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The design and regulation of phosphors are attractive but challenging
because of the spin-forbidden intersystem crossing (ISC) process. Here, a new
perspective on the enhancement of the ISC is proposed and demonstrated. Different
from current strategies, the ISC yield (@) is enhanced by decreasing the
fluorescence radiative transition rate constant (kg) via rational molecular designing
rather than boosting the spin—orbit coupling by decorating the molecular skeleton
with a heavy atom, heteroatom, or carbonyl. The kg of the designed molecule in this
case is associated with the substituent position of the methoxy group, which alters
the distribution of the front orbitals. The S, — S, transition of these compounds
evolves from a bright state to a dark state gradually with the variation of the
substituent position, accompanied by the decrease of ky and increase of ®4c. The
fluorescence emission is switched to phosphorescence emission successfully by
regulating the kg. This work provides an alternative strategy to design efficient room-
temperature phosphorescence material.

room-temperature phosphorescence, dark state, heavy-atom-free, phosphorescence quantum yield

etal-free room-temperature phosphorescence (RTP) How to design an efficient phosphor and regulate its

materials have received huge research interest because performance is one of the most important things in the
of their unique photophysical properties, like large Stokes-shift, development of RTP materials. Different from pure organic
long luminescence lifetime, and triplet-state-involved tran- phosphor, fluorescent dyes have been well investigated in their
sition.' > These materials have shown great potential in mechanism, design strategy, and application.m_‘6 Phosphor-
various fields.” "' Weak spin—orbit coupling (SOC) and the escence emission could be regarded as the twin of fluorescence
vulnerable nature of the triplet excited state are the principal emission. They are the different results of the same
difficulties in the design of metal-free RTP materials."”” ' photophysics process.”” Therefore, utilizing the backbone of
Great efforts have been made in the past decade to solve these a fluorescent dye as the foundation structure to explore new
problems.'’™** Generally, these strategies could be classified phosphorescent dyes is a feasible strategy in the design of RTP
into two kinds: (1) inhibiting the nonradiative transition and materials.>®™** How to switch the singlet exciton to a triplet
(2) populating a triplet state exciton. The most popular and exciton is the key factor of the strategy. In most of the current
efficient strategies to suppress the nonradiative transition have work, the singlet exciton was switched to a triplet exciton by
been the embedding of RTP materials into a rigid matrix introducing heavy atom or carbonyl functional groups, which
(micromolecule or polymer), crystallization, and being enhanced the ISC by boosting SOC, into the backbone of a
included in macrocyclic molecules, while the heavy atom fluorescent dye.”**”***3** However, a strong SOC does not

(Br, 1) effect, heteroatom (N, O, S, B, P) effect, and carbonyl
have been the familiar strategies since the 1940s in the
facilitation of the intersystem crossing (ISC), which is critical
to the population of a triplet state exciton, through
enhancement of the SOC.>> Moreover, H-aggregates, exciplex,
cluster-triggered emission, and energy transfer strategies have
also been developed to design RTP materials.”"**** By

always hint at an efficient phosphorescence emission. A large
energy difference between the lowest singlet excited state (S;)
and triplet state or a high fluorescence radiative transition rate
constant (kp) may break down the superiority of ISC and lead
to a small ISC yield (®gc) and phosphorescence quantum

comprehensively utilizing these strategies, many impressive May 30, 2023
breakthroughs have been made very recently.'”**” For July 4, 2023
example, the emission wavelength of organic RTP material July §, 2023
was up to 819 nm.”® The phosphorescence quantum yield was July 7, 2023

enhanced to an extremely high level.”” The duration time of
the afterglow was prolonged to more than an hour.'
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yield (®p). A new design strategy for efficient RTP materials is
in high demand.

Herein, we present a case that switched the fluorescence to
phosphorescence efficiently by decreasing the kg by simply
altering the substituent position of methoxyl, which was
associated with the energy level of the n orbital. In this case,
the n orbital energy of methoxyl-substituted thiochroman-4-
one derivatives decreased gradually with the variation of
substituent position (Figure 1, MeTO-1, MeTO-2, MeTO-3,
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Figure 1. Chemical structure of target compounds and simplified
Jablonski diagram for the transition process from the lowest excited
state in aromatic compounds.

and MeTO-4), which resulted in the n — #* transition
evolving into the dominant orbitals of the S, — S, transition.
Therefore, the S; — S, transition of MeTO-3 and MeTO-4
became a dark state because of the forbidden transition
process, which led to an extremely small oscillator strength (f)
and kg. Correspondingly, these compounds evolved gradually
from fluorescence-dominant (MeTO-1) to phosphorescence-
dominant (MeTO-4) luminescent material. MeTO-4, espe-
cially, exhibited a 46.8% @}, and near 0% fluorescence quantum
yield (@) in the poly(vinyl alcohol) (PVA) matrix. The
fluorescence was switched to phosphorescence effectively by
simply altering the substituent position. This work indicated
that decreasing the kp should be an alternative strategy to
obtain efficient RTP materials.

As shown in Figure 2a, MeTO-1 exhibited the longest
absorption wavelength around 367 nm, tailed to 420 nm, in
acetonitrile. An obvious hyperchromatic shift was observed
with the variation of substituent position. The 7-substituted
thiochroman-4-one derivative (MeTO-3) exhibited the short-
est absorption wavelength around 330 nm, which was even
shorter than thiochroman-4-one.* It is worth mentioning that
these compounds only exhibit a weak extinction coefficient
(~3000 L/mol/cm). Similar to absorption spectra, MeTO-1
exhibited the longest emission wavelength (448 nm) in the
fluorescence spectrum. A 15 nm hyperchromatic shift was
observed with the methoxyl changing from the 6- to 8-
substituent position (MeTO-2). A distinct decrease in
intensity was also observed for it. Specifically, ®p decreased
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Figure 2. (a) Normalized absorbance (dash line) and fluorescence (solid line) spectra of MeTOs in acetonitrile. (b) Calculated f (blue line) and
®@;; of MeTOs in acetonitrile; C = 1.0 X 10™* M. (c) Frontier molecular orbital, energy level diagrams, and transition configurations (%) of Sy — S,
transition of MeTOs. (d) highest occupied natural transition orbitals (NTO) (HONTO) and lowest unoccupied NTO (LUNTO) for the Sy — S,

transition of MeTOs.
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Figure 3. PL (solid line) and phosphorescence (dashed line) spectra of MeTO-1 (a), MeTO-2 (b), MeTO-3 (c), and MeTO-4 (d) in PVA matrix.
(e) Lifetime spectra of phosphorescence emission of MeTOs in PVA matrix. (f) The calculated f (blue line) and @}, of MeTOs in PVA matrix. (g)
The frontier molecular orbital, energy level diagrams, and SOC coefficients of MeTOs in the gas phase.

from 17.6% to 2.7% (Figure 2b, Table S1), while almost only a
noise signal was recorded for the fluorescence spectra of
MeTO-3 and MeTO-4 (Figure 2a). The absolute quantum
yield experiment also agreed with the silence of these
compounds in the fluorescence spectrophotometer (Figure
2b, Figure S1). The f was estimated according to the
experimental data and listed in Table S1.* Interestingly, f
decreased from 0.0509 to 0.0011 with the variation of
substituent position, thereby indicating that the S, — S,
transition evolved from a bright state to a dark state gradually,
and the ®p exhibited the same variation tendency with f
(Figure 2b). As listed in Table S1, a distinct decrease was also
observed for the ky. It significantly decreased from 3.74 X 107
s' t0 0.28 X 107 s~! with the variation of substituent position.
Such a slow transition process supported the dark state nature
of S; of MeTO-3 and MeTO-4. In other solvents, these
phenomena could also be observed (Figure S3).

To further reveal the possible reason for the dark state,
density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations were carried out on
the Gaussian GO9 program at the B3LYP/6-311G* set.*” As
illustrated in Figure 2c, the Sy — S, transition of all four
compounds was assigned to the HOMO/HOMO-1/
HOMO-2 — LUMO transition. Because of the very similar
molecular skeleton and same electron-withdrawing functional
group (carbonyl), the variation of substituent position did not
exhibit an obvious influence on the LUMO distribution and
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energy level. The LUMO of these compounds exhibited a very
similar distribution primarily located on the carbonyl and
benzene segments, and no obvious variations in the energy
level of these LUMOs were observed. However, a significant
change was observed in the distribution and energy level of the
HOMO, HOMO-1, and HOMO-2 with the variation of the
methoxyl group (the electron-donating functional group). The
HOMO of MeTO-1 was located on the sulfur atom and
benzene segments, primarily, and assigned to a 7-characterized
orbit, while the HOMO—1 was primarily located on the
carbonyl segments orthogonal with the HOMO and LUMO
and assigned to an n-characterized orbital. The S, — S,
transition of MeTO-1 was primarily contributed by 7 — 7#*
transition (HOMO — LUMO, 96.8%) and partially by an n —
7* transition (HOMO—1 — LUMO, 0.7%). Moreover, the f of
the S, — S, transition was calculated to be 0.0483. The
HOMO and HOMO-1 distributions of MeTO-2 were very
similar to MeTO-1. With variation of the substituent position,
a slight decrease in the energy level of the HOMO of the S, —
S, transition was observed for MeTO-2, while the f exhibited a
slight increase. Interestingly, the contribution of the n — #*
transition (HOMO—1 — LUMO, transition forbidden) on the
So = S, transition exhibited a slight increase compared with
MeTO-1, and a slight decrease was also observed for the
contribution of the £ — 7* transiton (HOMO — LUMO,
transition allowed). With the methoxyl changed to the para-
position of carbonyl, MeTO-3 exhibited the lowest HOMO

https://doi.org/10.1021/jacsau.3c00268
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Table 1. Photophysical Parameters of MeTOs in PVA Matrix (0.3 wt %)

(0]
Ag/nm  Ap/nm PL/% phosphorescence/% fluorescence/% Tp/ns kg/s™'¢ Tp/ms kyse/s71e Dig/%
MeTO-1 450 550 38.6 24.0 14.6 5.96 245 x 107 11.47 1.06 x 10° 63.17
MeTO-2 445 517 35.1 34.7 0.4 1.56 023 X 107 14.08 6.34 x 10° 98.96
MeTO-3 470 42.6 42.6 ~0 1.74 ~ 0 11.87 5.75 x 108 99.98
MeTO-4 456 46.8 46.8 ~ 0 0.51 ~ 0 3.60 1.96 X 10° ~100

“kp = Op/ 7z bleC = @5/ 75

energy level, which was calculated to be —6.17 eV. The
HOMO-1 — LUMO (n — x* transition, transition
forbidden) transition evolved into the dominant orbitals of
the Sy — S, transition with a 64.4% fraction. Therefore, a small
value of f (0.0083) was calculated for it. The f further
decreased to 0.0001 with the methoxyl changed to the ortho-
position of carbonyl. Similar to the other compounds, the
HOMO of MeTO-4, located primarily on the sulfur atom and
benzene segments, was assigned to the 7 characteristic orbit.
The HOMO-1 located primarily on the carbonyl segments
was assigned to the n-characteristic orbit. The S, — §;
transition of MeTO-4 was mainly assigned to the HOMO—1
— LUMO (n — #* transition, 92.0%, transition forbidden)
and partially to the HOMO — LUMO (z — #* transition,
0.6%, transition allowed). The forbidden transition explained
the extremely small f of it. It seems that the energy level of the
n orbital, distributed on the carbonyl, kept increasing with the
variation of substituent position, and the energy level of the #
orbit, distributed primarily on sulfur atom and benzene
segments, kept decreasing. Therefore, the energy difference
between the n and 7 orbitals kept decreasing. Specifically, the
energy difference for MeTO-1 was calculated to be 1.19 eV,
and it decreased to 1.04, 0.71, and 0.54 eV for MeTO-2,
MeTO-3, and MeTO-4, respectively. Moreover, the n orbital,
located on the carbonyl segments, primarily, evolved into the
dominant orbital of the S; — S, transition with the variation of
the methoxyl substituent position. A clearer picture could be
observed in natural transition orbitals (NTO), which were
generated by Multiwfn 3.8 program.”® As illustrated in Figure
2d, the lowest unoccupied NTO (LUNTO) of the four
compounds exhibited a very similar distribution, while the
highest occupied NTO (HONTO) showed a distinct change
with the variation of the substituent position. The HONTO of
MeTO-1 was primarily distributed on the sulfur atom and
benzene segments, and a negligible distribution in the carbonyl
group was also observed. Interestingly, the distribution of the
HONTO changed from the sulfur atom and benzene segments
to the carbonyl group gradually with the variation of
substituent position, and no obvious distribution of HONTO
on the benzene segments was observed for MeTO-4, which
confirms the forbidden transition nature of the S, — S,
transition. The 7 — 7* to n — #* transition evolution of
these compounds should be the inherent reason for the dark
state nature of these compounds.

To observe the phosphorescence emission at room temper-
ature, these compounds were embedded into the PVA matrix
to suppress the nonradiative transition and isolate the oxygen
to some extent. The obtained films were named MeTO-1@
PVA, MeTO-2@PVA, MeTO-3@PVA, and MeTO-4@PVA,
respectively. Powder X-ray diffraction spectra confirmed the
amorphous state of all of the obtained materials (Figure S4).
As illustrated in Figure S4, these films exhibited absorption
spectra very similar to the same compounds in acetonitrile,
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except for a little hyperchromatic shift. All of these compounds
exhibited distinct emission peaks in the range of 400—700 nm
in PL spectra (Figure 3a—d). Specifically, MeTO-1 exhibited a
distinct emission peak around 450 nm and a shoulder peak at
around 550 nm in PL spectra, while only a dominant emission
peak around SSO nm was observed in delayed spectra (delay
time = 0.1 ms, gate time = 2.0 ms). Moreover, the emission
lifetimes for the 450 and 550 nm peaks were measured to be
5.96 ns (Figure S6) and 14.08 ms (Figure 3e), respectively.
Therefore, the former peak was assigned to a fluorescence
emission, and the latter emission was assigned to a
phosphorescence emission. The PL and delayed emission
spectra of MeTO-1 in 2-methyl tetrahydrofuran (MTHF) at
77 K could also confirm our conclusions (Figure S7). Similar
to MeTO-1@PVA, two distinct emission peaks, located at 440
and 518 nm, respectively, were observed for MeTO-2@PVA in
PL spectra. Combined with the delayed spectra and the PL
spectra of MeTO-2 in MTHF at 77 K, the former peak was
assigned to fluorescence emission with a 1.56 ns lifetime, while
the latter emission was assigned to phosphorescence emission
with an 11.47 ms lifetime. It should be noted that the
fluorescence emission of MeTO-2@PVA decreased signifi-
cantly, and the phosphorescence emission evolved into the
dominant emission. Almost no fluorescence emission was
detected for MeTO-3@PVA or MeTO-4@PVA. As shown in
Figure 3c,d, only strong emission peaks around 470 nm (7 =
11.87 ms) and 450 nm (7 = 3.60 ms) were detected for
MeTO-3@PVA and MeTO-4@PVA, respectively, in the PL
spectra. Their delayed emission spectra exhibited a highly
similar profile to the PL spectra, which hinted that these
materials have almost no fluorescence emission. A similar
phenomenon could also be observed in the PL and delayed
emission spectra of the same compounds in MTHF at 77 K.
The @ and @}, values of these compounds exhibited a very
interesting variation. As listed in Table 1 and Figure S7, the @,
and @, of MeTO-1@PVA were estimated to be about 14.6%
and 24.0%, respectively, while the ®; of MeTO-2@PVA
significantly decreased to 0.36%, and the @y, values of MeTO-
3@PVA and MeTO-4@PVA were estimated to be about 0.
The variation of ®p was contrary to the ®g: a distinct increase
was observed, along with a decrease in f (Figure 3f). MeTO-
4@PVA, which possessed the smallest f, especially showed the
highest @}, (46.8%) in the PVA matrix. To further confirm the
variation of the ratio of fluorescence to phosphorescence and
the variation of photoluminescence quantum yield originating
from the change of the inherent properties of these molecules
with the variation of the substituent position, the emission
spectra of these compounds in MTHF at 77 K were examined
(Figure S7). Similar to these compounds in the PVA matrix,
only compound MeTO-1 exhibited a distinct fluorescence
emission around 420 nm in the PL spectra at 77 K, while
MeTO-2 exhibited a very weak fluorescence emission around
400 nm, and the fluorescence of MeTO-3 and MeTO-4 was

https://doi.org/10.1021/jacsau.3c00268
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Figure 4. (a—d) Femtosecond broadband-transient absorption spectra of MeTOs in acetonitrile under 340 nm excitation. (e) TA spectra of
MeTO-2 at different pump—probe delay times. (f) Dynamics of MeTO-2 at 516 and 646 nm detection wavelengths (dashed line, experimental
data; solid line, fitted results). (g) Jablonski diagram shows the photophysical processes of MeTO-2 after excitation.

almost undetectable. Using the integral area of the fluorescence
and phosphorescence emission peaks of these MTHF solutions
in the PL spectra at 77 K, the @4 values were estimated and
listed in Table 1. MeTO-1 exhibited a moderate 63.17% g,
while a near-unity @5 was estimated for compounds MeTO-
2, MeTO-3, and MeTO-4. The kg values of these compounds
in the PVA matrix exhibited a similar variation in acetonitrile
(Table 1). The kg of MeTO-1 was calculated to be 1.06 X 10°
s\ It decreased by more than an order of magnitude for
MeTO-2, while the kg was approximated to be 0 for MeTO-3
and MeTO-4, which both possessed a dark S state because of
the near 0 @ values of these compounds.

As mentioned above, a decrease in kg is an alternative
strategy to enhance ®5c. To further testify to that point,
TDDFT and ORCA calculations were also performed to
evaluate the SOC of these compounds. As shown in Figure 3g,
the second triplet state (T,) of these compounds was the
highest triplet state less than or close to the S, state, and the S,
— T, and Sy — T, transitions of these compounds were
assigned to n — ¥ or 7 — 7%, respectively. Therefore, either
the S, = T, or S; = T, ISC process will be a spin-allowed
process according to the El-Sayed rule,”® with the S; — S,
transition configurations of these gradually compounds
changed from a 7 — #*-characterized transition to an n —
m¥-characterized transition. ORCA calculations agreed very
well with the orbital distribution. Either T, or T, exhibited a
decent SOC value (>6.0 cm™) with S, which provided the
probability of efficient RTP. The fluorescence was the
dominant emission in the photoluminescence process of
MeTO-1@PVA, although a large SOC (11.20 cm™") was
calculated between S, and T,, the energy difference between
them was as small as 0.028 eV, and the @5 was estimated to
be 63.17%. The phosphorescence evolved into the dominant
emission for MeTO-2@PVA, although the SOC value between
its S; and T, was estimated at only about 6.01 cm™, despite
the similar electron distribution with MeTO-1. Moreover, the
@5 of MeTO-2 was estimated to be as high as 98.96% despite
the relatively small SOC. This phenomenon indicated that the
high SOC value may not be the decisive factor for a high ®g.
In consideration of the small ki of MeTO-2@PVA, which was
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an order of magnitude lower than MeTO-1@PVA, we believe
the high @5 of MeTO-2 was the result of the small kg rather
than the SOC. Both the T, and T, of MeTO-3 have exhibited
a large SOC with S;, which was estimated to be about 19.79
and 9.10 cm ™, respectively, and the largest SOC (18.18 cm™)
was calculated for MeTO-4 between T, and S;. With such a
large SOC value, the small energy difference between S, and
T, and the forbidden S; — S, transition process (extremely
small kg) should be the reasons for the nonfluorescence and
strong phosphorescence properties of MeTO-3 and MeTO-4
in the PVA matrix at room temperature or MTHEF at 77 K.
Femtosecond transient absorption (TA) spectra of these
compounds in acetonitrile were measured and are displayed in
Figure 4 and Figure S9 to further reveal the photophysical
process of these compounds. The absence of the ground-state
bleach (GSB) signal of these compounds was due to their
absorption being out of our detection range. A strong
stimulated emission (SE) signal around 470 nm persisted in
the whole detection time window (1000 ps) for MeTO-1, and
an obvious increase in intensity was observed for it (Figure
S9a). Only one excited-state absorption (ESA) in the range of
550—750 nm, assigned to the absorption of the singlet state,
was observed right after excitation. The ESA signal exhibited a
very slow multiple exponential decay after the excitation. The
excitation state did not completely relax to the ground state
even after 6000 ps (Figure S9d). No triplet state ESA signal
was observed during the experiment, which might result from
the signal being too weak to detect or the signal being out of
our detection range. We speculated that the ISC process is very
slow due to the long-lived singlet state. MeTO-2 exhibited an
ESA signal, assigned to the singlet state absorption, in the
range of 500—650 nm right after the excitation and evolved
into a long-lived broad ESA band ranging from 400 to 600 nm
in 348 ps with the simultaneous decrease of the SE signal
around 450 nm (Figure 4b,e). The newly aroused EAS peak
was assigned to the absorption of the triplet excited state
because the signal kept increasing during the whole detection
window. Moreover, the relaxation of the S; state and
generation of the T, state for MeTO-2 were almost complete
at the same time, thereby indicating the near-unity @5 of
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these compounds (Figure 4f). Figure 4g displays a Jablonski
diagram that describes the proposed photophysical behavior of
MeTO-2 after excitation on the basis of the analysis of the TA
spectra. Different from compounds MeTO-1 and MeTO-2, no
obvious SE or ESA signal was observed for MeTO-3 right after
the excitation, while a broad ESA signal from 400—650 nm
evolved in the first 10 ps, which was assigned to the absorption
of triplet state (Figure 4c). No obvious decay was observed for
the EAS signal during the whole detection window (Figure
S9b,e). No appreciable SE signal was observed for MeTO-4
(Figure 4d, Figure S9c). The almost undetectable SE signal for
MeTO-3 and MeTO-4 in the TA spectra confirmed the
absence of fluorescence of MeTO-3 and MeTO-4 in the PL
spectra, while an ESA signal around 400—475 nm assigned to
the absorption of the singlet state was also recorded for
MeTO-4 right after excitation. The ESA signal evolved into a
long-lived broad ESA signal assigned to the triplet state
absorption and covered from 400 to 650 nm in 11 ps. The
D5 of MeTO-4 was estimated to be near 100% because of
the relaxation of the S, state, and the generation of the T state
was almost complete at the same time.

In conclusion, a series of efficient RTP materials have been
obtained on the basis of the methoxy-substituted thiochroman-
4-one skeleton. The fluorescence emission was switched to
phosphorescence emission effectively by altering the sub-
stituent position of the methoxy group, which is associated
with the kz. The Sy — S, transition was switched from a bright
state to a dark state, which indicated a very small kg, gradually
with the variation of the substituent position. The combination
of the small ki and El-Sayed allowed the ISC process, and the
@5 was enhanced from 63.17% to almost 100%, while the @y
decreased from 14.6% to about 0%, simultaneously. In line
with the enhancement of @, the @D, values of these
compounds were boosted from 24.0% to 46.8%. We
demonstrated that decreasing the kg by rational molecular
design is an alternative strategy for efficient organic RTP
material. This work provides new insight into the design of the
RTP system.

2-Methoxybenzenethiol, 3-methoxybenzenethiol, 4-methoxy-
benzenethiol, and 3-bromopropanoic acid were purchased
from Adamas, Aladdin, or Energy. All solvents were obtained
commercially and used as supplied without further purification.

The THF solution of phosphor (S mL) was added to an
aqueous solution (30 mL) of PVA (1.0 g) under vigorous
stirring. Then, the solvent was evaporated under a vacuum to
obtain the desired phosphor-containing PVA film.
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