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ABSTRACT: Reverse intersystem crossing (RISC) rate of a thermally activated delayed fluorescence (TADF) molecule is
sensitive to the energy alignment of singlet charge-transfer state (1CT), triplet charge-transfer state (3CT), and locally excited
triplet state (’LE). However, the energy distribution of the charge-transfer states originating from the conformational
distribution of TADF molecules in a solid matrix inevitably generated during the preparation of a solid sample due to the
rotatable donor-acceptor linkage is rarely considered. Moreover, the investigation of the energy distribution of the 3CT state
is both theoretically and experimentally difficult due to the triplet instabilities of time-dependent density functional (TD-DFT)
calculations and difficulties in phosphorescence measurements, respectively. As a result, the relation between conformational
distribution, configurations of excited state transition orbitals, and excited state energies/dynamics have not been clearly
explained. In this work, we determined the energy distribution of CT states of the TADF emitter TPSA in frozen toluene at 77
K by the measurement of time-resolved spectra in the full time range (1 ns ~ 30 s) of emission including prompt fluorescence,
TADF, 3CT phosphorescence, and 3LE phosphorescence. We obtained the energy band of CT states where 1CT and 3CT states
are distributed in the range of 2.85-3.00 eV and 2.64-2.96 eV, respectively. We tested various global hybrid and long-range
corrected functionals for the TD-DFT calculation of 3CT energy of TPSA and found that only the M11 functional shows
consistent results without triplet instability. We performed TD-DFT with the M11* functional optimized for robust dihedral
angle scan of 3CT states without triplet instability and reproduced the energy band structure obtained from the experiment.
Through TD-DFT and experimental investigations, it is estimated that the dihedral angle of donor-acceptor (6p-a) and
acceptor-linker (64) of TPSA in frozen toluene lie within the range of 70°<6p.4<90° and 0°<8a<30° respectively. Our results
show that the dihedral angle distribution must be considered for further investigation of the photophysics of TADF molecules
and the development of stable and efficient TADF emitters.

INTRODUCTION

Utilizing electrically generated triplet excitons is critical
to the efficiency of organic light-emitting diodes (OLEDs).!
Thermally activated delayed fluorescence (TADF) emitters
have attracted great attention in the field of OLEDs due to
their ability to convert nonradiative triplets into radiative
singlet excitons which makes it possible to achieve internal
quantum efficiency (IQE) of 100%. Many TADF emitters
have been developed since the first invention? of organic
TADF OLEDs in 2011 to replace pricy phosphorescence
emitters and inefficient fluorescence emitters.3-1° However,
no commercially available TADF emitters have been
developed due to their poor stability!’-1> and large
efficiency roll-off16-18 resulting from the long lifetime of
reactive triplet excited states of TADF molecules.1?

Fast reverse intersystem crossing (RISC) rate of TADF
emitters are required to reduce triplet lifetime.!2-14
Previously, researches focused on designing TADF
molecules with highly tilted donor-acceptor (D-A) structure
to minimize energy gap (AEst) of Si charge transfer (1CT)
state and T: charge transfer (3CT) state for faster RISC
rate.20-2¢ However, increasing D-A dihedral angle towards

90° not only reduces the energy barrier for the RISC process
but also reduces the spin-orbit coupling (SOC) that induces
spin flip. Especially, the SOC of 1CT and 3CT states of TADF
molecules with orthogonal D-A structure such as acridine
donor-based ones are too weak for typical RISC rate (104
~10¢ s1) indicating the presence of another RISC
pathway.1225-32 Recent researches emphasize that locally
excited triplet (3LE) or hybrid local and charge-transfer
state ((HLCT) that has sufficient SOC with the !CT state must
exist for efficient RISC process.1230-34 [n addition, the energy
difference between 1CT, 3CT, 3HLCT, and 3LE should also be
minimized for a faster RISC rate. For example, Adachi et al.
enhanced RISC rate by reducing 3HLCT-3LE gap and
Monkman et al. enhanced the RISC rate by reducing 3CT-3LE
gap.1234 These reports were successful in enhancing RISC,
but the excited states involved in the investigation were
limited to discrete states at relaxed geometries,'230-34 not
considering the conformational distribution of TADF
molecules in  solid organic films inevitably
generated!8283536 during thermal deposition due to the
rotatable D-A linkage.
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Flgure 2. (a) Molecular structure of TPSA. (b) NTO of S: state of
TPSA. (c) Emission spectra of TPSA in toluene. 300 K: PL. 77 K:
PL (steady state), fluorescence (< 10 ms), and phosphorescence
(100 ms). (d) Transient PL decay of TPSA in toluene (10-> M)
and in mCP:TSPO1 film (10 wt%)).

Recently, we found that conformational distribution and
restricted geometry relaxation of TADF molecules in solids
induce different pathways for the RISC process in each
conformer.3¢ In addition, it has been pointed out by several
reports that multiexponential decay and spectral shift over
time are the evidence of the conformational distribution of
TADF molecules in solids.2837-43 However, the relation of
conformational distribution, configurations of excited state
transition orbitals, and excited state energies have not been
clearly explained. Moreover, while !CT states are widely
investigated through time-resolved spectroscopy of
photoluminescence (PL) in the full time range of
fluorescence, triplet states are mostly investigated by PL
measurement at a fixed delay time due to difficulties in
phosphorescence measurement at room temperature and
long-lasting phosphorescence emission up to several tens of
seconds. Furthermore, some reports consider 1CT and 3CT
as degenerated states, not considering the conformational
distribution of 3CT states.333*

Time-dependent density functional theory (TD-DFT)
calculation is a primary tool in predicting and investigating
excited state configuration, excited state energy, and
molecular geometry of TADF molecules.303644-49 As with the
experimental investigation of TADF molecules, most of the
research focuses on excited state configurations and
energies of relaxed geometry of excited states and explain
experimental phenomena with discrete geometries or
excited states such as !CT, 3CT, and 3LE states. Some
researches attempted to relate D-A dihedral angle with S1
and T1 energies, but they have several limitations; (1) a
large discrepancy with experimental energies due to
inappropriate selection of functional, (2) lack of explanation
to the effect of dihedral angle to excited state configurations
or energies of S1/T1 states, or (3) mixed level of theory for
S1 and T leading to inverted Si1/T1 energies.3359-52 These
problems arise from difficulties in handling triplet states
with TD-DFT due to the so-called triplet instability
stemming from the exchange-interaction-sensitive nature
of triplet states.53-56
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Figure 1. (a) Time-resolved PL spectra of TPSA in frozen
toluene at 77 K, 337 nm excitation. (b) Phosphorescence of
TPSA at 100 ms and 4000 ms obtained with 325 nm excitation.
3CT and S3HLCT spectra are deconvoluted from the
phosphorescence spectrum at 100 ms (Fig. S6). (c) Decay curve
of total PL emission of TPSA. (d) Changes of emission energy
and emission type of PL over time. Emission energy of 1CT/3CT
states and 3HLCT/3LE states are determined from the spectra
onset and 1st vibronic peak respectively.

Herein, we report experimental and theoretical
investigation of the energy distribution of triplet and singlet
charge-transfer states of TPSA, a TADF molecule comprised
of triphenyltriazine acceptor and spiroacridinefluorene
donor (Figure 1).22 To determine both the 3CT and 'CT
energy distributions, we measured the time-resolved PL
spectra of a frozen toluene solution of TPSA at 77 K. It turns
out that excited state dynamics is much more complex than
a simple explanation based on three levels of !CT, 3CT, and
3LE. In the fluorescence and TADF region (1 ns~30 ms),
TPSA exhibits spectral shift. In the phosphorescence region
(10 ms~30 s), TPSA shows a change in emission type from
3CT to S3HLCT3936 and SLE. A unique electronic band
structure of 'CT and 3CT overlapping each other were
obtained from the experiments. To explain the origin of the
electronic band structure of CT states, various functionals
with various amounts of exact exchange were tested to find
optimal functional that performs robust TD-DFT calculation
of 3CT s without triplet instability for the dihedral angle scan
of CT state energies and NTOs of TPSA. We found that the
distribution of the dihedral angle between donor-acceptor
(Bp-a) and dihedral angle within the acceptor (6a) was the
origin of the energy band of CT states of TPSA. Furthermore,
the energy distribution of 'CT and 3CT states calculated
from TD-DFT using optimized M11* functional matched
well with the experimentally determined energy
distribution of 1CT/3CT states.

RESULTS AND DISCUSSION

Figure 1a shows the optimized geometries of TPSA. For
all states including So, S1, and Ty, the dihedral angle between
the donor and acceptor is 90°. Hence, the electron and hole
orbitals of the CT state are separated leading to almost
degenerate 'CT/3CT states and a small AEst of 0.02 eV. The
AEst obtained from the TD-DFT calculation seems to be
reasonable when compared with the experimental AEsr
determined from fluorescence at 300 K and
phosphorescence at 77 K (Figure 1c), which is done by most
of the TADF research to determine AEsr. However,
determining AEst from fluorescence and phosphorescence



at different temperature does not involve the polarity
change of solvents, leading to an underestimated AEsr.
Hence, AEst should be determined from fluorescence and
phosphorescence at the same temperature, which is 0.2 eV
for TPSA (Figure 1c). Experimentally determined AEsr is
much larger than the AEsr calculated from TD-DFT
calculation, indicating that the real TPSA molecules in
frozen toluene are not in an orthogonal D-A geometry as
predicted from the TD-DFT geometry optimization. The
PL decay of TPSA in toluene at 300 K can be perfectly fitted
with a biexponential decay function and shows no spectral
shift because the TADF molecules can relax completely
before emission or intersystem crossing (ISC) occurs at any
excited states due to freely moving solvent molecules
(Figure 1d, S1).3¢ However, PL decay of TPSA in frozen
toluene or doped in solid mCP:TSPO1 film shows
multiexponential decay and spectral shift over time because
geometry relaxation of TPSA is restricted in solid matrix.1836
Hence, the conformational distribution of TADF molecules
must be considered to investigate RISC mechanism of TADF
molecules in solids.

Energy distribution of 'CT state of TPSA can be
determined from the time-resolved fluorescence spectra
(Figure 2a). From 10 ns to 30 ms, the emission changes from
prompt fluorescence to delayed fluorescence and exhibits
spectral redshift followed by blueshift (Figure 2a, d). The
spectral shift over time stems from the difference of
radiative decay rate and RISC rate caused by the different
conformations (Figure S2).364041 The emission energy of
ICT is the highest at 10 ns for 2.99 eV and lowest at 10 us for
2.81eV. Energy distribution of 3CT state of TPSA can also
be determined from the time-resolved phosphorescence
spectra (Figure 2b,d, and S3-S6). Phosphorescence of TPSA
changes from broad 3CT type emission (prompt
phosphorescence) to featured 3LE emission (delayed
phosphorescence), exhibiting dual phosphorescence
(Figure S4). The 3LE type emission is from the donor
(spiroacridinefluorene, SAF), and its energy determined
from the 1stvibronic peakis 2.87 eV (Figure 2b, S3). The 3LE
emission is also observed from phosphorescence at 405 nm
excitation which is only absorbed by the CT state of TPSA
(Figure S3). Hence, the 3LE state observed from the delayed
phosphorescence is generated by intersystem crossing
from ICT to 3CT followed by intramolecular triplet energy
transfer (ITET) from 3CT to 3LE (*CT — 3CT - 3LE).%”
Therefore, the energy level of the 3CT state of some
conformers of TPSA is higher than that of the 3LEsar state.
On the other hand, prompt phosphorescence is comprised
of 3CT states of different conformers instead of a 3CT state
of a single geometry (Figure S5). The prompt
phosphorescence at 100 ms can be deconvoluted with
featureless 3CT emission and hybrid local and charge-
transfer ((HLCT) emission with three major peaks
(476/510/550 nm). The energy of 3CT and 3HLCT
determined from the deconvoluted phosphorescence
spectraat 100 msis 2.81 eV and 2.60 eV respectively. Hence,
the minimum energy of 3CT is 2.60 eV (*HLCT) and the
maximum energy of 3CT is higher than 2.87 eV (3LE). As
shown in Figure 2d, some triplet states of TPSA have higher
energy than some singlet states. According to Hund’s
multiplicity rule, the triplet energy is always lower than the
singlet state of a single molecule. Therefore, it is clear that
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Figure 3 TD-DFT calculation results of TPSA. (a) Energies of S1
(1CT), T1, and lowest 3CT (3HLCT) state above T1 as a function
of the dihedral angle between the donor and linker (6p-a). (b)
NTOs of S1 (1CT), T1, and 3CT states at 6p-a=70°, calculated with
CAM-B3LYP functional.(c) Amounts of exact exchange (X)
included in the modified long-range corrected functionals as a
function of interelectronic distance (r12). a (X at r12=0) and
modified range separation parameters (w) for the functionals
are shown in the figure. (d) Energies of S1, T1, and lowest 3CT or
SHLCT state above Ti as a function of Op-a using various
functionals with optimized range separation parameters ().
The w parameters were optimized to match the experimental
S1 energy of TPSA at 6p-a =90°. Lowest 3CT or 3HLCT states
above Ti states are indicated as 3CT/3HLCT. NTOs for triplet
states calculated with wPBEH* and M11* at Op.a =80° are
shown.

the conformational distribution of TPSA is present in frozen
toluene. Since the spiro-linked fluorene works as a rigid
scaffold that prevents the crooking of the acridine
moiety,?258 the rotation of bonds within the acceptor or the
dihedral angle between the donor and acceptor should be
the origin of the conformational distribution TPSA.

To further investigate the energy distribution of the TADF
molecules, time-dependent density functional theory (TD-
DFT) calculations for energies of !1CT and 3CT as a function
of the dihedral angle between the donor and acceptor (6p-a)
was considered first. As the CT energies and triplet states
are sensitive to the amount of exact exchange (X), the
functional should be optimized for the TD-DFT calculation
of TADF molecules.*853-56.59.60 There are several reports of
theoretical calculation of S1 and Ti states of TADF molecules
as a function of the D-A dihedral angle. A calculation result33
performed with the B3LYP functional shows the increase of
both the S1and T1 state by the decrease of the dihedral angle
due to the small amount of global exact exchange. In
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Figure 4 TD-DFT calculation of TPSA.

(a)-(b) Ground state solution phase energy and S:(*CT)/T1(3CT) energy of TPSA as a function of 8p.a. (c)-(d)

Ground state solution phase energy and S1(1CT)/T1(3CT) energy of TPSA as a function of 6a. (¢) Energy distribution of TPSA obtained from (b) and
(d). (f) Comparison of energy distribution of TPSA obtained from TD-DFT calculation and experiment. (g) NTOs of S1(1CT) and T1(3CT) states of TPSA
as a function of Op.a. (h) NTOs of S1(1CT) and T1(3CT) states of TPSA as a function of 0a.

addition, the calculation underestimated the energies of S1
and T: compared to the experimental values. Another
report>® showed a reasonable tendency of the S1 and T
energies as a function of the dihedral angle: increase of S1
and decrease of T: by the decrease of the dihedral angle.
However, the results also showed underestimated S1 and T1
energies due to the B3LYP functional. There is another
report®! of S1 and T1 energies of a TADF molecule as a
function of the dihedral angle claiming that AEsr can be
negative. However, the report used TD-DFT for the
calculation of S1 energy while using unrestricted DFT (UDFT)
for the calculation of T1 energy, which was later pointed out
that the calculation result is an artifact of the mixed level of
theories.’2 Meanwhile, there are several reports that the
long-range corrected (LRC) functionals with modified range
separation parameter (w) predicts singlet charge-transfer
energies of TADF molecules better than global hybrid
functionals.**4861 Therefore, we set four criteria for the TD-
DFT calculation of !CT and 3CT states as a function of the
dihedral angle. (1) Long range corrected functional should
be employed. (2) The functional should have appropriate
amount of exact exchange for reasonable tendency of
energies and transition orbitals of 3CT state. (3) The same
level of theory for !CT and 3CT should be used. (4) The
energies from the calculation should be comparable to the
energies determined from experiments.

To find optimal functional for the TD-DFT calculation,
various functionals were tested with TPSA (Figure. 3a, S7-
S8). For the geometries of the dihedral angle scan, the
following optimization was used: The 1CT state geometry of
TPSA was optimized by TD-DFT optimization of
Gaussian09¢2 software with CAM-B3LYP functional. The D-
A dihedral angle of the optimized !CT geometry is ~90°.
Then, the optimized !CT geometry is used as an input
geometry for the TD-DFT optimization (M06-2X) of the 3CT
state at a fixed D-A angle. During all optimizations, the state
ininterestis constantly monitored to check whether the TD-
DFT calculation is appropriate. Finally, the D-A angle of the
output of the second geometry optimization is manually

modified from 90° to 50° for the single point calculation of
the dihedral angle scan of 1CT and 3CT energies. The single
point calculations were performed with Jaguar (Materials
Science Suite, Schrédinger).®3 The amounts of exact
exchange for the various functionals tested for the dihedral
scan are shown in Figure 3a and S7. The tendency of the
change of 1CT and 3CT energies vary by the amount of exact
exchange. The energies of 1CT and 3CT of charge-transfer
type molecules are determined by competition of
stabilization of the charge-transfer state and energy
minimization by the exchange interaction of the electrons
participating in the charge-transfer state. In singlet CT (1CT)
state, the stabilization of charge-transfer state is dominant
due to the opposite spin states of the electrons involved in
the transition. Consequently, the donor and acceptor prefer
orthogonal geometry to minimize the potential energy by
separating the transition orbitals. On the other hand, the
spin states of the electrons involved in the transition of the
3CT state are the same. The energy minimization by
exchange interaction is dominant in 3CT states and it leads
to a less tilted geometry with increased overlap between
transition orbitals. Hence, the 1CT energy should decrease
and 3CT energy should increase by the increase of D-A
dihedral angle. The calculation result of the B3LYP
functional shows almost no change of 3CT energy as a
function of the dihedral angle due to the small amount of
exact exchange (20%) (Figure 3a). The M06 functional with
27% global exact exchange shows better tendency of 3CT
energy, but the CT energies are still too small compared to
experimental energies (Figure 2d). On the other hand,
calculation results by functionals with larger amount of
exact exchange such as CAM-B3LYP, wB97XD*, and M06-HF
show a significant problem in predicting 3CT energies: the
3CT states are separated into two states indicated in Figure
3a and S7 as “T:” and “lowest 3CT/*HLCT above Ti".
Energies of “T1” are significantly lower than 'CT energies
and energies of “lowest 3CT/3HLCT above Ti” are higher
than energies of 1CT states and somewhere in the middle of
those energies seems to be reasonable for correct 3CT



energies. In addition, the separation of 3CT states becomes
more significant at lower dihedral angles. The NTOs of TPSA
at Opa=70° calculated with CAM-B3LYP functional are
shown in Figure 3b to describe the separation of 3CT states.
At Bp-4=90° and 80°, T1 states are 3CT states and the NTOs
are similar to those of S1 (1CT) states (Figure S9). When 6p-a
is 70° or smaller, T1 states are calculated as 3LE states and
the lowest 3CT/3HLCT states become higher than the 1CT
states (Figure 3b). This phenomenon is so-called “triplet
instability” stemming from the exchange-interaction-
sensitive nature of triplet states.53-5660 To solve this
problem,  UDFT calculation or  Tamm-Dancoff
approximation that excludes some terms in the equation of
TD-DFT that causes triplet instability are often employed
for the calculation of triplet states.*85355 However, instead
of employing UDFT or Tamm-Dancoff approximation, we
tried optimizing LRC functionals for TD-DFT calculation to
solve the triplet instability. Figure 3c and 3d show the
amount of exact exchange and calculation results of the LRC
functionals we tested. The amount of exact exchange of LRC
functionals is determined by the following equation: X(r12)
= a + Perf(wriz), where r12 is the interelectron distance, o is
the short-range (r12=0) exact exchange, S is the long-range
(riz=) exact exchange, and w is the range separation
parameter (Figure 3c).%* The w of each functionals were
modified to match the Si energy at 8p-4=0° to the S1 of TPSA
determined from the experiment. The modified w for
wPBE*,  wPBEH*, wB97X* ®wB97XD* and MI11*
functionals®-¢8 were 0.195, 0.142, 0.150, 0.13, and 0.10,
respectively. The calculation results are shown in Figure 3d.
All functionals showed almost the same energy level and
tendency for Si1 (!CT) states at all D-A dihedral angles.
However, all functionals except M11* exhibited triplet
instability for 3CT calculations (Figure 3d and S10-14). For
the calculation results of wPBE*, wPBEH*, wB97X*, and
wB97XD*, the charge-transfer type triplet states were
separated into two states with an NTO configuration of
larger hole-electron overlap and smaller hole-electron
overlap. For example, the calculation result of wPBEH* at
80°, the T: state is calculated as 3LE and the lowest 3CT is
even higher than the lowest !CT (Figure 3d). On the other
hand, the calculations performed with M11* show robust
3CT/3HLCT results at all dihedral angles and the NTO
configurations (Figure 3d and S14) and 3CT energies were
consistent with the explanations mentioned above. The
difference between the M11* and the other functionals are
the exchange amount at the short range (r12<3 bohr) and
mid-range (3 bohr <ri2<15 bohr). Due to the small a and
large w of wPBE*(a=0), wPBEH*(a=0.2),
wB97X*(a=0.1577), and wB97XD*(a=0.222), the amount of
exact exchange rapidly increases in the distance range of
the electron displacement involved in the charge-transfer
transition. Consequently, the exchange interaction between
the electrons involved in the 3CT transition is not calculated
properly, leading to the triplet instabilities. Therefore, the
M11 (a=0.428) functional with modified w of 0.10 were
chosen for the TD-DFT single point calculations of the
dihedral angle scan of 1CT/3CT states of TPSA.

Not only the D-A dihedral angle (6p-a) but also the
dihedral angle of triazine-linker (64) of the TADF molecules
can have distribution in a solid matrix (Note that the change
of dihedral angles between the triazine and the two

peripheral phenyls linked to the triazine has a negligible
effect to the energies and configuration of the CT states of
TPSA, Figure S15). Hence, the dihedral angle scan of 6a in
TPSA was also calculated (Figure S16, S17). The energies of
S1(*CT) and T:(3CT/3HLCT) states and the ground state
solution phase energies (potential energies, B3LYP, PCM-
toluene) of TPSA are shown in Figure 4a-d. To investigate
the energy distribution of TADF molecules generated by the
distribution of 8a and Op-a, the actual proportion of each
conformations should be considered. However, the
conformational distribution of real molecules is affected by
many complicated factors such as conformational energy
barrier, the cooling rate of solution, solvent molecule, the
crystal structure of the solvent molecule, and temperature.
We leave the consideration of those factors for future work.
In this study, we focus on the upper/lower limit of CT
energies to reproduce the electronic band structure of CT
states of TPSA. Therefore, we considered the energy
distribution of S1/T1 energies stemming from the ground
state solution phase energy distribution of 5 kJ/mol (note
that thermal energy at 300 K is 2.5 kJ/mol), which leads to
the good prediction of !CT energy distribution of TPSA
(Figure 4f). If the ground state solution phase energy of
TPSA is limited for 5 k]J/mo], the dihedral angles lie within
70°<0p-a<90° and 0°<0a<30°, respectively (Figure 4a, c). By
applying the range limit of the dihedral angles to the TD-
DFT calculation of S1/T1 energies, the energy distribution of
S1/T1 states can be obtained (Figure 4b, d). The energy
distributions of excited states induced by 6p-a and 64 are
shown in Figure 4e and combined to one for the comparison
with experimentally determined energy distribution of
TPSA (Figure 4f). Although the proportion of each
conformer are not considered in the calculation for CT
energy distributions, the calculation results and
experimentally determined energy distribution are quite
consistent. The upper/lower limits of the energy
distribution of !CT and 3CT match well with the experiment
(Note that the highest 3CT energy cannot be measured
experimentally because all 3CT states with energies higher
than 2.87 eV would be transferred to the 3LE state via ITET).
Moreover, the overlap of experimentally determined
1CT/3CT energy bands is reproduced with the theoretical
calculation by combining the energy distribution induced
by the distributions of 6p.a and 6a. If only the Op.a is
considered, the singlet energy of TPSA for every conformer
is always higher than the triplet energy of all conformers of
TPSA. However, if 04 is also considered, the 3CT energy of a
certain conformer can be higher than the 1CT energy of
another conformer, leading to an overlap of the electronic
band structure of CT states. NTOs of S1(1CT)/T:1(3CT) states
of TPSA as a function of 6p.a and 64 are calculated to
investigate the effect of dihedral angles to the CT state
energies and excited state configurations (Figure 4g-h, S16-
17). At Bp-4=90°, the NTOs for the S:(1CT) and T1(3CT) states
of TPSA are almost the same. The NTOs for the S1(*CT) state
at Bp-a=70° are not much different from those at 90°.
However, the T1 state at 70° becomes 3HLCT state with an
increased overlap of the hole and electron transition
orbitals at the phenyl linker, leading to a decreased Ti
energy of 2.64 eV from 2.83 eV at 8p-.4=90°. On the other
hand, as the 8a increase from 0° to 30°, both the NTOs of S:
and T1 state shows a consistent configuration of charge-



transfer type state due to the fixed linker-donor angle of 90°.
However, the 1CT and 3CT energies increase with decreasing
04 due to the increased LUMO level by reduced conjugation
between the linker and triazine. Changes in the transition
orbital configurations and energies of the CT state resulting
from the change of the dihedral angles would give a
significant effect on the RISC process of the TADF molecules
which will be further discussed in our future reports.

CONCLUSION

We determined the energy distribution of triplet and
singlet charge-transfer states of the TADF emitter in the
frozen matrix and reproduced the experimentally obtained
electronic band with the theoretical calculation. From the
total phosphorescence measurement of TPSA in frozen
toluene at 77 K, three types of triplet emission including 3CT,
3HLCT, and 3LE was observed, leading to the determination
of energy distribution of 3CT state. Combined with the !CT
energy distribution determined from time-resolved PL
measurement of fluorescence and TADF, a unique electronic
band structure with an overlap of singlet and triplet
energies was obtained. To investigate the origin of the
energy distribution of the CT state of TPSA, the dihedral
angle scan of the 3CT state was tested using functionals with
various amounts of exact exchange and we found that the
long-range corrected functional M11 with optimized range-
separation parameter shows robust 3CT calculation results
without triplet instability. We limited the range of 6p.a and
04 based on solution phase energy of TPSA and performed
TD-DFT calculation for 1CT/3CT energies with optimized
M11* functional. The energy distribution, band structure,
and excited state configuration obtained from TD-DFT
matched very well with the experimental data. Our results
show that the conformational distribution of TADF
molecules in a solid matrix must be considered for further
development of efficient and stable TADF emitters.
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