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Tuning Intramolecular Charge Transfer and Suppressing Rotations 
in Thianthrene Derivatives for Enhancement of Room-
Temperature Phosphorescence 
Huiwen Zenga, Hualiu Lia, Peng Zhena, Jiadong Zhoua*, Bingjia Xub*, Guang Shia, Yujian Zhangc, 
Zhenguo Chib, Cong Liua*

Polymer-based organic room-temperature phosphorescent (ORTP) materials have advantages such as low cost, abundant 
resources and ease of processing, rendering them highly suitable for real-world applications. However, the trade-off 
between the phosphorescent quantum yield (phos.) and phosphorescent lifetime (phos.) highlights the challenge for the 
development of efficient ORTP materials. Here, a synergistic strategy was proposed to promote n-π* transitions and provide 
charge-transfer (CT) intermediate as well as inhibit intramolecular motions to achieve efficient ORTP. A thianthrene (TA) 
unit was attached to planar and rigid polyaromatic hydrocarbons (PAHs), and the resulting luminogens were used as guest 
molecules and embedded into melamine-formaldehyde (MF) polymers, respectively. The TA chromophore promotes n-π* 
transitions, and the PAH units generate CT intermediates as well as inhibit rotations, which open intersystem crossing (ISC) 
channels and facilitate ISC processes. It was found that the phos. of TA-Na@MF and TA-Phen@MF were about 30-fold to that 
of TA@MF. The phenanthryl group was larger than the naphthyl group, which created steric hindrance and limited rotations. 
As a result, the TA-Phen@MF demonstrated the best RTP performance with an ultralong phos. of 1006.45 ms and a high 
phos. of 50.31%. To the best of our knowledge, the observed RTP represents the longest persistence luminescence among 
TA derivatives.  Thanks to its efficient RTP properties and processability, the TA-Phen@MF was blended with ethylene vinyl 
acetate (EVA) to produce stretchable and recyclable persistent RTP elastomers. This work provides helpful guidance for 
achieving high-performance polymer-based ORTP materials.

Introduction
Organic room-temperature phosphorescent (ORTP) materials 

have attracted widespread attention owing to their unique 
characteristics but also their special advantages in the fields of 
optoelectronic biotechnological applications such as bio-imaging,1-3 
information encryption4-6 and sensing.7, 8 Indeed, ORTP materials 
represent a class of luminescent materials with rich molecular 
diversity, easily modifiable structures and good biocompatibility.9-11 
However, achieving purely organic materials with high 
phosphorescent quantum yield (phos.) and ultralong lifetime (phos.) 
under ambient conditions remains challenging due to the intrinsic 
spin-forbidden transition between singlet and triplet excited states 
of organic molecules, as well as the fast nonradiative decay of triplet 
excitons.12, 13 Therefore, increasing the spin-orbit coupling (SOC) and 
promoting the intersystem crossing (ISC) rate, as well as improving 
the triplet exciton stability of organic molecules, are crucial for 
achieving efficient RTP.14-17 In molecular design, one typical method 
to generate efficient ORTP emission is to introduce halogen atoms 

with heavy-atom effects (Cl, Br, I) or heteroatoms with lone pair 
electrons (O, N, S, P) to facilitate the ISC from singlet to triplet excited 
states.18-20 Additionally, forming aggregates with more stable triplet 
excited states through intermolecular π-π stacking can effectively 
extend RTP lifetimes. However, it is challenging to develop high-
performance ORTP materials since the long phos and high phos. 
conflict in principle.21-23 For example, the efficient ISC will enhance 
the phosphorescent radiative rate, which usually reduces the phos. 
Achieving high-performance ORTP materials still lacks clear design 
principles. 

Thianthrene (TA) is an organic molecule with a folding 
conformation, and most of its derivatives exhibit RTP emission under 
vacuum conditions because of the folding-induced SOC 
enhancement.24-26 Many strategies were proposed to achieve highly 
efficient organic RTP materials based on the TA unit by tuning their 
folding geometries, modifying the π-conjugations, and combining 
functional units.27-29 In 2022, Yang's group chemically modified TA 
into intramolecular dimers to enhance the RTP properties. Dual-
emission of fluorescence and phosphorescence was shown when 
dispersing these dimers in the PMMA matrix, with the highest RTP 
quantum yield of 40.7% and an RTP lifetime of 36.5 ms in vacuum.30 
In 2023, Yang's group combined TA-like folding units with various 
luminescent cores to achieve a series of RTP materials with tunable 
colors, among which the maximum RTP quantum yield was 43.58%, 
but the RTP lifetime was only 12.9 ms in vacuum.31 In 2024, Li's group 
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engineered three TA derivatives by modifying the π-conjugation, 
creating the PMMA-doped system that demonstrated thermally 
erasable photochromism with an RTP lifetime of 431.78 ms and a 
photoluminescence quantum yield of 1.95% in vacuum.32  It can be 
seen that the performance of TA-based organic RTP materials is still 
not satisfactory due to the lack of universal molecular design 
strategies (Table S1 and S2). As a result, the molecular design 
strategies for achieving high phos. and ultralong phos. TA-based RTP 
materials are highly desirable. 

In addition, the triplet excitons are prone to deactivation 
through molecular non-radiative vibrations and quenching by oxygen 
and water molecules, leading to decreased ORTP efficiency33-35. 
Crystal engineering36-38, host-guest doping39-41, polymer doping42-44 
and copolymerization45-47 can provide an external rigid environment 
to restrict intramolecular motions and isolate moisture and oxygen 
for stabilizing triplet excitons, thereby achieving efficient ORTP.48-50 
In contrast, polymer-based RTP materials have attracted increasing 
interest due to their ease of processing and flexibility.51-53 In this 
context, some small molecules were doped into polymer matrices, 
for example, conventional poly(methyl methacrylate) (PMMA) and 
polyvinyl alcohol (PVA), but their stretchability was poor. It is crucial 
to develop new polymer matrices for doping systems to meet 
different applications. 

In this work, a series of TA derivatives was synthesized by linking 
the phenyl, naphthyl and phenanthryl groups at the a position of the 
TA unit, and then they were embedded into melamine-formaldehyde 
(MF) polymers with permanent and compact three-dimensional (3D) 
networks to achieve ORTP materials with both a high phos. and an 
ultralong phos. Herein, TA was employed as the essential 
chromophore, owing to its unique folding-induced SOC 
enhancement properties, which is in favor of facilitating the ISC 
processes to produce triplet excitons. In the meantime, polyaromatic 
hydrocarbons (PAHs), which have planar and rigid chemical 
structures, were selected as substituents to inhibit the 
intramolecular motions to reduce non-radiative decay channels.54-57 
It was found that the TA-doped MF polymer showed a significant 
green RTP emission but with a limited lifetime of 30.39 ms. However, 
when introducing the naphthyl and phenanthryl groups, the lifetimes 
of the resulting materials based on TA-Na and TA-Phen luminogens 
extended about 30 times. For TA-Phen@MF materials, its phos. and 
phos. were up to 50.31% and 1006.45 ms under ambient conditions, 
respectively. To the best of our knowledge, the observed RTP 
represents the longest persistence luminescence among the TA 
derivative family (Table S1 and S2). Theoretical calculations indicated 
that the TA derivatives probably form charge transfer (CT) states, 
enabling highly efficient ISC for the production of long-lived triplet 
excitons. Thanks to its processability, TA-Phen@MF RTP material was 
solution blended with ethylene vinyl acetate (EVA) matrices to 
produce stretchable and flexible elastomer materials with stable 
persistent luminescence properties. This work not only provides 
helpful guidance for creating high-performance polymer-based ORTP 

materials but also demonstrates a simple and effective strategy for 
obtaining RTP elastomer.

Results and discussion
The TA derivatives were facilely synthesized by linking a phenyl, 
naphthyl, or phenanthryl group at the a position of TA through the 
Suzuki coupling reaction (Scheme S1), respectively. The target 
compounds were purified via silica gel column chromatography 
and/or recrystallization. Their chemical structures were fully 
characterized by nuclear magnetic resonance spectroscopy (1H NMR 
and 13C NMR), high-resolution mass spectrometry, and single-crystal 
X-ray diffraction (Fig. S14-S25). 

As shown in Fig. S1, in dilute 2-methyltetrahydrofuran (2-
MeTHF) solutions, all the TA derivatives exhibited a similar UV-visible 
absorption band peaked at about 270 nm and steady-state 
fluorescence band peaked at about 320 nm, which was ascribed to 
the n-π* transition of TA fragment. Notably, when the temperature 
was 77 K, the glassy solutions exhibited obvious green afterglow (Fig. 
S2a). The delayed photoluminescence (PL) spectra showed a similar 
(phosphorescent) shape that peaked at about 485-520 nm for the 
reference TA and the three TA derivatives. The phosphorescent 
lifetime of TA was 445.09 ms, while reached 576.50 ms for TA-Ph, 
858.82 ms for TA-Na, and 1332.79 ms for TA-Phen in 2-MeTHF 
solution at 77 K (Fig. S2b). That is, the introduction of PAH groups did 
not influence the vertical electronic processes, which originated from 
the local excitation of the TA fragment. Moreover, the 
phosphorescent properties were observed at cryogenic 
temperature, and the PAH groups contributed to the enhancement 
of phosphorescent lifetimes.
To activate their RTP properties, the reference TA and the three TA 
derivatives were dispersed into the dense 3D crosslinking MF matrix 
with variable doping concentrations. The doping films were prepared 
by mixing a homogeneous THF mixture of TA or TA derivatives (6 
mg/mL) with the MF pre-polymer (60%, 1 g) at 150 °C for 10 minutes, 
followed by hot-pressing using a mold. Since the thermal 
decomposition temperatures (Td) of TA, TA-Ph, TA-Na, and TA-Phen 
at a weight loss of 5% all exceed 160 °C, there would be no 
decomposition during the processing of MF (Fig. S3). With the 
elevation of dopant concentration, the delayed emission intensity of 
the MF-doping films reaching a maximum at 1.00%, 1.00%, 0.50% 
and 0.10% corresponded to TA, TA-Ph, TA-Na and TA-Phen (Fig. S4 
and S5), they also have a comparatively longer phosphorescent 
lifetime (Fig. S6). Therefore, the MF films of TA, TA-Ph, TA-Na and TA-
Phen corresponding to dopant concentrations of 1.00%, 1.00%, 
0.50% and 0.10% (hereafter denoted as TA@MF, TA-Ph@MF, TA-
Na@MF and TA-Phen@MF) were selected as models to further 
investigate their photophysical properties. On the other hand, the 
wavelength of the maximum emission peak remained unchanged for 
the MF films as the doping concentration and excitation wavelength 
changed, indicating that the phosphorescence of the films probably 
came from single molecules (Fig. S4, S5 and S7). 
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Fig. 1. a) Chemical structures of thianthrene and its derivatives and the schematic diagram of small molecules doped in the MF polymer 
with a 3D covalent network. b) The steady-state PL spectra and the delayed emission spectra (delayed 1ms) of the TA@MF, TA-Ph@MF, 
TA-Na@MF and TA-Phen@MF (Excitation: 300 nm). c) The delayed emission decay curves and lifetimes of the TA@MF, TA-Ph@MF, TA-
Na@MF and TA-Phen@MF (Excitation: 300 nm). d) The CIEx,y chromaticity coordinates of the persistent luminescence of the TA@MF, TA-
Ph@MF, TA-Na@MF and TA-Phen@MF. e) Afterglow images of the TA@MF, TA-Ph@MF, TA-Na@MF and TA-Phen@MF (Excitation: 300 
nm).
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As shown in Fig. 1b and Fig. S2, all the doping polymer films 
exhibited similar delayed emission spectra and peaked at about 520 
nm, which were little red shift compared with the ones in 2-MeTHF 
solutions at 77 K. The steady-state PL spectra almost overlapped 
with their delayed spectra, indicating the highly efficient ISC 
processes and pure RTP properties for the guest molecules doping 
in MF polymer films. The phos. were 62.87%, 31.19%, 16.80% and 
50.31% for the TA@MF, TA-Ph@MF, TA-Na@MF and TA-Phen@MF 
(Fig. 1b), respectively, and the corresponding phos. was 30.39, 
26.16, 874.57 and 1006.45 ms (Fig. 1c). Comparing with the original 
TA@MF, the phos. of TA-Na@MF and TA-Phen@MF increased 
significantly, attributed to the introduction of naphthyl and 
phenanthryl groups. In particular, the phos. of TA-Phen@MF was 
enhanced over 30 times and remained at a comparable 
phosphorescent quantum yield. In addition, when these guest 
luminogens were doped into PMMA, the phos. of TA-Phen@PMMA 
was also enhanced over 30 times when compared with that of 

TA@PMMA, but shorter than that of TA-Phen@MF (Fig. S8 and S9). 
So, the long lifetime of these materials is also related to the 
compact 3D covalent network of the MF materials. The phos. of TA-
Phen@MF shown the longest lifetime persistent ORTP materials 
based on the TA family to date (Table S2). To our best knowledge, 
among the polymer-based ORTP materials with a lifetime above 1 
second, the TA-Phen@MF exhibits outstanding phos. (Table S3 and 
S4). The doping films presented the green luminescence (Fig. 1d). 
The bright green luminescence persisted for many seconds even 
after the UV light was turned off, and the persistent luminescence 
lasted up to 10 s for TA-Phen@MF (Fig. 1e). When the temperature 
up to 150 °C, TA-Na@MF and TA-Phen@MF still showed RTP 
performance, with lifetimes as long as 173.36 ms and 136.54 ms, 
respectively, demonstrating excellent high-temperature 
phosphorescence property (Fig. S10 and S11).

Fig. 2. a) The molecular conformations of TA, TA-Ph, TA-Na and TA-Phen in single crystals. b) The interaction region indicators (IRI) of TA, 
TA-Ph, TA-Na, and TA-Phen. c) IRI color bar corresponding to Fig. 2b.
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Fig. 3. Diagrams of the calculated energy levels, possible ISC channels, SOC constants between singlet and triplet excited states and the 
NTO characteristics of singlet and triplet excited states and the corresponding transition contributions of the single molecule of a) TA and 
b) TA-Phen (The ghost state refers to a false CT state with very low energy that is likely to appear when using pure functionals or 
functionals with a low HF component, see the details in the SI).

Single crystal structures of these four compounds were 
produced since the ISC processes and RTP properties have a close 
relationship with molecular conformation (Table S5). As shown in Fig. 
2a, the TA fragments in these molecules have folded angles between 
122° and 135°, which will enhance the SOC by the folding-induced 
SOC enhancement mechanism.24-26 Notably, the PAH substituent 
caused stereoisomerism in the TA derivatives owing to the folding 
orientation of the TA fragment. On the other hand, the single C-C 
bonding causes the rotation motions, which imply various molecular 
conformations. TA-Ph molecules exhibit two enantiomers with 
similar conformational geometries, in which the torsion angles 
between TA and phenyl groups are 132.8° and 131.6°, respectively. 

The single crystal structures of TA-Na are more complex, and there 
are four independent conformations. Thereinto, a pair of 
enantiomers exhibit identical torsion angles of -70.4° and -72.8° 
between the TA and naphthyl groups, while two independent 
conformational geometries show the torsion angles of 63.6° and -
97.8°, respectively. The reduced phos. of TA-Ph@MF and TA-
Na@MF, when compared to TA@MF, may be caused by 
intramolecular rotations between the TA and phenyl or naphthyl 
groups. However, there is only one independent conformation for 
TA-Phen in which the torsion angles of -110.6°. Therefore, the 
molecular rotation motions for TA derivatives are correlated with the 
number of fused rings for PAH units, of which the naphthyl 
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Fig. 4. The RTP afterglow photograph of TA-Phen@MF blending with EVA elastomer materials after twisting, folding and recycling (Excitation: 
365 nm).

group appears to be more sensitive. The non-covalent interaction 
(NCI) between the intramolecular fragments was reflected by the 
interaction region indicator (IRI).58 As shown in Fig. 2b and 2c, the 
larger PAH group provides the higher steric hindrance and 
intramolecular interactions. Accordingly, TA-Phen is difficult to form 
multiple conformations. In conclusion, the planar and rigid structures 
of phenanthrene are conducive to inhibiting intramolecular motions 
and achieving phosphorescent emission of TA-Phen@MF with both 
a high efficiency and an ultralong lifetime. 

Theoretical calculations were conducted to investigate the 
relationship between the molecular conformation and the 
photophysical processes. The molecular geometrical structures were 
extracted based on the information of the single crystal structure and 
optimized by density functional (DFT) theory at B3LYP/6-311** level 
with dispersion correction. Furthermore, their natural transition 
orbitals (NTOs) and SOC constant were obtained using time-
dependent density functional theory (TD-DFT).59 As TA-Ph and TA-Na 
exhibit numerous conformations, the TA-Ph-1 and TA-Na-2 were 
used as their examples in the following discussions due to their small 
geometrical distortion (Fig. 2a), and the details provided in the 
supplemental information (Fig.S12 and S13). As shown in Fig. 3a, the 
electronic transition process in the TA molecule is mostly distributed 
in the whole molecule, dominated by the local excitation (LE) 
process. Notably, the S0-S1 excitation is primarily attributed to the 
1(n, π*) transition characteristics according to the contributions of 
the lone pair electrons of sulfur atoms to the electronic processes, 
whereas the S0-T1 excitation is mainly ascribed to the 3(π, π*) 
transition characteristics. When naphthyl and phenanthryl groups 
are introduced in the molecules, the mostly LE excited states are 
occupied at the higher energy level according to the values of 
oscillator strength, and the lowest S1 excitation shows the CT 
characteristics from TA to PAH groups (Fig. 3b, S12a and S12c). 
Interestingly, there are some potential ISC channels from S1 to Tn, 
where the energy gaps are small enough for electron transition. The 

NTO pairs of Tn also show the CT characteristics, leading to the 
considerable SOC constants of  (S1, T5) = 2.06 cm-1,  (S1, T6) = 1.06 
cm-1,  (S1, T7) = 2.00 cm-1 and  (S1, T8) = 3.32 cm-1 for TA-Ph-1 (Fig. 
S12a),  (S1, T4) = 1.70 cm-1,  (S1, T5) = 2.51 cm-1,  (S1, T6) = 3.47 cm-

1,  (S1, T7) = 1.35 cm-1,  (S1, T8) = 4.65 cm-1,  (S1, T9) = 2.53 cm-1,  
(S1, T10) = 1.52 cm-1, and  (S1, T11) = 5.60 cm-1 for TA-Na-2 (Fig. S12c), 
and  (S1, T6) = 1.62 cm-1,  (S1, T7) = 0.19 cm-1,  (S1, T8) = 3.04 cm-1, 
 (S1, T9) = 2.40 cm-1,  (S1, T10) = 0.81 cm-1,  (S1, T11) = 0.71 cm-1,  
(S1, T12) = 1.40 cm-1 f-9*or TA-Phen (Fig. 3b). Meanwhile, the lowest 
triplet states show a similar LE state with  (S0, T1) or   (S0, T2) values 
of 11.21, 13.76 and 13.87 cm-1 for TA-Ph, TA-Na and TA-Phen, 
respectively. The TA molecule also has a similar  (S0, T1) value of 
15.33 cm-1, indicating the analogous phosphorescent emission from 
the allowed radiative transition of triplet excitons to the ground state 
(Fig. 3a, 3b, S12a and S12c). In conclusion, as the introduction of 
extending PAH groups, the CT characters from TA to the PAH group 
become obvious for the lowest singlet state, especially for TA-Na and 
TA-Phen. Consequently, TA-Na and TA-Phen undergo a CT 
intermediate state during the ISC process, which results in an 
increase of phos. when compared to the TA molecule. Furthermore, 
the guest molecules in the polymer-based environment were also 
calculated by introducing the MF fragments (MF*). The NTO analysis 
and SOC constants were found to be in agreement with the isolated 
molecule (Fig. S13). In summary, the introduction of PAH units to TA 
results in the CT features for the electrical excitation, which allows 
multiple possible ISC processes. The formation of CT intermediate 
state leads to an increase of τphos.. The various metastable 
conformations of TA-Na, however, indicate that the rotation 
between TA and naphthyl units could not be disregarded.

Developing persistent RTP materials that can keep their optical 
properties even after being bent and twisted is highly desirable. 
Inspired by the efficient RTP and processability properties of TA-
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Phen@MF, it was blended with elastomer matrices to create 
twistable materials with stable persistent luminescence properties. 
The TA-Phen@MF was used as the doped MF polymer fillers 
(phosphorescent additives) and blended with the EVA thermoplastic 
elastomer after crushing. The modified EVA elastomers were formed 
into dumbbell shapes, as shown in Fig. 4. Obviously, the pure EVA 
exhibited no RTP properties, while the modified EVA (with 5% wt 
doped MF polymer filler) demonstrated long persistent green 
luminescence that lasted for more than 4 seconds after the UV light 
was turned off. The strong persistent green RTP can be clearly 
observed even after the dumbbell-shaped elastomer was twisted 
and folded, even in the deformation region. Thanks to the recyclable 
processing of EVA, the dumbbell samples were then melted and 
shaped into a small animal, and the persistent green luminescence 
still lasted over 3s. It can be seen that these persistent RTP 
elastomers are mechanically robust, and mechanical deformation 
only has little effect on their phosphorescence properties. Hence, 
these colorful polymer-based RTP materials could be facilely 
prepared into different shapes by hot-pressing, which is favorable for 
expanding their application scope. The generation of RTP in these 
elastomers is primarily due to the fact the MF polymer can effectively 
immobilize the phosphors due to the presence of hydrogen bond 
cross-linking between the polymeric chains. These optical elastomers 
could provide great opportunities for flexible and wearable 
optoelectronics.

Conclusions

In summary, a synergistic strategy was proposed to promote n-π* 
transitions and provide the CT intermediate as well as inhibit intra-
molecular motions to achieve efficient ORTP performance. TA-based 
organic afterglow materials with both long lifetimes and high 
phosphorescence quantum yields were successfully achieved by 
employing the thianthrene derivatives containing different planar 
and rigid PAHs as guest molecules and embedding them into 
crosslinking MF polymers, respectively. The TA chromophore 
promotes n-π* transitions, and PAHs generate CT intermediates as 
well as inhibit intramolecular motions, which open ISC channels and 
facilitate ISC processes. The phosphorescence lifetimes of TA-
Na@MF and TA-Phen@MF were about 30-fold that of TA@MF. The 
phenanthryl group was larger than the naphthyl group, which 
created steric hindrance and limited rotations. As a result, the TA-
Phen@MF demonstrated the best RTP performance with an 
ultralong lifetime of 1006.45 ms and a high phosphorescence 
quantum yield of 50.31%. Moreover, the TA-Phen@MF was blended 
with EVA to produce stretchable and recyclable persistent RTP 
elastomers. These results not only provide helpful guidance for 
creating high-performance polymer-based ORTP materials but also 
demonstrate a simple and effective strategy for obtaining RTP 
elastomer. 
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The data supporting this article have been included as part of the Supplementary 
Information. Data available on request from the authors.
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