singlet-triplet
energy gaps reduce.[15] To better understand the natures of the S1 and T1 excited states, it is useful to
refer to the NTO analysis, see Figure 2a. We note that, for the S1 states, the NTO hole and electron
wavefunctions mainly distribute on the carbazole donor and triazine acceptor moieties, respectively,
but overlap on the phenylene bridges; thus, the S1 states have a hybrid character combining local
and charge-transfer excitations; with an increase in the number of donor moieties, the hole tends to
delocalize more on these moieties in order to stabilize the S1 states. The relationships between
molecular architectures and S1 states with a hybrid excitation character also have been
experimentally studied in other twisted D-A molecules.[16]
For the T1 states, interestingly, the hole and electron wavefunctions are confined on the
central carbazole-phenylene-triazine molecular fragment. This confinement is not altered in the
presence of more functional groups, which is the reason why the T1 excitation energies hardly
change along the series. To better assess the characteristics of the S1 and T1 states, Figure 2b collects
the dihedral angles between the donor and bridge-acceptor moieties in the optimized S1 and T1
geometries, while Figure 2c displays the overlaps between the hole and electron (h/e) density
distributions in the S1 and T1 states. Compared to CPT1, the presence of additional donor moieties in
the CPT2 − CPT4 series leads to an increase in donor–[bridge-acceptor] dihedral angles and a
decrease in the h-e overlaps for the S1 states, which is consistent with the results of the NTO analysis.
For the T1 states, the donor–[bridge-acceptor] dihedral angles and h-e overlaps do not change and
remain at values of ca. 45º and 0.5, respectively, along the series. It is useful to note that the
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dihedral angles between phenylene bridge and triazine acceptor are zero in all the molecules studied
here due to H-bonding interactions between the two fragments.
The reason for the confinement of the T1 exciton wavefunctions of the CPT1 – CPT4
molecules on the central carbazole-phenylene-triazine fragment can be found by: (i) inspecting the
T1-state energies of the carbazole and phenylene-triazine fragments based on the T1 equilibrium
geometry of the CPT1; and (ii) performing a NTO analysis, see Figure 3. The T1 energies of the two
fragments are in fact nearly identical, ca. 3.5 eV (a value in agreement with the results of other highlevel QC calculations).[17] In addition, the NTO hole and electron wavefunctions have large
distributions on the atoms linking the two fragments (see Figure 3b). The combination of these two
factors gives rise to a large electronic coupling (~ 1.1 eV) between the T 1 states of the two fragments,
which results in a low T1 energy (~ 2.4 eV) for the central fragment. As a consequence, when
additional carbazole moieties that individually have a high triplet energy are introduced, the T1
energies and wavefunctions along the CPT2 – CPT4 series are not impacted.
At this stage, two main points can be summarized:
(i) The T1 wavefunctions in the CPT1 – CPT4 series are confined to the carbazole-phenylenetriazine fragment due to the low triplet energy coming from the large electronic coupling between
the carbazole and phenylene-triazine moieties.
(ii) The additional carbazole donors into the CPT1 decreases the S1-state energies in the CPT2
– CPT4 series, but has hardly any impact on the T1-state energies and wavefunctions, which results in
a reduction of the singlet-triplet energy gaps. This combination of effects can be taken as a new
strategy in order to minimize the singlet-triplet energy gaps in organic D-A molecules.
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To further test the validity of this strategy, we have designed the CPT5 molecule that has
additional strongly electron-donating N,N-dimethyl groups. The calculated S1 and T1 excitation
energies are shown in Figure 1b. Compared to CPT1, the S1-state adiabatic excitation energy in CPT5
decreases significantly, by 0.96 eV, while the T1 energy reduces much less, by ca. 0.4 eV; as a result,
the ΔEST in CPT5 is nearly zero. The NTO analysis of CPT5 confirms that the S 1 state has CT-excitation
character while the T1 exciton wavefunction remains confined on the central fragment, which is
consistent with a local excitation character of the T 1 state, see Figure 2a. We recall that in the
traditional CT molecular-design strategy, a vanishing ΔEST can be achieved only in the situation
where both the S1 and T1 states have substantial CT excitation character. Therefore, our results for
CPT5 demonstrate that the strategy developed here to reduce ΔEST is markedly different. In addition,
our new design overcomes the conflict stemming from the usual opposite trends in ΔEST and S1 → S0
transition dipole moment, which is critical for efficient TADF emitters.
To illustrate the advantage of the new strategy in maintaining large S 0-S1 transition dipole
moments (and fluorescence oscillator strengths), it is relevant to analyze further the electronic
structure of the S1 states in the CPT1 − CPT4 series, see Table 1. The results underline that the
transition dipole moments in these molecules are very large, up to ~ 7 Debye, i.e., much larger than
in traditional CT TADF emitters. From Table 1, we note that:
(i) The main electron configuration describing the S 1 state corresponds to the HOMO → LUMO
transition.
(ii) In going from CPT1 to CPT2, the introduction of the additional carbazole donor reduces the
contribution of the HOMO → LUMO electron configuration to the S 1 state, as well as the HOMOLUMO orbital overlap due to the delocalization of the HOMO wavefunction on the additional
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carbazole (see Figure S2 in the SI), which decreases the transition dipole moment. While the HOMO1 → LUMO transition also has a contribution to the S1 state in CPT2, the orbital overlap between the
HOMO-1 and LUMO levels is very small (~ 0.04), which means that this electron configuration has
very little impact on the transition dipole moment.
(iii) In going from CPT2 to CPT3, the additional carbazole has almost no impact on the contribution of
the HOMO → LUMO electron configuration to the S1 state and the HOMO-LUMO overlap.
Interestingly, the HOMO-4 → LUMO electron configuration appears in the description of the S1 state
and has significant orbital overlap (~ 0.33), which enhances the transition dipole moment. It is this
HOMO-4 → LUMO electron configuration that contributes to the increase in the hole-electron
density overlap in the S1 state of CPT3, as shown in Figure 2c. Thus, on the basis of the CPT1
carbazole-phenylene-triazine fragment, the introduction of multiple π-conjugated carbazole donors
not only reduces the singlet-triplet energy gaps, but also maintains large transition dipole moments
(due to the contributions of multiple electronic configurations), which allows one to understand the
efficiency of the CPT3 and CPT4 TADF emitters. It may be the reason why many high-efficiency TADF
emitters in fact contain multiple π-conjugated donor moieties.[18-21]
In addition to twisted molecules, the new molecular-design strategy can be extended to
coplanar TADF emitters. An example is given by HMAT-TRZ, which is composed of azatriangulene
and diphenyltriazine moieties, see Figure 4a. The calculations indicate that the ground-state
geometry of HMAT-TRZ is nearly coplanar due to the H-bonding interactions between azatriangulene
and diphenyltriazine, although the azatriangulene group slightly buckles (see Figure 4b). We note
that the coplanarity of HMAT-TRZ predicted by the calculations is supported by experimental data
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on HMAT and a number of its derivatives, which have been reported to be (nearly) coplanar via
single crystal X-ray diffraction.[22-26]
As we would have expected on the basis of our earlier arguments, the S1 → S0 transition
dipole moment is very large, about 10 Debye, due to the large NTO hole-electron overlap favored by
the coplanar molecular structure in the S1 state (see Figure 4b). In the T1 state, the hole and electron
wavefunctions are also confined to the central molecular region (the NTO orbitals are illustrated in
Figure S3 in the SI). The calculated ΔEST is relatively large, ca. 0.43 eV; however, as detailed above,
we can apply the strategy of introducing multiple donor moieties (e.g., methoxy-diphenylamine
groups) to further reduce ΔEST while maintaining a large fluorescence oscillator strength, see Figure
S4 in the SI.
To verify whether HMAT-TRZ is a potential efficient TADF emitter, we conducted its synthesis
and preliminary photophysical characterizations (the experimental details are given in Part B of the
SI). Figures 4c and S5 show the absorption and emission spectra of HMAT-TRZ in various polar and
nonpolar solvents. We find that the nature of the solvent has little impact on the absorption spectra;
compared to typical twisted TADF emitters,[6, 27] HMAT-TRZ shows a much stronger absorption and
its molar absorption coefficient is up to ca. 4.3 × 104 L mol-1 cm-1, which is consistent with the fact
that the ground-state geometry of HMAT-TRZ is more coplanar. With an increase in solvent polarity,
the emission spectra red-shift and broaden while the vibronic structure disappears, which implies an
increasing contribution of CT character in the relaxed S1-state excitation (see Figure S5 in the SI).
Figure 4d presents the transient photoluminescence decay spectra for a polymethylmethacrylate
(PMMA) film doped with 10 mol% HMAT-TRZ, under vacuum and ambient conditions; Figure S6 (in
the SI) shows the transient PL decay images obtained from streak camera measurements. Delayed
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fluorescence is clearly found in the doped film at 300 K, with an emission wavelength of ca. 500 nm
(see Figure 4c); a longer lifetime of the delayed component (τd1 = 0.67 ms, τd2 = 4.44 ms) is obtained
under vacuum, compared to ambient conditions. At 10 K, the delayed component diminishes
significantly and the emission is then identified as phosphorescence at a longer wavelength of ca.
550 nm, see Figure S6.
In addition, other host matrixes, e.g., 3,3-di(9H-carbazol-9-yl)biphenyl (mCBP) and bis[2(diphenylphosphino)phenyl]ether oxide (DPEPO), were also used to disperse the HMAT-TRZ guest;
the photophysical parameters of the corresponding doped films are listed in Table S1 (see the SI).
We find that the doped mCBP film shows good photophysical performance, with a high PLQY of
84.7% under argon (75.8% under ambient condition). From the streak image shown in Figure 5a,
delayed fluorescence is clearly observed at 300 K, with a long lifetime of the delayed component (τ d1
= 0.70 ms and τd2 = 7.18 ms in vacuo, corresponding to 21.5% and 78.5% of the whole delayed
component, respectively), similar to the doped PMMA film. The second-order decay evolution in the
delayed component should be ascribed to the formation of HMAT-TRZ aggregates in the 10 wt%
HMAT-TRZ doped mCBP film. Compared to the 10 wt% doped mCBP, the delayed fluorescence
lifetime and PLQY of HMAT-TRZ decrease in the 20 wt% doped sample (see Table S1 and Figure S8 in
the SI), which again can be attributed to molecular aggregation of HMAT-TRZ. As reported in
previous investigations[28, 29], the photo-physical properties of TADF emitters are susceptible to the
choice of medium and doping concentrations, with HMAT-TRZ in different hosts (e.g., mCBP, DPEPO,
or PMMA) showing very different fluorescence decay behaviors (see Table S1 and Figure S8 in the
SI). The temperature dependence of the transient photoluminescence decay spectra is shown in
Figure 5b. We find that the delayed component decreases when lowering temperature and
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completely disappears below 200 K (see Figure 5b). Figure 5c shows that the delayed fluorescence
spectra at 300 and 250 K are very similar to the prompt component spectrum; below 100 K, the redshifted emission is identified as phosphorescence; at 200 K, the delayed component contains both
delayed fluorescence and phosphorescence. Taken together, these experimental results point to
HMAT-TRZ as a potential efficient TADF emitter, and indicate that the mCBP host can provide an
appropriate environment for the generation of TADF.
It is worth stressing that the transient spectral studies give a EST estimate of ~ 0.38 eV,
which is substantially larger than in other reported TADF materials (< 0.3 eV). As we described
above, in the framework of the molecular-design strategy presented here, the introduction of
multiple donor moieties (e.g., methoxy-diphenylamine groups) could further reduce ΔEST while
maintaining a large fluorescence oscillator strength (as illustrated in Figure S4 in the SI). In addition,
other factors, e.g., spin-orbit coupling (SOC) between the S1 and T1 states[15] and non-adiabatic
coupling between low-lying excited states,[30, 31] also play important roles in the T1 → S1 reverse
intersystem crossing for TADF emitters. More detailed investigations of RISC mechanism in planar
TADF emitters are definitely warranted.
To conclude, based on the results of quantum-chemical calculations on TADF emitters
composed of carbazole donor and 2,4,6-triphenyl-1,3,5-triazine acceptor moieties, we proposed a
new strategy for the molecular design of efficient TADF emitters that combine a small ΔE ST with a
large fluorescence oscillator strength. This strategy goes beyond the traditional framework of
twisted CT-type TADF molecular design. The key in the strategy developed here is that the S1-state
energies in these molecules reduce with an increase in the number of carbazole donors, due to
wavefunction delocalization, while the T1-state energies hardly evolve, due to the confinement of
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the T1-state wavefunction on the central carbazole-phenylene-triazine fragment that has a lower T1
energy. The net result is to reduce the singlet-triplet energy gaps. At the same time, the introduction
of multiple carbazole donors onto the carbazole-phenylene-triazine fragment helps maintain a large
S1 → S0 transition dipole moment due to contributions of multiple electronic configurations that
have large relevant orbital overlaps.
In addition to twisted molecules, the strategy detailed here can be applied to the molecular
design of coplanar TADF emitters. We have designed, at the theoretical level, the HMAT-TRZ emitter,
which is coplanar due to intra-molecular H-bonding interactions. The synthesis of HMAT-TRZ and its
photo-physical characterizations point to HMAT-TRZ as a potential, efficient TADF emitter. Finally,
we note that the present molecular design is not limited to helping the development of efficient
TADF emitters for OLED applications; it can also be useful in the development of donors and
acceptors with T1-state energies close to S1-state energies, in order to suppress triplet exciton
formation via bimolecular recombination in organic solar-cell devices.[32, 33]
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Figure 1. (a) Chemical structures of the molecules of interest. (b) Calculated excitation energies and
singlet-triplet energy gaps (in eV). Ev(S0-S1/T1) denotes the vertical excitation energy from S0 to S1 / T1;
Ea(S0-S1/T1), the adiabatic excitation energy; and ∆E ST, the adiabatic singlet-triplet energy gap. A
schematic diagram of the potential energy surfaces related to the TADF process is illustrated in
Figure S1 in the SI. The values in parentheses refer to the experimental data.
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Figure 2. (a) Pictorial representation of natural transition orbitals (h: hole and e: electron) of the S 1
and T1 states for the CPT1 – CPT5 molecules. The weight of the hole-electron contribution to the
excitation is also included. (b) Dihedral angles (in degree) between the donor and bridge-acceptor
moieties in the optimized S1 and T1 geometries. (c) Overlaps between the hole-electron (h-e) density
distributions in the S1 and T1 states.

Figure 3. (a) Correlation diagram for the triplet states of the carbazole, phenylene-triazine and
carbazole- phenylene-triazine fragments, based on the T1 equilibrium geometry of CPT1. (b) Pictorial
representation of the natural transition orbitals (NTO) for the T1 states. The left and right sides show
hole and electron wavefuntions, respectively. The weight of the hole-electron contribution to the
excitation is also included.
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Figure 4. (a) Chemical structure of HMAT-TRZ (the red dashed line denotes the H-bonding
interactions) and its TDDFT-calculated parameters related to the TADF process. (b) Optimized
geometries in the S0 and S1 states. (c) UV/vis absorption (solid black line) and fluorescence spectra
(dashed red line) in toluene solution (1 × 10-5 M), fluorescence spectra (dashed blue line) in
chloroform (1 × 10-5 M), and fluorescence spectra (dashed gray line) of a 10 mol% HMAT-TRZ doped
PMMA film. (d) Transient photoluminescence decay spectra of a 10 mol% HMAT-TRZ doped PMMA
film under vacuum (red line) and ambient (gray line) conditions at 300 K.
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Figure 5. (a) Streak camera images (in 300 K); (b) temperature dependences of transient
photoluminescence decay spectra; and (c) delayed spectra at various temperatures (gray line:
prompt spectra and the lines with other colors: delayed spectra) for a HMAT-TRZ doped mCBP film
(10 wt%).

Table 1. Calculated fluorescence oscillator strengths (fS1→S0), transition dipole moments (μS1-S0), main
electron configurations in the S1 states and overlap between frontier molecular orbitals for the CPT1
– CPT4 series.
fS1→S0

μS1-S0
(Debye)

Electron configurations

Orbital overlap

CPT1

0.61

7.14

H → L: 89%

<H|L> = 0.32

CPT2

0.40

5.95

H → L: 75%; H-1 → L: 16%

<H|L> = 0.16; <H-1|L> = 0.04

CPT3

0.53

6.89

H → L: 77%; H-4 → L: 15%

<H|L> = 0.17; <H-4|L> = 0.33

CPT4

0.54

6.99

H → L: 74%; H-4 → L: 19%

<H|L> = 0.13; <H-4|L> = 0.32
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A new strategy is proposed for the molecular design of efficient thermally activated delayed
fluorescence (TADF) emitters that combine small singlet-triplet energy gaps and large fluorescence
oscillator strengths. This strategy goes beyond the traditional framework of twisted TADF emitters
and open the way for coplanar molecules to be efficient TADF emitters.
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