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Three kinds of triazine based organic molecules designed for thermally activated delayed
ﬂuorescence (TADF) emitters are investigated by ﬁrst-principles calculations. An optimal
Hartree-Fork (HF) method is adopted for the calculation of energy gap between the ﬁrst
singlet state (S1) and the ﬁrst triplet state (T1). The natural transition orbital, the electronhole (e-h) distribution and the e-h overlap diagram indicate that the S1 states for the three
systems include both charge-transfer and some localized excitation component. Further
quantitative analysis of the excitation property is performed by introducing the index ∆r
and the integral of e-h overlap S. It is found that symmetric geometry is a necessary
condition for TADF emitters, which can provide more delocalized transition orbitals and
consequently a small S1-T1 energy gap. Artful inserting aromatic groups between donors
and acceptors can signiﬁcantly enhance the oscillator strength. Finally, the energy state
structures calculated with the optimal HF method is presented, which can provide basis for
the study of the dynamics of excited states.
Key words: First-principles, Thermally activated delayed ﬂuorescence, Charge-transfer
states

transfer property of S1 in the D-A based systems. Thus
a trade-oﬀ strategy is highly required in the design of
TADF emitters. Now some researches found that the
ﬂuorescent rate can be enhanced by adding an aromatic
bridge between D and A to increase the D-A separating
length [5]. Furthermore, D-A-D type and A-D-A type
based TADF emitters have also been designed in order
to increase the ﬂuorescent intensity [6, 7].
In this work, the triazine based TADF emitters are
studied. The optimal HF method will be used to calculate the S-T energy gap. Detail analysis of transition
orbitals and the electron-hole (e-h) distribution as well
as the e-h overlap will be carried out. By quantitatively analysis of the charge transfer distance and the
integral of the e-h overlap for the S1 state, some design
strategies for TADF emitters with high exciton utilization eﬃciency as well as high ﬂuorescent rate will be
provided. In the end, the energy state structure will be
presented for further study of the dynamics of excited
states.

I. INTRODUCTION

Organic light emitting diodes (OLEDs) have attracted much attention recently since some metal-free
thermally active delayed ﬂuorescent (TADF) emitters
with internal quantum eﬃciency attending to 100% are
reported [1–3]. The TADF emitters break the rule that
the internal quantum eﬃciency of organic molecules in
OLED can’t exceed 25%, and are regarded as the third
generation organic electroluminescent molecular materials. One common character of these TADF emitters
is that they are composed of electron-accepting groups
(A) and electron-donating groups (D), which results in
small energy gap between the singlet excited states (S)
and the triplet excited states (T). Consequently, triplet
excitons can up-convert to singlet excitons by the reverse intersystem crossing (RISC) process, thus the exciton utilization eﬃciency and the internal quantum efﬁciency are enhanced signiﬁcantly. It is indicated that
separating the spatial distribution of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) by introducing the
donor groups and acceptor groups is an eﬀective way to
get a small S-T energy gap [4]. Nevertheless, the ﬂuorescence rate is decreased due to the signiﬁcant charge-

II. COMPUTATIONAL DETAILS

In this work, the geometries of three molecules are
optimized with the density functional theory (DFT)
method at the B3LYP/6-31G∗ level. The excitation
energy for several low-lying excited states is calculated
with the optimal HF methods [8] and the 6-31G∗ basis
set is used. All the calculations above are realized in the
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Gaussian 09 program [9]. Further, the transition property such as the e-h distribution and the overlap of e-h
of excited states are analyzed with the multifunctional
wavefunction analyzer (Multiwfn) [10]. Here, we just
list the main calculation steps. For more theoretical
and computational details, one can refer to the manual of Multiwfn. In this work, the e-h distribution is
studied to analyze the excitation property of molecules.
The density distribution of holes ρhole and electrons ρele
can be gracefully deﬁned as:
hole
ρhole (r) = ρhole
loc (r) + ρcross (r)
ele
ρele (r) = ρele
loc (r) + ρcross (r)

TABLE I Dihedral angles (in (◦ )) of the ground states for
three molecules optimized at the B3LYP/6-31G∗ level. The
labels involved are shown in Fig.1.
a1
No.1 19.79
No.2 47.06
No.3 51.40

a2
21.12
13.54
52.50

a3
57.79
63.81
60.40

a4
58.94
56.98
61.19

a5
12.33
13.48
0.72

a6
−
−
3.23

a7
−
−
2.73

(1)
(2)

where “loc” and “cross” stand for the contribution of
local term and cross term to the hole/electron distribution. They can be calculated with the formula as
follows,
∑ ( )2
∑ ( )2
ρhole
wil ρi −
wil ρi
(3)
loc (r) =
ρele
loc

i→l

i←l

i→l

i←l

∑ ( )2
∑ ( )2
wil ρl
(r) =
wil ρl −

ρhole
cross (r) =

∑ ∑

(4)

wil wjl φi φj −

i→l i̸=i→l

∑ ∑

wil wjl φi φj

(5)

j̸=i←l i←l

ρele
cross (r) =

∑ ∑

wil wim φl φm −

i→l i→m̸=l

∑ ∑

wil wim φl φm

(6)

i←l i←m̸=l

where φ denotes a molecular orbital (MO), and w is
conﬁguration coeﬃcient. The label i and j run over all
occupied MOs, l and m denote virtual MOs.

III. RESULTS AND DISCUSSION

In this work, three molecules composed of carbazol
(D) and triazine (A) groups are theoretically studied.
2,4-bis(3-(9H-carbazol-9-yl)-9H-carbazol-9-yl)-6phenyl-1,3,5-triazine[11-13],2-(12-phenylindolo(2,3-a)
carbazole-11-yl)-4-(3-(9H-carbazol-9-yl)-9H-carbazol-9yl)-6-phenyl-1,3,5-triazine and 2,4-bis(3-(9H-carbazol9-yl)-9-phenyl-9H-carbazole)-6-phenyl-1,3,5-triazine
are marked with No.1, No.2, and No.3 respectively
(shown in Fig.1). It is signiﬁcant that No.1 is a typical
D-A-D molecule, while No.2 is a D′ -A-D type with
diﬀerent donor groups connected to the A group. No.3
is a generalized system of No.1, with an aromatic
benzene ring inserted between D and A groups, which
is a typical D-π-A-π-D molecule. The dihedral angles
between D and A in three molecules optimized at
B3LYP/6-31G∗ level are diﬀerent with each other
(see Table I). In No.1, the angles between D and A
DOI:10.1063/1674-0068/29/cjcp1508181

FIG. 1 Schematic diagram of geometric structures for three
triazine based molecules. The dihedral angles of two surfaces
are marked at the bonds connecting to them.

are 19.79◦ and 21.12◦ . While the angles between D′
and A in No.2 changed to 47.06◦ and the D-A angle
becomes 13.54◦ . For No.3, the insert of the benzene
ring between D and A makes the angles between the
D group and the π unit become 51.40◦ and 52.50◦ .
The signiﬁcant increase of the angle between D and A
will obstacle the charge transfer from D to A, thus less
charge transfer will be expected for No.2 and No.3 in
comparison with No.1. From Table I, we can also see
that the insert of the benzene rings decreases the angle
between the benzene ring and A (a5). In addition, the
three benzene rings connected to the A group keep
good planarity as illustrated in Fig.1.
For TADF emitters, small energy gap between the S1
state and the T1 state is a necessary condition. Theoretical calculations of excited states usually adopt the
time dependent density functional theory (TD-DFT)
methods for large and medium systems. However, some
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researches have shown that TD-DFT with nonhybrid
functional always underestimates transition energies for
charge-transfer (CT) states due to the neglecting of
long-range Columbic attraction between the separated
electrons and holes [14, 15]. While TD-HF usually suffers from the so-called electron correlation problem and
it may overestimate transition energies. It is found
that the excited state calculation is largely depent on
the HF% in functionals [16, 17]. Therefore, an optimal
HF% (OHF) in TD-DFT calculation should be determined. It has been proven that OHF is proportional to
the CT amount q with a relationship of OHF=42q. The
CT amount for No.1, No.2 and No.3 are 0.886, 0.860
and 0.870 respectively (shown in Table II). Correspondingly, the OHF calculated for three molecules are 37.2,
36.0 and 36.5. According to the results, the PBE38
(OHF=37.5) functional [18, 19] is adopted to calculate
the excitation energy for all the three molecules. For
comparison, the calculation is also performed using the
BMK (OHF=42) functional (see Table II). It is found
that the excited energy is inﬂuenced signiﬁcantly by the
functional used. The excited energy calculated with the
PBE38 functional for all the three molecules are smaller
than that calculated with the BMK functional.
To calculate the zero-zero excited energy for the S1
and T1 states theoretically is quite time-consuming.
Here, we adopt the useful formula as follows which has
been proven correct and convenient [8].
E0−0 (S1) = EVA (S1, OHF) − ∆EV − ∆Estokes (7)
(
)
E0−0 3 CT = E0−0 (S1) − [EVA (S1, OHF) −
CEVA (T1, BLYP)]
(8)
(3 ) EVA (T1, OHF)
E0−0 LE =
(9)
− ∆Estokes
ω
EVA (S1, OHF)
C=
(10)
EVA (S1, BLYP)
here E0−0 (S1) is the excitation energy for the S1 state.
EVA (S1, OHF) is the vertical excitation energy of S1
calculated with an optimal HF functional. ∆EV is
the vibrational energy level diﬀerence between the 00 transition and the vertical transition. ω is 0.914 for
our adopted functional (PBE38) tested by PhCz by the
method proposed by the initial article [8]. To determine
the value of ∆EV , one should perform frequency calculation for S0 and S1 state respectively. Unfortunately
the frequency calculation for excited state is quite timeconsuming and error-prone especially for these polyatomic molecules. Based on the research [8], the vertical
S1 transition corresponds to the 0-1′ transition for most
CT compounds and ∆EV =0.15 eV. ∆Estrokes (Stokesshift energy loss) is assumed as 0.03 eV which excludes
the contribution of solvation (∼0.06 eV). In Eq.(8),
EVA (T1, BLYP) is the vertical excitation energy for the
T1 state calculated with the BLYP functional. With
both Eq.(8) and Eq.(9), the excited energy of the ﬁrst
triplet state is calculated with the PBE38 functional as
listed in Table III. It can be found that the value of
DOI:10.1063/1674-0068/29/cjcp1508181
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TABLE II CT amount of S1 for three molecules. EVA in
eV.
Compound q/e
OHF/% Functional
EVA /eV
S1
T1
No.1
0.886
37.2
PBE38
2.9504 2.7762
BMK
3.5517 3.3432
No.2
0.860
36.0
PBE38
3.1844 2.5777
BMK
3.4981 3.0964
No.3
0.870
36.5
PBE38
3.4584 2.6024
BMK
3.5233 3.0294
Note: OHF is optimal HF.

TABLE III Zero-zero excitation energy of the T1 state when
the T1 state is a CT or LE state. Zero-zero energy gap
between S1 and T1 calculated at the PBE38/6-31G∗ level.
The oscillator strength, the index ∆r and S are also listed.
E0−0 /eV
CT 3 LE
No.1 2.74 3.02
No.2 2.96 2.80
No.3 3.25 2.83

∆EST /meV

f

∆r/Å

S

66.5
194.4
448.4

0.1093
0.0578
0.5679

5.4445
6.0723
6.8931

0.1087
0.1139
0.0852

3

E0−0 (3 CT) for No.1 is smaller than E0−0 (3 LE). However, for other two molecules, the value of E0−0 (3 LE)
is relatively larger. It is indicated that the T1 states
for No.1, No.2 and No.3 are CT, LE and LE state respectively. Thus the energy gaps between the S1 and
T1 states for three molecules are predicted as shown in
Table III. The energy gap of No.1 calculated with the
PBE38 functional is 66.5 meV. For No.2 and No.3, the
energy gaps are 194.4 and 448.4 meV respectively, both
of which are much larger than that for No.1. The signiﬁcant deviation of the energy gap is mainly induced
by the geometry change and the diﬀerence of their excitation property.
The natural transition orbitals (NTOs) and the e-h
distributions of the S1 states for three molecules are
shown in Fig.2 (a) and (b). For No.1, holes are mainly
located at two peripheral bicarbazole groups, while electrons are mainly distributed at the triazine and benzene
groups. It means that electrons transfer from two D
groups to the A group when the molecule is excited to
the S1 state. It can also be conﬁrmed by the NTO diagram, which shows that 96% of the excitation mainly
happens from two D groups to the A group. Comparing No.2 with No.1, one can see that the replacement of one bicarbazole group with the indolocarbazole
group breaks the symmetry of the molecule and also
inﬂuences the excitation property. As illustrated, holes
are only distributed on one bicarbazole group for No.2.
Thus one can also deduce that electrons transfer mainly
from one bicarbazole group to the triazine and benzene
group in No.2, which is also in consistence with the
NTO diagram. In comparison with the NTO of No.1,
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FIG. 2 (a) Natural transition orbitals (NTO) of S1 for three molecules. The percentage is the component of this kind of
transition in all the transitions involved for S1. (b) and (c) present the electron-hole (e-h) distribution and the overlap of
e-h for S1. The panel from left to right is for No.1, No.2, and No.3 respectively.

the transition orbital of No.2 is less delocalized. As
mentioned above, the S-T energy gap of No.2 is much
larger than that of No.1. This is consistent with the
conclusion that the more delocalized the transition orbital is, the smaller the S-T energy gap will be [20]. For
No.3, the transition happens from the two carbazole
groups to the triazine group and the benzene groups
between them. Consequently, signiﬁcant charge transfer property for the S1 states of all the three molecules
can be found. Nevertheless, there is still some component from localized excitation (LE) for the S1 state. In
Fig.2(c), the overlap between electrons and holes can
be directly seen. For No.1, the overlap mainly happens in the triazine group and two neighbor carbazole
groups. It is similar for No.2, which is located at one
carbazol group and the triazine group. For No.3, the
benzene groups inserted between D and A groups are
the main area for e-h overlap. As the oscillator strength
of one molecule is proportional to the transition orbital
overlap. The larger the e-h overlap is, the greater the
transition orbital overlap will be, and the lager the oscillator strength will be. The ﬂuorescent rate is also
proportional to the oscillator strength. Thus a higher
ﬂuorescent intensity may be obtained for the system
with larger e-h overlap. Nevertheless, large overlap of
transition orbitals may also enlarge the S-T energy gap.
Consequently, the trade-oﬀ of the CT and LE component in S1 will be important for highly eﬃcient TADF
DOI:10.1063/1674-0068/29/cjcp1508181

emitters.
For quantitative comparison, the ∆r index and the
integral of the overlap of e-h (S) are introduced. The ∆r
index was proposed to measure charge-transfer length
during electron excitation and the hole-particle pair interactions could be related to the distance covered during the excitations, and it is deﬁned as follows [21]:
∑
∆r =

ia

2
Kia
|⟨φa | r |φa ⟩ − ⟨φi | r |φi ⟩|

∑

2
Kia

(11)

ia

where the index a and i run over all the occupied MOs
and virtual MOs respectively, Kia is the corresponding coeﬃcients for the involved excitation. The smaller
the ∆r index is, the more likely the excitation is a LE
mode. S is deﬁned as the minimum of the electron density ρele (r) and hole density ρhole (r) everywhere. From
Table III, one can see that the ∆r index is larger than
2.0 (the threshold value was proposed in the original
paper of ∆r) for all the three molecules, while the values of S are all very small. It further conﬁrms that
the S1 states for all the molecules are CT states. Besides, compared with No.1, No.3 possesses a smaller S
(decreased by 22%) but a larger ∆r (increased by 27%).
That is to say, the insert of the aromatic groups between
D and A groups may decrease the value of S to some
c
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extent but will increase the charge transfer distance.
Both S and ∆r has delicate relationship with the oscillator strength. In general, the larger the S value is,
the stronger the oscillator strength will be. Similarly,
the larger CT distance (∆r) can also induce greater
oscillator strength. For the three molecules, the oscillator strengths (proportional to the ﬂuorescent intensity)
have been calculated with the PBE38 functional (see
Table III). It is indicated that the oscillation strength
of No.2 is smaller than that of No.1, while it becomes
much larger for No.3. Despite that the introduction of
the aromatic groups between D and A groups will enlarge the energy gap between S1 and T1, it can greatly
enhance the oscillation strength, thus a larger ﬂuorescent rate for No.3 is expected. According to the Einstein spontaneous emission rate formula, the radiation
rate for No.3 calculated is 2.78×107 s−1 , which is a
little larger than that of No.1 (the ﬂuorescent rate is
9.97×106 s−1 ). This conﬁrms that the insert of the
aromatic groups between D and A groups maybe is a
good way to enhance the ﬂuorescent intensity. From
the comparison of No.1 with No.2, we conclude that
the energy gap between S1 and T1 can be minimized
by adopting the symmetric geometry structure and the
oscillator strength can also be enhanced by delocalizing the transition orbital. Consequently, a useful way
to minimize the S-T energy gap and increase the ﬂuorescent rate at the same time is to connect as many D
groups as possible with the A group in the symmetric
positions, and it has been proven eﬃcient in many systems [22]. The calculation in this work suggest that appropriate arrangement of donor and acceptor moieties
in triazine based molecules which is highly attractive for
the construction of TADF emitters because of its electron deﬁcient nature with three modiﬁcation sites can
allow both small S-T energy gap and feasible oscillator
strength for highly eﬃciency TADF emitters.
The energy level structure and their dynamics determine the photophysical property of the molecules.
The energy level structures of excited states for No.1,
No.2 and No.3 are shown in Fig.3. All the calculations are performed with the optimal HF method at the
PBE38/6-31G∗ level. For No.1, the ﬁrst triplet excited
state (T1) and the second triplet excited state (T2) are
degenerate. The energy of the third triplet excited state
(T3) is about 72 meV higher than that of T2. All the
three triplet states are lower in energy than the S1 state
and the energy gap between S1 and T1 is 184 meV. As
shown in the energy level diagram, S2 are much higher
than S1. For No.2 and No.3, there are also three triplet
states lower than S1 in energy. The gap between S1 and
T1 is as large as 607 meV for No.2 and 856 meV for
No.3. In comparison with the 0-0 energy gaps between
S1 (T1) and S0, the vertical excitation energy gaps are
much larger. This also indicates that there is signiﬁcant relaxation between S1 (T1) and S0 in geometric
structures. Generally, the internal conversion (IC) is
much more quickly than the intersystem crossing (ISC)
DOI:10.1063/1674-0068/29/cjcp1508181
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FIG. 3 Energy level structures of several lowest singlet excited states and triplet excited states for No.1, No.2, and
No.3.

when the energy gap between the states with the same
spin multiplicity is not large enough. We can deduce
that the RISC process for all the three systems should
mainly happens between the T1 state and the S1 state.
Of course, the S2 state should also be in consideration
when S2 is quasi-degenerate with S1 such as in No.2.
However, the ISC process may mainly happen between
the S1 state and the T3 state for both No.1 and No.2.
For No.3, the ISC from S1 to T2 and T3 should be with
the same importance. Based on the energy level structures, the theoretical model can be established and the
dynamics of the excited states will be studied then. We
will present our investigation on the dynamics of the
excited states in the future work.

IV. CONCLUSION

In summary, ﬁrst-principles investigations on three
triazine based molecules designed for TADF emitters
are performed. An optimal HF method with PBE38
functional is adopted to predict the S-T energy gap.
The analysis of NTO, the e-h distribution and the eh overlap indicated that the S-T energy gap is closely
related to the CT and LE component in S1. Quantitative calculation reﬂects that eﬀective separation of electron and hole by inserting aromatic groups between D
and A can signiﬁcantly enhance the oscillator strength.
Symmetric geometry is a necessary condition for TADF
emitters, which can provide more delocalized transition
orbitals and consequently a small S-T energy gap. The
arrangement with D groups as many as possible connected with the A group may be a useful way to obtain both small S-T energy gap and large ﬂuorescent
rate, which is quite important for highly eﬃcient TADF
emitters. The geometry-property relationship will provide some enlightenment on the design of high eﬃcient
TADF emitters. The energy level structures calculated
with the PBE38 functional will provide the basis for the
study of the dynamics of the excited states.
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