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Introduction

Common mechanism of dual emission in linearly-
linked donor—acceptor-type thermally activated
delayed fluorescence moleculest

Tomohiro Ryu,? Arvydas Ruseckas,” Masaki Saigo,® Kiyoshi Miyata,?
Youichi Tsuchiya, {2 ¢ Hajime Nakanotani, (2 ¢ Chihaya Adachi,© Ifor D. W. Samuel®
and Ken Onda 2 *@

Linearly-linked donor-acceptor-type (D—A) thermally activated delayed fluorescence molecules have
been expected to be used as efficient emitters in organic light emitting diodes. Despite their simple
molecular structures, some of these molecules exhibit a complex dual emission mechanism due to their
two conformers: quasi-coplanar (g-copl.) and perpendicular (perp.) conformers. We have investigated
three molecules of this type: phenothiazine—triphenyltriazine, 9,9-dimethyl-9,10-dihydroacridine—triphe-
nyltriazine, and phenoxazine-triphenyltriazine using picosecond time-resolved photoluminescence and
femtosecond transient absorption spectroscopy measurements. We have revealed the dual emission
mechanism common to the three molecules: after photoexcitation, in the g-copl. conformer, the
second singlet excited state with local excitation character emits strong fluorescence, which decays in
3-7 ps as it relaxes to the lowest singlet excited state with charge transfer (CT) character. The CT state
exhibits relatively weak fluorescence with a lifetime of tens to hundreds of picoseconds. In the perp.
conformer, the excited state shows a pronounced CT character with a weaker oscillator strength
reduced by two orders of magnitude, structural relaxation in about 4 ps and a slow decay in >1 ns. The
dual emission intensity ratio is determined by the population ratio between the g-copl. and perp.
conformers in the ground state. The difference in this intensity ratio between the three molecules is
ascribed to the difference in relative energetic stability between the two conformers in the ground state.
The emission mechanism common to the linearly-linked D—A molecules deepens the understanding of
their photophysical properties and opens new pathways for the development of advanced photofunc-
tional materials.

states is used in organic light-emitting diodes (OLEDs)." ™ Near-
infrared emission from the CT excited state with a large Stokes

Organic molecules that possess charge transfer (CT) excited
states have recently attracted attention as promising materials
for organic electronic devices. In these molecules, charge dis-
tribution within or between molecules is significantly localized
by electronic transitions and the spatially separated transition
orbitals lead to various functions. For example, thermally
activated delayed fluorescence (TADF) arising from the small
energy gap between singlet and triplet states in the CT excited
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shift is used in bioimaging.”” Intermolecular CT excited states
are used in organic photovoltaics.>® The simplest strategy to
create molecules possessing CT excited states is to link electron
donor and acceptor molecules by carbon single bonds,
enabling intramolecular CT in the excited states, referred to
as linearly-linked D-A molecules. The advantage of this type of
molecule is that diverse functions can be easily achieved by
appropriate selection of donor and acceptor molecules.

Some linearly-linked D-A molecules exhibit dual emission
caused by two emissive conformers in the excited state.'®™?
Typical examples are a series of molecules bearing a phenothia-
zine (PTZ) as a donor.**® Tanaka et al. first reported a PTZ-
donor D-A molecule exhibiting dual emission, using triphenyl-
triazine (TRZ) as the acceptor, named PTZ-TRZ (Fig. 1a)."” This
molecule has two types of conformers in the excited state, a
quasi-coplanar (q-copl.) or quasi-axial conformer (Fig. 1d), in
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Fig. 1 (a)—(c) Molecular structures of (a) PTZ-TRZ, (b) DMAC-TRZ, and

(c) PXZ-TRZ. (d) and (e) Geometries and schematic dlagrams of the two
conformers of PTZ-TRZ: (d) quasi-coplanar and (e) perpendicular
conformers.

which the bent donor and acceptor are arranged horizontally,
and a perpendicular (perp.) or quasi-equatorial conformer
(Fig. 1e), in which the planner donor and planar acceptor are
arranged perpendicularly. This is attributed to the bending of
the PTZ plane and the flexible dihedral angle between the
donor and acceptor. They found that each emission originates
from a different CT excited state and has different photophy-
sical properties: only the perp. conformer exhibits TADF. D-A
molecules analogous to PTZ-TRZ also exhibit dual emission
from two conformers. Stavrou et al. demonstrated that 9,9-
dimethyl-9,10-dihydroacridine-TRZ (DMAC-TRZ, Fig. 1b),
which had not been previously discussed in the context of dual
emission, exhibits dual emission and similar emission proper-
ties to PTZ-TRZ through a comprehensive investigation.™®
Linearly-linked D-A molecules exhibiting dual emission have
complex excited-state dynamics due to their two flexible confor-
mers. Understanding the complex dynamics arising from the
simple structure is important not only for their applications but
also for fundamental photophysics. For PTZ-TRZ, Chen et al.
investigated the conformational change between the two confor-
mers from the time profile of each emission on the picosecond
timescale and determined its time constant to be 1.8 ps in
cyclohexane solution.'® We investigated the excited state
dynamics of PTZ-TRZ and their solvent dependence by time-
resolved measurements.”® The time-resolved photoluminescence
(TR-PL) measurements revealed that the g-copl. conformer exhib-
ited emission from a higher singlet excited state. The measure-
ments also revealed that the photophysical properties of the two
structures respond differently to the polarity of the solvent: a
shorter emission lifetime and no TADF in high dielectric permit-
tivity solution in the perp. conformer, and no significant solvent
dependence in the g-copl. conformer. The visible transient
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absorption (TA) measurements revealed that the structural change
from the g-copl. to perp. conformers occurs with the time con-
stant of approximately 8 ps. For DMAC-TRZ, Franca et al. demon-
strated the picosecond behavior of the excited state and its solvent
dependence.”’ The TA measurements revealed that the structural
change from the g-copl. conformer to the perp. conformer occurs
within 20 ps in cyclohexane solution, while solvation occurs
within 17 ps in toluene solution. These previous studies suggest
that the excited-state dynamics of linearly-linked D-A molecules
involve complex picosecond dynamics; however, no spectra of
each emission have been observed on the picosecond timescale,
leading to an incomplete understanding of the detailed dynamics.
Moreover, these investigations focused on specific molecules;
thus, the comprehensive dynamics common to more D-A mole-
cules remain unexplored.

In order to explore the common excited-state dynamics in
linearly-linked D-A molecules on the picosecond timescale, we
have investigated three prototypical molecules: PTZ-TRZ and
DMAC-TRZ, which are typical molecules exhibiting dual emis-
sion, and phenoxazine-TRZ (PXZ-TRZ, Fig. 1c) as an analogue
using picosecond TR-PL and femtosecond TA spectroscopies. We
found that all three molecules exhibit dual emission originating
from the two conformers, g-copl. and perp. After photoexcita-
tion, in the g-copl. conformer, the second singlet excited (S,)
state with localized excitation (LE) character emits strong
fluorescence with a lifetime of 3-7 ps and simultaneously relaxes
to the lowest singlet excited state (S;) with CT character, which
exhibits weak fluorescence with a lifetime of tens to hundreds of
picoseconds. In the perp. conformer, the structural relaxation in
the S; state with CT character occurs with a lifetime of 4 ps and
then the S; state after the relaxation exhibits long-lived fluores-
cence. The relative emission intensity between the g-copl. and
perp. conformers is determined by the stability of the g-copl.
conformer in the ground (S,) state. The results propose a new
energy diagram and emission mechanism that would be com-
mon to similar linearly-linked D-A molecules.

Experimental

Sample preparation

PTZ-TRZ, DMAC-TRZ, and PXZ-TRZ were synthesized as
described in the previous study.'”***?

Steady-state PL spectroscopy and UV-vis absorption
spectroscopy

Steady-state photoluminescence (PL) spectra were measured
using a spectrofluorometer (JASCO FP-8300). UV-vis absorption
spectra were obtained with a spectrophotometer (JASCO V-780).
The samples for the steady-state PL and UV-vis absorption
measurements were prepared using 0.1 mM and 0.01 mM
toluene solution, respectively.

TR-PL spectroscopy

The TR-PL spectra were measured using a streak camera system
(Hamamatsu C6860, response function: 2 ps). The samples
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were excited by a third harmonic (343 nm) of the output of a
Yb:KGW regenerative amplifier (Light Conversion PHAROS,
central wavelength: 1030 nm, pulse duration: 200 fs) at a pulse
repetition rate of 100 kHz. The optical path length of the
solution cell was 1 cm. The measurements were conducted
while stirring the solution to avoid damage to the sample. All
samples were prepared using 0.1 mM toluene or dichloro-
methane (DCM) solution. The obtained TR-PL spectra were
analyzed by the global analysis using Glotaran.>*

Femtosecond TA spectroscopy

The femtosecond TA measurements were performed using
home-built pump-probe setups. The Yb:KGW regenerative
amplifier at a pulse repetition rate of 1 kHz (pulse energy:
1 mJ per pulse) was used as the light source. The output pulse
was split into two optical paths using a beam splitter. One of
the split outputs was fed into an optical parametric amplifier
(OPA, Light Conversion ORPHEUS), where the output wave-
length was tuned to 740 nm, 720 nm, and 690 nm. Each light
beam was converted using a p-BaB,O, (BBO) crystal to its
second harmonic at 370 nm (for DMAC-TRZ), 360 nm (for
PTZ-TRZ), and 345 nm (for PXZ-TRZ), respectively, and used as
pump pulses. The other output was focused on a sapphire
crystal (3 mm in thickness), generating white light from 500 to
950 nm, which was used as the probe pulse. The magic angle
(~54.7°) was adopted between the pump and probe polariza-
tions. The probe pulse that passed through the sample was
dispersed by a polychromator (JASCO CT-10, 300 grooves/
500 nm) and detected using a multichannel CMOS sensor-
based system (UNISOKU USP-PSMM-NP). The pump pulse
fluence at the sample position was 0.31 mJ ecm 2 for PTZ-
TRZ, 0.23 m] cm™> for DMAC-TRZ, and 0.20 mJ cm > for PXZ~
TRZ. All samples were prepared using 0.1 mM toluene solution
in a 1 mm cell. The obtained TA spectra were analyzed by the
global analysis using Glotaran.>*

Quantum chemical calculations

Quantum chemical calculations were performed using the
Gaussian 16 C.01 package.?® The S, state was calculated based
on density functional theory (DFT), and the singlet excited
states were calculated based on time-dependent (TD)-DFT.
The solvent effect was examined by using the polarizable
continuum model of toluene solution (dielectric constant:
2.38). We employed the 6-31G(d,p) basis set and B3LYP
functional.

Results and discussion

Steady-state photophysical properties

Fig. 2a shows the UV-vis absorption and PL spectra of PTZ-TRZ,
DMAC-TRZ, and PXZ-TRZ in toluene solution. The extinction
coefficient of PTZ-TRZ in the low energy absorption band with
a peak at 350 nm is about twice higher than those in the other
two molecules. All the PL spectra show dual emission at 409 nm
and 580 nm for PTZ-TRZ, at 413 nm and 500 nm for
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Fig. 2 (a) The UV-vis absorption spectra (dashed lines) and the normal-
ized PL spectra (solid lines) of PTZ-TRZ (blue), DMAC—TRZ (green), and
PXZ-TRZ (red) in toluene solution. The concentration of the solutions for
PL measurements is 0.1 mM. (b) Expanded normalized steady-state PL
spectra in the range of 360-500 nm.

DMAC-TRZ, and at 409 nm and 560 nm for PXZ-TRZ (Fig. 2b).
The PL quantum yields in toluene solution for PTZ-TRZ, DMAC-
TRZ, and PXZ-TRZ are 20%, 79%, and 30%, respectively.>*>>2

The dual emissions observed for PTZ-TRZ and DMAC-TRZ
are consistent with the previous reports, whereas that for PXZ-
TRZ is newly observed. To confirm this, we conducted
concentration-dependent steady-state PL measurements for
the three D-A molecules in 0.01 mM, 0.1 mM, and 1 mM
toluene solutions (Fig. S1-S3, ESIf). Note that the decrease of
the relative intensity of the peak in the short-wavelength range
with increasing concentration for DMAC-TRZ and PXZ-TRZ is
attributed to self-absorption owing to a large overlap between
the absorption and emission spectra in the short-wavelength
range as shown in Fig. 2a.

According to the previous studies on PTZ-TRZ and DMAC-
TRZ, the emission in the short-wavelength range is assigned to
the emission from the g-copl. conformer.'”! Thus, this result
indicates that all three molecules have both g-copl. and perp.
conformers in the excited state.

TR-PL spectra in the picosecond range

To explore the emission mechanism at the earliest stage, we
conducted TR-PL measurements with a time resolution of
~1 ps. Fig. 3a-c shows the TR-PL spectra of PTZ-TRZ,
DMAC-TRZ, and PXZ-TRZ, respectively. In this time region,
all the molecules clearly exhibit dual emission at 410 nm and
557 nm in PTZ-TRZ, at 406 nm and 497 nm in DMAC-TRZ, and
at 400 nm and 543 nm in PXZ-TRZ. Because the shorter
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Fig. 3 The TR-PL spectra on the picosecond timescale of (a) PTZ-TRZ,
(b) DMAC-TRZ, and (c) PXZ-TRZ in toluene solution. Insets of (a) and (b)
show the enlarged TR-PL spectra in the range of 375-650 nm. The asterisk
represents the Raman scattering signal.

wavelength emission peaks in the spectra at 0.1 ps and 150 ps
for all the molecules resemble those in the steady-state PL
spectra (a comparison of the normalized spectra is shown in
Fig. S4, ESIT), we assigned these peaks to the emission from the
g-copl. conformer. Based on our previous report, the slight red
shift from 0.1 ps to 150 ps (Fig. S5, ESIt) is attributed to the
internal conversion from a higher singlet excited state to the S;
state of the g-copl. conformers associated with vibrational
relaxation and solvation. In the emission of the perp. confor-
mer, the red shift was observed in PXZ-TRZ, while it was not
observed in the other molecules because the emission is over-
lapped by the shoulder of the emission from the g-copl.
conformer. Unlike the emissions from the g-copl. conformers,
the changes in the emission intensity of the perp. conformers
were small. In addition, the finding that the maximum inten-
sities of emission appear immediately after photoexcitation (at
0.1 ps) for both conformers indicates that the two conformers
are excited simultaneously for all the molecules.
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Origin of the emission immediately after photoexcitation

To clarify the origin of the emission immediately after photo-
excitation, accompanied by a red shift in both conformers, we
calculated the oscillator strengths between the S; to Ss states and
the S, state in the g-copl. and perp. conformers for the three
molecules using the optimized structure of the S, state and the
values are summarized in Table 1. In the g-copl. conformer, the
oscillator strengths of the S; state for the three molecules were
almost zero, while those of the S, state were 0.74, 0.78, and 0.67
for PTZ-TRZ, DMAC-TRZ, and PXZ-TRZ, respectively. Thus, the
strong emission from the g-copl. conformer immediately after
photoexcitation is attributed to the emission from the S, state.
To estimate the absorption spectra, the oscillator strengths of
the same transitions were calculated using the optimized struc-
ture of the S, state (Table S1, ESIt). As a result, the oscillator
strengths of the S; state were almost zero, while those of the S,
state were approximately 0.9 for the three molecules, indicating
that the absorption peak of the g-copl. conformer is assigned to
the transition to the S, state for each molecule.

Based on the calculated NTOs (natural transition orbitals)
shown in Fig. S8, S10 and S12 (ESI}), the large oscillator
strength in the S, state arises from the large overlap between
hole and electron orbitals associated with the transition. This
means that the S, state is dominated by LE character (1LEq,C0pL
state). In contrast, the S; state has a prominent CT character
(*CTq-copl. state) as indicated by the small overlap between hole
and electron orbitals. Because the energies of the S, and S,
states are close as shown in Fig. S6 (ESIT), these singlet excited
states are expected to acquire mixed LE-CT character. This is
consistent with the quantum chemical calculations presented
by Stavrou et al. for DMAC-TRZ.'® In the perp. conformer, the
oscillator strengths of the three molecules were almost zero
primarily due to the small overlap of its transition orbitals
(Fig. S9, S11, and S13, ESI{). We concluded from these results
that the initial emission from the perp. conformer is assigned
to the S; state dominated by CT character ('CTperp. state). The
redshift of this emission, which appears prominently for PXZ-
TRZ, is presumably ascribed to the structural relaxation in the
1CTperp. state. Note that the emission from the perp. conformer
is attributed to the emission from a slightly twisted structure
caused by fluctuations in the dihedral angle between the
donor-acceptor, as previously reported for DMAC-TRZ.>¢

Table 1 The calculated oscillator strength (f) of the S; to Ss states in each
conformer of each molecule. All values were calculated with the optimized
structure of the S; state

[ (S; state) Si S Ss S4 Ss
PTZ-TRZ q-copl. 0 0.74 <0.01 0 <0.01
perp. 0 0 <0.01 0 0
DMAC-TRZ q-copl. 0 0.78 0 0.10 0.25
perp. 0 0 <0.01 <0.01 0
PXZ-TRZ q-copl. 0 0.67 <0.01 <0.01 0.21
perp. 0 0 <0.01 <0.01 0

This journal is © the Owner Societies 2025
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Time constants of the relaxation processes

We estimated the time constants of the fast processes in the
emission mechanism using the global analysis for the TR-PL
spectra. The global analysis was performed in the wavelength
region corresponding to the emission of the g-copl. conformer
within the dual emission: 370-480 nm in PTZ-TRZ, 395-
450 nm in DMAC-TRZ, and 398-460 nm in PXZ-TRZ. Note
that, in the case of DMAC-TRZ and PXZ-TRZ, the wavelength
region of Raman scattering was not included in the analysis:
370-395 nm in DMAC-TRZ and 370-398 nm in PXZ-TRZ. We
performed the analysis using a sequential two-state model for
the emission of the g-copl. conformer assuming that two evolu-
tion associated spectra (EAS1 and EAS2) are assigned to the
1LEq_COp1. and 1CTq_Copl. states, respectively (Fig. S14, ESIt). These
results are shown in Fig. 4 and the values are summarized in
Table S2 (ESIt). In PTZ-TRZ, the time constant of EAS1 (tgasq)
was estimated to be 5.2 ps (Fig. 4a and b). Considering that the
1LEq_CopL state exhibits strong emission, this time constant is
attributed to a relaxation process from the 1LEq_CopL state to the
1CTq_cop], state including vibration relaxation and solvation. For
DMAC-TRZ and PXZ-TRZ, the t5g; values were estimated to be
6.8 ps (Fig. 4c and d) and 3.4 ps (Fig. 4e and f), respectively.

() PTZ-TRZ (b)
Tgas1 5,.9.2 + 0.006 ps / « Exp. 405 nm
o © i Exp. 425 nm
< = IN — Fit
E —EAST =
| JR—
7 EAS2 o —_
380 400 420 440 460 480 -10 0 10 20 30 40 50
Wavelength (nm) Time (ps)
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=} .
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E| —eas2 £ \
= 2 X\
o| ———————— | _——
400 410 420 430 440 450 10 O 10 20 30 40 50
Wavelength (nm) Time (ps)
() PXZ-TRZ (f)
Teas: = 3.3 = 0.008 ps « Exp. 405 nm
; 5 i Fit
s s . Exp.425nm
£ | —EAst £ ‘
| —EAS2 — |
o o ‘ —

10 0 10 20 30 40 50
Time (ps)

400 410 420 430 440 450 460
Wavelength (nm)

Fig. 4 The results of a global analysis of the TR-PL spectra. The evolution
associated spectra (EAS) of (a) PTZ-TRZ, (c) DMAC-TRZ, and (e) PXZ-
TRZ. Comparison of the time profiles at 405 and 425 nm of the TR-PL
spectra to the fitting of a global analysis in (b) PTZ-TRZ, (d) DMAC-TRZ,
and (f) PXZ-TRZ. We used a sequential two-state model for all the
molecules.
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These results indicate that the g-copl. conformer for all three
molecules has the same emission mechanism: immediately after
photoexcitation, the 1LEq_C0pl, state emits strong fluorescence,
which decays in 3-7 ps as it acquires CT character. It should be
noted that since the emission from the g-copl. conformer had
not fully decayed within the experimental time window up to
150 ps, the estimated time constants of EAS2 (tgas,) do not accurately
represent the lifetime of the emission from the 1C1"qﬁ,p1, state.

The global analysis was also performed for the emission of
PXZ-TRZ in the wavelength region corresponding to the
emission of the perp. conformer within the dual emission
(480-652 nm). We performed the analysis using the same
model of the emission of the g-copl. conformer assuming that
EAS1 and EAS2 are assigned to the 1CTq_copl. states before and
after structural relaxation, respectively (Fig. S14, ESIt). The
results are shown in Fig. S15 and Table S2 (ESIt). The tgas:
was estimated to be 4.0 ps, indicating that the structural
relaxation in the 1CTperp. state occurs at 4 ps. The Tgas, Was
longer than the time window, which was assigned to the
fluorescence of the 1CTperp. state after relaxation. For the other
molecules, the global analysis for the emission of the perp.
conformer was not performed because the emission of the
perp. conformer immediately after photoexcitation was largely
overlapped by the shoulder of the emission of the g-copl.
conformer. However, the structural relaxation with a time
constant similar to that of PXZ-TRZ may also occur in the
other molecules.

Since the fluorescence of CT states is highly sensitive to the
polarity of the solvent, TR-PL measurements of the g-copl.
conformer were conducted in DCM, which has a much higher
dielectric permittivity (¢ = 9.1) compared to toluene (¢ = 2.38)
(Fig. S16, ESIT). Global analysis of the TR-PL spectra in DCM
was performed in the same manner as in toluene solution and
the fast decay component was determined to be 2-3 ps for all
three molecules. This result indicates that the relaxation pro-
cess from the LE state to the CT state in the g-copl. conformer is
accelerated in the solvent of higher dielectric permittivity.
A similar trend has been observed in molecules with twisted
intramolecular charge transfer (TICT) in the excited state and is
reported to be due to the stabilization of the CT state, which
makes the potential energy surface steeper and the activation
barrier from the LE to CT state smaller.>’

Intensity ratios of the dual emission

Although the three molecules have almost the same time
constant for their respective emissions, the intensity ratios
and the time evolutions of the dual emission ratio are signifi-
cantly different. In PTZ-TRZ, the emission ratio of the g-copl.
conformer to the perp. conformer, Iy q.copl./Igperp., Was esti-
mated to be approximately 141 immediately after photoexcita-
tion and it decreased to 2.8 at 150 ps. In DMAC-TRZ, I§ g.copl./
I perp. Was estimated to be 13.9 immediately after photoexcita-
tion and it decreased to 0.81 at 150 ps. In PXZ-TRZ, I g.copl./
I perp. Was estimated to be 1.5 immediately after photo-
excitation and it decreased to 0.18 at 150 ps. These values of
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Table 2 The values of /g q-copt//eperp. Obtained from the TR-PL spectra
and Ng-copt./Nperp. Calculated based on the Boltzmann distribution in the Sq
state

IE,q-copl./IE,perp. Nq-copl./Nperp. fq»copl./fperp.
PTZ-TRZ 141 2.9 47.9
DMAC-TRZ 13.9 0.085 164
PXZ-TRZ 1.5 0.012 123

I, g-copl./Tg, perp. immediately after photoexcitation are summar-
ized in Table 2.

Given that the emission mechanism is the same for the
three molecules, the emission intensity immediately after
photoexcitation should be determined by the population in
the S, state before photoexcitation. To estimate the population
in the S, state, we first calculated the S, energies of the g-copl.
conformer with respect to that of the perp. conformer (AE) for
the three molecules by DFT calculations and the values are
summarized in Fig. 5. The values of AE were —28 meV, 64 meV,
and 114 meV in PTZ-TRZ, DMAC-TRZ, and PXZ-TRZ, respec-
tively. Note that we confirmed that these values do not largely
depend on the functional in the calculations (Table S3, ESIT).
Because the less the energy of a state is, the more the state is
populated in thermal equilibrium, this order of AE is consis-
tent with the order of magnitude of the g-copl./perp. emission
ratio immediately after photoexcitation in the dual emission.
To confirm whether the two structures are in thermal equili-
brium in the S, state, the potential energy surfaces along the D-
A dihedral rotation of the three molecules in the S, state were
calculated (Fig. S17, ESIt). The activation energy from the g-
copl. to perp. conformer was 44-128 meV and that from the
perp. to g-copl. conformer was 109-165 meV (Table S4, ESIT).
These results indicate that the structural change over the
activation energy can occur at room temperature. The stability
of the g-copl. conformer is influenced by the fold angle of the
donor plane and the bent angle of the donor with respect to the

150
PXZ-TRZ
— 114 meV
_ 100 me
> DMAC-TRZ
- 64 meV
£ 50
Ll
< o N
PTZ-TRZ
-28 meV
-50

g-copl. perp.

=

Fig. 5 The calculated So energies of the g-copl. conformer with respect
to that of the perp. conformer for PTZ-TRZ, DMAC-TRZ and PXZ-TRZ.
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acceptor within the q-copl. conformer. Further details are
provided in the ESI,} SI-8.

From the values of AE, we calculated the population ratio of
the g-copl. and perp. conformers of the three molecules in the
S, state. Based on the Boltzmann distribution, the ratio of their
populations, Ng.copt./Nperp., €an be expressed using the follow-
ing equation:*®

AE
Nq-copl. /Npcrp. = eXp (_kB—T) (1)

where kg is the Boltzmann constant and T is the temperature.
At room temperature (300 K), the Ngcopi/Nperp. Values were
calculated to be 2.9 in PTZ-TRZ, 0.085 in DMAC-TRZ and 0.012
in PXZ-TRZ, as summarized in Table 2. This result suggests
that the population in PTZ-TRZ is biased toward the g-copl.
conformer, while that in DMAC-TRZ and PXZ-TRZ is predomi-
nantly biased toward the perp. conformer. Given that there is
no other relaxation process immediately after photoexcitation,
emission intensity (Ig) is proportional to the product of the
molar absorption coefficient and population (N). Because the
molar absorption coefficient is regarded to be proportional to
oscillator strength, the ratio of oscillator strength, fi_copl./fperp.,
between the two conformers can be estimated from It g.copl./
It perp. and Ng.copl./Nperp.- The estimated values were 47.9, 164,
and 123 for PTZ-TRZ, DMAC-TRZ, and PXZ-TRZ, respectively
(summarized in Table 1). We found that the fy_copi./fperp. values
were in agreement with those obtained by the quantum
chemical calculations, as discussed in detail in the ESI,} SI-9.
Thus, we concluded that the emission intensity ratio between
the two conformers immediately after photoexcitation is deter-
mined by the difference in the population of the two confor-
mers in the S, state.

TA spectra and their analyses

To confirm the early emission dynamics derived from the TR-
PL spectra, the TA spectra of PTZ-TRZ, DMAC-TRZ, and PXZ-
TRZ were measured in toluene solution, as shown in Fig. 6a, d
and g, respectively. A common feature of the TA spectra of the
three molecules is that the spectral intensity slightly increases
as a function of delay time. Simultaneously, the spectral shape
varies but the degree of variation depends on the molecule.
PTZ-TRZ, with a higher population of the g-copl. conformer in
the S, state, showed a significant change from the broad
featureless spectrum to that with vibronic progression.
DMAC-TRZ showed a similar trend but to a lesser extent, while
PXZ-TRZ showed only minor changes. These trends can be
more obviously seen in the normalized TA spectra shown in Fig.
S19 (ESIY).

These results indicate that the higher the population of the
g-copl. conformer in the S, state is, the more pronounced the
spectral changes are. According to the emission mechanism
proposed above, immediately after photoexcitation, the
'LEqcop. @and 'CTperp, states are simultaneously populated.
Subsequently the 1LEq_c0pL state undergoes relaxation to the
1CTq_COpl_ state with a time constant of 3-7 ps and structural
relaxation to the 1CTperp~ state. Based on this mechanism, the
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Fig. 6 The TA spectra of (a) PTZ-TRZ, (d) DMAC-TRZ, and (g) PXZ-TRZ. The excitation wavelengths were 360 nm for PTZ-TRZ, 370 nm for DMAC—
TRZ, and 345 nm for PXZ-TRZ. The EAS of (b) PTZ-TRZ, (¢) DMAC-TRZ, and (h) PXZ-TRZ derived from the TA spectra using a global analysis.
Comparison of the time profiles of the TA spectra and the fitting of the global analysis for (c) PTZ-TRZ (580 and 790 nm), (ff DMAC-TRZ (690 and
885 nm), and (i) PXZ-TRZ (580 and 770 nm). The global analysis was conducted using a sequential two-state model for all the molecules.

broad spectra immediately after photoexcitation in the TA
spectra are attributed to the coexistence of the 1LEq_mpl_ and
1CTperp, states, while the subsequent spectra with vibrational
progression correspond to the coexistence of the 1CTq-c0pl. and
1CTperp~ states. Furthermore, in all three molecules, the total
area of each spectrum does not decrease up to 1 ns, indicating
that the excited state decay is negligible on the sub-nanosecond
timescale. This finding agrees well with the above conclusion
that the fast decay of fluorescence for the g-copl. conformer is
attributed to the decay from the high oscillator strength state
("LEq-cop1.) to the almost zero oscillator strength state ('CTperp.)
with respect to the S, state.

We conducted the global analysis of the time evolutions of
the TA spectra up to 100 ps using a sequential two-state model
based on the results of TR-PL and TA spectroscopy shown in
Fig. S20 (ESI{). In this model, EAS1 was assigned to the
coexistence state of the 'LEgcop. and 'CTper,. states before
structural relaxation, and EAS2 was assigned to the coexistence
state of the 'CTg.copi. and 'CTperp. states after structural relaxa-
tion. The results of PTZ-TRZ, DMAC-TRZ, and PXZ-TRZ are
shown in Fig. 6b, c, e, f, h and i, respectively. The spectral

This journal is © the Owner Societies 2025

change from EAS1 to EAS2 was pronounced for PTZ-TRZ and
DMAC-TRZ, and only slightly for PXZ-TRZ. The tgas; values
were 6.6 ps, 5.2 ps, and 6.9 ps for PTZ-TRZ, DMAC-TRZ, and
PXZ-TRZ, respectively, and the tp,s, values were longer than
100 ps in all three molecules because the spectra had not fully
decayed within the time window up to 100 ps. These results
indicate that the time constant at which the dominant transient
species transitions from the 'LEg.cop. and the 'CTperp. state
before structural relaxation to the 1CTq_c0pL and the 1CTperp_
state after structural relaxation is 5-7 ps. These time constants
are consistent with those estimated by TR-PL, corresponding to
the relaxation from the 'LEq.cop1. to the 'CTq.copi. state and the
structural relaxation in the 1CTperp. state.

Dual emission mechanism common to the three molecules

The common dual emission mechanism we proposed here for
all three molecules is depicted in Fig. 7. In the S, state, both g-
copl. and perp. conformers coexist, and the ratio of their
presence depends on the energetic stability of the g-copl.
conformer. Upon UV irradiation, both conformers are excited
to the higher excited state ((i) in Fig. 7). After that, in the g-copl.
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Fig. 7 The schematic of the proposed common emission mechanism for
the three linearly-linked D—A molecules exhibiting dual emission: PTZ—
TRZ, DMAC-TRZ, and PXZ-TRZ.

conformer, the 1LEq_C0pl, state (S, state) with high oscillator
strength from the S, state is created and emits strong fluores-
cence centered at approximately 400 nm (ii). Simultaneously,
internal conversion occurs to the 1CTq,Copl_ state (S; state)
associated with vibrational relaxation and solvation with a time
constant of 3-7 ps (iii). Subsequently, the 1CTq_c0p1, state emits
weak fluorescence (iv). Fast PL decay within a few picoseconds
indicates electronic and structural relaxation of the excited
state as it acquires some CT character and its oscillator strength
decreases. In the perp. conformer, after photoexcitation, the
structural relaxation in the 1CTperp. state (S, state) occurs with
a time constant of 4 ps (v). Then the 'CTy., state with low
oscillator strength emits long-lifetime fluorescence (vi). The
emission intensity ratio between the g-copl. and perp. confor-
mers is determined by the stability of the g-copl. conformer in
the S, state. The structural change from the g-copl. conformer to
the perp. conformer, which is reported in the previous studies,
could not be clearly observed in our measurements. However, we
cannot rule out the possibility that the structural change occurs
along with the excited-state processes shown here.

Conclusions

We have investigated the dual emission mechanism in the
three linearly-linked D-A type TADF molecules PTZ-TRZ,
DMAC-TRZ, and PXZ-TRZ using picosecond TR-PL spectro-
scopy, femtosecond TA spectroscopy, and quantum chemical
calculations. We found that not only PTZ-TRZ and DMAC-TRZ
but also PXZ-TRZ exhibit dual emission in the steady-state PL
spectra. The TR-PL spectra revealed that all three molecules
more clearly exhibit dual emission in the picosecond region. In
the g-copl. conformer, the emission exhibits a red shift as a
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function of delay time in all three molecules, which is attrib-
uted to the relaxation from the higher singlet excited state to
the S; state. In contrast, in the perp. conformer, a red shift in
the emission was observed only in PXZ-TRZ, which is attrib-
uted to the structural relaxation of the S; state. The quantum
chemical calculations revealed that the higher excited state
exhibiting fluorescence in the g-copl. conformer of each mole-
cule was the 1LEq_C0pL state (S, state). The time constant of the
relaxation to the ICTq_copl, state (S; state) in the g-copl. con-
former is 3-7 ps and that of structural relaxation in the 1CTperP,
state (S; state) in the perp. conformer is 4 ps. The emission
intensity of the g-copl. conformer immediately after photoexci-
tation relative to that of the perp. conformer is determined by
the population ratio of the two conformers in the S, state. The
TA spectra of the three molecules changed with a time constant
of 5-7 ps, accompanied by varying degrees of change for each
molecule. These changes are assigned to the relaxation from
the mixed state of the 1LEq_COp1. and 1CTperP_ states to the mixed
state of the 'CTg.copl. and 'CTperp. states. The dual-emission
mechanism we proposed here is presumably applicable to
other linearly-linked D-A type TADF molecules. These studies
have revealed the previously overlooked photophysical proper-
ties of D-A molecules through a detailed analysis of their
physical properties using spectroscopic techniques. Our findings
provide a more profound comprehension of the photophysical
properties of D-A molecules and underscore the significance of
meticulous spectroscopic analysis in elucidating intricate
excited-state dynamics. These insights pave the way for the
development of new types of photofunctional materials.
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