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Persistent organic room temperature
phosphorescence: what is the role of molecular
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Molecular dimers have been frequently found to play an important role in room temperature
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phosphorescence (RTP), but its inherent working mechanism has remained unclear. Herein a series of
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unique characteristics, including singlet excimer emission and thermally activated delayed ﬂuorescence,
were successfully integrated into a new RTP luminogen of CS-2COOCH3 to clearly reveal the excited-
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state process of RTP and the special role of molecular dimers in persistent RTP emission.

Introduction
Persistent room temperature phosphorescence (RTP), an aerglow from an excited triplet state, has drawn considerable
attention for its wide applications in displays, anti-fake, information storage, bio-imaging and so on.1 Until now, persistent
RTP phenomena have been mainly limited to inorganic
compounds or organometallic complexes, but relatively scarce
in purely organic luminogens because of their weak spin–orbit
coupling and inferior stability of triplet excitons, accompanied
by unclear understanding of the exact inherent mechanism.2
Because of the enthusiasm of scientists, a series of persistent
organic RTP systems have been developed and the internal
mechanism of RTP is gradually being revealed accordingly.
Since the persistent RTP eﬀect just exists in the solid state, the
relationship between molecular packing and the eﬀect has
attracted much attention.3 Particularly, the molecular dimer,
the most important intermolecular interaction form, has been
explored frequently.4 As one of the most impressive examples,
Huang and coworkers have successfully developed a series of
carbazole derivatives with an ultralong RTP eﬀect, in which
molecular dimers with H-aggregation could largely prolong the
lifetimes of triplet excitons.4a Furthermore, dynamic RTP color

tuning from violet to green was achieved in a single-component
molecular crystal by utilizing the diﬀerent energy levels between
monomer and dimers in H-aggregation.4b Besides, Chi and
coworkers proposed the key role of the intermolecular n–p*
electronic coupling in molecular dimers for achieving eﬃcient
persistent RTP.4c Also, our group identied that strong p–p
stacking within molecular dimers could alter the lifetimes of
triplet excitons through decreasing their radiative and nonradiative rates in a series of phenothiazine 5,5-dioxide derivatives.4d,e But what about the exact role of molecular dimers in
crystals? Where does the persistent RTP exactly come from,
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(A) The query about the role of dimers in the persistent RTP
eﬀect and the proposed solution, in which F1 indicates monomerdominated ﬂuorescence, P1 indicates monomer-dominated RTP, F2
indicates singlet excimer ﬂuorescence and P2 indicates possible triplet
excimer RTP. (B) The molecular structure and design strategy of CS2COOCH3.
Fig. 1
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monomer-dominated emission (P1) or a triplet excimer (P2)
(Fig. 1)?
Aer an overview of previous reports concerning purely
organic RTP, it was found that the RTP was more likely to be
monomer-dominated emission (P1), as just the corresponding
monomer-dominated uorescence (F1) occurred and no excimer uorescence (F2) could be observed.1–4 However, there has
been no direct and powerful proof to conrm this point, for the
lack of appropriate RTP examples. As mentioned above, the p–p
stacking in molecular dimers could lead to the persistent RTP
eﬀect in phenothiazine 5,5-dioxide derivatives, and also
a singlet excimer could be formed as a result of p–p interactions
in some cases.5 Thus, persistent RTP and singlet excimer
emission (F2) could be integrated together, with suitable intermolecular p–p interactions. Then, through a careful comparison of emission peaks between RTP and singlet excimer, the
above questions might be answered, as the triplet state is always
lower in energy than the corresponding singlet one in theory.
Besides, to well distinguish RTP from monomer-dominated
emission or a triplet excimer, a small energy gap (DEST)
between excited singlet (S1) and triplet (T1) states should be
necessary. With this, the uorescence and phosphorescence
could closely appear in pairs (F1/P1 and F2/P2). Thus, thermally
activated delayed uorescence (TADF) luminogens with minimized energy gap between S1 and T1 states would be a good
choice.6
In order to realize integrated RTP, with singlet excimer and
TADF eﬀects in one luminogen, two RTP building blocks of
phenothiazine 5,5-dioxide and dimethyl isophthalate were
combined together through the twisted linkage mode of a C–N
bond to yield CS-2COOCH3.4d,e,7 With this structure, three main
purposes could be achieved. Firstly, the persistent RTP eﬀect
could be maintained with the integration of two simple RTP
building blocks. Secondly, the small DEST, as well as the TADF
eﬀect, would be more likely to be realized with this twisted D–A
structure, in which the phenothiazine 5,5-dioxide group acted
as electron donor (D) and dimethyl isophthalate as acceptor (A).
Thirdly, the planar conformations of donor and acceptor units
could promote multiple intermolecular p–p interactions, thus
allowing realization of the formation of an excimer. Fortunately,
persistent RTP and singlet excimer emissions, as well as the
TADF eﬀect, were all integrated into the target compound CS2COOCH3, just as expected. With this, in-depth analyses of the
excited state process in RTP became possible. And it was found
that the persistent RTP was monomer dominated (P1), rather
than from a triplet excimer (P2).

Edge Article
radiation. However, it was strange that the aerglow was much
blue-shied compared to the one under UV irradiation (Fig. 2).
This was totally diﬀerent from the common RTP phenomena in
previous reports, as the excited triplet state should be lower in
energy than the corresponding singlet one in theory.1 Then
photoluminescence (PL) spectra of a crystal, including uorescence and phosphorescence, were measured at room temperature under air or N2 atmosphere (Fig. 2 and S1†). As shown in
Fig. 2A and C, two very diﬀerent emission peaks at 405 and
505 nm appeared in the uorescence spectrum, while the main
peak of RTP was located at 430 nm, accompanied by two
shoulder peaks at 460 and 490 nm. The same went for those
under N2 atmosphere (Fig. S1†). All of the three phosphorescence peaks showed similar excitation spectra, indicating the
shoulder peaks came from the vibration energy levels of the
main phosphorescence one (Fig. S2†). Thus, the occurrence of
long-wavelength uorescence around 505 nm should be the
main reason for the visual blue-shied aerglow. Then why did
the CS-2COOCH3 crystal show double uorescence emissions?
In order to clarify this, CS-2COOCH3 was doped in poly(methyl methacrylate) (PMMA) with a mass fraction of about 5%
or dissolved in tetrahydrofuran (THF) to eliminate the inuence
of intermolecular interactions. As shown in Fig. 2A, C and in
S3,† there was just one uorescence peak at around 420 nm and
no phosphorescence peak for the doped lm and THF solution,
in which the intermolecular interactions could be diminished
and the emission was only from the monomer. Thus, the corresponding short-wavelength uorescence peak at 405 nm for

Results and discussion
CS-2COOCH3 could be easily synthesized through carbonnitrogen coupling reaction, followed by oxidation with
hydrogen peroxide (Scheme S1†). The molecular structure and
purity have been well determined by 1H and 13C NMR spectra,
high-resolution mass spectrum, elemental analysis and highperformance liquid chromatography. A crystal of CS-2COOCH3
showed the expected persistent RTP eﬀect, and its aerglow
could last for more than 1 s aer turning oﬀ 365 nm UV

Chem. Sci.

Fig. 2 (A) The normalized steady-state PL spectra of CS-2COOCH3 in
diﬀerent states—crystal, ground state and doped in poly(methyl
methacrylate) (PMMA) ﬁlm in air. (B) The ﬂuorescence decay curves of
CS-2COOCH3 crystal at 405 and 505 nm in air. (C) The RTP spectra,
acquired after 10 ms delay, of CS-2COOCH3 in diﬀerent states—
crystal, ground state and doped in PMMA ﬁlm under air atmosphere.
(D) The RTP decay curves of CS-2COOCH3 crystal at 430, 460 and
490 nm. Insets: photos of CS-2COOCH3 crystal before and after
turning oﬀ 365 nm UV radiation in air.
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the crystal should be also monomer-dominated emission (F1),
while the one at 505 nm was from aggregates, such as singlet
excimer (F2).
To further conrm this point, the UV-visible absorption
spectra of CS-2COOCH3 in diﬀerent states were measured. As
shown in Fig. S4,† one more shoulder peak at long wavelength
of about 365 nm could be observed for CS-2COOCH3 crystal,
while this peak disappeared in the solution state. This indicated
the strong intermolecular coupling in the crystal. Aer it was
ground heavily, the shoulder peak at 365 nm weakened largely,
accompanied by nearly disappearing excimer emission at
505 nm, as a result of the destruction of molecular packing
(Fig. S4† and 2A). Also, the excitation spectra of the two uorescence peaks in the crystal were similar, which were both redshied in comparison with that in the solution state (Fig. S5†).
These could well demonstrate the formation of a singlet excimer
in the crystal with a particular molecular packing mode.8 Also,
powder X-ray diﬀraction (PXRD) was carried out to monitor the
molecular packing in the crystal and ground states of CS2COOCH3. As shown in Fig. S6,† the PXRD pattern of the CS2COOCH3 crystal was similar to the computed XRD pattern (as
derived from X-ray crystallography), which could rule out the
possible presence of two crystalline morphologies. Aer it was
ground heavily, the PXRD peaks nearly disappeared as a result
of the destroyed molecular packing. At the same time, the PL
spectrum and corresponding excitation spectrum in the ground
state were similar to those for the doped lm (Fig. S7†), while
their PL lifetimes were much diﬀerent (Fig. S8†). It was believed
that the rigid environment from PMMA could decrease the nonradiative motion of CS-2COOCH3 and restrict the diﬀusion of
oxygen, thus leading to the much longer emission lifetime in
PMMA lm. Besides, the crystal and doped PMMA lm of CS2COOCH3 showed a similar TADF eﬀect for their shortwavelength emissions at 405 or 420 nm with average lifetimes
(sFs) of about 1 ms, while the one at 505 nm was much longer
(10.6 ms) (Table 1). This could be well consistent with the
character of a singlet excimer.8 On the other hand, an increasing
component was observed in the time-resolved curve of 505 nm
(Fig. 2B), which might come from its special PL process in the
excited state. According to these experimental results, it was
conrmed that the 505 nm emission in the uorescence spectrum was indeed from the singlet excimer (F2), while the one at
405 nm was monomer-dominated emission (F1).
Interestingly, a unique double TADF eﬀect was observed for
the CS-2COOCH3 crystal in both monomer-dominated emission
(F1) and excimer emission (F2) (Fig. 2B). To the best of our

knowledge, this is the rst example of double TADF eﬀects in
both monomer-dominated emission and excimer emission.9
Besides, the DEST of the crystal was measured to be only about
0.17 eV according to the low-temperature (77 K) PL spectra
(Fig. S9†), which should be small enough to allow the intersystem crossing between S1 and T1 states, and thus to lead to the
TADF eﬀect. Then the temperature-dependent PL spectra of the
CS-2COOCH3 crystal were measured from 77 K to room
temperature. As shown in Fig. 3, the uorescence peaks at 386
and 495 nm were much lower than those of phosphorescence
(407 and 430 nm) at 77 K. With increasing temperature, the
ratios of uorescence peaks both increased, while those of
phosphorescence decreased. At last, just two uorescence peaks
at about 405 and 505 nm could be observed at room temperature, and those of phosphorescence were much weakened. Since
the TADF eﬀect should be promoted with the increased
temperature, these experimental results could well conrm the
emission peak at 505 nm as the thermally activated delayed
singlet excimer emission, rather than phosphorescence. Also,
because of this unique TADF eﬀect, the monomer-dominated
uorescence (F1) (405 nm) and phosphorescence (P1) (430 nm)
could closely appear in pairs, just as we expected. Thus, the ideal
PL spectra were achieved to identify the role of molecular dimer
in the persistent RTP eﬀect. With this, it was easy to determine
that the persistent RTP should be monomer-dominated emission (P1), rather than triplet excimer emission (P2).
To explore the internal mechanism, the single-crystal structure of CS-2COOCH3 was carefully analyzed (Table S1†). As
shown in Fig. 4, CS-2COOCH3 presented a twisted D–A conformation for the C–N linkage mode, which would be much

Fig. 3

Normalized PL spectra of CS-2COOCH3 crystal from 77 K to

298 K.

Table 1 The lifetimes of CS-2COOCH3 in diﬀerent states (sF ¼ A1s1 + A2s2; A1: fraction of the shorter component; s1: lifetime of the shorter
component; A2: fraction of longer-lived component; s2: lifetime of the longer component)

State

lF (nm)

s1 (ns)

A1 (%)

s2

A2 (%)

sF

FF (%)

lP (nm)

sP (ms)

Solution
Crystal

430
405
505
410
420

18.0
55.2
10.0
19.3
30.0

100
13.14
3.74
73.39
56.36

—
1.45 ms
11.0 ms
61.47 ns
2.20 ms

—
86.86
96.26
26.61
43.64

18.0 ns
1.27 ms
10.6 ms
33.6 ns
0.97 ms

21.82
7.96

—
430/460/490

—
91/87/86

15.58
10.40

—
—

—
—

Ground
Doped
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benecial for its TADF eﬀect. Because of the planar conformations of phenothiazine 5,5-dioxide and dimethyl isophthalate
units, they both presented parallel stacks facing each other in
the crystal. Besides, the p–p vertical distance for adjacent
phenothiazine 5,5-dioxide units was as short as 3.76 Å, while
that of adjacent dimethyl isophthalate units was 3.59 Å, indicating the existence of multiple p–p interactions. With these,
the unique molecular dimers were formed, thus allowing realization of singlet excimer emission. Furthermore, all of the
molecular dimers were perpendicular or parallel to each other,
which could well ensure the relatively strong singlet excimer
emission at 505 nm. Also, with the eﬀective p–p interactions,
the persistent RTP eﬀect could be achieved for the decreased
phosphorescent radiative and non-radiative rates, just as in our
previous reports.4d,e Then why was the RTP a monomerdominated emission, rather than from a triplet excimer?
To answer this question, the natural transition orbitals (NTOs)
of the T1 state for the monomer and dimer (derived from its singlecrystal structure) of CS-2COOCH3 were evaluated by timedependent density functional theory calculation.10 As shown in
Fig. 4B, both monomer and dimer gave a charge transfer (CT)dominated T1 state with hole located at phenothiazine 5,5dioxide unit and particle mainly at dimethyl isophthalate unit.
Particularly, only one molecule was involved in the NTO of the T1
state for the molecular dimer, which should be the main reason
for the monomer-dominated RTP emission of the CS-2COOCH3
crystal. Besides, owing to the twisted D–A structure of CS2COOCH3, the well-separated HOMOs and LUMOs could be achieved in both the monomer and dimer of CS-2COOCH3 (Fig. S10†).
With this, a minimized DEST could be achieved, resulting in the
TADF eﬀect and close uorescence/phosphorescence peaks. Thus,
although molecular dimers existed in the crystal, the RTP from the
excited triplet state was still monomer-dominated emission, rather
than triplet excimer emission.
Then how did the monomer (involved in p–p stacking)
generate persistent RTP? Actually, we could get some clues from

Fig. 4 (A) The single-crystal structure and molecular dimer (side view
and top view) of CS-2COOCH3. (B) The natural transition orbitals
(NTOs) of the T1 state for the monomer and dimer of CS-2COOCH3.
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the corresponding uorescence properties. The uorescent
radiative rate (kr) and non-radiative rate (knr) for CS-2COOCH3
in diﬀerent states were estimated based on the corresponding
uorescence lifetimes (s) and quantum yields (FF), including
the doped PMMA lm (@420 nm), monomer-dominated emission in the crystal (@405 nm) and excimer emission in the
crystal (@505 nm) (Table S2†). Their changing tendency is
summarized in Fig. 5. Among them, the molecules doped in
PMMA gave the highest kr and knr for the eliminated intermolecular interaction. As for the monomer involved in p–p
stacking in the crystal, its kr and knr (@405 nm) decreased, thus
beneting a prolonged uorescence lifetime according to the
equation of s ¼ 1/(kr + knr).4d,7a Similarly, the lifetimes of triplet
excitons could also be prolonged for the monomer involved in
p–p interactions with much decreased phosphorescent radiative and non-radiative rates, thus resulting in the persistent RTP
eﬀect. As for the triplet state of the excimer, its phosphorescence radiative rate would be too slow to compete with the
corresponding singlet one, and thus no emission could be
realized for it.
As revealed by the experimental results, coupled with theoretical calculations, it could be concluded that the persistent
RTP was monomer-dominated emission (P1), rather than from
a triplet excimer (P2). Thus, the PL process in the excited state of
CS-2COOCH3 could be understood clearly (Fig. 6). First,
monomers absorbed photons to form singlet excitons. Because
of the small energy gap between S1 and T1 states, eﬃcient
intersystem crossing (ISC) and reverse intersystem crossing
(RISC) between them could happen for some excitons, leading
to the TADF emission with a lifetime of about 1 ms. Subsequently, some of the singlet excitons could interact with adjacent molecules in the ground state to form singlet excimers, for
which the emission lifetime would further increase to about 10
ms for the decreased uorescent radiative and non-radiative
rates. On the other hand, some of the formed triplet excitons,
originating from the ISC transition, would be trapped in
T*1 ðmonoÞ state with much decreased phosphorescent radiative
and non-radiative rates for the p–p interactions. Finally,
monomer-dominated persistent RTP occurred with lifetime up
to about 90 ms. As for the triplet state of the excimer, no
emission could be achieved for the ultra-low radiative rate.

Fig. 5 Changing tendency of the ﬂuorescent radiative rate (kr) and
non-radiative rate (knr) for CS-2COOCH3 in diﬀerent states.
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Notes and references
Fig. 6

The proposed PL process of CS-2COOCH3.

Analyzing the PL process in Fig. 6 carefully, it was not diﬃcult to nd that the microsecond-scale component of the singlet
excimer (@505 nm) could be promoted through two ways (1 and
2), while that of the nanosecond-scale one was just from one
way (3):
(1) S0 / S1(mono) / S1(excimer) / T1(excimer) / S1(excimer) / S0 (microsecond uorescence);
(2) S0 / S1(mono) / T1(mono) / S1(mono) / S1(excimer)
/ S0 (microsecond uorescence);
(3) S0 / S1(mono) / S1(excimer) / S0 (nanosecond
uorescence).
As additional microsecond-scale excitons could be formed
through way (2) in the singlet excimer emission, in comparison
with traditional TADF luminogens, an increasing component
could be observed in the delayed component of 505 nm
(Fig. 2B). Also, this could conrm the accuracy of the proposed
PL process in Fig. 6 from another perspective.

Conclusions
In summary, the unique singlet excimer emission and TADF
eﬀect have been successfully integrated into the RTP luminogen
of CS-2COOCH3 for the rst time. Furthermore, the excitedstate process of RTP was revealed clearly with the aid of these
unique eﬀects, especially for the role of molecular dimers in the
persistent RTP emission. In previous reports, molecular dimers
were frequently found to play an important role in the RTP
eﬀect, but their specic working mechanism has not been
revealed in detail or just been simulated by theoretical calculation. This work has made the rst attempt to reveal the actual
role of dimers in the RTP eﬀect based on solid experimental
results. Of note, the ideal target RTP luminogen with two other
unique emission eﬀects was obtained with both rational
molecular design and good luck. Incorporating the excited-state
characteristics of singlet excimer emission and TADF, it has
been well demonstrated that the persistent RTP was monomer
dominated, rather than from a triplet excimer. The information
obtained from this study would be of great importance for
gaining a clear and deep understanding of the whole RTP
process, thus guiding the further development of this research
area.

This journal is © The Royal Society of Chemistry 2019
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