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A quantitative description of photoluminescence
efficiency of a carbazole-based thermally
activated delayed fluorescence emitter;y

Songyan Feng, Xugeng Guo 2 * and Jinglai Zhang (= *

A reliable quantitative description of photoluminescence efficiency is crucial for designing and developing
new-type thermally activated delayed fluorescence (TADF) emitters. In this contribution, we computed
the conversion and decay rates of a novel TADF-active molecule, 2-(9H-carbazol-9-yl)-thianthrene-
5,5,10,10-tetraoxide (CZ-TTR), involving the lowest singlet excited S; state and triplet excited T, state. The
efficiency of total fluorescence containing prompt fluorescence and delayed fluorescence was obtained
correspondingly. The present results reveal that the rate of reverse intersystem crossing from T, to Sy is
calculated to be slightly larger than the radiative and non-radiative decay rates of the S; state at 300 K
temperature, thus resulting in an occurrence of delayed fluorescence. Additionally, the total fluorescence
efficiency is estimated to be 54.5%, which agrees very well with the photoluminescence quantum yield of
56.7% observed experimentally. It is also found that the dominant charge transfer characteristics in the Sy
and T, states produce a small energy difference between the two states, and consequently an efficient
reverse intersystem crossing process and a high fluorescence efficiency.

1 Introduction

In recent years, the photoluminescence properties of thermally
activated delayed fluorescence (TADF) emitters have received
intense scientific interest, owing to their promising applications
as organic light-emitting diodes (OLEDs) for display and
illumination."® In OLED devices, TADF emitters can produce
light by harvesting both singlet and triplet excitons without
employing any noble metals, which provides an efficient path-
way to achieve an internal quantum efficiency (IQE) of 100%,
thus breaking the limitation of 25% IQE in conventional
fluorescent OLEDs as a consequence of spin statistics. For this
reason, a large number of red, green and even blue TADF-based
OLED materials have been developed.”*°

It has been generally accepted that an efficient TADF emitter
needs a small singlet-triplet energy difference (AEsy) to achieve
an efficient reverse intersystem crossing (RISC) from the lowest
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excited triplet T; state to the lowest excited singlet S; state,
which requires an effective separation of the highest-occupied
molecular orbital (HOMO) and the lowest-unoccupied molecular
orbital (LUMO).*' Meanwhile, a spatial overlap between HOMO and
LUMO is also very important to obtain a high photoluminescence
quantum yield (PLQY). Based on these criteria, the TADF emitters
are commonly designed by combining the electron donor (D) and
electron acceptor (A) fragments within one molecule. By using the
carbazole (CZ) group as the D unit and the thianthrene tetra-
oxide (TTR) group as the A moiety, Wang et al. recently designed
and synthesized a new D-A-type emitter, 2-(9H-carbazol-9-yl)-
thianthrene-5,5,10,10-tetraoxide (CZ-TTR, see Fig. 1).**> It was
found that the AEgy value and PLQY value were measured to be
0.10 eV and 56.7% in a CZ-TTR doped mCP film, respectively,
giving rise to a maximum external quantum efficiency (EQE) of
14.4%.**> Moreover, the fluorescence peak in the same film was
measured at 487 nm, due to which it has been considered as an
efficient blue TADF emitter.*?

In addition to a wealth of experimental literature presenting
TADF, theoretical studies mainly concern the geometric structures
of ground S, states and excited states, singlet-triplet energy
difference, and ultraviolet absorption and fluorescence emission
spectra by employing density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) computational
approaches.**™* However, quantitative predictions on fluores-
cence efficiencies of the TADF molecules are still scarce.***® In the
present work, we herein performed a comprehensive computational
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Fig. 1 Chemical structure of CZ-TTR. 0 and [ represent the dihedral angle
and bond length between the donor and acceptor moieties, respectively.

study on the CZ-TTR molecule, since it has numerous photophysical
and spectroscopic data in experiments. The excited-state decay and
conversion processes were quantitatively computed by using the
thermal vibration correlation function (TVCF) rate formalism
developed by Shuai group,*® including the radiative decay (i}
and k) and non-radiative decay (k3 and kp,) from S;/T; to S, as
well as the intersystem crossing from S; to Ty (kisc) and reverse
intersystem crossing from Ty to S; (krisc)- On the other hand,
the prompt fluorescence efficiency (®pr), delayed fluorescence
efficiency (@pr), and the total fluorescence efficiency (®y) were
obtained correspondingly. It is expected that the present com-
putational results can serve as a theoretical guide for designing
and developing new-type highly-efficient OLED materials based
on TADF emitters.

2 Theoretical method and
computational details
2.1 Theoretical method

For a TADF molecule, the total fluorescence efficiency (@) is
the sum of the prompt fluorescence efficiency (¥pg) and delayed
fluorescence efficiency (®pr), which can be written as:>°

@y = Ppp + Ppp (1)
kS
Ppp = 2
PE k? + kgr + kisc ( )
D5 P
Bpp = wgpw (3)

1 — §5cPrisc

where k§ and &, denote the radiative and non-radiative decay
rates of the S; state, respectively, and ®;5c and Pg;sc represent
the intersystem crossing efficiency and reverse intersystem
crossing efficiency, respectively, both of which can be expressed
by the following equations

kisc
S —— 4
BC TS F IS, + kasc @)
k
Prisc = ——C__ (5)

kT 4+ kT + krisc

where kI and k., are the radiative and non-radiative decay rates
of the T, state, respectively. It should be noted that the kr can
be neglected for organic molecules since it has a negligible
effect on the Pprgc result as found in a previous study.”” ksc
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and kgsc are the intersystem crossing rate from S; to T; and
reverse intersystem crossing rate from T, to S;, respectively.

In the present calculations, the radiative decay rate can be
estimated as follows

ke = jaemw, T)do (6)
4(U3 2
where o’em(w, T) = %ZPWK@fu‘uﬂ@iVH (S((Uiv‘fu — (U) Ug =

(P¢|4|®); denotes the electronic transition dipole moment
between two electronic states |@¢) and |®;); Py, the initial state
Boltzmann distribution function; @, the nuclear vibrational
wave function, and u and v, vibrational quantum numbers.
The non-radiative decay rate can be evaluated in the frame-
work of Fermi golden rule and first-order perturbation theory:

’ ! 2
2n / Hf 5 H,,.; -
knr = fzpiv HfLLiV + ZM b(Eiv - Efu) (7)
v o Ey Enu
where H' represents the interaction between two different Born-

Oppenheimer states, which is composed of two contributions as
follows:

H'Y;, = B°9(1,Q)0,(Q) + A*°®{(r;Q)0,(Q)  (8)

Here A®° is the non-adiabatic coupling, and A°° is the spin-
orbit coupling.

The intersystem crossing rate from initial singlet/triplet to
triplet/singlet states can be recast on the basis of the second-
order perturbation theory as

KES; = K+ kL + 9)
where
0 1 2> iwier (0

kil =l HROT| el (o) (10)

2 0 .
kERi =Re [ﬁ Z H3° Tif,kj dte“”if’pgl,/)((t)} (11)

A —00
1 o
4= S T a0 )
[ J oo

Here pf{(f) =z "Tr{e e ), pli}(1) = 2, "TrPye e,
pk(t) = Zf1Tr[13fkefi”ﬁ"13ge*i"H‘], Titz is the mixed spin-
orbit and non-radiative coupling between two electronic states
for the k())th normal mode. Owing to the spin symmetry
requirement, for the first-order contribution K9, the A term
in eqn (8) does not make any contribution between the
singlet and triplet states. Accordingly, the simplest and most
commonly used intersystem crossing rate formalism can be
expressed as

1 A o© :
kisc = ﬁ<¢f|HSO\¢i>L de[e"t' Zi s (1,T)] (13)

Both the methodology and application of these rate equations
can be seen in the studies by the Peng and Shuai groups.**>">>
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2.2 Computational details

Structural optimization and frequency computation of CZ-TTR
in the gas phase were carried out for the S, state by DFT, and for
the S; and T, states by TD-DFT. Five exchange-correlation
functionals, that is, B3LYP (20% HF), PBEO (25% HF), BMK
(42% HF), M06-2X (54% HF), and M06-HF (100% HF), as well as
one range-separated hybrid functional, ®B97X, were employed
along with the 6-31G* basis set. All the calculations were
performed using the Gaussian 09 program.™

According to the electronic properties obtained, the rates of
radiative, non-radiative, intersystem crossing, and reverse inter-
system crossing were estimated by using the TVCF theory, as
performed in the molecular materials property prediction
package (MOMAP).**°>%%5 The transition electric field was
calculated by TD-DFT with the Gaussian 09 package. The spin-
orbit coupling (SOC) calculations were implemented with
quadratic response function methods,’® which can be realized
using the Dalton program.®”

3 Results and discussion

3.1 Functional test

In the present study, the DFT/TD-DFT computational approaches
were employed to explore the geometric and electronic properties of
the title molecule. It is accepted that the properties of the D-A-type
TADF-active molecules are closely related to the density functionals
used in calculations.*®>® To find a suitable functional for the
present system, the molecular structures of CZ-TTR in the Sy, S;
and T, states were optimized using different functionals. The
key structural parameters and the total reorganization energies
(Zreorg) On the S, potential energy surface are summarized in
Table 1. Geometrical comparisons between the S, and S; states
and the reorganization energy of each normal vibration mode
calculated using different functionals are plotted in Fig. S1 and S2
of the ESL}

The structural modifications between S; and S, play a crucial
role in the excited state and photoluminescence properties in
that they can significantly control the optical spectrum shape and
the non-radiative decay rate on the basis of the Franck-Condon
principle.’® As can be seen from Table 1, the changes of bond
lengths between the D and A moieties are insusceptible to the
functionals employed in calculations, with the |Al| value less

Table 1 The bond lengths (I, in A), dihedral angles (6, in deg.) and
reorganization energies (Zreorg, in €V) for the S; — Sq transition obtained
at different functional levels
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than 0.05 A. However, the variations of torsional angles are very
sensitive to the selected functionals. For the M06-HF functional,
the |Af| value is predicted to be only 2.3° far smaller than the
results calculated for five other functionals, exhibiting the
smallest geometrical modification from S; to S, which is
consistent with the strong fluorescence observed experimentally.*
As a result, the /oy value estimated by MO6-HF is also known to be
the smallest among those of the functionals considered here (only
0.30 eV). Accordingly, the M06-HF-optimized structures seem to be
the most reasonable to evaluate the ground-state and excited-state
geometries of CZ-TTR.

Under the M06-HF-optimized S; minimum, we simulated
the fluorescence emission spectra of CZ-TTR in the gas phase at
different density functional levels. The related calculated results
are listed in Table 2, along with the available experimental
values.*” As shown in Table 2, the Ag,, value gradually decreases
with increasing HF exchange percentage. The long-range corrected
functional ®B97X also dramatically underestimate the /g,, value.
1t is therefore evident that the value of gy, calculated using the
B3LYP functional is in best agreement with the experimental value
measured in the CZ-TTR doped mCP film at 77 K (478 vs. 487 nm).
In view of this, it is plausible that the hybrid approach of M06-HF
for geometric optimization and frequency computation as well
as B3LYP for electronic properties is suitable for the CZ-TTR
molecule.

3.2 Singlet-triplet energy difference

It is known that T; — S; RISC is an important non-radiative
decay process, mainly determined by the energy difference
(AEgy) and spin-orbit coupling (SOC) between the S; and T,
states. In general, the SOC constant of pure organic molecules
is very weak (a few tenths of cm™') as for other organic
molecules presented before,*®*® owing to the spin-forbidden
transition between the S; and T; states in the TADF emitter. For
the present system, the SOC is calculated to be only 0.48 cm ™.
However, a small AEgr makes the RISC process feasible. To
provide a reliable prediction on the kgysc rate, the AEgy values
were calculated at different density functional levels with the
MO6-HF-optimized geometries. The related results, along with
the experimental findings, are collected in Table 2. As can be
noticed from Table 2, the AEsy value predicted by M06-HF is
0.80 eV, much larger than the experimental value measured in
the mCP film at 77 K. However, B3LYP gives the most reasonable

Table 2 Fluorescence wavelength (iquo, in NmM) at the S; minimum,
emissive oscillator strength (f) and adiabatic energy difference (AEst, in eV)
of CZ-TTR predicted at different density functional levels, in comparison with
the experimental values

Sy geometry S, geometry
Functional 0 [ 0 [ [AO]* A" lreorg B3LYP PBE0O BMK  MO06-2X MO06-HF ®B97X Exp.
B3LYP 48.9 1.41 90.7 1.45 41.8 0.04 0.66 HF (%) 20 25 42 54 100 — —
PBEO 48.9 1.40 91.1 1.44 42.2 0.04 0.61 Afluo 478 452 399 378 332 373 487¢
BMK 48.7 1.40 89.3 1.43 40.6 0.03 0.57 f 0.1191 0.1293 0.1610 0.1790  0.2469 0.1827
Mo06-2X 47.4 1.40 90.8 1.43 43.4 0.03 0.42 AEgr 0.03 0.18 0.39 0.46 0.80 0.68 0.10”
MO06-HF 51.0 1.40 53.3 1.38 2.3 0.02 0.30 .
®B97X 50.9 1.41 91.9 1.43 41 0.02 0.73 ¢ Fluorescence spectrum measured for the CZ-TTR doped mCP film at

“ Changes of the dihedral angle and bond length from S; to S,.
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77 K.** ? Energy difference from the onsets of the fluorescence and
phosphorescence spectra of CZ-TTR in the mCP film at 77 K.*?
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Fig. 2 Natural transition orbital (NTO) analyses for the S; and T; excited
states.

Table 3 Calculated charge transfer (CT) and local excitation (LE) char-
acteristics (in %) for the S; and T, excited states

State CT LE
S. 89.9 10.1
T, 76.9 23.1

AEgr (0.03 eV), in comparison with the measured value of
0.10 eV.** This again proves that the B3LYP functional can offer
a reliable prediction on the electronic properties of CZ-TTR.
Therefore, the B3LYP-calculated singlet-triplet energy difference
would be applied for the following rate calculations.

To provide a deeper understanding of the nature of the
optimized excited states, natural transition orbital (NTO) analyses
were also performed, which are shown in Fig. 2. For the S, state,
the hole (in the HOMO) is mainly distributed on the CZ group,
while the electron (in the LUMO) is mainly localized on the TTR
moiety. This is a clear indication that the S, state of CZ-TTR
exhibits the significant charge transfer (CT) characteristics. A
similar trend has also been found in the T; state. The quantitative
CT characteristics of the S; and T, states could be calculated by
using the multifunctional wavefunction analyzer (Multiwfn),*® as
can be seen in Table 3. As expected, the CT components of the S;
and T, states are 89.9% and 76.9%, respectively. Such a remark-
able CT characteristic in both S; and T, states leads to a small
overlap between HOMO and LUMO and thus a small AEgy.

3.3 Huang-Rhys factor and reorganization energy

To determine the structure-property relationship during the
S; < T; and S; — S, energy conversion processes, both the
Huang-Rhys (HR) factor and reorganization energy were estimated
in the present calculations. The HR factor was computed by the

(/JkD 2

following equation HRj :—k, where w; is the vibration

frequency and Dy is the normal coordinate displacement of

mode k. Reorganization energy (A” => wkHRk) was calculated
k

by using the normal mode method in consideration of zero-
point energy correction.

Fig. 3 shows the HR factors versus the normal mode frequencies
of energy conversion between S; and T; in the gas phase. The large
HR factors 31.6 (16.53 cm™ ') and 1.7 (22.23 cm™ ') correspond to
the torsional motions (shown as insets) of the CZ group, which
suggest that the free rotation of CZ provides an important channel

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Fig. 3 Huang—Rhys factors versus the normal mode frequencies for
energy conversion between S; and Ty, as well as two important vibration
modes.

for the energy conversion between S; and T;. For the decay process
from S; to Sy, as shown in Fig. 4a, the representative large HR
factors 3.5 (14.54 cm ™), 2.9 (23.50 cm ') and 1.0 (48.90 cm ™)
correspond to the torsional motions of the CZ donor and TTR
acceptor in low frequency regions (<200 cm ™). This indicates
that the rotations of D and A units play a dominant role in
determining the non-radiative decay rate from S; to Sp. On the
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Fig. 4 Huang-Rhys factors versus the normal mode frequencies (a) and
reorganization energy versus the normal mode frequencies (b) for energy
conversion from S; to Sp, as well as the corresponding vibration modes.
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Fig. 5 Contribution ratios to the reorganization energy of CZ-TTR from
bond lengths, bond angles, and dihedral angles.

other hand, the reorganization energies versus the normal
mode frequencies in the gas phase are shown in Fig. 4b. The
vibration modes with larger reorganization energies occur in
high frequency regions, such as 924.32 cm ™', 1159.77 cm ™,
1644.88 cm™', and 1712.16 cm™'. To better understand the
relationship between the photophysical properties and the
molecular structure, we have projected the reorganization
energies onto the internal coordinate of the molecule. Con-
tributions from bond lengths, bond angles, and dihedral angles
are shown in Fig. 5, and the corresponding data are shown in
Table S1 of the ESLt It can be seen that the reorganization
energy is mainly contributed from bond length, and its value is
210.7 meV (70.6%). It is therefore apparent that the torsional
motions between the D and A units in low frequency regions

0.78
-‘.bﬂ
“g
£0.76 y,=0.675+1.61x10"x
E R*=0.976
<
-
£ "y =0.5677+4.35x10"x
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I
|
0.72 ]
|
T T T T T
300 350 400 450 500

Temperature/K

Fig. 6 The curves of specific volume-temperature for CZ-TTR.
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and the stretching vibrations of the bonds in high frequency
regions account for the non-radiative decay from S; to S,.

3.4 Thermal property

The glass transition temperature (7,) is an important char-
acteristic parameter for the material, and the higher T, indicates
the greater stability of the amorphous state.* To evaluate the T,
of CZ-TTR and explore the thermostability, molecular dynamics
(MD) simulations were performed by changing the specific
volume at different temperatures based on the Forcite module
in Materials Studio 7.0 program package.®® The COMPASS force
field®>"*® was used during each stage of the simulations. The
molecular model was constructed by using 10 molecules in
an amorphous cell calculation module with a size of 17.9 A x
17.9 A x 17.9 A, and after optimization the model was annealed
at 300-500 K. To obtain the parameters at 500 K, MD simulation
was carried out by using an NVT ensemble for 100 ps and an
NPT ensemble for 300 ps successively with a time step of 1.0 fs.
Similarly, the MD simulation of the molecular model was
performed at intervals of 25 K stepwise cooling from 500 to
300 K. The specific volume data at different temperatures were
obtained and plotted. It is seen that the specific volume first
rises slowly with an increase of temperature, indicating that the
material is in the glassy state. When the temperature reaches a
certain value, the specific volume increases drastically with
increasing temperature. At this time, it is in the high elastic
state. The intersection of the upper and lower fitted lines is the
glass transition temperature. As shown in Fig. 6, the T, of CZ-TTR
is estimated to be 394 K which is in good agreement with the
experimental value of 397 K (124 °C),** exhibiting good thermo-
stability and thus ensuring the applications in OLED devices.

3.5 Fluorescence efficiency

The TVCF rate formula based on the first-order perturbation
theory was applied to estimate the interconversion rate con-
stants among the S,, S;, and T, states. According to the
geometric/electronic properties obtained by the hybrid Mo6-
HF/B3LYP approach, the calculated rates constants are
reported in Table 4. In addition, the prompt fluorescence and
delayed fluorescence efficiencies, and the total fluorescence
efficiency are also incorporated in Table 4.

It can be seen from Table 4 that the kg;gc rate is calculated to
be 9.41 x 10° s}, about one order of magnitude larger than the
experimental value of 4.70 x 10* s~'.*> The kg rate is predicted to
be 1.75 x 10° s, about one order of magnitude smaller than the
experimental value of 1.00 x 10” s~ .** Obviously, the T; — S,
RISC can compete with the radiative and non-radiative decay

Table 4 Calculated the radiative and non-radiative rates from S1/T; to So, the ISC and RISC rates between S; and T, excited states and the fluorescence

efficiencies, together with the available experimental data

kf kls'll‘ k;r kzr kISC kRISC (pPF (DDF (pF
Cal. 3.47 x 10° 1.04 x 10° 0.87 1.13 x 10° 1.75 x 10° 9.41 x 10° 15.8 38.7 54.5
Exp.? 4.20 x 10° — — 2.19 x 10* 1.00 x 107 4.70 x 10" 29.4 27.3 56.7

“ Experimental value from ref. 42.
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Fig. 7 Temperature dependence of the interconversion and decay rates
for CZ-TTR.

from S;/T; to Sy, in favor of the occurrence of RISC. On the basis
of our calculated rate constants, the values of ®pp, @pp, and
& can be obtained. Significant prompt fluorescence (Ppp =
15.8%), delayed fluorescence (®pr = 38.7%) and total fluores-
cence efficiency (@ = 54.5%) are also obtained in the gas phase.
All these data are in reasonable agreement with the available
experimental findings measured in the CZ-TTR doped mCP
film.**> Moreover, the temperature dependence of interconversion
rate constants was calculated, as shown in Fig. 7. The detailed
data are provided in Table S2 of the ESL{ As temperature
increases, the kisc and krysc rates are remarkably increased, while
there are no obvious changes for other rates constants. At 300 K,
the kgysc rate can completely compete with the radiative and non-
radiative decay rates, thus leading to an occurrence of strong
delayed fluorescence.

4 Conclusions

The DFT/TD-DFT methods have been used to explore the
geometric and electronic properties of a carbazole-based thermally
activated delayed fluorescence molecule. The TVCF rate formalism
has been employed to quantitatively estimate the interconversion
and deactivation rates of the S; and T; states at different
temperatures. The prompt fluorescence and delayed fluores-
cence efficiencies, and the total fluorescence efficiency have
been obtained correspondingly. The main conclusions are as
follows:

(1) The hybrid approach of M06-HF for nuclear and B3LYP
for electronic properties is suitable for the D-A-type TADF-
active molecule.

(2) With an increase of temperature from 77 to 300 K, the
reverse intersystem crossing rate is dramatically increased,
whereas there are no obvious changes for the radiative and
non-radiative decay rates. At 300 K, the RISC rate can completely
compete with the radiative and non-radiative rates.

(3) The prompt fluorescence efficiency, delayed fluorescence
efficiency, and the total fluorescence efficiency are evaluated
to be 15.8%, 38.7%, and 54.5%, which agree well with the
available experimental data (29.4%, 27.3%, and 56.7%).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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(4) The free rotation of the carbazole group accounts for the
energy conversion between S; and T;. The torsional motions
between the D and A units in low frequency regions and the
stretching vibrations of the bonds in high frequency regions are
responsible for the non-radiative decay from S; to S,.

In summary, the present calculated results not only explain
reasonably the experimental phenomena, but also provide a
quantitative estimate of the fluorescence efficiency, which would
be beneficial for designing and developing novel efficient TADF-
based OLED materials.
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