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The excited state dynamics and critically regulated factors of reverse intersystem crossing (RISC) in
through-space charge transfer (TSCT) molecules have received insufficient attention. Here, five molecules
of through space/bond charge transfer inducing thermally activated delayed fluorescence (TADF) are pre-
pared, and their excited state charge transfer processes are studied by ultrafast transient absorption and
theoretical calculations. DM-Z has a larger AEst, leading to a longer lifetime of intersystem crossing (ISC),
resulting in the lowest photoluminescence quantum yield (PLQY). Oppositely, ISC and RISC are demon-
strated to take place with shorter lifetimes for TSCT molecules. The face-to-face w-m stacking interactions
and electron communication enable DM-B and DM-BX to have an efficient RISC, increasing the weight co-
efficient of RISC from 1.7% (DM-X) to close to 50% (DM-B and DM-BX) in the solvents, which make DM-BX
and DM-B to have a high PLQY. However, partial local excitation in the donor center is observed and the
charge transfer is decreased for DM-G and DM-X. The triplet excited state (DM-G) or singlet excited state
(DM-X) mainly undergoes inactivation through a non-radiative relaxation process, resulting in less RISC

and low PLQY. This work provides theoretical hints to enhance the RISC process in the TADF materials.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As the third-generation organic light-emitting diode (OLED)
materials, thermally activated delayed fluorescence (TADF)
molecules can reach up to 100% exciton utilization without
using noble metal complexes, thus attracting widespread attention
in recent years [1-4]. High-performance TADF molecules have
sufficiently small singlet-triplet energy gaps (AEst < 0.1eV) so
that the triplet exciton can be converted into singlet exciton by
the thermally assisted reverse intersystem crossing (RISC) process
[5-9]. Molecules with donor-acceptor (D-A) features could have
separate electron distribution at HOMO and LUMO and relatively
small AEgr [10-14] due to the charge transfer (CT), facilitating the
intersystem crossing (ISC) and RISC. Despite there is substantial
effort to understand the mechanism of RISC in TADF emitters,
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relatively little attention has been given to the role of excited state
dynamics and critical regulated factors in this process [15].

There are two different types of CT, through-bond CT (TBCT)
and through-space CT (TSCT) in TADF molecules [16]. In re-
cent years, TSCT has been widely developed to construct TADF
molecules in OLED materials to obtain high luminescent efficiency
[11,17-36]. Triphenylamine (TPA) and triazine have been used as
excellent electron D-A pairs due to their multi-ring conjugated
structure, as well as strong hole transport ability [37]. Therefore, X.
Tang and coworkers chose rigid modified TPA and 2,4,6-triphenyl-
1,3,5-triazine as the donor and acceptor units to design a se-
ries of TSCT molecules (DM-B, DM-Bm, DM-G, DM-X) and a TBCT
molecule (DM-Z) [38]. It demonstrated that the higher photolumi-
nescent quantum yield (PLQY) could be achieved in space-confined
charge-transfer emitters (DM-B (96%), DM-Bm (92%), and DM-G
(88%)) doped in DPEPO film, respectively. In comparison, less rigid
emitters (DM-X) reach a substantially lower PLQY of 32% doped in
DPEPO film, and then the TBCT emitter DM-Z displays the lowest
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Scheme 1. Chemical structures of the TADF molecules studied.

PLQY of 23% doped in DPEPO film. The photophysical process and
the internally regulated factors on ISC and RISC of these TSCT and
TBCT molecules are still unclear, greatly hindering the design and
development of TADF materials [39].

Here, we synthesized four TSCT molecules (DM-B, DM-BX, DM-
G, DM-X) and one TBCT molecule (DM-Z) (Scheme 1 and Fig. S1
in Supporting information), in which a less rigid bridge emitter
DM-BX was designed as the control experiment of DM-B to in-
vestigate how the rigidity affects PLQY. The excited-state dynam-
ics, critically regulated factors of ISC/RISC, and luminescent mech-
anism of these molecules were explored by using ultrafast fem-
tosecond to nanosecond transient absorption (fs-TA, ns-TA) spec-
tra and theoretical calculations [40-42]. The theoretical calculations
were carried out using the Gaussian 16 software packages [43]. The
distributions of holes and electrons, interaction region indicator
(IRI) analysis, and CT matrix analysis were performed by excited
state calculations with time-dependent density functional theory
(TDDFT) methods.

Fig. S2 (Supporting information) shows the normalized UV-vis
absorption and emission spectra of DM-B, DM-BX, DM-G, DM-X,
and DM-Z dissolved in five different polar solvents. In these sol-
vents, the low-intensity tail absorption stretching from 350 nm to
450nm is observed for DM-B, DM-BX, DM-G and DM-X, indicat-
ing a weak intramolecular CT taking place at ground state. How-
ever, the extended tail absorption is absent for DM-Z, indicating
intramolecular CT may not occur in the ground state. These re-
sults indicate that when D-A are close to each other, which re-
sults in significant orbital space coupling, the CT process of D-A
molecules will occur at the ground state [44]. Differently, the flu-
orescence emission peaks of all emitters show a red shift with a
large Stocks shift with the increase of solvent polarity from toluene
to DMF (Fig. S2). Furthermore, the absolute PLQY of TSCT and TBCT
molecules were tested in DCM, DMF and toluene solvents. As il-
lustrated in Fig. S2, DM-B exhibits the highest PLQY of 56.1%, fol-
lowed by DM-BX (45.4%), DM-G (18.6%) and DM-X (8.7%) in polar
solvent DCM. The PLQY with rigid bridge molecules is obviously
larger than the one with corresponding flexible bridge molecules
(DM-B > DM-BX, DM-G > DM-X). In contrast, the PLQY of all
molecules decreased to a certain extent in the high polar solvent
(DMF). However, DM-BX has the highest PLQY of 44.9%, followed
by DM-B (22.5%), DM-G (3.1%), DM-X (1.8%) and DM-Z (4.2%) have
the low PLQY in toluene, indicating that localized excitation rather
than TSCT or TBCT are dominant in toluene which is not favorable
to RISC, leading to the low PLQY. Importantly, no matter whether
in a polar solvent or high polar solvent, molecules containing ben-
zene ring spacer between acceptor and bridge have better PLQY
(DM-B > DM-G, DM-BX > DM-X) and TBCT molecule DM-Z dis-
plays the lowest PLQY.

All of these emitters display the CT process after excitation
based on fluorescence emission spectra, and the absolute PLQY has
a certain regularity. Therefore, it is necessary to explore their ex-
cited state evolution processes, luminescent mechanism and the
key factors affecting their luminescent properties from the per-
spective of excited state dynamics. To trace the excited-state evo-
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lution of these emitters and unveil the CT process, fs-TA and ns-TA
experiments are performed in different solvents (DCM and DMF)
with different polarity upon 400nm (for TSCT molecules) and
320nm (for TBCT molecule) excitation (Fig. 1 and Figs. S3-S9 in
Supporting information).

Fig. 1a shows that the excited state absorption (ESA) peak of
DM-B is quite broad, with three obvious excited-state evolution
processes. At the beginning of 0.65ps, two primary ESA peaks at
662 and 750nm rise quickly. Because the ESA peak at 750nm is
the characteristic peak of TPA cation radical [45], this process can
be attributed to the CT process that generates an excited charge
separation (CS) state. After that, the fs-TA spectra change signifi-
cantly from 0.65ps to 380 ps. The ESA peak at 750 nm continues
to rise, and the ESA peak at 662 nm redshifts gradually and be-
comes a shoulder peak. The redshift of the peak at 662 nm indi-
cates that this process may be accompanied by the solvation relax-
ation. At the end of the delay time, all ESA peaks decline slowly. It
is worth noting that a negative peak at 550 nm is gradually gener-
ated after 3.86ns, which is consistent with the fluorescence emis-
sion peak (around 550nm) in DCM solvent. Notably, the negative
peak at 550 nm is absent when the solvent is changed into polar
solvent DMF (Fig. 1a). As seen from fs-TA spectra, the ESA peak
with a strong signal still exists after 7.21 ns. Hence, ns-TA is used
to track the complete excited-state evolution processes of DM-B
(Fig. 1b). Like fs-TA, the broad ESA band of DM-B is also detected
in ns-TA spectra after 400 nm excitation, and the prominent ESA
peak is located at 691 nm. The ESA peak at 691 nm rises before
1.32ns, then decays to about zero at 1.05 ps. According to the ki-
netic decay curve of ns-TA (Fig. 1c), the ESA peak at 691 nm de-
cays faster under an oxygen atmosphere. The specific lifetime val-
ues are obtained by two exponential functions fitting its kinetic
decay curve (Fig. S10 in Supporting information). In the nitrogen
atmosphere, 71 and 7, are 33.1 and 201 ns, respectively. In con-
trast, in the oxygen atmosphere, t1 and t, reduce to 2.5 and 29 ns
(Fig. S11 in Supporting information), respectively, indicating that
the ESA peaks at 691 nm can be assigned to a triplet state species.
In addition, we also explored DM-BX, DM-G, and DM-X by fs-TA
and ns-TA spectra. The results indicate that all of them have simi-
lar excited-state evolution processes to DM-B (Figs. S3-S9), except
for the different lifetimes of excited-state dynamics.

Notably, the ESA peaks at 600-850 nm of ns-TA spectra were al-
ways dominant from beginning to end for TSCT molecules in DCM,
while ESA peaks at 520-540 nm were absent. According to the oxy-
gen quenching experiment, ESA peaks at 600-850nm belong to
the triplet excited state. Previous studies found that transient ab-
sorption peaks near 520-540 nm are thought to be the triplet ex-
cited state in the toluene solvent [38]. To confirm this peak, fs-
TA and ns-TA experiments were also conducted on TSCT molecules
in a toluene solvent (Figs. S12-S15 in Supporting information). Ac-
cording to the ns-TA spectra of DM-B in toluene, the ESA peak
at 674nm decays rapidly, while the ESA peak at 551 nm decays
slowly, and no isosbestic points can be observed. The ESA peak
observed at 551 nm is consistent with the original report [38]. Ac-
cording to previous work, this ESA peak at 551 nm could be as-
signed to a local triplet excited state (T;) for DM-B, which is con-
sistent with the theoretical calculations of T; for DM-B [38]. For
DM-BX, DM-G, and DM-X, the ESA peak at 551 nm can not be ob-
served while only a broad peak at 600-850 nm slowly decays to
zero. This is also consistent with the theoretical calculations of ex-
cited states, in which a CT triplet excited state can be obtained for
DM-G and DM-X.

According to the transient absorption evolution processes and
the known properties of the excited state for TADF materials, the
excited state evolution processes of TSCT molecules (DM-B, DM-
BX, DM-G, and DM-X) are divided into five steps. 71, 75 and 73
were fitted according to fs-TA spectra (Fig. S16 in Supporting in-
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Fig. 1. Transient absorption spectra measurements of DM-B in DCM solvent after 400 nm excitation. (a) fs-TA spectra of DM-B recorded at different delay times; (b) ns-TA
spectra of DM-B recorded at different delay times; (c) ns-TA spectra decay curve at 691 nm of DM-B purged by N, and O,.

S,(CT) T, ISC
\ ‘ 5
P
Sl(CT)relax. TR RISC
Ty E

2\

Scheme 2. Schematic diagram illustrating the Jablonski energy levels of DM-B, DM-
BX, DM-G and DM-X.

formation), the last two lifetimes (74 and ts) are the decay life-
times fitted according to ns-TA spectra (Fig. S10), and the de-
tailed data are summarized in Table S2 (Supporting information).
All the TSCT molecules will undergo the CT process after excitation.
Therefore, the excited state dynamics of these molecules exhibit
a solvent-polar dependence. Table S2 shows that the lifetimes of
DM-B, DM-BX, DM-G and DM-X are obviously different, the most
of lifetimes of DM-B, DM-BX, DM-G and DM-X in DMF solvent are
longer than that obtained in DCM solvent. The excited-state evolu-
tion processes of TSCT molecules can be explained as the following
Scheme 2. 7 is the growing lifetime of ESA peak at 750 nm, which
is attributed to the formation process of TPA cation radical, that is,
the population of S; with CS feature (denoted as S{(CS)). 7, is de-
scribed as the lifetime of S{(CS). The lifetime of t, for DM-G is
the longest (close to 20ps), followed by DM-B, DM-BX, and DM-
X (within 5ps). During the process from the vertical S; state to
the adiabatic S; state, the molecular structure of DM-G changes
the most. As expected, it requires more time to go through the
structural relaxation process (the detail is described in theoretical
calculations in Supporting information). Therefore, the second life-
time should be attributed to the structural relaxation to convert
into the S;(CS)elax [46]. T3 is depicted as the lifetime of ISC for
S1(CS)elax- For all TSCT molecules, T3 obtained in the DCM solu-
tion is smaller than that obtained in the DMF solution (Table S2).
This is because S;(CS)e1ax Species has a high-degree CS character,
whereas molecules in the CS state are more stable in the polar sol-
vent DMF. Dipole-dipole interaction makes the S;(CS)ax likely to
stay in the CS state and then return to the ground state by the
nonradiative decay process, rather than rapidly convert to other
excited state species (triplet state) [47]. Therefore, TSCT molecules

are prone to undergo the ISC process in the low polar solvent DCM,
whereas the ISC process takes a longer time in the high polar sol-
vent DMF, which is also consistent with the experimental results of
PLQY: the PLQY of TSCT molecules decreases with the increase of
solvent polarity. Ns-TA spectra results reveal that all TSCT emitters
will generate a long-lived triplet excited state species after 400 nm
excitation. Therefore, S1(CS).e1ax Will be converted into the triplet
excited state by the ISC process as well. The last two lifetimes (74
and t5) are possibly attributed to the decay of the triplet excited
states, which are fitted according to the ns-TA spectra (Fig. S10). T4
is the lifetime of RISC process of the triplet state. According to the
theoretical calculation in the following section, the AEst of these
TSCT emitters is relatively small, so the RISC process may occur in
all of them. Unprecedentedly, the weighted amplitude of t4 in DM-
B and DM-BX is close to 50% (in DCM and DMF solvent). Therefore,
these molecules are more likely to undergo the RISC process, fol-
lowed by DM-G.

Notably, only the sequential reaction will have a clear isosbestic
point, which will show the growth and decay of the different ex-
cited states, while for a parallel reaction, the isosbestic points usu-
ally cannot be observed. In the fs-TA spectra, the ISC growing pro-
cess of DM-B, DM-BX, DM-G and DM-X is observed in the second
process of Fig. 1a and Figs. S3a-S9a, the clear isosbestic points can
be observed. However the repopulation of the singlet state via RISC
cannot be observed in the ns-TA spectra, this is because the S; and
T of TSCT molecules are both CS states. Generally speaking, the CS
states usually have a broad transient absorption, therefore, the po-
sitions of their absorption peaks may be similar or even overlap-
ping. In addition, there is also some competition from other pro-
cesses accompanied by the RISC process, so we do not finally ob-
serve the appearance of isosbestic points in the ns-TA. For DM-X,
although the kgisc (lifetime) of DM-X is the fastest among other
TSCT molecules, the weighted amplitude of RISC (t4) for DM-X is
the smallest among these TSCT molecules, so it is difficult for DM-
X to undergo the RISC process. Furthermore, we combined the av-
erage lifetime of decay kinetic processes (74 and 75) of ns-TA (Fig.
§$10d) with the fluorescence lifetime measured by time-resolved
fluorescence spectra (Fig. S10c) to calculate the radiative transi-
tion rate constant and non-radiative transition rate constant. Com-
pared with other TSCT molecules, the lifetimes of DM-X obtained
by ns-TA and time-resolved fluorescence measurements are simi-
lar, which suggests that there may be no ISC process in DM-X, and
most of the energy is dissipated by fluorescence emission or con-
sumed by non-radiative transition processes. These results are con-
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Table 1

Summarized lifetimes of ns-TA and time-resolved fluorescence of these molecules in DCM solvent.
Dye M (g/mol) Lex (Nm)? Aem (nm)° @ (%) T (ns)* ¢ (ns)e ke (s7h) € ko (s71) €
DM-B 714.87 400 558 56.1 188 1456 6.9E+05 4.6E+06
DM-BX 716.87 400 555 45.4 398 1299 7.7E+05 1.7E+06
DM-G 638.77 400 565 18.6 138 1401 7.1E+05 6.5E+06
DM-X 640.79 400 540 8.7 21 18.5 5.4E+07 /
DM-Z 714.87 320 559 11 1800 108 9.2E+06 /

@ Excitation wavelength,

b emission wavelength,

¢ lifetime of ns-TA,

d lifetime of TRPL

¢ Radiative and non-radiative rates.

sistent with the fact that DM-X has the smallest QLQY (Table S1 in
Supporting information). This reveals that the RISC process greatly
contributes to the PLQY of these four TSCT molecules.
Interestingly, a negative peak at 550nm is gradually gener-
ated after 3.86ns in the fs-TA spectra (Fig. 1a) of DM-B (in the
same time range of RISC), indicating that triplet state species are
changed into singlet excited states by the RISC process. 5 is at-
tributed to the relaxation process of the triplet state. As the polar-
ity of the solvent increases, 75 of TSCT molecules tends to be pro-
longed, indicating that the triplet state also has a character of the
CS state. Therefore, the triplet state is relatively stable and requires
a longer time for non-radiative processes in the polar solvent
DMF, such as charge recombination, to return to the ground state.
To further demonstrate the TSCT process of the excited states,
femtosecond time-resolved up-conversion fluorescence (fs-TRUCF)
spectroscopy with 120 fs time resolution [24] is used to track the
transient fluorescence spectra of DM-B and DM-X (Fig. S17 in Sup-
porting information). Within 0.15ps to 3.36 ps, the fs-TRUCF spec-
tra of DM-B are redshifted from 510 nm to 550 nm. In comparison,
DM-X is redshifted from 550nm to 560 nm, demonstrating that
both DM-B and DM-X can undergo the TSCT process in the excited
state, and DM-B has a larger CT degree than DM-X and therefore
has a larger spectral redshift. In addition, to correctly obtain the
lifetime of fluorescence for these TADF molecules, time-resolved
fluorescence measurements are carried out on TSCT molecules and
TSBT molecules in DCM solvent, which only can detect the bright
singlet excited states (irradiative process). Time-resolved fluores-
cence spectra decay curve at 550nm can be fitted by two expo-
nential functions for DM-B, DM-BX and DM-G, while one exponen-
tial function for DM-X (Fig. S10). As for DM-B, DM-BX and DM-G,
the short lifetimes may be related to the normal fluorescence and
the long lifetimes could be related to TADF emission. While for
DM-X, only a short lifetime (18.5ns) could be obtained, which is
related to the normal fluorescence. This indicates that DM-X will
not undergo RISC process, which is consistent with ns-TA results.
However, when transient absorption is used to trace the dynam-
ics of these TSCT molecules, both the bright and dark states (irra-
diative process and non-irradiative process) could be detected by
fs-TA and ns-TA. Therefore, the average fluorescence lifetime fitted
from the time-resolved fluorescence spectra can be combined with
the average lifetime fitted from the ns-TA decay process to cal-
culate the irradiation and non-irradiation rate constants (Table 1),
e.g., DM-B, the non-radiative transition rate constant (kn; = 4.6x106
s~1) of DM-B is about one order of magnitude higher than the ra-
diative transition rate constant (k; =6.9x10° s~1). It must be noted
that the non-irradiated process is faster than that of the irradiated
process. Therefore, we cannot simply assign the lifetimes of ns-TA
for these TSCT molecules in the solution phase to the prompt (flu-
orescence) and delayed (RISC) emission, respectively. In fact, the
first lifetime (33 ns) obtained from ns-TA for DM-B in DCM solvent
is obviously shorter than that (54 ns) obtained from time-resolved
fluorescence measurement. As proposed, the DM-B will undergo

the ISC process with a lifetime of 81.6ps, and then the most of
triplet states will undergo the RISC process to return to the sin-
glet excited state and a small partial triplet states will undergo the
non-irradiative process to return to the ground states. Furthermore,
the average lifetimes obtained from ns-TA for DM-B, DM-BX and
DM-G were dramatically shortened when we performed oxygen-
replacing nitrogen-purged experiments (Figs. S10 and S11), this re-
vealed that transient states involved in the ns-TA experiments have
triplet state nature. While for DM-X, the average lifetimes obtained
from ns-TA were slightly shortened when we performed oxygen re-
placing nitrogen purged experiments (Figs. S10 and S11), this re-
vealed that transient states involved in the ns-TA experiments may
be the singlet state. Therefore, the RISC process is not detected by
ns-TA for DM-X in DCM, which explains that DM-X has the lowest
PLQY value among these TSCT molecules.

Turning to the TBCT emitter DM-Z, we also employed fs-TA
and ns-TA to probe its excited-state evolution processes. In a po-
lar solvent DCM, three ESA peaks of 472, 653, and 750nm are
observed in the fs-TA spectra of DM-Z (Fig. 2a). Within the first
0.82 ps, all ESA peaks rise dramatically, the observation of the ESA
peak at 750 nm indicates that the ICT occurs and TPA cation rad-
ical is formed during this process. Then, the ESA peak at 472 nm
gradually decreases, blueshifts to 462nm, and the ESA peak at
653 nm red-shifts to 660 nm. Finally, all ESA peaks continue to fall,
and the ESA peak at 660nm redshifts to 665nm. Because there
is a strong and broad ESA signal at 7.2ns, ns-TA is also used to
explore the excited-state evolution process. As shown in Fig. 2b,
two prominent ESA peaks at 443 and 685nm rise rapidly within
1.21ns. Then, from 1.21ns to 99.3ns, the ESA peaks at 443 and
685nm gradually decrease. At the same time, the ESA peak at
554 nm starts to rise. Two isosbestic points are observed at 484
and 615nm, indicating the reaction conversion process between
two transient species. After 99.3 ns, all ESA signals decrease slowly.
To verify whether the new ESA peak at 554nm can be assigned
to the triplet state, oxygen quenching experiments have been con-
ducted. As demonstrated in Fig. 2c, the kinetics of the ESA peak at
554nm in the oxygen atmosphere decay faster than that in the ni-
trogen atmosphere. The specific lifetime data are obtained by two
exponential functions fitting (Figs. S18 and S19 in Supporting in-
formation). The lifetimes 7; and 7, are 89ns and 1.88 us in the
nitrogen atmosphere. In contrast, the values of t; and t, are al-
most reduced by an order of magnitude to 11.6ns and 177ns in
the oxygen atmosphere. This reveals that the ESA peak at 554 nm
is attributed to the triplet state of DM-Z. Therefore, the conversion
process from the ESA peaks at 443 and 685nm to the ESA peak
at 554 nm should be attributed to the ISC process. Notably, we can
clearly observe the decay of 1CT and the population of triplet state
for DM-Z by ns-TA in DCM solvent. The possible reason is that the
triplet state of DM-Z in DCM solvent has a local excitation (3LE)
property rather than a CT property. Therefore, the absorption peak
of the triplet state for DM-Z in DCM appears at 554 nm while the
absorption peak of the triplet CT state (3CT) for TSCT molecules is
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Fig. 2. Transient absorption spectra measurements of DM-Z. (a) fs-TA spectra of DM-Z recorded in DCM solution after 320 nm excitation. (b) ns-TA spectra of DM-Z recorded
in DCM solution after 320 nm excitation. (c) ns-TA spectra decay curve at 554 nm of DM-Z in N, and O, purged conditions. (d) fs-TA spectra decay curve at 750 nm of DM-Z

in DCM and DMF solutions, respectively.

Table 2
Summarized lifetimes and weighted amplitudes associated with exponential decay
fitting of DM-Z in different polarity solvents.

Sample 71 (ps) 72 (ps) 73 (ns) T4 (ps)
DCM 0.35 (13.5%) 155 (2.3%) 89 (67.1%) 1.88 (26.8%)
DMF 0.48 (50.4%) 141 (10.3%) 3.9 (87.3%) 6.48 (12%)

located at 670-690 nm. Interestingly, when going from DCM sol-
vent to a higher polarity solvent (DMF), environment-sensitive 3CT
gets lower than the 3LE, thus 3LE of DM-Z cannot be observed in
DMF solvent (Fig. S20 in Supporting information). However, when
DM-Z is dissolved in toluene with lower polarity (Fig. S21 in Sup-
porting information), the ISC conversion process from singlet ex-
cited state to triplet state can be observed within the fs-TA de-
lay time range, which indicates that the ISC process of DM-Z can
take place in a shorter time when dissolved in a non-polar sol-
vent (toluene). According to the excited-state evolution process of
fs-TA spectra, the kinetic of ESA peak at 750 nm of fs-TA spectra
can be fitted by two exponential functions (Fig. 2d). The detailed
data are summarized in Table 2. 7 is the CT process to generate
S1(CT). 7, is relatively long (about more than 150 ps), this process
can be assigned to the vibrational relaxation of S{(CT). S1(CT);ejax
can experience two competing processes: the non-radiative charge
recombination (CR) and ISC. Therefore, T3 is the lifetime of CR and
ISC processes. DM-Z is prone to generate a triplet excited state by
the ISC process in DCM solvent, while DM-Z is apt to return to the
ground state by the CR process in DMF. Therefore, t3 of DM-Z in
DCM is longer than that of DMF. According to the theoretical calcu-
lation in the next section, DM-Z owns the largest AEst, RISC pro-
cess is difficult to occur. Thus, 74 is ascribed to the non-radiative
decay process of the triplet state. By comparing the kinetic of
TSCT emitters (DM-B, DM-BX, DM-G, and DM-X), it can be inferred
that the TBCT molecule (DM-Z) has a larger AEst, which makes

it more difficult to undergo ISC and RISC processes. As a result,
the PLQY of DM-Z is the lowest. Hence, the novel TSCT manner is
the most feasible strategy for constructing high-performing TADF
emitters.

In order to have a deeper understanding of the relationship be-
tween the electronic structure of TSCT/TBCT molecules and their
luminescent efficiency, the distributions of holes and electrons, IRI
analysis, and CT matrix analysis were performed by theoretical cal-
culation [48]. M062X is selected as the function, and Def2-SVP is
selected as the bases set to optimize the structures and analyze
the distributions of holes and electrons, IRI analysis, and CT ma-
trix of the excited states. Based on the optimized S; structures,
the adiabatic energy of excited states and spin-orbit coupling (SOC)
constant were calculated using ORCA packages. Similar to other D-
A emitters, the HOMO is mainly localized on the TPA donor unit,
and the LUMO is localized on the triazine acceptor moiety for
molecules DM-B, DM-BX, DM-G and DM-X. Whereas for DM-Z, the
LUMO is delocalized on the phenyl ring spacer and triazine (Fig.
S22 in Supporting information). Meanwhile, in both TSCT and TBCT
emitters, the electron- and hole-density patterns of S; are localized
on the TPA donor and triazine acceptor unit, respectively. These re-
sults suggest that the TSCT between donor and acceptor can take
place directly in DM-B, DM-BX, DM-G, and DM-X, while for DM-Z,
the CT between donor and acceptor is through the bond. Cjg and
Cele» as two ellipses, are visualized as the isosurface of the hole
and electron, respectively. The Ar index is the distance between
the centers of Cyge and Cgje, which can significantly represent the
degree of CT [49,50]. As shown in Fig. S22, since the distance be-
tween the donor and acceptor of DM-Z is the farthest, its Ar value
is the largest, up to 6.133 A, which means that DM-Z requires more
time to reach the CT state, and this result is consistent with the
larger T, measured by fs-TA spectra (Tables 1 and 2). Followed by
the DM-B and DM-BX, its Ar values are up to 4.469 A and 4.215A,
respectively. And the Ar values DM-G and DM-X are 3.338A and
3.367 A, respectively. This indicates that the degree of CT of DM-B
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Fig. 3. (a) Geometry comparison and RMSD values between Sy and S;. (b) Adiabatic energy landscapes of DM-B, DM-BX, DM-G, DM-X, and DM-Z, respectively.

and DM-BX is greater than DM-G and DM-X, which is consistent
with the result of PL spectra and fs-TRUCF spectroscopy that DM-B
has a larger spectral redshift. Therefore, t; of DM-B is the largest
among the TSCT molecules.

Then the root of the mean of the squared displacement (RMSD)
between the optimized structures of Sy and S; was employed to
quantitatively analyze the geometric changes for both TSCT and
TBCT emitters [51]. The results show that the RMSD value of DM-
Z is the greatest up to 0.117 A, demonstrating that the geometric
changes from Sy to S; are the most significant (Fig. 3a). Hence
DM-Z needs to spend more time undergoing a structural relaxation
process than other emitters, which is consistent with the result of
the kinetics of the excited state, where DM-Z has the longest 7,
reaching 155 ps (dissolved in DCM). Meanwhile, the RMSD value of
DM-G (0.026 A) is larger than other TSCT emitters (the RMSD val-
ues of DM-B, DM-BX, and DM-X are 0.015A, 0.011 A, and 0.007 A,
respectively), resulting in DM-G taking more time in structural re-
laxation process (T, is 19.4ps in DCM solvent). In addition, the
adiabatic energy map can be drawn according to the optimized
geometric structure of the singlet and triplet excited states, and
the spin-orbit coupling constant (SOC) can be calculated based on
the optimized Sy. As shown in Fig. 3b, in DM-Z, the AEsr (0.66eV)
is the largest, and the SOC constant (0.01 cm~!) between S; and
T, is quite small, indicating that both ISC and RISC processes are
hard to occur for DM-Z. This result further confirms the excited
state process of DM-Z obtained by fs-TA. In other emitters, AEst
(0.22 eV for DM-B, 0.10eV for DM-BX, 0.14eV for DM-G and 0.18 eV
for DM-X) is small enough to achieve the ISC conversion from sin-
glet to triplet excited states. The SOC constants of DM-G and DM-X
(both 0.37 cm~1) are larger than those of DM-B (0.19 cm~!) and
DM-BX (0.11 cm~!). Therefore, DM-G and DM-X are expected to
be more likely to undergo ISC than DM-B and DM-BX, which is
consistent with the lifetimes of ISC process for DM-G and DM-X
getting shorter (73 of DM-G and DM-X are 53.6 ps and 91.9 ps, re-
spectively) than that of DM-B and DM-BX, respectively. Since AEst
and SOC values of the TSCT molecules satisfy the prerequisite re-
quirement for ISC and RISC, these molecules are supposed to ex-
hibit a similar RISC and PLQY behavior. In fact, the PLQY of DM-G
and DM-X is lower than that of DM-B and DM-BX, suggesting that
a particularly critical role except for AEsr and SOC probably de-
termines the RISC process in the luminescent performance of TSCT
molecules. Besides the AEsr and SOC, other factors should also af-
fect the kinetic differences of their RISC process.

Going back to the geometry structures of these molecules, a
phenyl ring links the triazine of the acceptor group to the fluo-

rene bridge in DM-B and DM-BX, whereas the triazine is directly
linked to the fluorene bridge in DM-G and DM-X. Obviously, it can
be speculated that this benzene ring may affect the RISC process.
Since IRI can clearly reveal both chemical bond regions and weak
interaction regions of donor and acceptor by its isosurfaces [52,53].
As shown in Fig. S23 (Supporting information), the sign(A,)p val-
ues for DM-B, DM-BX, DM-G and DM-X are obviously smaller than
that of DM-Z, revealing that the m-m interactions of DM-B, DM-
BX, DM-G and DM-X are stronger than that of DM-Z. For DM-B
and DM-BX, the m-7 stacking interaction is equably concentrated
at the gap between the nitrogen-containing six-ring (donor center)
and the acceptor moieties in the singlet and triplet excited state,
this can boost the TSCT and the reversal of electron spin. For DM-
G and DM-X, the dihedral angle between the best-fit planes of the
donor and acceptor is very large. Thus the -7 stacking interaction
is mainly distributed in the gap near the acceptor side rather than
evenly distributed in the gap between the donor center and accep-
tor. This is not conducive to the TSCT and the reversal of electron
spin. Therefore, the degree of electronic communication between
donor and acceptor moieties is different among DM-B, DM-BX, and
DM-G, DM-X.

To further prove the above conjecture, we used Multiwfn to
plot the CT matrix (CTM) and draw heat maps. The CTM is often
a good way to reveal actual CT characteristics, and the CTM heat
map can provide detailed information about the electronic com-
munication between atoms or fragments. As shown in Fig. 4, we
divided DM-B, DM-BX, and DM-Z into seven fragments, and ac-
cordingly divided DM-G and DM-X into six fragments, and then
drew fragment-fragment CTM and their heat maps in both singlet
and triplet excited states. In the S;, the distance between donor
and acceptor moieties in the TBCT molecule (DM-Z) is very far,
the frag.2 (donor center) increases electron transfer to frag.1 (flu-
orene bridge), followed by the frag.7 (benzene ring spacer) and
frag.4 (triazine, the center of the acceptor unit). It is worth not-
ing that there is no obvious electronic communication between
the benzene ring spacer (frag.7) and triazine (frag.4) in DM-Z. In
the DM-B and DM-BX, containing benzene ring spacer, the donor
center (frag.2) mainly transfers electrons to the triazine (frag.4) in
the S;, followed by the benzene ring spacer (frag.7). In IRI anal-
ysis, there is a strong m-m interaction between the benzene ring
spacer and the nitrogen-containing six-ring (center of the donor).
Therefore, the donor center (frag.2) can easily transfer electrons
to the benzene ring spacer (frag.7) in the S;. Interestingly, unlike
DM-Z, the benzene ring spacer (frag.7) acts as an electron trans-
fer driver to transfer electrons to the triazine (frag.4) in DM-B and
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Fig. 4. Calculated the heat map of CT matrix (CTM) analysis. (The amount of elec-
tron transfer between fragments is shown in different colors, with red indicating
more CT between fragments and purple indicating less).

DM-BX. Therefore, although the distance between the donor cen-
ter and triazine is relatively large, electron communication can still
be achieved between each other, and triazine still maintains its
strong electron-absorbing property. In the DM-G and DM-X, simi-
lar to DM-B and DM-BX, the donor center (frag.2) mainly transfers
electrons to triazine (frag.4) in the S;, followed by frag.6 (for DM-
G) and frag.5 (for DM-X). The difference is that the phenyl ring
spacer (frag.7) and acceptor center triazine (frag.4) in DM-G and
DM-X will not transfer electrons to frag.6(for DM-G) and frag5 (for
DM-X), so the degree of CT is further reduced.

However, the triplet state of DM-Z is mainly local excitation.
There is no electron transfer between the donor center (frag.2)
and triazine (frag.4). For DM-B, there is an electronic communi-
cation between triazine (frag.4) and benzene ring spacer (frag.7)
in the triplet state, and benzene ring spacer (frag.7) still acts as
an electron transfer driver, transferring more electrons to triazine
(frag.4). Especially, the donor center (frag.2) mainly transfers elec-
trons to the benzene ring spacer (frag.7) for DM-BX, followed by
triazine (frag.4). According to IRI analysis, the reasons may be that
the triazine (frag.4) and donor center (frag.2) do not have a good
face-to-face arrangement in the triplet excited state like S;. Nev-
ertheless, frag.7 still acts as an electron transfer driver to promote
transferring more electrons to triazine (frag.4) in the triplet state,
maintaining the strong electron acceptor property of triazine. Like
S1, the triazine (frag.4) transfers electrons to frag.6 (for DM-G) and
frag.5 (for DM-X) in the triplet state, respectively, while frag.6 (for
DM-G) and frag.5 (for DM-X) transfer only a small number of elec-
trons back to frag.4 (very dark in the heat map). As a result, the
efficient RISC process and then high PLQY can be achieved for DM-
B and DM-BX with a benzene ring spacer [54].

TADF emitters are usually taken as the aggregated state to pre-
pare OLED devices. Therefore, it is necessary to explore the excited
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state evolution process and luminescent mechanism of TADF ma-
terials in thin film. The steady-state spectra results indicate that
the UV-Vis absorption spectra of TSCT molecules (DM-B, DM-BX,
DM-G and DM-X) in thin film (the doping ratio is 4 wt%, doped in
polymethyl methacrylate (PMMA)) are similar to that in the solu-
tion phase (Figs. S24 and S25 in Supporting information). However,
the emission peaks of films for these emitters display some degree
of blue shift, indicating that the molecular vibrations are inhibited
in the solid phase. According to the results of PL, DM-BX exhibits
the highest PLQY, reaching 67.4%, followed by DM-B (53.9%), DM-G
(39.4%) and DM-X (11%) (Fig. S26 in Supporting information). How-
ever, DM-B exhibits the highest PLQY of 56.1%, followed by DM-
BX (45.4%) in DCM solvent. A difference between these can be at-
tributable to the limitation of molecular rotations and vibrations
in the film for DM-BX, which is conducive to the improvement of
PLQY. In order to unveil the reason for affecting PLQY from the
perspective of excited state dynamics, fs-TA and ns-TA spectra ex-
periments were performed on the film of four TSCT molecules. Fig.
S27a (Supporting information) demonstrates that the fs-TA spec-
tra of DM-B display three spectral change processes. At the begin-
ning of 0.37 ps, the ESA peak at 658 nm rises quickly. After that,
the ESA peak at 750 nm (the characteristic peak of TPA cation rad-
ical) slightly rises, thus this process can be attributed to the CT
process that generates an excited CT state. Finally, the ESA peak
at 435nm gradually rises, which may be assigned to ISC, convert-
ing ICT into T;. To trace the whole excited state evolution pro-
cess of DM-B, ns-TA experiments were performed on the film of
DM-B. As shown in Fig. S27b (Supporting information), the ESA
peaks at 415nm and 670 nm quickly rise, and then decays to zero
at about 11 ps. The kinetic comparison of these two ESA peaks in-
dicates that they have similar kinetic decay processes (Fig. S27c in
Supporting information), revealing that these two ESA peaks come
from the same excited state species. Meantime, the ESA peaks at
415nm and 670 nm are similar to that of ns-TA for DM-B in DCM.
Therefore, these two ESA peaks are assigned to the triplet excited
state of DM-B. In addition, the films of DM-BX, DM-G, and DM-X
were also explored by fs-TA and ns-TA spectra. The results illustrate
that all of them have similar excited-state evolution processes to
that of DM-B (Figs. S28-S30 in Supporting information), except for
the different lifetimes of the excited-state dynamics. The specific
lifetimes of triplet excited states are obtained by two exponential
functions fitting on its kinetic decay curve (Fig. S31 in Support-
ing information). According to the kinetics analysis of these emit-
ters in the solution phase, 7 can be assigned to the lifetime of
the RISC process of the triplet excited state, and t, is attributed
to the relaxation process of the remaining triplet excited state.
In detail, 71 of DM-BX is 22.5ns and its weighted amplitude is
up to 79.8%, indicating that most of the triplet excited state re-
turns to the singlet excited state through the RISC process, and
then emits the delayed fluorescence. For DM-B, although 7, has
a relatively large weight (66.7%), the RISC process is relatively slow
(56ns), so its PLQY is 53.9%, smaller than that of DM-BX. For DM-
G, the weighted amplitude of 7 is only 37.3%, which means most
of the triplet excited state returns to the ground state through
a non-radiative relaxation process, thus PLQY of DM-G is 39.4%.
However, for DM-X molecules, the ESA peak at 640 nm dramati-
cally drops, while the ESA peak at short-wavelength for the triplet
state does not obviously rise in fs-TA spectra, revealing that the
singlet excited state can not convert into the triplet excited state
through the ISC process. Possibly, the singlet excited state of DM-X
mainly returns to the ground state through non-radiative transition
such as molecular vibration, leading to its PLQY being the lowest,
which is in line with previous studies [38]. In general, the PLQY of
TSCT emitters is determined by both ISC and RISC in the thin film
phase.
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In conclusion, to explore the photophysical processes and lu-
minescent mechanism of TSCT and TBCT molecules and unveil
the factors that affect the PLQY of TADF molecules, four TSCT
molecules and one TBCT molecule were investigated by ultrafast
fs-TA, ns-TA spectra, and theoretical calculations. The relationship
between the geometry and electronic structures and luminescent
efficiency was built up via tracing excited state evolution processes.
Firstly, the large AEst of TBCT molecule DM-Z resulted in a slow
ISC process and the absence of the RISC process, being consistent
with the quite low PLQY of DM-Z. In contrast, the ISC process can
occur in a shorter lifetime for TSCT molecules. Notably, the RISC
process is the determining factor affecting the PLQY of TSCT emit-
ters. An efficient RISC process can be realized in DM-B and DM-
BX. Significantly, DM-B and DM-BX containing benzene ring spac-
ers exhibit better - stacking interaction and have higher PLQY
whether it’s in a solvent or a film. Importantly, the benzene ring
spacer acts as an electron transfer driver, transferring an electron
to the center of accepter triazine, and facilitating the electron com-
munication in DM-B and DM-BX, which are better than that of
DM-G and DM-X molecules with no benzene spacer, leading to
a further improvement in PLQY for DM-B and DM-BX. The intro-
duction of the benzene ring spacer can not only generate efficient
face-to-face w-mr interaction between donor and acceptor but also
improve the degree of charge separation so as to achieve good
electronic communication in the CT process, and thus improve the
luminescent performance of TADF materials.

It must be noted that DM-BX exhibits the highest PLQY, reach-
ing 67.4%, followed by DM-B (53.9%) in the film state. Ultrafast
transient absorption studies on DM-BX and DM-B indicate that
most of the triplet excited state returns to the singlet excited state
through the RISC process, and then emits the delayed fluorescence.
For DM-G, most of the triplet excited state returns to the ground
state through a non-radiative relaxation process, thus PLQY value
of DM-G is 39.4% in the film state. However, for DM-X, the singlet
excited state cannot efficiently convert into the triplet excited state
through the ISC process. The singlet excited state of DM-X mainly
returns to the ground state through non-radiative transition such
as molecular vibration, leading to its PLQY being the lowest. There-
fore, the precise excited state dynamics study of TSCT molecules
has paved the way for the design of high-performance TADF mate-
rials.
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