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m-temperature phosphorescence
by electron–phonon coupling†

Liangwei Ma,‡ Muyu Cong,‡ Siyu Sun and Xiang Ma *

Designing and optimizing efficient organic room-temperature phosphorescent (RTP) materials remains

a captivating yet challenging endeavour due to the inherent difficulties in generating and stabilizing

triplet excitons. Here, we report a suite of highly efficient phosphors characterized by near-unity

intersystem crossing (ISC) yields. Surprisingly, upon doping these dyes into a polyvinyl alcohol matrix,

their phosphorescence quantum yields (FP) spanned a wide range from 2.7% to 69.6%, governed by the

position of the methyl substituent. Theoretical calculations and experimental results indicate that the

variation in phosphorescence efficiency is primarily due to the strong electron–phonon coupling caused

by the positional variation of the methyl substituents, rather than common factors such as ISC or energy

levels. These findings provide a new insight into the design of high-performance organic RTP dyes.
In recent years, organic room-temperature phosphorescent
(RTP) materials have garnered huge research interest due to
their unique photophysical properties, such as long lifetimes
and large Stokes shis, which make them promising for
applications in displays, bioimaging, anticounterfeiting,
encryption, and electroluminescence.1–9 However, the
construction of highly efficient organic RTP materials remains
a signicant challenge. The difficulties in constructing these
materials stem from three main reasons: (1) spin-forbidden
intersystem crossing (ISC) process: ISC is a spin-forbidden
process, making it difficult to efficiently generate triplet
excited states through photoexcitation. (2) Slow radiative tran-
sition rates: the radiative transition rates of triplet states are
relatively slow (∼100–106 s−1), comparable to non-radiative
relaxation processes caused by molecular vibration, rotation,
or collision. This makes the triplet excited states highly
susceptible to non-radiative deactivation. (3) Oxygen quench-
ing: triplet excited states are easily quenched by oxygen through
energy transfer processes.6,10–19 To address these challenges and
achieve highly efficient RTP materials, various strategies have
been proposed: (1) designing specic molecular structures (e.g.,
twisted molecular structures) or introducing heteroatoms,
heavy atoms, or functional groups such as carbonyl groups into
the molecular framework to enhance spin–orbit coupling (SOC)
and promote ISC.1,20–30 (2) Utilizing polymer matrices,
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crystallization, or macrocycles to create a rigid microenviron-
ment for phosphors that restricts the molecular vibration,
rotation, and collision, which result in non-radiative transi-
tions, and isolates dyes from oxygen effectively.29,31–40 Generally,
molecular rotation and intermolecular collisions can be
signicantly suppressed or even eliminated in the solid state or
in a rigid microenvironment.41 However, molecular vibrations
are much more difficult to effectively suppress. This can be
evidenced by the fact that ne structures in luminescence
spectra are oen only observable at very low temperatures and
enhancement of phosphorescence at lower
temperatures.10,15,40,42–44 Molecular vibrations are an intrinsic
property related to electron–phonon coupling (EPC). Strong
EPC typically implies strong molecular vibrational capability,
which may lead to intense non-radiative transitions. Previous
studies have already demonstrated that EPC is an important
factor affecting the performance of organic optoelectronic
materials.45–47 However, in the research on RTPmaterials, which
are more susceptible to non-radiative transitions, little atten-
tion was paid to this extremely important factor.48 In current
research, the general approach is to use a rigid microenviron-
ment as an external means to suppress molecular vibrations.
Theoretically, the ability of a rigid microenvironment is limited,
with a specic threshold. When the intrinsic EPC is too strong,
the molecular vibration can no longer be effectively suppressed,
severely limiting the construction of highly efficient RTP dyes.
Therefore, in the molecular design of phosphorescent dyes, EPC
must be considered alongside SOC, electron congurations,
and energy levels.

In this work, we systematically demonstrate the signicant
impact of EPC on the performance of phosphorescent dyes. As
the position of the substituents changes, the ISC efficiency of
these methyl-substituted thiochroman-4-one derivatives
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Chemical structure of target compounds and the simplified
Jablonski diagram for the transition process from the lowest excited
state in aromatic compounds.
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(MTOs, Scheme 1) approaches 100%, with the ISC rate constant
(kISC) gradually increasing. In contrast, the phosphorescence
quantum yield (FP) decreases from 69.6% (MTO-1@PVA) to
2.7% (MTO-4@PVA) with the increase of kISC. Temperature-
dependent emission spectra show that materials with lower
FP are more temperature-sensitive, indicating stronger EPC.
Theoretical simulations reveal that MTO-4 has a Huang–Rhys
factor of 23.06 at 82 cm−1, while the Huang–Rhys factors of the
other three compounds do not exceed 1.0, indicating that MTO-
4 has signicantly stronger EPC. Combined with the
temperature-dependent experiments, it is determined that the
signicant decrease in phosphorescence efficiency is primarily
due to the excessively strong EPC in MTO-4, which causes
molecular vibrations to exceed the threshold that the polyvinyl
alcohol (PVA) matrix can effectively suppress. This work high-
lights the critical role of EPC in the design of efficient RTP
materials and provides new insights into the mechanisms
governing phosphorescence performance.

The comprehensive synthetic protocols for MTO compounds
are elaborately outlined in the ESI.† Their chemical structures
were meticulously authenticated through 1H NMR, 13C NMR,
and HRMS analyses. Upon dissolution in dichloromethane
(DCM), the four dyes displayed strikingly analogous absorption
spectra (Fig. 1a), with their maximum absorption peaks
consistently centred around 350 nm. The subtle shis in the
maximum emission wavelengths can be attributed to the subtle
perturbations induced by the varying methyl substituent posi-
tions on the energy levels of the frontier orbitals. This obser-
vation is consistent with the fact that the methyl group lacks p-
orbitals to conjugate with the frontier orbitals of thiochroman-
4-one. However, a marked disparity was observed in the uo-
rescence intensities among the dyes as the methyl substituent
position varied (Fig. 1a). The uorescence quantum yield (FF)
was found to be 1.19% in DCMwhen themethyl group occupied
the 6-substituent position (Table S1†), whereas it was virtually
quenched (FF = 0.25%) when situated at the 5-substituent
position. Furthermore, substantial differences in the uores-
cence lifetimes of these compounds were discernible (Fig. 1b
and S1†), indicative of substantial variations in the relaxation
dynamics of the lowest singlet excited state (S1).
© 2025 The Author(s). Published by the Royal Society of Chemistry
To unravel the unusual impact of the methyl group on the
photophysical properties, density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations were conducted
using the G09 program with the M062x/aug-cc-pVTZ level of
theory.39,49 As depicted in Table S2,† the S0 / S1 transition for
these compounds predominantly involved HOMO/HOMO-2 /

LUMO transitions. Despite their similar molecular frameworks
(Fig. S2†), the contribution from the HOMO / LUMO transi-
tion, which characterizes a p / p* transition, progressively
dwindled from 20.1% to 0% as the methyl substituent position
varied. Notably, the HOMO-2 / LUMO transition, constituting
the dominant contribution to the S0 / S1 transition, represents
a typical n / p* transition. Thus, the S0 / S1 transition for
these compounds is classied as a forbidden transition due to
the non-conservation of orbital angular momentum. Corre-
spondingly, with the decline in the HOMO / LUMO transition
contribution, the f of these compounds plummeted from 0.0165
to 0.0002 (Table S2†). Conversely, the S0 / S2 transition for
these compounds was primarily driven by the HOMO/ LUMO
transition, representing a spin-allowed process. Consequently,
the S0/ S1 transition is designated as a dark state.50 Hence, the
maximum absorption peak for these compounds is attributed
to the S0/ S2 transition. The shoulder peak observed at 370 nm
in the absorption spectrum of MTO-1 is assigned to the S0 / S1
transition due to its weak yet non-negligible f value.

The S1 / S0 transition mirrored the trends observed for the
S0 / S1 transition (Table S2†). For MTO-1, the S1 / S0 tran-
sition was primarily governed by the HOMO / LUMO transi-
tion (95.4%), with a minor contribution from the HOMO-2 /

LUMO transition (2.2%). However, the contribution from the
HOMO / LUMO transition signicantly declined to 24.1% for
MTO-2, further dwindling to 18.5% and 8.6% for MTO-3 and
MTO-4, respectively. Concurrently, the HOMO-2 / LUMO
transition contribution escalated to 62.3%, 67.6%, and 76.9%
for MTO-2, MTO-3, and MTO-4. As a result, the uorescence
transition for these compounds transformed into a forbidden
process as the methyl substituent position varied. Comparable
phenomena were also evident in different solvents. The
consistent maximum absorption and emission wavelengths of
MTO-1 across various aprotic solvents with differing polarities
supported the p / p* nature of the transition (Fig. 1c). An
anomalous redshi in both absorption and emission spectra
was observed for these compounds in protic solvents, accom-
panied by a marked increase in emission intensity (Fig. 1d).
Correspondingly, the FF increased to 6.67% in methanol. This
abnormal enhancement and redshi were attributed to
hydrogen bonding interactions between the solvent and the
carbonyl group of MTOs.51

Previous studies have established thiochroman-4-one deriv-
atives as promising phosphorescent dyes with high ISC effi-
ciency.18,52,53 Hence, the photophysical properties of these dyes
were further investigated in 2-methyltetrahydrofuran at 77 K. As
depicted in Fig. 1e, a broad emission band spanning 420–
620 nm, adorned with a ne structure, was discernible in the
steady-state spectra. Remarkably, the phosphorescence spectra
of these compounds closely resembled their corresponding
steady-state emission spectra. Most intriguingly, no appreciable
Chem. Sci., 2025, 16, 8282–8290 | 8283
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Fig. 1 a) Absorption and emission spectra of MTOs in DCM; (b) lifetime spectra of MTOs in DCM; absorption (c) and emission (d) spectra of MTO-
1 in different solvents; (e) steady-state and phosphorescence spectra of MTOs in MTHF at 77 K.
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uorescence emission was detected at 77 K, strongly suggesting
an efficient ISC process for these compounds.

Subsequently, these compounds were embedded in a PVA
matrix, known to effectively suppress non-radiative transitions
and isolate oxygen,15,54 thus enabling the fabrication of RTP
materials. Powder X-ray diffraction analysis of these lms (Fig.
S3†) revealed an absence of discernible diffraction peaks,
signifying their amorphous nature. Analogous to the behaviour
of the dyes in solution, the maximum absorption peaks for
these lms were found around 350 nm (Fig. 2a). The steady-
state emission spectra of the lms displayed structureless
emission bands spanning 380–700 nm (Fig. 2b). Specically,
MTO-1@PVA showcased a maximum emission wavelength at
485 nm, accompanied by a shoulder peak at approximately
420 nm. Notably, the shoulder peak vanished in the phospho-
rescence emission spectrum, implying that it corresponded to
the weak uorescence emission of MTO-1@PVA, while the
dominant emission peak at 485 nm was attributed to the
phosphorescence emission. This attribution was further
substantiated by lifetime measurements performed at different
temperatures (Fig. S4†). The phosphorescence lifetime of MTO-
1@PVA was measured to be 21.92 ms at 297 K (Fig. 2c). Its
photoluminescence quantum yield (FPL) was calculated to be
69.6% (Fig. S5† and Table 1). The excellent agreement between
the excitation and absorption spectra (Fig. 2a) conrmed the
origin of phosphorescence fromMTO-1. Similarly, MTO-2@PVA
displayed a much weaker shoulder peak around 420 nm. In
contrast, MTO-3@PVA displayed a structureless emission peak
at 460 nm, which was condently assigned to the phosphores-
cence emission. The FPL values for MTO-2@PVA and MTO-
8284 | Chem. Sci., 2025, 16, 8282–8290
3@PVA were determined to be 47.7% and 48.8%, respectively.
Thus, it can be concluded that MTO-1@PVA, MTO-2@PVA, and
MTO-3@PVA are essentially pure phosphorescent materials,
a rarity among metal-free substances. However, MTO-4@PVA
exhibited a distinct behaviour. As evident in Fig. 2b, the
maximum emission wavelength of MTO-4@PVA was positioned
at 435 nm in the steady-state emission spectrum, while its
phosphorescence emission wavelength was identied as
470 nm, implying that the phosphorescence emission of MTO-4
was signicantly weaker than its uorescence emission within
the PVA matrix. Correspondingly, the FPL of MTO-4@PVA was
measured to be a mere 2.7%. The phosphorescence lifetime for
MTO-4@PVA was found to be 12.0 ms. The uorescence life-
times of all lms under scrutiny ranged from 1.44 to 2.47 ns
(Fig. 2d). It is particularly noteworthy that MTO-1@PVA and
MTO-4@PVA exhibited comparable decay patterns and life-
times (2.34 and 2.47 ns, respectively). Meanwhile, the lifetime
spectra and parameters of MTO-2@PVA closely resembled those
of MTO-3@PVA.

To delve deeper into the inuence of the methyl group
substituent position on the ISC process, TDDFT and ORCA
calculations were also performed.18,23 As previously discussed,
the S1 / S0 transition in MTOs progressively transitioned from
a p/ p* to an n/ p* character with the change in the methyl
group position. However, no conspicuous alteration in the
frontier orbital distribution was observed (Fig. S2 and Table
S2†). The energy levels of T1 and T2 exhibited slight uctuations
with the varying substituent positions (Table S2†). Notably, T2

represented the highest triplet state, oen being either close to
or lower in energy than the S1 state. Hence, S1/ T1 and S1/ T2
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Absorption and phosphorescence excitation spectra of MTOs in the PVA matrix; (b) steady-state (solid line) and phosphorescence
spectra (dashed line) of MTOs in the PVA matrix; phosphorescence (c) and fluorescence (d) lifetime spectra of MTOs in the PVA matrix; (e)
electron–hole distribution and energy levels of different excited states.
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transitions were identied as plausible ISC pathways for
generating triplet excitons. Fig. 2e reveals that the hole in the S0
/ T1 transition of MTOs is primarily localized on the sulfur
atom and benzene rings, corresponding to p orbitals, while the
electron is primarily distributed over the benzene and carbonyl
moieties, associated with p* orbitals. Although the electron
distribution in the S0 / T2 transition mirrors that of the S0 /
T1 transition, the hole is primarily contributed by the n orbital
of the carbonyl moiety. Consequently, the S1 / T1 ISC process
evolved from a forbidden to an allowed transition as the
substituent position changed, according to El-Sayed's rule.
Conversely, the S1 / T2 ISC process transformed from an
allowed to a forbidden transition with the variation in the
substituent position. ORCA calculations further substantiated
Table 1 Photophysical parameters of MTOs in the PVA matrix

lAbs/nm lF/nm lP/nm sF/ns sP/m

MTO-1@PVA 356 423 488 2.34 21.92
MTO-2@PVA 349 n.d. 470 1.46 10.28
MTO-3@PVA 345 n.d. 464 1.44 11.77
MTO-4@PVA 347 n.d. 468 2.47 12.00

a FISC ¼ kT

kS
, where kS is the deactivation rate of the singlet excited state,

determined according to the global tting results of TA spectra. b kISC ¼

© 2025 The Author(s). Published by the Royal Society of Chemistry
the signicant impact of the methyl substituent position on the
SOC, which is intricately linked to the ISC process.

Femtosecond TA spectra of MTOs in the PVA matrix were
recorded and are presented in Fig. 3 and S6.† No ground state
bleach (GSB) signal was observable due to their absorptions
lying outside our detection wavelength range, nor was any
stimulated emission (SE) signal detected. A distinct excited
state absorption (ESA) signal was promptly detected for MTO-
1@PVA post-excitation (Fig. 3a). The initially formed ESA
band featured a peak around 620 nm with a shoulder at
approximately 525 nm (Fig. 3b). Within the rst 200 ps, it
evolved into a long-lived ESA band with peaks at 470 nm and
610 nm. Analogous TA spectra were also evident for MTO-
2@PVA and MTO-3@PVA (Fig. S6a and b†). Remarkably,
MTO-4@PVA displayed a markedly different TA spectrum
s FPL/%
aFISC/%

bkISC/s
−1 ckP/s

−1 dknr/s
−1

69.6 99.999 1.50 × 1010 31.75 13.87
47.7 99.995 1.75 × 1010 46.40 50.88
48.8 99.996 2.05 × 1010 41.46 43.50
2.7 99.995 2.55 × 1010 2.25 81.08

and kT is the generation rate of the triplet excited state. kS and kT are

1

kT
. c kP ¼ FP

FISCsP
. d knr ¼ 1� FP

FISCsP
; n.d. – too weak to record.

Chem. Sci., 2025, 16, 8282–8290 | 8285
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Fig. 3 (a) Femtosecond broadband TA spectra of MTO-1 in PVA under 320 nm excitation; (b) TA spectra of MTO-1 at different pump-probe delay
times; (c) normalized singlet and triplet state kinetics curves of MTOs in the PVA matrix; (d) the calculated FISC and kISC of MTOs according to
DADS data; (e) steady-state spectra of MTOs in the PVA matrix at 77 K and 297 K; (f) normalized emission spectra area of MTOs in the PVA matrix
at different temperatures; (g) transition temperature points and FP of MTOs in the PVA matrix.
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compared to the other three lms (Fig. S6c†). A distinct ESA
signal spanning 400–600 nm, with peaks at 405 nm and 485 nm,
was observed. The initial ESA band transformed into a long-
lived ESA band spanning 400–600 nm, centred at 450 nm,
within the rst 100 ps (Fig. S6f†). Decay-associated difference
spectra (DADS) for MTO-1@PVA were extracted via global
analysis of the femtosecond TA data (Fig. S7†). The rst decay-
associated difference spectrum was attributed to the absorption
of the singlet state (Fig. S7,† black line), displaying a broad
signal in the 410–700 nm range with peaks around 520 nm and
620 nm, consistent with species present in the rst 300 ps. The
subsequent DADS was assigned to the absorption of the triplet
state (Fig. S7,† red line), given its slow generation and decay
within the 7 ns detection window. This spectrum exhibited
a broad signal in the 410–700 nm range, with peaks around
450 nm and 615 nm. Comparable DADS were also discernible
for the remaining three lms (Fig. S6†). The decay kinetics
curves of the singlet excited state and the generation kinetics of
the triplet state of MTOs in the PVA matrix are compiled in
Fig. 3c. Notably, the decay rate of the singlet excited state
showed a pronounced increase from MTO-1 to MTO-4. The
near-symmetric kinetics curves of decay and generation implied
a highly efficient ISC process. The ISC yields (FISC) of MTOs
8286 | Chem. Sci., 2025, 16, 8282–8290
were estimated to be >99.9% based on the kinetic parameters
(Fig. 3d).55 The kISC for MTO-1 was calculated to be 1.50 × 1010
s−1, increasing to 1.75 × 1010 s−1 and 2.05 × 1010 s−1 for MTO-
2 and MTO-3, respectively. MTO-4 displayed the highest kISC,
reaching up to 2.55 × 1010 s−1. However, the FP of MTOs in the
PVAmatrix decreased from 69.6% to 2.7% as kISC increased. The
TA data indicate that the ISC in the MTO series of compounds is
highly efficient. Therefore, the phosphorescence quenching
observed in MTO-4@PVA is unlikely to be due to issues with the
generation of triplet excitons. Instead, strong non-radiative
transitions are likely the primary cause.

To exclude the possibility of oxygen-induced non-radiative
transitions in the PVA matrix, the emission spectra of MTO-
4@PVA were initially measured under different atmospheres.
As depicted in Fig. S8,† no noticeable change in phosphores-
cence intensity was observed when the lm atmosphere was
switched from air to argon. The phosphorescence intensity of
MTO-4@PVA signicantly intensied in the steady-state spec-
trum upon decreasing the temperature from 297 K to 77 K
(Fig. 3e). Specically, the area of the emission peak grew by
a factor of 12.1 with decreasing temperature. In comparison,
MTO-1@PVA, MTO-2@PVA, and MTO-3@PVA exhibited
increases of 1.1, 2.1, and 1.6 times, respectively. A pronounced
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Calculated reorganization energies of the T1/ S0 transition are plotted against the frequencies of MTOs. Representative high-intensity
(>500 cm−1) vibrationmodes are shown as insets; (b) schematic distribution of RMSD T0/ S0 values; (c) Huang–Rhys factors of MTOs from T1 to
S0. The insets show the most representative intramolecular vibration modes of MTO-4 in S0 and T1 states.
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elongation in the phosphorescence lifetime was also observed
as the temperature dropped from 297 K to 77 K. The emission
spectrum areas of MTOs in the PVA matrix at various temper-
atures were meticulously analysed (Fig. S9†) and plotted in
Fig. 3f. The area of MTO-1@PVA showed a marginal increase
when the temperature increased from 77 K to 97 K. A distinct
decline, signifying the onset of triplet exciton quenching by
molecular thermal motion, ensued once the temperature
exceeded 217 K. Similar trends were observed for the remaining
three lms. The areas of MTO-2@PVA, MTO-3@PVA, and MTO-
4@PVA started to diminish when the temperature surpassed
157 K, 177 K, and 97 K, respectively. Notably, MTO-4@PVA
displayed a much steeper decrease rate compared to the other
three lms. Intriguingly, the transition temperature points fol-
lowed the same trend as FP (Fig. 3g). The lower transition
temperature points implied that triplet excitons in these lms
were more susceptible to quenching by molecular thermal
vibration, hinting at a large knr.

To further understand the non-radiative pathways and the
underlying mechanisms responsible for the phosphorescence
© 2025 The Author(s). Published by the Royal Society of Chemistry
quenching, we further used the DFT calculations to quantita-
tively assess the vibrational freedom of these compounds at the
B3LYP/def2SVP level. The reorganization energy versus different
normal vibrational modes is computed to evaluate the feasi-
bility of a phosphor in its T1 state to decay via nonradiative
decay (Fig. 4a). Compared to MTO-1, MTO-2 shows a slight
increase in vibration at a low-frequency mode (377 cm−1),
whereas MTO-3 primarily exhibits a slight increase in high-
frequency vibration modes. The subtle changes in the vibra-
tional modes of MTO-2 and MTO-3 may explain the decrease in
their FP. MTO-4 has a remarkably high reorganization energy of
1891.3 cm−1 at a vibrational mode of 82 cm−1. Additionally, the
reorganization energies at 565 cm−1 and 1192 cm−1 are both
greater than 500 cm−1. The signicant increase in vibrational
modes may explain the strong non-radiative transitions in
MTO-4. Further analysis of the root mean square deviation
(RMSD) of this series of compounds revealed that, with the
change in the position of the substituents, the difference
between the optimal congurations of the T1 state and the S0
state gradually increases (Fig. 4b). Specically, MTO-1 has the
Chem. Sci., 2025, 16, 8282–8290 | 8287
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smallest RMSD value of 0.08, whereas MTO-4 has the largest, at
0.33—an increase of about four times. The large RMSD value of
MTO-4 indicates stronger molecular vibrational behavior,
providing more opportunities for non-radiative relaxation. We
further calculated the Huang–Rhys factors of this series of
compounds to characterize their EPC. As shown in Fig. 4c, the
Huang–Rhys factors of MTO-1, MTO-2, and MTO-3 for various
vibrational modes do not exceed 1. However, MTO-4 has four
vibrational modes with Huang–Rhys factors exceeding 1.0,
including a staggering 23.06 at 82 cm−1. Such a high Huang–
Rhys factor indicates strong EPC in MTO-4. Therefore, despite
having similar electronic structures and energy levels in the S0
and T1 states compared to the other three compounds, the T1

state of MTO-4 is highly susceptible to non-radiative
deactivation.
Conclusions

In summary, a suite of efficient RTP materials was engineered
by elaborate molecular designing. The S1 / S0 transition
characteristics was effectively modulated between p / p* and
n / p* transitions by altering the methyl group substituent
position. All synthesized dyes displayed near-unity FISC values.
The kISC increased gradually from MTO-1 to MTO-4 as the
methyl group substituent position varied. However, contrary to
expectations, the FP decreased from 69.6% to 2.7% alongside
the rise in kISC. Theoretical calculations and experimental
results indicate that the quenching of phosphorescence is
primarily due to the strong EPC caused by the positional vari-
ation of the methyl substituents. This nding contrasts with
common factors such as ISC or changes in energy levels, which
are oen considered in the context of phosphorescence
quenching. The positional changes of the methyl groups
signicantly inuence the vibrational modes and the interac-
tion between electronic and vibrational states, leading to
enhanced non-radiative relaxation and, consequently, the
observed quenching of phosphorescence. These ndings
provide a new insight into the design of high-performance RTP
dyes.
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