
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 2
:4

2:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Observation of t
aSchool of Materials Science and Engine

Shenzhen, Shenzhen, Guangdong 518055

hezikai@hit.edu.cn
bSchool of Science, Harbin Institute of Tech

518055, China
cSchool of Chemical Engineering and Tech

Harbin, Heilongjiang 150001, China

Cite this: Chem. Sci., 2026, 17, 956

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 15th September 2025
Accepted 6th November 2025

DOI: 10.1039/d5sc07119d

rsc.li/chemical-science

956 | Chem. Sci., 2026, 17, 956–967
hermally activated intersystem
crossing in room-temperature phosphorescence of
weakly donor–acceptor–donor p-ternary
molecules

Wenbin Huang, a Chenlong Wei,b Yuxin Zhu,b Qian Zhang *a and Zikai He *abc

The direct observation of thermally activated intersystem crossing (TA-ISC) processes in room-temperature

phosphorescence (RTP) has not been well investigated. Here, we reported four weakly donor–acceptor–

donor p-ternary molecules featuring isomerism-dependent phosphorescence behaviors. The isomerism

was modulated by changing the substitution position, offering tunable molecular planarity and p-

conjugation. As a result, regulated energy levels and orbital configurations of the excited states facilitate

additional TA-ISC channels as revealed by theoretical investigations. The temperature-dependent

photoluminescence and fs- and ns-transient absorption spectra undoubtedly demonstrate their

existence and effectiveness in promoting efficient and persistent RTP. The ISC rate constant achieves

a breakthrough value of up to 1.93 × 109 s−1 within a poly(vinyl alcohol) matrix film, surpassing that in

many existing afterglow systems containing heavy or hetero atoms. Abundant triplet excitons are

populated and enable remarkable room-temperature phosphorescence performance, facilitating

potential applications in constructing thermosensitive glasses and anti-counterfeiting patterns. This study

offers a practical mechanism for developing novel RTP materials.
Introduction

Purely organic room-temperature phosphorescence (RTP) has
emerged as a rapidly developing area in the eld of organic
functional materials.1–3 Beneting from long-lived excitons, RTP
materials demonstrate promising applications including bi-
oimaging, X-ray scintillators, dynamic anti-counterfeiting
systems, luminescent 3D-printed constructs, and beyond.4–9

However, achieving efficient RTP remains a pivotal challenge
for purely organic phosphors due to intrinsically weak spin-
forbidden intersystem crossing (ISC), which determines the
upper limit of phosphorescence efficiency.10,11 It is highly
desirable to develop practical spin-ipping principles and calls
for molecular design strategies to ensure the efficient ISC
process.12–14

Recently, several rational strategies were employed to
enhance spin–orbit coupling (SOC) and increase ISC efficiency,
including the well-known El-Sayed rule,15 heavy-atom effect,16

energy gap law,17 hyperne coupling,18,19 aggregation-induced
ering, Harbin Institute of Technology

, China. E-mail: zhangqf@hit.edu.cn;

nology Shenzhen, Shenzhen, Guangdong

nology, Harbin Institute of Technology,
level splitting,20,21 through-space SOC,22 second-order spin-
vibronic coupling,23 energy transfer,24–26 and others.27–37 Each
strategy can not only effectively promote ISC channels but also
creatively put forth new RTP families. However, drawbacks such
as the photodegradation introduced by heteroatoms38 and the
nonradiative decay process accelerated by heavy-atoms39 cannot
be ignored. Given the importance and inconvenience of these
strategies, it is of great signicance to explore novel ISC prin-
ciples for constructing new phosphorescent frameworks.40

As is well known, thermally activated reverse ISC based on
donor–acceptor structures has catalyzed the rapid development
of the 3rd generation of OLED materials with a thermally acti-
vated delayed uorescence feature.41,42 On the other hand, as
a counterpart, the thermally activated forward ISC (TA-ISC)
principle and related purely organic RTP have not been well
investigated.43 Several studies empirically adopt a threshold of
0.3 eV for the energy gap between S1 and Tn states to presume
both normal and thermally activated ISC.44,45 However,
compelling experimental evidence supporting endothermic TA-
ISC processes from S1 to higher-lying Tn states (E(Tn) > E(S1)) in
purely organic RTP systems remains notably inadequate.46 The
reason may be that the reported systems have fewer TA-ISC
transition pathways and weaker spin–orbit coupling, leading
to their minor contribution, which has consequently not
received much attention.43,45,47 This demonstrates that
enhancing the contribution of TA-ISC to the overall ISC process
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and exploring its potential roles hold promise for highlighting
the importance of TA-ISC in the research of transition mecha-
nisms. Modulation of the donor–acceptor architecture and
control of the excited-state energy levels are expected to eluci-
date the excited-state pathways and regulatory mechanisms of
TA-ISC.48–50

Herein, we developed a weakly donor–acceptor–donor (D–A–
D) p-ternary system featuring varied molecular structures,
tunable electronic congurations, adjustable energy levels, and
persistent RTP.51 Crucially, modulation of structural planarity
was revealed to trigger additional TA-ISC pathways by
increasing molecular conjugation and decreasing upper-lying
triplet excited states. The p-conjugation and structural
planarity of the isomers were modulated by adjusting the
twisting dihedral angles, which were regulated via the connec-
tion position between the electron donor (carbazole) and the
comparatively weak electron acceptor (dibenzothiophene)
(Scheme 1). The excited states were then meticulously regu-
lated. Suitable energy levels and orbital congurations of the
excited states facilitate additional TA-ISC channels as revealed
by theoretical investigations. The temperature-dependent pho-
toluminescence and fs- and ns-transient absorption spectra
undoubtedly demonstrated the existence and effectiveness of
TA-ISC channels in promoting efficient and persistent RTP.
Notably, the ISC rate constant achieved a breakthrough value of
up to 1.93× 109 s−1 within a poly(vinyl alcohol) lm, surpassing
those in typical aerglow systems containing heavy or hetero
atoms27,52,53 and facilitating abundant triplet exciton generation.
In a nonradiative-decay-inhibited rigid environment, efficient
RTP performance facilitated potential applications in con-
structing thermosensitive glasses and anti-counterfeiting
luminescent patterns.
Results and discussion

In our previous work, we rst proposed that the weakly D–A
structure could facilitate efficient SOC through endowing
a moderate singlet–triplet energy gap (DEST) and enhancing the
LE character of excited states.51 According to the energy gap law,
small DEST benets both forward and reverse nonradiative ISC.
A strongly D–A structure results in the nearly degenerate lowest
Scheme 1 Diagram of molecular structural engineering and the
impact of enhanced-planarity and conjugation on intersystem
crossing for achieving efficient organic RTP within a donor–acceptor–
donor ternary p-conjugated framework.

© 2026 The Author(s). Published by the Royal Society of Chemistry
singlet (S1) and triplet (Tn) excited states (DEST ∼ 0 eV). This is
powerful in constructing thermally activated delayed uores-
cence but not suitable for designing an efficient RTP system,
because phosphorescence competes with the reverse ISC
process. The weakly D–A structure can split the degenerate S1
and Tn states (moderate DEST) to block the reverse ISC process.
Moreover, a weakly D–A p-conjugated architecture endows the
tuneable hybridized orbit congurations with charge-transfer
(CT) and locally excited characteristics, allowing the El-Sayed
rule and second-order vibronic coupling mechanism to work.

Following the strategy, four D–A–D molecules with different
substitution modes were designed and synthesized following
the procedures in Scheme 2. Carbazole (Cz) was used as the
electronic donor, and dibenzothiophene (DBT) was used as the
weakly electronic acceptor. The electronic donor and acceptor
were assigned based on their relative electronic properties when
linked within one molecular architecture, rather than their
absolute electronic features. It is worth noting that Cz was lab-
synthesized through a one-step coupling reaction from 2-
bromodiphenylamine54,55 to exclude the well-known impurities.
The targeted compounds were synthesized via Ullmann
coupling with moderate yields. Based on the substitution
position on DBT, four molecules were named 4,6-DCzDBT, 2,8-
DCzDBT, 3,7-DCzDBT, and 2,7-DCzDBT, respectively. The
structural characterization and HPLC measurements are
included in the SI. Further experimental details are available in
the SI.

Photophysical properties

The absorption and luminescence spectra were measured to
investigate the photophysical properties. As depicted in Fig. 1a,
the overall absorption proles of the four p-ternary molecules
were similar, with a bathochromic shi at around 340 nm
corresponding to the S1 state. This suggested an excitation
intramolecular charge transfer transition from the Cz segment
to the partially conjugated DBT part. The situation aligned with
the calculated HOMOs (mainly distributed at Cz units) and
Scheme 2 Synthetic route and chemical structures of investigated
ternary p-conjugated molecules.
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Fig. 1 (a) UV-visible absorption spectra at room temperature (RT), (b) normalized PL prompt at RT, normalized PL prompt and delayed (1 ms)
spectra at 77 K under 293 nm excitation, and (c) time-resolved phosphorescent decay curves of Cz, DBT, 4,6-DCzDBT, 2,8-DCzDBT, 3,7-
DCzDBT, and 2,7-DCzDBT in 2-MeTHF (10−5 M) at 77 K.
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LUMOs (distributed at DBT units), as shown in Fig. S1, SI. The
weakly D–A–D p-ternary molecular architectures were also
conrmed. The absorption spectra reected an apparent
superposition of the Cz and DBT segments, together with
enhanced molar absorption coefficients and redshied onset
absorption wavelengths. Specically, 3,7-DCzDBT exhibits the
longest absorption wavelength and the highest molar absorp-
tion coefficient corresponding to the S1 excitation, indicating its
superior molecular p-conjugation. In contrast, 4,6-DCzDBT
displays the shortest absorption wavelength, indicating its
poorest molecular p-conjugation.

Subsequently, the steady-state and delayed photo-
luminescence (PL) spectra were recorded (Fig. 1b). The room-
temperature PL spectra displayed broad emission without
vibrational progressions in contrast to the well-resolved emis-
sion proles of the Cz and DBT segments, due to the intra-
molecular charge-transfer (1CT) characteristics of the excited
states. The nanosecond lifetimes conrmed the uorescence
nature (Table S5, SI). It is worth noting that in different solu-
tions, the PL exhibited a polarity-dependent redshi emission
behaviour, indicating the 1CT characteristics of S1 (Fig. S2, SI).
Combined with the fact that the absorption spectra were hardly
affected by solvent polarity, the molecules exhibit a weakly D–A–
D feature at the ground state (Fig. S3, SI). This also agreed with
the slightly different electronic properties of the Cz and DBT
958 | Chem. Sci., 2026, 17, 956–967
segments. When the temperature decreased to 77 K, the uo-
rescence emission emerged with multiple vibrational peaks
similar to Cz, indicating that the uorescence mainly originated
from the Cz segments. As the temperature decreases, the
conformational adjustment and feasible relaxation to a stable
CT state are hindered; thus, at 77 K the system tends to exhibit
the locally-excited (LE) state with vibrational PL characteristics.
Simultaneously, prominent and vibrational phosphorescence
emission bands emerged in the range of 420–650 nm, with
lifetimes in the second range (Fig. 1c and Table S5, SI).
Comparing subtle vibrational proles (Fig. 1b) and lifetimes
(Fig. 1c), it was conrmed that the phosphorescent emissions
were similar to that of the DBT segment, indicating that T1 was
characterized by a dominant (p,p*) conguration contributed
by the DBT segment. The weaker vibrational progressions and
short persistent lifetimes in 3,7-DCzDBT and 2,7-DCzDBT were
consistent with their better molecular p-conjugation. Addi-
tionally, a boosted phosphorescence proportion (the ratio of the
phosphorescence emission area to the total PL spectra area) and
the enhanced LE characteristics in excited states at 77 K were
found in 2,8-DCzDBT and 2,7-DCzDBT, suggesting a higher ISC
efficiency (Fig. S4 and S5, SI). Furthermore, the higher triplet
energy level of 2,8-DCzDBT suggests that it could serve as
a candidate for deep-blue emissive materials.56 Notably, 2,7-
DCzDBT combined the high phosphorescence ratio
© 2026 The Author(s). Published by the Royal Society of Chemistry
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characteristic of 2,8-DCzDBT with a phosphorescence prole
analogous to 3,7-DCzDBT. This demonstrated that strategic
positional isomerism effectively modulated RTP performance.

Aer conducting fundamental photophysical property
investigations in solutions, further studies were conducted on
their RTP performance by polymer matrix hosting. We selected
poly(vinyl alcohol) (PVA) as a rigid matrix to provide an envi-
ronment for suppressed nonradiative decay, where sufficient
hydroxyl groups and hydrogen bond networks inhibit intra- and
intermolecular motions to trigger intrinsic molecular RTP
emission.57–60 The optimal doping mass concentration was
selected as 1 : 1000 of mGuest :mPVA, and the as-prepared lms
were subjected to photothermal treatments to remove molec-
ular oxygen and water and ensure matrix rigidity upon cross-
linking (Fig. S6 and S7, SI). The PL performance of the treated
PVA lms was signicantly improved, as illustrated in Fig. 2.
Intense and persistent RTP was achieved, ascribed to the envi-
ronmental rigidication. The treated lms exhibit typical uni-
molecular emission behaviours, similar to those observed in
their low-temperature solutions, but with fewer vibrational
progressions. The PVA lms exhibited a similar uorescence
emission band at ∼370 nm, but their phosphorescence emis-
sion differed, as illustrated by the inset pictures of Fig. 2a and
the CIE coordinates in Fig. S8, SI. Unexpectedly, in contrast to
the high phosphorescence ratio observed under low-
Fig. 2 (a) Normalized PL spectra and delayed (1 ms) spectra, (b) tim
phosphorescence quantum yields under ambient conditions of treated P
DCzDBT. Inset: photographs taken after the removal of the UV excitatio

© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature conditions, it is striking that 2,8-DCzDBT failed
to exhibit satisfactory RTP performance. 3,7-DCzDBT and 2,7-
DCzDBT exhibited outstanding aerglow performance, as
conrmed by the highest quantum yield of up to 12.6% (Fig. 2c),
the longer lifetime of 429 ms, and the redshied emission
wavelength in 3,7-DCzDBT lms. The decay rate constants were
calculated (Table S7, SI), revealing that the nonradiative decay
rate constants (kNR) are close for these treated PVA lms, but the
ISC rate constants (kISC) are distinguishable and responsible for
the differentiated phosphorescence efficiencies. Notably, 3,7-
DCzDBT exhibits an extremely high kISC of up to 1.93 × 109 s−1,
a value rarely reported for purely organic RTP systems.22,27,52,53
Theoretical calculations

To gain deep insights into the underlying mechanism, theo-
retical calculations on these molecules were performed (Fig. 3).
The presented natural transition orbitals (NTOs) revealed that
all molecules exhibited typical D–A–D characteristics of the S1
state, with bilateral carbazoles acting as donors (hole) and the
middle dibenzothiophene serving as the acceptor (particle). As
illustrated in Fig. 3 (le), the NTOs of S1 exhibited a main 1CT
character with a certain extent of 1LE features, demonstrating
the typical hybridized 1CT and 1LE nature. Concerning T1 states,
NTOs showed good orbital overlaps between holes and parti-
cles. The excited state conguration of T1 was dominated by the
e-resolved phosphorescent decay curves, and (c) fluorescence and
VA films with doped 4,6-DCzDBT, 2,8-DCzDBT, 3,7-DCzDBT, and 2,7-
n source at 254 nm under ambient conditions of treated PVA films.

Chem. Sci., 2026, 17, 956–967 | 959
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Fig. 3 The calculated natural transition orbitals of the frontier excited singlet and triplet states, the state-energy-level diagrams, and the SOC
coefficients (x) for (a) 4,6-DCzDBT, (b) 2,8-DCzDBT, (c) 3,7-DCzDBT, and (d) 2,7-DCzDBT in the monomeric state at the (TD)-B3LYP/def2-SVP
level.
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3LE character with little 3CT feature involved. The calculation
results matched well with UV-vis absorption and PL spectral
proles. Depending on the molecular structure (p-conjugation),
the conguration differentiation between S1 and T1 can
enhance the probability of the ISC transition, following El-
Sayed's rule.61 Notably, 2,8-DCzDBT has a distinct difference
between the S1 (n,p*) and T1 (p,p*) states, resulting in a good
x(S1,T1) value of 1.20 cm−1 (Fig. 3b). However, 3,7-DCzDBT has
the highest similarity of NTOs between the S1 and T1 states and
thus a poor x(S1,T1) value of 0.65 cm−1 (Fig. 3c). Additionally,
energy gaps between S1 and T1 (DEST) indicate that the smallest
DEST exists in 2,8-DCzDBT. Hence, 2,7-DCzDBT and 2,8-
DCzDBT have stronger SOC x(S1,T1) values than those of 3,7-
DCzDBT and 4,6-DCzDBT. The efficient ISC was consistent with
their high phosphorescence proportion in the overall PL spectra
of solutions at 77 K (Fig. 1b and S5, SI).

However, upon recovering to room temperature, the RTP
performance situation reversed, with 3,7-DCzDBT exhibiting
960 | Chem. Sci., 2026, 17, 956–967
outstanding aerglow performance. Therefore, further
screening of the closed-lying triplet states was considered (lower
than the energy level of S2), and the possible TA-ISC processes
involving multiple S1 / Tn transition channels were found in
these derivatives (Fig. 3, Tables S8 and S9, SI). Interestingly,
several high SOC values were found between the higher excited
triplet states (T6 or T7) and the S1 state because the greater
(p,p*) character in the S1 state and the higher (n,p*) compo-
nents in the T6 and T7 states are conducive to the ISC process.
For example, 3,7-DCzDBT had two high-lying triplet excited
states, T6 (3.379 eV) and T7 (3.503 eV), which were higher than S1
(3.368 eV). The conspicuous NTO congurations of the main
3LE feature in T6 and T7 supported the high values of x(S1,T6) of
0.89 cm−1 and x(S1,T7) of 3.54 cm−1, respectively, despite the
thermodynamically unfavourable requirements (Fig. 3c).
Considering the better RTP performance of 3,7-DCzDBT and
2,7-DCzDBT, it was speculated that the high-lying triplet states
of T7 and T6 should contribute to the overall ISC process at room
© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature by providing multiple transition channels with
enhanced SOC, which were absent in 2,8-DCzDBT. The endo-
thermic process of TA-ISC from the S1 state to the high-lying
triplet states had not been experimentally veried in RTP
systems, despite being occasionally mentioned.62 The photo-
physical properties and calculation results inspired the possi-
bility of involvement with the high-lying triplet states in ISC.
Therefore, temperature-dependent deep photophysical investi-
gations need to be conducted by monitoring the dynamic
behaviours of excited states.
Temperature-dependent photoluminescence

As depicted in Fig. 4a and c (top), the PL spectra of the 3,7-
DCzDBT doped PVA lms exhibited signicant temperature-
dependent phosphorescence behaviours. As the temperature
increased, the phosphorescence intensity initially increased
from 80 to 120 K and then decreased from 140 to 320 K. It
reached a maximum at 120 K by monitoring the 487 nm emis-
sion. The reduced tendency upon increasing the temperature
was understandable because of the thermally enhanced non-
radiative decay (kNR). However, the increased tendency from 80
to 120 K was unexpected. Considering the extremely low
temperature and effectively restricted molecular motions, the
kNR should be pretty small and does not signicantly affect the
Fig. 4 (a) Phosphorescence spectra and (b) time-resolved phosphoresce
doped 3,7-DCzDBT. The emission intensity of maximum emission peaks
4,6-DCzDBT and 2,7-DCzDBT.

© 2026 The Author(s). Published by the Royal Society of Chemistry
system within the temperature range of 80–120 K. Therefore,
the increased tendency could be attributed to the TA-ISC
process and thus boost triplet exciton generation. This
phenomenon is similar to the “hot triplet exciton” model
observed in the high-lying reverse intersystem crossing
process.63–65 Moreover, the same phosphorescence decay curves
at different temperatures eliminated the possible interferences
from the anti-Kasha upper-level triplet emissions (Fig. 4b).

As shown in Fig. S9b, SI and Fig. 4c (bottom), it was observed
that the phosphorescence of 2,8-DCzDBT gradually became
weakened with increasing temperature, and no trend of trans-
formation was observed. This agreed with the calculation
results that there were no closed upper-lying triplet states
(Fig. 3b). The apparent difference in temperature-dependent
intensity trends between 3,7-DCzDBT and 2,8-DCzDBT
strongly demonstrated that thermal activation played an
essential role in ISC. Moreover, 4,6-DCzDBT was investigated
for comparison with 3,7-DCzDBT to validate the TA-ISC process
(Fig. 4d), which had a similar energy gap between S1 and T7 but
different SOC values. As the temperature decreased, the phos-
phorescence intensity gradually increased due to the reduction
of kNR. However, at around 150 K, a gentle downward slope
appeared, indicating the involvement of upper-level triplet state
T7 in the ISC process. Unfortunately, the small SOC value
nt decay curves at different temperatures of the treated PVA films with
at different temperatures of (c) 3,7-DCzDBT and 2,8-DCzDBT, and (d)

Chem. Sci., 2026, 17, 956–967 | 961
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x(S1,T7) exerted a weaker effect on the overall ISC process;
a similar increased tendency was not observed (Fig. S9a, SI). We
also characterized the temperature-dependent PL spectra of 2,7-
DCzDBT, as shown in Fig. S9c, SI and Fig. 4d (bottom). Similar
to 3,7-DCzDBT, the temperature-dependent phosphorescence
intensity curve of 2,7-DCzDBT showed a trend shi at around
120 K, which was consistent with the calculated results. The
temperature-dependent PL spectra and calculated results
consistently conrmed the existence of the TA-ISC process. The
signicant contribution of the upper-level triplet excited states
in populating the emissive T1 excitons was revealed.
Temperature-dependent transient absorption

To elucidate the underlying photophysical mechanisms of the
singlet–triplet transition, we employed transient absorption
(TA) spectroscopy to probe the excited-state evolution dynamics
of the representative 2,8-DCzDBT and 3,7-DCzDBT.66,67 First,
femtosecond transient absorption (fs-TA) measurements
Fig. 5 Decay time-wavelength two-dimensional fs-TA color maps of (a
DCzDBT and (g) 2,8-DCzDBT in 2-MeTHF (10−4 M) at room temperature
dynamics detected at (e) 650 nm and (f) 445 nm in 3,7-DCzDBT, and (h)
state relaxation lifetimes. (i) ns-TA dynamics at different temperatures fr
wavelength is 340 nm.

962 | Chem. Sci., 2026, 17, 956–967
revealed a positive signal in the range of 500–700 nm for both
systems (Fig. 5a and b), indicative of excited-state absorption
(ESA) corresponding to S1 / Sn transitions. TA wavelength
kinetic traces were extracted to resolve the state-specic
dynamics. For 3,7-DCzDBT, the ESA signal reached its
maximum intensity within 594 fs and decayed with the S1
relaxation, consistent with its uorescence lifetime as moni-
tored at 575 nm (s = 0.3 ns) (Fig. 5c and Table S5, SI). An
analogous decay was observed for 2,8-DCzDBT at 620 nm
(Fig. S10c, SI). Notably, a distinct transient signal rather than
noise emerged at ∼1000 ps. Its intensity underwent the
complete rise–decay prole and was found to be stronger when
monitored at 650 nm than at 575 nm (Fig. 5c inset). Later on, it
was assigned to triplet–triplet absorption (TTA) from the upper-
level T7 state with a nanosecond decay lifetime (∼0.7 ns), indi-
cating the presence of S1 / Tn TA-ISC transitions. There is no
corresponding feature detected in 2,8-DCzDBT (Fig. S10c, SI).
) 3,7-DCzDBT and (b) 2,8-DCzDBT, and ns-TA color maps of (d) 3,7-
. (c) fs-TA dynamics detected at 575 and 650 nm in 3,7-DCzDBT. ns-TA
430 nm in 2,8-DCzDBT, respectively, with the corresponding excited-
om 300 to 150 K detected at 650 nm in 3,7-DCzDBT. The pump light

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To elucidate the dynamics of triplet states, nanosecond
transient absorption (ns-TA) spectroscopy was then performed
on 2,8-DCzDBT and 3,7-DCzDBT (Fig. 5d and g). Distinctly, 3,7-
DCzDBT exhibited dual absorption bands at around 400–
500 nm (TTA@445 nm) and 550–750 nm (TTA@650 nm),
respectively, in contrast to the one absorption band in the range
of 400–500 nm in 2,8-DCzDBT (TTA@430 nm). Kinetic traces
extracted from these bands displayed microsecond-scale
decays, conrming triplet exciton-mediated processes and
indicating their TTA features (Fig. 5e, f, and h). Multi-
exponential analysis revealed complex rise–decay proles
indicative of step relaxation. Cross-validation ns-TA with NTO
calculations and photoluminescence data enabled dynamics
assignments: for 3,7-DCzDBT absorption at 650 nm (Fig. 5e), an
initial rise component (s = 0.7 ns) directly signied S1 / T7 TA-
ISC, being consistent with the fs-TA ESA signal in Fig. 5c and the
calculated kISC based on steady-state photophysical properties
(1.93× 109 s−1), followed by a rapid decay (s= 5.4 ns) attributed
to T7/ T1 internal conversion, culminating in a slow decay (s=
23.6 ms) corresponding to T1 / S0 depopulation. The band
corresponded to the TA from the upper level T7 state. Analogous
dynamics at 445 nm (Fig. 5f) involved a slower S1 / T6 normal
ISC (s = 1.7 ns) with a subsequent T6 / T1 internal conversion
(s = 13.6 ns) and a T1 / S0 depopulation with a similar decay
lifetime of 25.5 ms. Critically, ns-TA in Fig. 5d conrmed S1/ T7

TA-ISC as the dominant evolution pathway in 3,7-DCzDBT,
consistent with theoretical predictions.

In contrast, ns-TA of 2,8-DCzDBT at 430 nm (Fig. 5g and h)
demonstrated the evolution process of the S1 / T6 ISC (s = 2.5
ns, notably longer than 0.7 ns in 3,7-DCzDBT), the T6 / T1

internal conversion, and the T1/ S0 depopulation (s= 38.2 ms),
with no spectroscopic evidence for upper-level T7 involvement.
The kinetic difference that accelerated ISC and shortened T1

decay in 3,7-DCzDBT relative to 2,8-DCzDBT directly rational-
ized the observed different RTP behaviours. To further validate
TA-ISC, temperature-dependent ns-TA measurements were
conducted (Fig. 5i and S10, SI). For 3,7-DCzDBT, the ns-TA
signal intensity at 650 nm progressively diminished with
decreasing temperature, indicating the suppression or absence
of S1 / T7 ISC channels at low temperature. No appreciable
signal variations occurred in 2,8-DCzDBT at 445 nm (Fig. S10b,
SI). Nevertheless, the cumulative evidence conrmed not only
the existence of TA-ISC but also its superior capability of
promoting ISC in 3,7-DCzDBT.
Structure–property relationship

It is crucial to scrutinize the underlying structure–property
relationship and formulate a rational molecular design strategy
to develop TA-ISC RTP systems. p-Conjugation, the degree of p-
electron delocalization, corresponds to the molecular planarity
and substitution-dependent electronic effects in these poly-
cyclic aromatic structures. Based on the extent of redshi
absorption, p-conjugation suggests an ordered and increased
molecular planarity from 4,6-DCzDBT to 2,8-DCzDBT, 2,7-
DCzDBT, and 3,7-DCzDBT. Their molecular congurations were
then obtained by growing single crystals and were doubly
© 2026 The Author(s). Published by the Royal Society of Chemistry
veried by theoretical calculations. As shown in Fig. 6a, the
calculated molecular structures closely resembled those of the
single crystals, particularly in terms of the dihedral angles
between the carbazole and dibenzothiophene units. The subtle
discrepancies in the dihedral angles arise from the compression
or deformation of the molecular conformation within the unit
cell due to intermolecular interactions. Notably, 4,6-DCzDBT
possessed the largest dihedral angles, and 3,7-DCzDBT repre-
sented the smallest dihedral angles. The small dihedral angles
indicated high molecular planarity and p-conjugation, which
aligned with the redshied emission wavelength and their
superior RTP performance (Fig. 2c). In detail, the high molec-
ular planarity of 3,7-DCzDBT lowered energy levels of the upper
triplet states through enhanced p-conjugation, allowing upper-
level T7 to approach S1 and facilitating the TA-ISC process.
Additionally, enhanced p-conjugation supported T7 in
providing more 3LE congurations on the central emitting DBT
acceptor, and the 3LE conguration promoted efficient TA-ISC
by fullling El-Sayed's rule between hybridized S1 (1CT + 1LE)
and T7 (3LE). It is worth noting that 2,7-DCzDBT inherited
partial structural and conjugation characteristics from its 2,8-
DCzDBT and 3,7-DCzDBT counterparts, demonstrating inter-
mediate RTP performance in terms of lifetime (close to that of
2,8-DCzDBT) and efficiency (close to that of 3,7-DCzDBT)
(Fig. 2).

Therefore, the precise control of molecular p-conjugation in
the weakly D–A–D system can nely tune the ISC process and
facilitate RTP performance accordingly. When a large dihedral
angle existed between the p-donor and p-acceptor, the singlet
and triplet excited states possessed weak SOC and insufficient
ISC due to the same orbital congurations. Through enhancing
structural planarity by reducing large dihedral angles, the
delocalization within the donor–acceptor structure regulated
the electronic conguration of the excited states. The energy
level of the upper triplet excited states was lowered, and the
orbital conguration of the close-lying triplet state was con-
verted. As a result, additional TA-ISC channels with high SOC
values were facilitated, boosting RTP efficiency (Fig. 6b). As
a benet, the high p-conjugation provided a relatively pure
(p,p*) conguration for T1, guaranteeing a small radiative rate
of phosphorescence and, consequently, a persistent RTP life-
time. These ndings not only provide us with a clear and
practical molecular design principle but also yield high-
performance phosphors.
Anti-counterfeiting and thermal sensing applications

Given the remarkable phosphorescence performance of these
doped PVA lms, we explored their applications in anti-
counterfeiting and thermal sensing as a proof of concept. As
depicted in Fig. 7a, treated PVA lms containing 3,7-DCzDBT
and 2,7-DCzDBT were utilized to construct a simple anti-
counterfeiting pattern of “HIT”. Upon UV excitation, the lumi-
nescent pattern was observed. When the excitation ceased, an
aerglow pattern of “HIT” persisted. Two seconds later, the
pattern transformed to the “1111” pattern. In addition, a peach-
shaped PVA lm doped with 3,7-DCzDBT was soaked and
Chem. Sci., 2026, 17, 956–967 | 963
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Fig. 6 (a) Single-crystal structures and density functional theory (DFT) optimized structures of 4,6-DCzDBT, 2,8-DCzDBT, 3,7-DCzDBT, and 2,7-
DCzDBT with average-calculated dihedral angles between carbazole and dibenzothiophene units. (b) Schematic diagram describing the
thermally activated ISC principle.

Fig. 7 (a) Schematic diagram of the preparation of anti-counterfeiting
patterns and photographs of the security code before and after turning
off the 254 nm UV lamp. (b) Schematic diagram of the preparation of
thermosensitive glasses with a 3,7-DCzDBT film and pictures of the
thermal-sensing process from 368 K to 295 K under 254 nm UV lamp
excitation.
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affixed to glass bottles, followed by a 40 minutes thermal
treatment (Fig. 7b). The prepared lm was employed to monitor
the environmental temperature. It was observed that as the
temperature increased (368 K), the colour gradually shied to
964 | Chem. Sci., 2026, 17, 956–967
deep blue, and the brightness decreased. Subsequently, as the
temperature dropped, the emission was restored to its initial
state. The process can be repeated for several cycles.
Conclusion

In summary, we have successfully developed a weakly donor–
acceptor–donor p-conjugated system featuring isomerism-
dependent RTP characteristics. The substitution mode exerted
a notable inuence on molecular planarity and p-conjugation,
enabling precise control over the excited-state characteristics.
Down-lying upper triplet excited states introduce additional TA-
ISC channels as revealed by theoretical investigations and
proved by temperature-dependent photoluminescence and fs-
and ns-transient absorption spectra. As a result, the overall ISC
rate constant has reached a remarkable value of 1.93 × 109 s−1.
It is worth noting that the principle of TA-ISC is in its infancy,
but it is a practical mechanism for developing novel RTP
materials and deserves further investigation.
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