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ABSTRACT: Recently, great progress has been made for the
thermally activated delayed fluorescence (TADF) molecules.
However, the electroluminescent mechanisms of TADF
molecules are still not clear enough, which also impedes the
development of TADF molecular materials. In this work, the
electroluminescent mechanism of the TADF molecule 2,5-
di((9H-carbazol-9-yl)phenyl) (pyridin-4-yl)methanone
(DCBPy) is studied theoretically. Four stable conformers (A,
B, C, and D) are found for the DCBPy molecule based on
first-principles calculation. The decay rates of excited states for
all the four conformers are calculated using the thermal
vibrational correlation function method. It is found that
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Second-order vibronic coupling effect and synergistic luminescence

conformers A and B are higher in energy than conformers C and D (with significant intramolecular interaction), so conformers
C and D are the dominant configurations based on Boltzmann distribution analysis. The emission wavelengths of C and D,
which are in good agreement with experimental values, are blue-shift than those of A and B. The calculated fluorescent
efficiencies of C and D are 4.2 and 3.7%, respectively, which also agree well with the experimental values. Theoretical study
indicates that the prompt emission of the DCBPy molecule is mainly contributed by conformers C and D. The delayed
fluorescence of the DCBPy molecule may come from the second-order vibronic coupling effect and also may be contributed by
the synergistic effect of conformers A and B that act as exciton collectors. Our theoretical study explains the electroluminescent
mechanism of the DCBPy molecule, and the structure—property relationship is also revealed, which could provide help for the

effective design of TADF emitters.

1. INTRODUCTION

Thermally activated delay fluorescence (TADF) molecules,
which can obtain 100% exciton utilization efficiency, have
attracted the great attention of both experimental and
theoretical workers recently. More than 400 kinds of TADF
molecules have been reported, and most of them are composed
of donor (D) groups and acceptor (A) groups.~’ Never-
theless, the blue and red TADF emitters are still quite limited.
One of the reasons is that the electroluminescent mechanism is
not clear enough for TADF molecules. Although theoretical
studies have given some insights on the TADF mechanisms, it
is found that the TADF mechanisms are quite system
dependent. Both species and amounts of D and A groups as
well as their connection patterns in TADF molecules have
great effect on the photophysical properties.*”"” Nevertheless,
the isomerization effect on the photophysical properties of
TADF molecules was less studied until now.'*'® Recently,
some regioisomers with TADF were studied, and it was found
that one isomer showed DF, but the other one had no DF.'%"”
In the study above, the isomers are induced by different
connectivities between D and A groups. In this study, we will
focus on one molecule with different conformers to study the
influence of relative orientations between D and A groups on
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the photophysical properties of TADF molecules. The D—A—
D-type 2,5-di((9H-carbazol-9-yl)phenyl) (pyridin-4-yl)-
methanone (DCBPy) molecule (see Scheme S1), which was
reported by Cheng’s group recently, will be studied based on
first-principles calculations.'® The excited-state dynamics of the
DCBPy molecule will also be studied using the thermal
vibrational correlation function (TVCF) method. Our results
will explain the electroluminescent mechanism of the DCBPy
molecule and help one better understand the structure—
property relationship of TADF molecules. The results could
also provide some insights on the effective design of TADF
emitters.

2. THEORETICAL METHODS AND COMPUTATIONAL
APPROACH

To study the photophysical properties of D—A—D-type TADF
molecules, the excited states have to be studied first using the
time-dependent density functional theory (TD-DFT). Since
the excited states of D—A—D-type molecules often have
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significant charge transfer (CT) character, the properties of
excited states are quite sensitive to the functional adopted. The
functionals are tested first (see Table S1). Comparing the
calculated absorption and emission wavelengths of DCBPy
with experimental values, we found that the PBEO0-1/3
functional is more suitable to study this system. Actually, the
PBEO-1/3 functional has shown better performance than
expected in some other organic systems.'” Following that, the
geometries of the DCBPy molecule in the ground state (S0),
the first singlet excited state (S1), and the first triplet excited
state (T1) are optimized with PBE0O-1/3 functional and 6-
31G* basis set. Unexpectedly, four stable conformers are
obtained for DCBPy molecules (shown in Figure 1). The effect
of four conformers on the photophysical properties will be
studied in detail.
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Figure 1. Four conformers of the DCBPY molecule and the
proportion of each conformer. The energy barriers between four
conformers are shown in the lower part.

The geometry optimization of the molecule in SO is
performed using the density functional theory (DFT), while
the geometries of excited states are obtained with the TD-DFT
method. The UltraFine integration grid and the default Tight
SCF procedure are used in our calculation. In optimization, the
maximum force is set as 0.00045, and the root mean square
(RMS) of the force is 0.00030. The maximum displacement is
0.0018, and RMS displacement is 0.0012. Vibrational
information of both SO and excited states are also obtained
by the corresponding methods. In all the calculations above,
the PBEO-1/3 functional is used, and the 6-31G* based set is
adopted. All the calculations above are realized in Gaussian 16
program.20 To obtain the fluorescent efficiency (®pp)
theoretically, the decay rates of excited states have to be

calculated. The ®p; can be computed by the equation
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calculated by the Einstein spontaneous emission equation as
follows:

fAEg?
k=18
1.499 (1)

. The k, is the radiation rate, which can be

where f is oscillator strength and AEjg is the vertical emission
energy with the unit of wavenumber (cm™'). The k,, is the
nonradiative rate, which can be deduced based on the first-
order perturbation theory and Fermi’s golden rule, and it can
be written as

knr = 2_7; Z Piv |Hfu,iv|25(Eiv - Efu)
(e ()

The delta function 6 is to keep the conservation of energy. H is
the interaction between two different Born—Oppenheimer
states, and it contains two components

AY, = A°d,(r, Q®,(Q) + Ad(r, Q,Q)  (3)

with HP© being the nonadiabatic coupling and H%© being the
spin—orbit coupling (SOC). The nonradiative decay rate from
S1 to SO can be written as

ko= %” Y Rz Y e (O 1510, )0, 15104
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5(Eiv - Efu) (4)
Here, Ry = (@D |®,)(®,[Pyld;) is the nonadiabatic electronic

. A .y 0
coupling.By = _lhﬁ represents the normal momentum

operator of the kth normal mode in the final electronic state.
Z; is the partition function. Based on the Franck—Condon
principle and applying the Fourier transform of the delta
function, the equation can be written as

1 «© i, -
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Here, pic(tT) is the TVCF. Both the methodology and
application of this formalism can be found in Peng’s and
Shuai’s works.”' ~*° The intersystem crossing (ISC) rate can be
computed using the classical Marcus rate equation.
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Here, Ky is the Boltzmann constant and T is the temperature,
which is set as 300 K here. V; is the spin—orbit coupling
between the S1 state and the triplet excited states (Tn), and it
is calculated with the quadratic response function method,
which can be realized with the Dalton program.”® In the

2
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activation energy (AGl = 7 ), AG; is the energy

difference between the S1 state and the Tn state, and 4 is
the reorganization of two states involved, which can be
calculated using the adiabatic potential (AP) energy surface
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method.””*® In calculation of the ISC rate, AGj = Eg; — Epy,

and AG; = Er, — Eg, for the reverse ISC (RISC) process.

3. RESULTS AND DISCUSSION

3.1. Geometric Structures and Energy Levels. As four
conformers of the DCBPy molecule are found, the population
proportion of each conformer can be calculated based on the
Boltzmann distribution (see the Supporting Information). It is
found that the energy of conformer D is the lowest, and
conformer C is only about 4.8 meV higher in energy than
conformer D (see Table S2). However, conformers A and B
are, respectively, about 73.7 and 83.3 meV higher in energy
than conformer D. To ensure the accuracy of the calculation,
the other functionals such as B3LYP and CAM-B3LYP with
empirical dispersion are adopted to calculate the energy
differences (see the table below). It is found that the energy
differences between conformer C and conformer D are close to
the value calculated with PBEO-1/3, while the energy values of
conformers A and B are a little larger. The results further
indicate that the main conformers of the DCBPy molecule are
conformers C and D, which is in agreement with the
conclusion obtained with PBEO-1/3. The population propor-
tions for A and B are much less than C and D. Consequently,
conformers C and D should have a dominant effect on the
light-emitting properties of DCBPy molecule. Then, the energy
barriers between the four conformers are calculated by
performing relaxed scanning (see Figure 1). It is found that
the energy barriers between A and B are only 0.04 eV, which
means that conformers A and B can easily change to each other
at high temperature or even room temperature. The small
energy barrier from A to D (0.054 €V) also indicates that
conformer A can transform to conformer D. Nevertheless, it is
a little difficult for conformer D to transform to conformer A
since the energy barrier is as high as 0.134 eV. From the energy
calculation, we also find that conformers C and D can easily
transform to each other. Based on the analysis above, we
deduce that the DCBPy molecule in the ground state is mainly
in the conformers C and D.

For conformers A and C, the surfaces of two donor groups
are perpendicular to each other, while they are almost in the
same surface in conformers B and D. For conformers A and B,
the acceptor group keeps away from the donor group in the
orthor-position, while it tends to the donor group in the
orthor-position in conformers C and D. The different
orientations of the acceptor group relative to the donor
group in the orthor-position can induce different intra-
molecular interactions between them. The reduced density
gradient (RDG) method can be used to describe intra-
molecular interaction. One can refer to the Supporting
Information file for details of this method. From Figure 2,
we can see that there is significant intramolecular interaction
between the acceptor and the donor at orthor-position in
conformers C and D, and it is much stronger than that in
conformers A and B. It is also obvious that there is no
interaction between the acceptor and the donor in the meta-
position in conformers C and D. The significant intramolecular
interaction between the donor group and the acceptor group
may have important influence on the light-emitting proper-
ties.””*” One should note that no dispersion is included in our
calculation since it is unachievable in the PBE0-1/3 functional.
For comparison, the functional CAM-B3LYP with long-range
interaction and CAM-B3LYP-D3 with dispersion are also
adopted to calculate the absorption and emission wavelengths
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Figure 2. Intramolecular interaction between the donor and the
acceptor described by the RDG method.

as shown in Table S1. It indicates that the results calculated
with CAM-B3LYP and CAM-B3LYP-D3 are almost the same
and disagree with the experimental values. It further indicates
that the functional PBEO-1/3 is reliable.

3.2. Properties of Excited States. The energy levels and
electron distribution of the highest occupied molecular orbitals
(HOMOs) and the lowest unoccupied molecular orbitals
(LUMOs) of the four conformers are shown in Figure 3. It can
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Figure 3. Energy and electron distributions of HOMOs and LUMOs
for four conformers.

be found that the energies of HOMOs for all the four
conformers are almost the same. The energies of LUMOs of
conformers C and D are about 0.1 eV higher than those of
conformers A and B, which means that the intramolecular
interaction can broaden the HOMO—LUMO energy gap. The
electron distributions of HOMOs for all the four conformers
are quite similar to electrons distributed mainly on the two
donor groups. Electrons on LUMOs are only located at the
acceptor group for all the four conformers.
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The absorption and emission wavelengths of four con-
formers are also calculated, as shown in Table 1. Both the

Table 1. Absorption Wavelength, Emission Wavelength, the
Oscillator Strength of S1, and the Stoke Shift for Four
Conformers”

conformation  absorption (nm) emission (nm) f Agpiee (nm)
A 409 577 0.0038 168
B 413 586 0.0044 173
C 391 490 0.0156 29
D 394 502 0.0143 108
exp 400 490 90

“Experimental values are listed.

absorption wavelength and emission wavelength of conformers
C and D show blue-shift relative to that of conformers A and B.
The emission wavelengths of C and D are about 80 nm blue-
shift relative to conformers A and B, while there is much weak
influence on the absorption wavelength. Smaller Stoke shifts in
conformers C and D are also observed. It means that
intramolecular interaction can make emission blue-shift and
decrease the Stoke shift. It is found that the calculated
absorption and emission wavelengths for conformer C are in
good agreement with experimental values, and the Stoke shift
is only about 9 nm larger than the experimental value. The
Stoke shifts calculated for other conformers are much larger.
The great discrepancy of conformer A or B comes from the
emission wavelengths. It is found that the emission wave-
lengths for conformers A and B show significant red-shift than
experimental values. The absorption wavelengths for con-
formers A and B agree with the experimental values better. It
indicates that there should be large geometric structure
relaxation for S1 in conformers A and B after excitation,
which can induce larger Stoke shift. The oscillator strengths of
conformers C and D are also about S times larger than
conformers A and B, which predicts stronger emission in
conformers C and D.

The adiabatic energy levels of several low-lying excited states
are shown in Figure 4. It is found that there are several triplet
excited states lying between S1 and T1. For conformers A, C,
and D, five triplet states are lower in energy than S1. For
conformer B, there are only three triplet states. It is also
interesting to find that several triplet excited states are
degenerated. The energy gaps between S1 and T1 in
conformers A and B are about 0.25 eV, and they become
0.39 eV in conformers C and D.

The transition properties of the low-lying excited states of
conformer A and other conformers are also shown in Figures 5
and S1-S3, respectively. From the analysis of natural transition
orbitals (NTOs), we can find that all the excited states have
both charge transfer (CT) property and the local excited (LE)
character. To quantitatively describe the transition properties,
the proportions of CT contribution in the excited states are
provided (see Figures S and S1—S3). The LE proportion in the
excited states is calculated based on the overlap between two
NTOs involved in the excited states. One can see the detailed
information about the calculation of the LE and CT
proportions in ref 31. For all the four conformers, the CT
proportion for S1 is about 70%, which indicates that all the S1
states for four conformers are CT states. All the other triplet
excited states are hybrid local excited and charge transfer states
except for T1, T3, and T4 for conformer D with typical LE
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Figure 4. Energy levels of several low-lying excited states for A (a), B
(b), C (c), and D (d).

characters. The transition properties of excited states may have
significant influence on the photophysical properties.

3.3. Excited-State Dynamics. Based on the energy
structures of excited states for four conformers, the intersystem
crossing process should involve several triplet excited states.
The spin—orbit coupling (SOC) constants between S1 and the
triplet excited states are shown in Table 2. It is found that the
SOCs vary significantly for different states. The SOC should
have a close relationship with the energy gaps between the S1
state and the triplet state. This variation of SOC may also
relate to the transition properties of two excited states.”” ™"
The relationships between the SOC and the CT proportion as
well as the energy gaps are shown in Figures S4—S6. It is found
that there is no linear relationship between the SOC and the
CT proportion for all the excited states studied (see Figure
S4). The complicated relationship may be induced by
complicated influencing factors. To further check the relation-
ship, the energy gap between two states is limited to 0.2—0.3
eV. Nevertheless, it is found that the SOC vs CT proportion
shows a reverse relationship for conformers A(B) and C(D)
coarsely (Figure S6a,c). The relationship between the SOC
and the energy gaps is also complicated (see Figures SS and
S6). Due to the limited systems studied, no similar results are
found for the four conformers as that reported by Brédas et
al.®* In addition, we can also find that the SOCs vary from
0.026 to 1.04 cm™! for S1-T3, S1-T4, and S1-TS in
conformer A, even though the energy gaps between S1 and
three triplet excited states are the same. The variation of SOC
cannot be explained only with the CT contribution of triplet
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Figure 5. Natural transition orbitals (NTOs) for the S1 state and
triplet states of conformer A. The CT proportion and transition
property for every excited state are also shown.

excited states. Actually, the SOCs between S1 and Tn are also
related to the geometries. When the SOC is calculated based
on the geometries of Tn, the values are quite different from
that calculated based on the geometry of S1 (see Table 2).
More detailed investigation is needed to reveal the relationship
between the SOC and the properties of excited states.

The reorganization energy and the energy differences
between S1 and several low-lying triplet excited states for the

four conformers are shown in Table 2. It is found that the
reorganization energy varies from 13 to 645 meV. The energy
difference between S1 and Tn changes from —3 to —396 meV.
All these values combined with the SOC will determine the
ISC rates and RISC rates. For conformer A, the ISC rate
between S1—T#4 is as large as 107 s™', while the S1-T1 rate is
only 10% s™". It indicates the main ISC process should happen
between S1 and T4. The S1—T3 intersystem crossing process
may also have some contributions due to its considerable
quantity of the ISC rate as the SI—T4 process. For conformer
B, the ISC rate between S1 and T3 is 10° s™!, which shows a
dominant position in the ISC process. For conformer C, the
S1-T3 and S1-TS ISC processes play important roles in the
ISC process. The S1—T3 process in conformer D shows its
primary contribution in the ISC process. For simplicity, the
effective ISC rate is defined,”* >* and they are listed in Table 3.

Table 3. Radiation Rates, Nonradiative Rates, the
Intersystem Crossing Rate, and the Fluorescent Efficiency
for the Four Conformers

configuration k, (s71) k(s7h) KE (s n (%)
A 7.6 X 10° 8.9 x 10 1.16 X 107 0.0009
B 8.6 X 10° 3.2 x 10° 44 x 10° 0.027
C 43 % 10° 9.7 X 107 4.5 x 10* 42
D 3.8 X 10° 9.8 X 107 5.0 x 10* 3.7

It is found that the ISC rates for conformers C and D are much
smaller than that of conformers A and B. The fluorescent rates
for C and D are about 1 order of magnitude larger than A and
B. This is induced by the larger oscillator strength of the S1
states for C and D. The nonradiative rates for C and D are
about 3 orders of magnitude smaller than A and B. This can be
explained by the reorganization energy analysis. The
fluorescent efficiencies for C and D are 4.2 and 3.7%,
respectively, while they are quite small for A and B. From
our calculation results, we conclude that conformers C and D
contribute most to the prompt fluorescence of the molecule.

Table 2. Spin—Orbit Coupling (SOC), Reorganization Energy (1), Energy Difference (G), and the Intersystem Crossing Rates

(kigc) between S1 and Triplet Excited States”

configuration SOC? (em™) A (meV)
A S1-T1 0.035 104
S1-T2 0.81 62
S1-T3 0.27 300
S1-T4 1.04 361
S1-TS 0.026 450
B S1-T1 0.19 406
S1-T2 0.60 307
S1-T3 1.0 472
C S1-T1 0.34 506
S1-T2 0.36 334
S1-T3 0.77 484
S1-T4 0.052 399
S1-TS 0.0069 13
D S1-T1 0.26 481
S1-T2 0.30 155
S1-T3 1.03 645
S1-T4 0.031 356
S1-TS 0.022 467

G (meV) kisc (s71) SOC* (em™) kpisc (s7)
—231 6.1 X 10* 1.05 2.3 x 10*
—231 9.6 X 10? 7.4 8.0 x 10*

-3 1.8 x 10° 4.5 49 x 10°
-3 1.3 x 107 1.1 1.4 x 107
-3 32 % 10° 0.12 7.1 x 10*
—268 2.94 x 10? 1.9 2.6 x 10*
—268 4.8 x 10° 4.9 42 x 10°
—100 4.4 % 10° 1.96 1.7 X 10°
—380 1.1 x 10 0.3 9.1
—380 2.0 % 10 0.8 12 x 107
—160 52 x 10* 0.13 1.6 x 10°
—152 6.9 X 10% 0.15 5.4 % 10°
—42 1.0 x 10* 0.12 32 % 10°
—396 43 0.62 2.4 X 10
—396 0 1.6 8.8
—119 5.1 x 10* 0.19 1.8 x 10°
—119 8.5 X 10? 1.1 1.1 x 10°
—113 1.6 x 107 0.75 2.0 x 10°

“The reverse ISC (RISC) rates (kgsc) are also listed. kg and kpygc are calculated based on SOCY and SOCF values, respectively. bSOC between
S1 and Tn calculated based on the geometry of S1. “SOC between S1 and Tn calculated based on the geometry of Tn.
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Figure 6. Huang—Rhys factors between S1 and SO for every vibrational mode of the four conformers.

The nonradiative rate of S1 has a close relationship with the
reorganization energy and Huang—Rhys factors between S1
and SO. The reorganization energy (1) can be expressed as a
sum of the contributions from normal mode analysis in the
harmonic oscillator approximation

A = D, A=, ho HR,

kegs kegs (7)
ke€es kees (8)
2
Dy
HR, =
T am ©)

Here, HR, represents the Huang—Rhys factor for the kth mode
and D, is the displacement for mode k between the equilibrium
geometries of SO and SI. In the sum, k € gs means that k
represents the vibration modes in the ground state (gs), and k
€ es means that k represents the mode of the excited state
(es). All data can be obtained by the DUSHIN module in
MOMAP.” The HR factors for S1 of the four conformers are
depicted in Figure 6. It is found that the HR factors for
conformers C and D are much smaller than conformers A and
B. The maximum values of the HR factors (HR,,,,,) for A and B
(16.08 and 23.35, respectively) are all larger than C and D

(7.04 and 7.09, respectively). By detailed analysis, the
vibrational modes in the low-frequency region (<150 cm™")
mainly come from the out-of-surface vibration of the donor
and the acceptor. This kind of vibration modes could be
effectively suppressed due to the intramolecular interaction
between the donor and the acceptor for C and D, which
induces smaller HR factors and also smaller reorganization
energy. It is also the main reason that induces smaller
nonradiative rates in conformers C and D. Our calculation
results indicate that the energy dissipation pathways are
effectively quenched by the intramolecular interaction between
the donor and the acceptor. This is in accordance with our
former studies,”® > which indicate that intermolecular
interaction can also effectively suppress the nonradiative rate
by hindering some vibration modes, which contribute to the
nonradiative process.

3.4. TADF Mechanism. Based on the calculation results of
excited states’ decay rates, we find that the fluorescent
efficiencies of conformers A and B are much smaller than
those of C and D. Nevertheless, the ISC rates for C and D are
much smaller than A and B. Due to the small energy gaps in
triplet excited states, the internal conversion process from
higher Tn to T1 is so fast that the RISC process should only
happen between T1 and S1. From Table 2, we can see that the
RISC rates between T1 and S1 for conformers A and B are
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Figure 7. Schematic diagram of the TADF mechanism.
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about 10* s7!, while it is quite small for conformers C and D. It
means that the RISC process cannot be realized by
upconversion from T1 to S1 in conformers C and D. How
was the TADF realized? From the energy of the T1 states for
the four conformers, we found that they are quite close in
energy for the four conformers (see Table S3). It means that
conformers C and D are easily transformed to conformers A
and B in the T1 state. Then, the RISC process can be realized
in conformers A and B, and the S1 states are obtained.
Nevertheless, the nonradiative rates of S1 in conformers A and
B are also quite quick, which may induce the decay of the S1
state without fluorescence. Then, the energy of S1 states for
four conformers is investigated (see Table S3). It is found that
the largest energy difference between all the S1 states is 0.17
eV. It means that there is also another possibility that
conformers A and B may transit to conformers C and D in the
S1 state. Because of the difficulty to obtain the transition state
in excited states, we cannot obtain the energy barrier of excited
states of the four conformers. If the energy barrier is not high
enough, it is quite possible that conformers A and B may also
convert to conformers C and D in S1 states. Then the delayed
fluorescence can be observed (see Figure 7). In this
mechanism, conformers A and B act as exciton collectors,
and conformers C and D are responsible for emission. The
synergistic effect of different conformers may contribute to the
delayed fluorescence in the DCBPy molecule. Of course, if the
high energy barrier between conformers A(B) and C(D) is
quite high or if the transform rate is not fast enough in
comparison with the nonradiative rate of conformer A(B), the
upconversion process will be difficult to realize. Nevertheless,
the second-order vibronic coupling effect may work.**™** 1t
means that T1 states can upconvert to higher triplet excited
states and then transit to the S1 state for conformers C and D.
In this mechanism, the conversion among the four conformers
in T1 states is disadvantageous to the delayed fluorescence. We
should try to cut off the conformer conversion process that
happens in T1 states. If both processes can be realized, it will
be quite helpful to obtain highly efficient electroluminescence
in organic light-emitting diodes (OLEDs).
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4. CONCLUSIONS

In summary, the electroluminescent mechanism of the DCBPy
molecule is investigated based on first-principles study. Four
stable conformers are found, with conformers C and D lower
in energy than conformers A and B. Significant intramolecular
interaction between the acceptor group and the donor group in
conformers C and D induce quite different photophysical
properties from that in conformers A and B. Our calculation
results indicate that the prompt emission of the DCBPy
molecule is mainly contributed by conformers C and D. Based
on the analysis of the adiabatic energy structure of excited
states and the excited-state dynamics, we found that the
upconversion processes are complicated. Due to the small
RISC rate between S1 and T1 in conformers C and D, the
RISC process should be quite difficult. Based on the energy
surface of excited states and the decay rates, the delayed
fluorescence of the DCBPy molecule may be contributed by
the second-order vibronic coupling effect and also the
synergistic effect of conformers A and B acting as the exciton
collectors and conformers C and D responsible for emission.
Our study results indicate that effective modulation of
intramolecular interaction between donor groups and acceptor
groups may provide effective ways to obtain TADF and highly
efficient OLED:s.
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