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Thermally activated delayed fluorescence (TADF) emitters, with internal quantum efficiency (IQE) in
organic light-emitting diodes (OLED) approaching 100%, have attracted great attention recently. How-
ever, theoretical investigation on the electroluminescent mechanism of TADF emitters is quite rare. In
this paper, the time-dependent density functional theory is used to study the property of excited states of
the TADF emitters, and it is found that both the geometry and the electronic structure are quite
dependent on the functionals. By comparing with the experimental results, a ‘hybrid’ method is adopted
to study the photophysical properties of the TADF emitters. Based on the energy structure of the states,
the lowest three states are found to have close relation to the electroluminescent process. The dynamics
of two lowest excited states are investigated and the rate equation is used to analyze the evolution of the
three states involved. A visual picture of the exciton evolution process is obtained, and one can get a
better understanding of the up-conversion mechanism of TADF emitters. The analysis of the electron
distribution of the transition orbitals indicates that the first singlet excited state of the molecule pos-
sesses both the charge transfer and local excitation components, which is a necessary character for a
TADF emitter. The comparison of the property of two isomers indicates that the appropriate arrangement

of donor groups and acceptor groups is important for a high-efficient TADF emitter.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Organic light-emitting diodes (OLED), due to their lightness,
flexibility, low-cost, self-lighting et al., have attracted much atten-
tion recently. However, the low-efficiency has long been one of the
reasons that hindered the development and application of the
OLED. The efficiency of the OLED is closely determined by the in-
ternal quantum efficiency (IQE) of organic light-emitting molecular
materials which are the main components of the OLED. Therefore, it
is desirable to design and apply the organic light-emitting mole-
cules with high IQE. The IQE of the organic electroluminescent
molecules is determined by three factors. One is the efficiency to
form excitons from recombination of the injecting electrons and
holes. The other is the utilizing efficiency of the singlet excitons,
and the last one is the fluorescence efficiency of the singlet
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excitons. According to spin statistics, the ratio of singlet and triplet
excitons generated is 1:3 [1]. It is generally believed that the in-
ternal quantum efficiency of organic light-emitting molecules can
not exceed 25%. Recently, nearly 100% IQE of OLED is realized by
enhancing the reverse intersystem crossing (RISC) of the triplet
state excitons— singlet state excitons (T1—S1) [2]. This novel
pathway has attracted wide attention, and some groups have suc-
cessfully enhanced the electroluminescence efficiency by this way
[3]. Professor Ma's group provided an evidence of the RISC in the
organic light-emitting molecules by using the magneto-
electroluminescence measurement [4|. However, theoretical
study on the RISC mechanism is quite rare and it is still not clear
how the RISC is realized for specific emitters [5].

Generally speaking, the RISC process is determined by the spin-
orbit coupling (SOC) and the energy gap between the S1 state and
the T1 state (koc%,vij is the SOC). It is known that SOC for the
organic molecules is quite weak. If SOC is zero, it is impossible to
realize the RISC process, even though the S-T energy gap is quite
small. Consequently, it is necessary to obtain the SOC value theo-
retically. In addition, to enhance the RISC, it is necessary to reduce
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the energy gap between S1 and T1. One useful way is to separate the
electron distribution of transition orbitals involved in S1 by
designing molecules composed of donor (D) groups and acceptor
(A) groups. However, this will directly weaken radiation decay rate.
Thus, to decrease the S-T energy gap and to enhance the radiation
rate conflict with each other, and it is delicate work to design one
molecule satisfying both two conditions. A series of molecules
based on carbazolyl dicyanobenzene (CDCB), with carbazole as a
donor and dicyanobenzene as an electron acceptor are found to
have nearly 100% internal quantum efficiency based on the RISC
mechanism [2]. It is quite meaningful and necessary to investigate
how these two conditions are satisfied and how the RISC process is
realized.

In this study, the time-dependent density functional theory (TD-
DFT) will be used to study the property of the excited states. As both
the geometric structures and the electronic structures of molecules
are tightly dependent on the functional used, various functionals
are tested first based on the 2CzPN molecule (see Fig. 1(a),
composed of two carbazolyl groups and one dicyanobenzene
group). The functional, appropriate to describe this kind of system,
will be determined. Following that, the systematic study on the
geometric character and the property of excited states are per-
formed for the 4CzIPN molecule (see Fig. 1(b), composed of four
carbazolyl groups and one dicyanobenzene group. Further, the
dynamics of excited states including the intersystem crossing,

internal conversion and non-radiation transition processes is also
investigated. In addition, the rate equation is used to study the
conversion process of the excited states, and a visual picture of the
up-conversion process will be presented. At last, the 4CzPN mole-
cule (see Fig. 1(c)), the isomer of the 4CzIPN molecule, is also
studied, which will give some enlightenment on the design of TADF
emitters.

2. Calculation methods

In this paper, the geometry optimization and the calculation of
electronic structures for the ground state and the excited states of
the molecules are performed with the density functional theory
(DFT) and the TD-DFT method. The B3LYP, Cam-B3LYP, PBEO, M06-
2X and WB97X-D functionals are used to optimize the geometry of
the 2CzPN molecule. Both B3LYP and M06-2X are adopted in the
study of the 4CzIPN and 4CzPN molecule (see Fig. 1(c)). In com-
parison with the experimental results, a ‘hybrid’ method which
combines the MO06-2X functional and the B3LYP functional is
adopted. Specifically, the calculation of the energy is performed
with B3LYP and the geometry structure adopts the results obtained
with M06-2X. The basis set 6-31G* is used in all the first-principles
calculations which are realized in Gausssian 09 program [6]. The
electron and hole distribution of the S1 state is analyzed using the
multifunctional wavefunction analyzer (Multiwfn) [7].

Fig. 1. Geometry structure of the 2CzPN molecule (a), the 4CzIPN molecule (b), and the 4CzPN molecule (c). (d) Diagram of three states studied in our study. The transition rates

involved are also labeled.



L. Lin et al. / Organic Electronics 41 (2017) 17-25 19

For the 4CzIPN molecule, the dynamics of the excited states are
also studied. According to the characteristic of the energy structure
of the molecule (see Fig. S1), three states including the SO, S1 and T1
states are studied (see Fig. 1(d)). The dynamic processes involve the
radiation decay of the S1 state (kg; _g,), the non-radiation decay of
the S1 and T1 states (k] g, and kT _¢,), the (Reverse) intersystem
crossing (k¢ 1, (KRSS)) and the radiation of the T1 state (k}; ;).
To analyze the evolution process, the rate equation is used.

dpso

dr ~Pst ks1_so + ps1kst + prikKry_so + prikTl

dpsi _ | e kT e KISC KRISC 1
dr = Psi®s1-so — PsiKsi — Psiksiom + PT1KTI S51 (1)
dpry _ g gnr o RISC KIsc

~dr ~ Pm KT1-s0 — PT1XT1 — PT1KTT 51 t Ps1Ks1_T1

In Equation (1)psg,ps; and ppq are population number of the SO,
S1 and T1 states, and the initial value for them are assumed as 0.0,
0.25 and 0.75 respectively.

In this paper, the fluorescence rate (or the radiation decay rate of
the S1 state) is calculated using the Einstein spontaneous emission
rate formula [8].

fAE?

ks _so = 1299 (2)

wheref is oscillator strength from S1 state to SO state, 4E is the
energy difference between the S1 state and the SO state, which is in
the unit of cm ™.

The non-radiation decay of the S1 state and T1 state to the
ground state can be evaluated with MOMAP program [9], detail
calculation formula can refer to Ref. [ 10]. The (R)ISC is also one kind
of non-radiation decay. To simplicity, the (R)ISC decay rates are
calculated with the classical Marcus rate equation.

. Virw x| _ (4G +2)? v2 [ 4G
it =7\ KgTh P 4)K5T KT P | TKGT
(3)

Here, K is Boltzmann constant and T is the temperature. Vj; is
the spin-orbit coupling between the S1 state and the T1 state,and T
is the tem erafure which is set as 300 K here. In the active energy

(4Gt = f‘”) ). 4G;; the energy difference between the S1 state
and the Tl state and A is the reorganization involving both the S1
state and T1 state. In calculation of the ISC rate, 4G;; = Et; — Es;.The
parameters involved are all calculated based on the first-principles
calculations. The spin-orbit coupling between S1 and T1 is calcu-
lated with quadratic response function methods [11], which can be
realized with the Dalton program [12]. In addition, the radiation
decay rate of T1 can also be realized in Dalton program, and one can
refer to Ref.11 to see the details.

3. Results and discussions
3.1. Functional test

In this study, the DFT method is used to study the electronic
property of the organic molecules and the property of the organic
molecules is tightly associated with the functionals used. Thus, one
important work is to determine the functional before calculations.
To save the computational cost, the 2CzPN molecule is tested with
different functionals. The geometries of the 2CzPN molecule opti-
mized with five different functionals have significant differences in

the dihedral angles between the carbazolyl groups (D) and the
dicyanobenzene group (A), especially for the S1 state and the T1
state (see Table S1). As we can see, the angles dal and da2 have
little differences for both the SO state and the S1 state obtained with
the B3LYP, Cam-B3LYP and PBEO functionals. While the two kinds of
angles obtained with M06-2X and WB97X-D are very different
from them. The angles dal and da2 for the S1 state obtained with
B3LYP, Cam-B3LYP and PBEO are almost 90°. However, they are
86.87 and 71.31° obtained with M06-2X. The geometry obtained
with WB97X-D is quite similar to that obtained with M06-2X. For
the T1 state, the dal and da2 obtained with the B3LYP functional
still tend to 90°, while they deviate from the vertical state when the
molecules are optimized with other four kinds of functionals. For
comparison, the geometric structures for SO, S1 and T1 states
optimized with B3LYP and M06-2X are shown in Fig. S2 and Fig. S3
respectively. Both the front view and the side view are presented.
As we can see that the geometry of the ground state optimized with
B3LYP has a little difference with that obtained at M06-2X level.
While the S1 and T1 states optimized at two levels are quite
different with each other. From the side view and front view, we
find that the geometry of the S1 state and the T1 state optimized
with B3LYP adopt approximately symmetric structures. Neverthe-
less, they are not symmetric when they are optimized with M06-
2X. Besides, there are significant differences between the SO and
S1 states at the B3LYP computational level, while the difference is
smaller for them obtained with M06-2X and WB97X-D.

The excitation energy of the S1 state and the T1 state calculated
with five kinds of functionals are shown in Table 1. It is indicated
that the excitation energies for both S1 and T1 state calculated with
B3LYP are relatively smaller than the values obtained with other
functionals. The energy gap between the S1 and T1 states is also
strongly dependent on the functionals. The energy gap calculated
with B3LYP is 0.335 eV, while it is as large as 0.957 eV in the situ-
ation of Cam-B3LYP. The energy gap calculated with M06-2X is
0.501 eV, which is smaller than that calculated with WB97X-D. In
addition, the emission wavelengths A, in gas phase calculated
with various functionals are also shown in Table 1. The wavelength
calculated with B3LYP is 672 nm, which is quite larger than the
experimental value (473 nm) [2]. The value calculated with M06-2X
is 446 nm, in much better agreement with the experimental result.
Further, the oscillator strengths of the S1 state calculated with
different functionals are also shown in Table 1. It indicates that the
values of the oscillator strength calculated with the B3LYP, Cam-
B3LYP and PBEO functionals are 0.0001, which indicates that the
S1 state almost can't emit light. The values calculated with the
MO06-2X and WB97X-D functionals are relatively large, although
they are still smaller than the normal fluorescent emitters.

As the S-T energy gap for TADF emitters should be smaller than
the 0.1eV, it is much larger than 0.1 eV for the 2CzPN molecule in
our investigation. This deviation may be due to that the functionals
are not suitable to describe the system. Based on our calculation
results, we can see that the energy gap calculated with B3LYP is
relatively smaller, while the emission wavelength calculated with
MO06-2X is in good agreement with the experimental value. As we

Table 1

Excited energy of the S1 state and the T1 state for the 2CzPN molecule calculated
with the TD-DFT method at various functional levels. The energy gap between the S1
and T1 states, the oscillator strength of the S1 state and the emission wavelengths
are also presented.

2CzPN B3LYP CAM-B3LYP  PBEO MO06-2X  WB97X-D
AEsr(eV) 0.1 0.92 0.14 0.86 0.39

f 0.0001  0.0001 00001  0.0047 0.0057
Jem(nm) 672 423 615 446 409
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mentioned above, M06-2X may give better description of the ge-
ometry of the 2CzPN molecule than other functionals. Further, we
deduce that the ‘hybrid’ method with the geometry optimized with
MO06-2X and the energy calculated with B3LYP may give good
description of electronic structure of the system. With this ‘hybrid’
method, the S-T energy gap calculated is 0.139 eV, which is more
reasonable for a TADF emitter. The rationality of the ‘hybrid’
method can also be confirmed by the 4CzIPN molecule and the
4CzPN molecule studied as follows.

3.2. Systematic study on the electroluminescent mechanism of the
4CzIPN molecule

The photophysical property of molecules is basically determined
by their geometric structures and the structures of the energy
states. For the 4CzIPN molecule, the geometry of the S1 and T1
states optimized with B3LYP change significantly compared with
the SO state. For both the S1 and T1 states, the dihedral angles (da1,
da2 and da3) are close to 90°, while the three angles for the SO state
are about 60° (see Table S2). The large difference between the SO
and S1 states may result in weak overlap between two states, and
consequently one can't observe strong fluorescence from the
molecule. The geometries for the three states optimized with M06-
2X do not have significant differences. The difference of dihedral
angles between S1 (T1) and SO is no more than 5°. The geometries
of 4CzIPN at SO, S1 and T1 states optimized with B3LYP are quite
different with those optimized with M06-2X (see Fig. S4 and
Fig. S5). The four dihedral angles (dal, da2, da3 and da4) in three
states (SO, S1, T1) optimized with B3LYP is larger than that opti-
mized with M06-2X (see Fig. 1(b) and Table S2). Especially for the
S1 and T1 states obtained with B3LYP, the surfaces of the carba-
zolyls and the dicyanobenzene are almost perpendicular. However,
for the S1 and T1 states optimized with M06-2X, the dihedral an-
gles between the surfaces of the carbazolyls and the dicyano-
benzene are more or less than 50°. From the top view of the S1 state
optimized with B3LYP and M06-2X, we can see that the relative
positions of the carbazolyls and the dicyanobenzene are totally
different. In the latter, the carbazolyls at the up and the down po-
sitions are parallel with each other (‘P’ form), while they adapt the
‘X’ form in the former situation (Fig. 2 (a) and (b)). Besides, we can
also note that the dihedral angles of 94-1-72-73 and 93-3-53-52 are
quite small for the B3LYP result (almost plane), while they become
larger for the geometry optimized with M06-2X. The similar situ-
ation can also be seen for the 2CzPN molecule (see Table S1) and the
4CzPN molecule (see Table S3).

Theoretical calculation finds that the carbazolyls are very flex-
ible and easy to rotate around the C—N bonds. Thus, it is interesting
to investigate the energy surface variation when the dihedral angle
da4 is changed. It is obvious that the dihedral angle da4 is much
more flexible than the other three dihedral angles due to the steric
hindrance of the carbazolyls. The energy surface of the molecule
with different dihedral angles of da4 is studied and the results are
shown in Fig. 2(c) and (d). The potential energy curve is scanned at
the M06-2X level, and the energy potential curve of the S1 state is
also obtained by the vertical excitation calculation (Fig. 2(c) and
(d)). Itis clear that the energy is the lowest when the dihedral angle
is 60.59° for the SO state, where the two carbazolyls at the up and
down positions are parallel with each other (‘P’ configuration, see
Fig. 2(f) and (g)). There is also another local minimum for the SO
state when the dihedral angle is 115.59° with the two carbazolyls at
the up and down positions in the form of ‘X’ (see Fig. 2(j) and (k)).
From the potential energy surface of the SO state, one can see that
the energy barrier for the molecule to change from ‘P’ to ‘X’
configuration is only 54 meV. With the help of thermal fluctuation,
the molecule may change from the ‘P’ to the ‘X’ configuration. One

can also note that energy barrier for the ‘X’ configuration to go to
the ‘P’ configuration is even small, with only 23 meV. That is to say,
the ‘X’ configuration can easily change to the ‘P’ configuration at the
room temperature. A similar picture can be seen in the potential
energy curve of the S1 state. The barrier for the S1 state from the ‘P’
configuration to the ‘X’ configuration is 116 meV, while the reverse
barrier is about 32 meV. From Fig. 2(d), one can see that the lowest
point is located at the 55.59° for the S1 state, which is slightly
smaller than the angle in the SO state. Both of them are consistent
with the optimized results (57.77° for the S1 state and 60.59° for
the SO state). Fig. 2 (e) presents the oscillator strength excited from
the SO state to the S1 state of the 4CzIPN molecule at different
dihedral angles of da4. It is indicated that the oscillator strength is
relatively smaller than the popular fluorescent materials (usually
larger than 1.0), and the smallest oscillator strength is found at the
most stable point. Consequently, weak fluorescent strength is
predicted for the 4CzIPN molecule.

The same as the 2CzPN molecule, there are significant differ-
ences between the geometry optimized with B3LYP and M06-2X
for the 4CzIPN molecule. The simulation of the absorption spectra
and emission spectra may provide a useful way to check the suit-
ability of the functional for the system. The first absorption peak for
the 4CzIPN molecule calculated with B3LYP is 500 nm, which is
about 50 nm larger than the experimental result (see Table 2). It is
370 nm calculated with M06-2X, which is much smaller than the
experimental value. It is noticeable that the Stoke shift between the
emission and absorption spectra is 52 nm calculated with M06-2X,
which agrees with the experimental result quite well. However, the
Stoke shift calculated with B3LYP is as large as 225 nm, which has
large discrepancy with the experimental result. It is understand-
able, since the geometry of the S1 changes a lot compared with the
SO state obtained with B3LYP. While the difference between the S1
and SO states obtained with M06-2X is much smaller. From the
absorption spectra and emission spectra, we conclude that the
MO06-2X functional can well describe the geometry of this kind of
systems and B3LYP can give relatively better energy prediction,
which is in consistent with the result of the 2CzPN molecule.
Consequently, a ‘hybrid’ method is adopted. In Fig. 3, the absorption
spectra and the emission spectra as well as the oscillator strength
calculated with the ‘hybrid’ method are illustrated (one can also see
Table 2). The first absorption position is located at the 474 nm,
which is quite close to the experimental value (450 nm). The peak
value of the emission spectra is 569 nm, and it also agrees with the
experimental result (507 nm) quite well. It further confirms the
suitability of the ‘hybrid’ method, and we will use this method in all
the following calculations.

The S-T energy gap is one important factor that determines
whether the RISC can be realized. In our calculation, the S-T energy
gap for the 4CzIPN molecule is 43.3 meV (see Table 3), which is in
good agreement with the experimental result. The reorganization
energy is 188.0 meV and the spin orbit coupling is 0.49 cm L
Obviously, the spin orbit coupling is still small as other organic
molecules reported before [13]. However, the small S-T energy gap
can make the RISC realized easily. According to the Marcus rate
equation, we can obtain the RISC rate (8.99 x 106 s~1). The ISC rate
is4.85 x 107 s~, a little larger than the RISC rate. As the S-T energy
gap and the spin-orbit coupling are two important parameters to
determine the RISC rate, the relationship between them and the (R)
ISC rate is investigated. It can be seen that the ISC rate first in-
creases, then decreases with the broadening of the S-T energy gap,
while the RISC rate becomes to zero fast with the S-T energy gap
increasing (see Fig. 4(a)). This is due to different active energies
produced for the two processes. From Fig. 4(b), we will see that the
relationship between the (R)ISC rate and the spin-orbit coupling
presents in the form of a parabolic curve. With the enhancement of
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Fig. 2. (a) and (b) top view of the S1 state of the 4CzIPN molecule optimized with B3LYP and M06-2X respectively; (c) and (d) are potential energy curves of the SO state and the S1
state of the 4CzIPN molecule with the dihedral angle da4 changing from 40.59° to 140.59°; (e) Oscillator strength for the 4CzIPN molecule excited from the SO state to the S1 state
when the dihedral angle da4 of the SO state changes. (f) and (g) are the side view and the top view of the 4CzIPN molecule with da4 as 60.59°; (h) and (i) are the side view and the
top view of the 4CzIPN molecule with da4 as 95.59°; (j) and (k) are the side view and the top view of the 4CzIPN molecule with da4 as 115.59°.

Table 2

Absorption and emission wavelengths for the 4CzIPN and 4CzPN molecule. The
experimental value and the values calculated with B3LYP, M06-2X and the ‘hybrid’
method are also shown. (unit: nm).

4CzIPN 4CzPN

Aab Aem Aab Jem
Experimental value 450 507 - 530
B3LYP 500 725 505 793
M062X 370 422 363 449
‘Hybrid’ method 474 569 479 651

the spin-orbit coupling, both transition rates increase fast.
Besides the (R)ISC rate, the radiation rate of S1 state is also

calculated, which is in the same order with the ISC rate. The non-

radiation rate of the T1 state and the phosphorescence rate are

0.375 s~! and 0.309 s, and both of them are very small. One
should note that the non-radiation rate of the S1 state is 2.33 x 10°
s~1, which is only one order of magnitude smaller than the radia-
tion rate. This is due to the flexibility of the molecule, which can
induce significant vibration relaxation of the molecule. Thus, it is
quite delicate for the molecule design to obtain a TADF emitter.
From the rate calculation, we can deduce that the RISC process will
proceed successfully. To confirm the conclusion, the rate equation is
used to study the evolution process. In the equation, the initial
occupation density of the S1, T1 and SO states are assumed as 0.25,
0.75 and 0.0, and the triplet-triplet annihilation is not in consid-
eration here. The evolutionary process of the three states is shown
in Fig. 4(c). It is indicated that all the states tend to dynamic
equilibrium after 3us. Specifically, the occupation density in the S1
states decreases rapidly at first, then it becomes slowly to zero. The
occupation density in T1 states increases first, then decreases to
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Fig. 3. (a) and (b) Absorption spectra and emission spectra for the 4CzIPN molecule calculated with the ‘hybrid’ method. The oscillator strength has also been presented.

Table 3
Energy gap between the S1 and T1 states for the 4CzIPN molecule and the 4CzPN molecule. The reorganization energy and spin orbit coupling between the S1 and T1 states are

also shown. In addition, the oscillator strengths for the S1 state of two molecules are listed as well. The radiation rate of the S1 state, the intersystem crossing rate and the
reverse intersystem crossing rate are presented.

System AEsr(meV) A(meV) Vso (cm™1) f ks1_so (s™1) KSC oy (s71) KRS, (s7h)
4CzIPN 43.0 188.0 0.49 0.054 8.12 x 108 4.85 x 107 9.00 x 10°
4CzPN 39.0 2205 0.801 0.019 2.98 x 106 8.24 x 107 1.81 x 107
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Fig. 4. (a) Relationship of the (R)ISC rate for the 4CzIPN molecule with the S-T energy gap; (b) Relationship of the (R)ISC rate for the 4CzIPN molecule with the spin-orbit coupling;
(c) Evolution process of the S1, T1 and SO states for the 4CzIPN molecule with initial occupation number 0.25, 0.75 and 0.0 respectively; (d) Evolution process of the S1, T1 and SO
states for the 4CzIPN molecule when the radiation rate of the S1 state is assumed as 8.1x 10° s,

zero too. However, the density in SO state increases all the way and
becomes to one at last. That is to say, all excitons in the S1 state will
decay to the SO state although some singlet excitons decay to the

triplet excitons first. Due to the phosphorescence rate and the non-
radiation rate of the T1 state are quite small, the triplet excitons can
successfully up-convert to singlet excitons by the RISC process
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before they decay to the SO state. This confirms that the up-
conversion of the T1 state to the S1 state can be realized for the
4CzIPN molecule. This is due to the good balance of the dynamics of
all the processes involved in the three states. If the radiation rate of
the S1 state is one order smaller than the calculated value, we can
see that the three states can't be in equilibrium in the limited time
(see Fig. 4(d)). This is because that the S1 state is not fast enough to
decay to the ground state in time and most of them convert to the
T1 state. It is indicated that large radiation rate of S1 is a necessary
condition for the realization of delayed fluorescence, while it is
quite a challenge for the D-A type based molecules. The 4CzIPN
molecule can effectively satisfy this condition and we will analysis
its character of excited states in the following section.

The electron and hole distribution of the S1 state for the 4CzIPN
molecule is shown in Fig. 5(a). It is indicated that electrons mainly
located at the central dicyanobenzene (A) group, while holes are
distributed at the four carbazolyls (D) group. It means electrons
transfer from the D groups to the central A groups when the
molecule is excited to the S1 state. This can also be confirmed by
analyzing the natural transition orbitals (NTO) of S1 (shown in
Fig. 5(c)) which shows significant CT characteristics. In addition, it is
also illustrated that there is some overlap between two transition
orbitals in the central area. As shown in Fig. 5(b), the diagram of the
overlap of electrons-hole indicates that overlap area is mainly
located at the benzene ring. That is to say, the S1 has some
contribution from the localized excitation (LE). As we know, overlap

between two transition orbitals is one necessary condition for the
fluorescent emission, and the separation of two transition orbitals
can induce small S-T energy gap. The combined characteristic of the
S1 state for the 4CzIPN molecule makes it satisfy the requirement
that the S-T energy gap is small and the radiation rate is large
enough. From Table 2, we can see that the radiation rate of the S1
state for the 4CzIPN molecule is8.12 x 108 s~!, which is smaller
than normal organic fluorescent molecules. This is a common
shortcoming of this kind of TADF emitters. Nevertheless, some at-
tempts to enhance the fluorescent intensity of the TADF emitters
have been performed [3c], and we are also working on this direc-
tion now.

3.3. Isomer effect

The 4CzPN molecule, which is the isomer of the 4CzIPN mole-
cule, is also studied with both B3LYP and M06-2X as well as the
‘hybrid’ method. The geometries of the 4CzPN molecule optimized
with B3LYP and M06-2X are shown in the Fig. S6 and S7 respec-
tively. The geometry obtained with B3LYP still assumes the sym-
metric structure, which is consistent with the results above. One
can refer to Table S3 to see the detail structure information. For
comparison, we list some important parameters calculated with
the ‘hybrid’ method that can influence the delayed fluorescence
(see Table 3). It is indicated that the S-T energy gap for the 4CzPN
molecule is only 39 meV, a little smaller than that of 4CzIPN

Fig. 5. (a) Electron-hole distribution of the S1 state for the 4CzIPN molecule, and the blue color and green color represent holes and electrons respectively; (b) Overlap of electron-
hole for the S1 state of the 4CzIPN molecule; (c) Natural transition orbitals of the S1 state for the 4CzIPN molecule. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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molecule. In addition, the SOC of the 4CzPN molecule is about two
times of that of 4CzIPN, thus a faster ISC rate for the 4CzPN mole-
cule is expected. The calculated value is 8.24 x 107 s, about two
times of the ISC rate for the 4CzIPN molecule. The similar rela-
tionship is also found for the RISC rate. The RISC rate for the 4CzIPN
molecule is only about one half of the rate for the 4CzPN molecule.
However, the emission rate of the S1 state for the 4CzPN molecule
is2.98 x 10% s~ which is about 3 times smaller than that of the
4CzIPN molecule. That may be the reason why the internal quan-
tum efficiency of the 4CzPN molecule is a little smaller than that of
the 4CzIPN molecule. In comparison with the 4CzIPN molecule, the
only difference is that the positions of the carbazolyl groups and the
cyano groups on the benzene rings. In the 4CzIPN molecule, the
cyano groups are at the adjacent position in the benzene ring. They
are separated by the carbazolyl group. The different arrangement of
donor and acceptors will induce different charge transfer proper-
ties in the excited states, thus different oscillator strength and S-T
energy gap. Based on the results of these two molecules, we can
find that the separate arrangement of donors and acceptors will
result in a wide S-T energy gap but large oscillator strength. In
addition, the emission wavelength of the 4CzPN molecule is about
651 nm (experimental value: 525 nm), which shows red shift than
the emission spectra of the 4CzIPN molecule (see Table 2). It further
indicates that changing of the relative positions of the D and A
groups will also influence its emission color.

4. Conclusions

In summary, TD-DFT method is used to study the geometric and
electronic property of excited states for three D-A type molecules.
Five kinds of functionals are tested on the 2CzPN molecule, and a
‘hybrid’ method with geometry optimized using M06-2X and en-
ergy calculated with B3LYP is proposed. With this ‘hybrid’ method,
systematic investigation on the 4CzIPN molecule is performed and
double-well potential energy surfaces are found for both the SO and
S1 states. Due to the energy barrier is quite shallow, both stable
configurations can convert to each other easily even at room tem-
perature. The absorption spectra and the emission spectra of the
4CzIPN molecule agree with the experimental results quite well,
which further confirms the rationality of the ‘hybrid’ method. Based
on the energy state structure of the 4CzIPN molecule, three states
including the SO, S1 and T1 states are used to study the up-
conversion mechanism. The dynamic of the excited states shows
that the RISC rate is large enough to make the T1—S1 up-
conversion realized. By using the phenomenological rate equa-
tion, one can get a better understanding of the evolution process of
the excitons. Further analysis of the transition orbitals of the
excited states indicates that the S1 states of the TADF emitters
possess both CT and LE component, and rational proportion of LE
and CT components are important for the design of a high efficient
TADF emitter. Comparing the properties of two isomers (4CzPN and
4CzIPN), we find that separate arrangement of donors and accep-
tors will result in a wide S-T energy gap but large oscillator strength,
and also the blue shift of the emission spectra.
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