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Simultaneous fluorescence-phosphorescence
dual-emission based on phenoxathiin and
polycyclic aromatic hydrocarbons towards
temperature sensing
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Jiadong Zhou,*® Bingjia Xu 2 ** and Guang Shi*®

Dual-mode fluorescence-phosphorescence emission materials have attracted significant attention due to their
wide range of potential applications. However, it remains challenging to obtain organic dual-mode
fluorescence-phosphorescence materials that are both highly efficient and long-lived. To investigate the impact
of molecular structures on fluorescent-phosphorescent temperature probes, phenanthrene (Phen) and
teriphenylene (TP), two polycyclic aromatic hydrocarbons, were introduced into the phenoxathiin (POX) unit,
which exhibits a folding-induced enhanced spin—orbit coupling effect. The POX derivatives (POXPhen and
POXTP) were doped as guest emissive molecules into melamine-formaldehyde polymer films, showing both
highly efficient fluorescence and phosphorescence with phosphorescence quantum yields and lifetimes
exceeding 20% and 1 second, respectively. Theoretical and experimental results demonstrate that different steric
hindrance effects and van der Waals forces exerted by the Phen and TP groups on the POX unit lead to
perturbed conformations involving the torsion angles between Phen/TP groups and POX fragments. These
perturbed conformations impact the intersystem crossing process as well as fluorescence and phosphorescence
processes. Notably, the molecular conformational distribution exhibits temperature reliability, and the
temperature-dependent emission of POXPhen and POXTP demonstrates a good linear relationship between the
phosphorescence to fluorescence intensity ratio and temperature, ranging from 9.25 °C to 110.95 °C and
525 °C to 8895 °C, respectively. These findings provide important theoretical guidance for the design of
precise temperature probes gauging fluorescent-phosphorescent ratios by regulating perturbed molecular

rsc.li/frontiers-materials conformations.

Introduction

Dual-emission materials with fluorescence and phosphores-
cence properties combine the rapid response of fluorescence
with the long-lived afterglow characteristic of phosphore-
scence." These materials have attracted much attention recently
due to their potential applications in anti-counterfeiting,” dis-
play technologies,® sensing,*** and bioimaging.® However, it
is still challenging to create dual-emissive materials with a high
phosphorescence quantum yield (®,) and an ultralong phos-
phorescence lifetime (zp) under ambient conditions because
the singlet-triplet transition in pure organic molecules is
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spin-forbidden, and triplet excitons tend to undergo non-radiative
decay under ambient conditions."*™*® The &, and 7, values of
organic/polymeric luminescent materials can be improved by enhanc-
ing spin-orbit coupling (SOC), promoting intersystem crossing
(ISC), and stabilizing triplet excitons. Therefore, the introduc-
tion of heavy atoms or heteroatoms with lone-pair electrons and
the creation of unique molecular aggregates are crucial strategies
for achieving high-performance fluorescent-phosphorescent dual-
emissive materials.””>* However, enhancing SOC to promote
ISC, which improves phosphorescence efficiency, often results
in a shorter phosphorescence lifetime.*® Therefore, precise
design guidelines for producing high-performance fluorescent-
phosphorescent dual-mode emissive materials are highly desirable.

To investigate the connection between molecular structures and
phosphorescent qualities, Yang’s group®® synthesized thianthrene
and its oxygen-substituted analogues, phenoxathiin and dioxin. The
folding angles of these three luminogens were determined to be
126.05°, 143.44° and 180°, respectively, by systematic investigation.
These compounds exhibited room-temperature phosphorescence
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(RTP) quantum yields of 31.3%, 1.2%, and 0%, respectively,
when doped in amorphous polymethyl methacrylate films.
These results demonstrated that the folded conformation can
enhance the RTP efficiency, but the lifetime is only at the
millisecond level. Through precise control of molecular pack-
ing density and SOC, Su’s group®’ synthesized phenoxathiin
and its borate ester derivatives, obtaining a high RTP quantum
yield of 20% in single crystals, but with a limited lifetime of
20 ms. It can be seen that the folded phenoxathiin and
thianthrene derivatives can enable purely organic RTP emission
by simultaneously enhancing ISC and stabilizing triplet exci-
tons through their fold-enhanced SOC mechanism. Neverthe-
less, the performance of such SOC-enhanced RTP materials is
still constrained by the lack of universal molecular design
principles. Therefore, developing rational molecular design
strategies to achieve high @, and ultralong 7, remains an
urgent priority concurrently. On the other hand, systematic
investigations reveal that polycyclic aromatic hydrocarbons
(PAHS), such as phenanthrene (Phen) and triphenylene (TP),
have planar and rigid structures that efficiently inhibit mole-
cular vibrations, leading to highly efficient luminophores.**™°
Hence, to achieve a dual-mode fluorescence-phosphorescence
emission, it is an involuntary strategy to link the fluorescent
PAH and the folded POX units that offer the ISC channels.

In this work, two organic luminogens, POXPhen and POXTP,
were designed, synthesized, and then doped into a melamine-
formaldehyde (MF) polymer to create dual-emission materials.
The MF polymer can isolate moisture and oxygen to stabilize
triplet excitons, provide an external rigid environment to
restrict intramolecular motions, and optimize the folded con-
formation of the POX segment by utilizing the various steric
hindrances and van der Waals forces generated by the polycyclic
segments. The resulting polymer materials, POXPhen@MF and
POXTP@MF, exhibit a high &, of 20.32% and 25.08%, as well as
ultralong 7, of 1.60 s and 1.20 s, respectively. In comparison, the
lifetimes were 35.07 ms and 31.58 ms, respectively, when POX:
Phen/TP was blended at a mass ratio of 1:1 (non-covalent bond-
ing). The relationship between molecular conformation and emis-
sion properties was also investigated. The temperature-dependent
conformational perturbations and distributions varied from the
folded angle of the POX unit and the rotational angles between the
POX and PAH units, leading to a linear temperature-response
towards fluorescence and phosphorescence intensities, which
expands the application scenarios of dual-emission materials with
fluorescence and phosphorescence in sensing.

Results and discussion

The POX unit was functionalized by adding either a Phen or a TP
moiety, and the target POXPAH compounds, POXPhen and POXTP
(Fig. 1a), were synthesized via a Suzuki-Miyaura cross-coupling
reaction (Scheme S1). The final products were purified by silica gel
column chromatography and recrystallization. Their chemical
structures and sample purity were fully characterized through 'H
nuclear magnetic resonance spectroscopy, high-resolution mass
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spectrometry and high-performance liquid chromatography
(HPLC).

The steady-state PL spectra of POXPhen and POXTP crystals
exhibit the emission peak at 417 nm and 395 nm, respectively,
under 300 nm UV excitation (Fig. S1). In addition, the lifetime
decay curves revealed that the longest lifetimes corresponding
to these emission peaks are on the nanosecond scale, confirm-
ing that the emission peaks of POXPhen and POXTP crystals
originate from fluorescent processes (Fig. S2).

The UV-visible absorption spectra of the luminogens in
different dilute solutions (10~> M) are provided in Fig. S3.
POXPhen displays an intense absorption band at 297 nm,
which can be attributed to n-n* transitions of the molecules.
Meanwhile, an absorption tail is also observed in the region
above 300 nm, which likely originates from charge transfer (CT)
transitions (vide infra in the theoretical discussion). POXTP
displays structureless absorption bands, but a similar shape
with a small red shift related to POXPhen. Notably, the proper-
ties of the localized excited (LE) and charge transfer (CT)
transitions in dilute solutions are confirmed by the fact that
both compounds exhibit almost identical absorption profiles
over a range of different solvent polarities. The fluorescent and
phosphorescent properties of POXPhen and POXTP were inves-
tigated through steady-state PL and delayed emission spectra at
77 K in tetrahydrofuran (THF) solutions (Fig. S4). The steady-
state PL spectra displayed dual-emission peaks at 372/544 nm
for POXPhen and 385/497 nm for POXTP, while the corres-
ponding delayed spectra only showed single emissive peaks at
544 nm and 497 nm, respectively, which are attributed to the
phosphorescent bands. Meanwhile, the steady-state PL spectra
and delayed emission spectra of POXPhen and POXTP pre-
sented substantial overlap in frozen THF solutions, indicating
that POXPhen and POXTP have strong SOC and potential to
achieve efficient RTP. To verify this hypothesis, POXPhen and
POXTP were employed as guest molecules and doped into the
MF polymer matrix, respectively. The rigid three-dimensional
covalent network of the MF polymer is capable of restricting
molecular motions to suppress non-radiative decays, thereby
enabling efficient RTP of POXPhen and POXTP under ambient
conditions. The doping concentrations of the guest luminogens
were subsequently optimized. The emission of pure MF film is
extremely weak and negligible (Fig. S5a-d). The optimal doping
concentrations for POXPhen@MF and POXTP@MF are 0.05%
and 0.10%, respectively, as the intensities of their steady-state
and delayed PL spectra reach the maximum, with long lifetimes
of 1.60 s and 1.20 s (Fig. S5b, d, and f). In addition, the
wavelengths of the POXPhen@MF and POXTP@MF delayed
emission peaks remain essentially unchanged as the doping
concentration increases (Fig. S5). These observations indicate
that the phosphorescence of POXPhen@MF and POXTP@MF
probably originates from single molecules of the guest lumino-
gens. The POXPhen@MF and POXTP@MF films with optimal
doping concentrations were subjected to the following study.

The steady-state PL spectra and delayed emission spectra of
POXPhen@MF and POXTP@MF exhibit significant overlap, as
illustrated in Fig. 1b and c. Their calculated ISC rate constants
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Fig. 1 (a) Chemical structures of POXPAH compounds and the schematic of small molecules doped in the MF polymer with a 3D covalent network, and
the mechanism diagram of POXPhen@MF. (b) and (c) Steady-state PL spectra and the delayed emission spectra (delayed 1 ms) of POXPhen@MF and the
POXTP@MF with the optimal doping concentration. (d) Delayed emission decay curves and lifetimes of POXPAH@MF with the optimal doping
concentration (excitation: 300 nm). (e) Delayed emission spectra (delayed 1 ms) of 0.10%-POX@MF, 0.10%-Phen@MF and 0.10%-TP@MF (excitation:
300 nm). (f) Afterglow images of the blank MF polymer, POX@MF, POXPhen@MF and POXTP@MF (excitation: 310 nm).

are 15.7 x 10° s and 16.3 x 10° s~ suggesting efficient ISC
processes. The @, values of POXPhen@MF and POXTP@MF
under ambient conditions are 20.32% and 25.08%, respectively,
while the &g, values under ambient conditions are 4.34% and
3.77% (Table S1). The delayed emission peak of POXPhen@MF
at 525 nm has a lifetime of 1.60 s, and the delayed emission
peak of POXTP@MTF at 485 nm has a lifetime of 1.20 s (Fig. 1d).
Afterglow luminescence images of POXPAH@MF and POX@MF

under identical conditions are shown in Fig. 1f. Notably, the
host-guest doping strategy enables ultralong and efficient RTP
of POXPhen and POXTP when utilizing the rigid MF polymer as
the host. The steady-state emission peak of POXPhen@MF at
372 nm has the longest lifetime of 12.95 ns, while that of
POXTP@MF at 385 nm has the longest lifetime of 15.38 ns,
both of which are at the nanosecond level, as illustrated
in Fig. 1b, ¢ and Fig. S6. These results indicate that the
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steady-state emission peaks of POXPAH@MF in the near-
ultraviolet region stem from fluorescence. Therefore, by intro-
ducing fused-ring segments with different sizes into the POX
moiety and embedding the resulting luminophores into the MF
polymers, it may be possible to regulate the SOC of the
molecules and thereby enable efficient ultralong RTP, resulting
in fluorescence-phosphorescence dual emissions. The effects of
excitation wavelength and time on delayed emission were
investigated, as shown in Fig. S7 and S8. The wavelengths of
the delayed emission peaks in the excitation-delayed emission
maps of POXPhen@MF and POXTP@MF remain invariant to
the excitation wavelengths. These results further confirm that
the phosphorescence center is the guest molecule in a mono-
molecular state. Notably, POXPhen@MF and POXTP@MF have
similar excitation wavelengths, which may be due to the
important role of the POX segment in the excitation process.
Photophysical properties of POX@MF were then investigated to
further validate the luminescent centers of POXPhen and
POXTP. The steady-state PL spectra of POX@MF completely
overlap with its delayed emission spectra, exhibiting efficient
and pure organic RTP with an emission peak at 471 nm, as
shown in Fig. S9. However, the lifetime of this blue phospho-
rescent peak is only 38.41 ms. Moreover, ultralong RTP could
be not observed when POX was physically blended with Phen or
TP at a 1:1 ratio and subsequently doped into the MF polymer
films. The phosphorescence lifetimes of the resulting materials
were only 35.07 ms and 31.58 ms, respectively (Fig. $S10), which
indicated the inefficient energy transfer from POX to PAH for
ultralong RTP. In sharp contrast, when POX is covalently linked
to Phen/TP and the resulting guest molecules POXPhen and
POXTP are doped into MF polymer matrices, efficient RTP with
high &, and ultralong 7, is achieved. This is because n-rn*
transitions are promoted by the introduction of POX, which has
a fold-induced enhanced SOC impact. In essence, heterocyclic
compounds with folded geometry enable ISC processes involv-
ing geometrical planarization from the singlet to the triplet
excited states, which are dependent on the folded angle. This
facilitates the enhancement of SOC and thus the ISC process to
increase the population of triplet excitons.***°"*> Meanwhile,
intramolecular charge transfer occurs between the planar rigid
Phen/TP fragments and the POX fragment, generating CT
intermediates. The steric hindrance imposed by Phen and TP
units effectively inhibits intramolecular rotation and
diminishes non-radiative decay pathways, thereby promoting
the ISC processes. In addition, by comparing the delayed
emission spectra of POX@MF and POXPAH@MF, it is found
that the delayed emission spectrum of POXPhen@MF has a
greater degree of overlap with that of Phen@MF, which pre-
liminarily indicates that most of the phosphorescence emission
centers are concentrated in the Phen segment, and a small part
is concentrated in the POX segment. However, the delayed
emission spectrum of POXTP@MF shows a similar degree of
overlap with those of POX@MF and TP@MF, which prelimina-
rily indicates that the TP acts as a phosphorescence emission
center (Fig. 1b-e). POXPhen and POXTP were subsequently
doped into an epoxy polymer (EP) matrix to explore the
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universality of guest molecules, and their steady-state and
delayed emission spectra, as well as delayed emission decay
curves, were recorded. The steady-state PL spectra and delayed
emission spectra of POXPhen@EP and POXTP@EP are almost
identical to those of POXPhen@MF and POXTP@MF, with
delayed emission lifetimes of 1.51 s and 1.03 s (Fig. S11),
respectively. It is evident that doping POXPhen and POXTP
into the EP polymer can also result in ultralong and efficient
RTP. These results indicate that the inherent properties of
POXPhen and POXTP are responsible for the excellent afterglow
performance of these polymer films under ambient conditions,
while the polymer matrix mainly provides a rigid environment
to inhibit molecular motions.

Molecular conformations of POXPhen and POXTP were
optimized by scanning the torsion angle between the POX
and aromatic hydrocarbons of Phen or TP to survey their
influence on the photophysical processes (Fig. 2a and b).*
The theoretical calculation results indicate that there are
indeed four conformations for the phenoxazine derivatives.
Such observations may be attributed to the conformation
inversion of the POX segment and rotation of the Phen/TP
moiety. Among them, two conformations are symmetrically
equivalent to each other, exhibiting the same ground state
(Fig. S12). Therefore, subsequent studies were performed using
POXPhen-1, POXPhen-2, POXTP-1, and POXTP-2. The intermo-
lecular forces within the molecule were analyzed through the
interaction region indicator (IRI) function (Fig. S13).>* There is
a large steric hindrance between the POX segment and
PAH units, indicating multiple molecular conformations of
POXPAH. The ground state and excited state information of
the molecule was analyzed using POXTP-1 and POXTP-2 as
examples. As shown in Table S2, POXTP-2 shows higher elec-
tronic energy than POXTP-1, with a potential energy barrier
difference (AE) of 24 meV. These results indicate that the
conformational conversion from POXTP-1 to POXTP-2 is possi-
ble at 298.15 K (RT = 25.69 meV), leading to a conformational
distribution of POXTP at room temperature. By contrast, the AE
between POXPhen-1 and POXPhen-2 is calculated to be 84 meV,
suggesting that the molecular conformational conversion from
POXPhen-1 to POXPhen-2 is more difficult and may require
external energy, for instance, UV light excitation. As shown in
Fig. S12 and Table S2, with the increase in the number of
benzene rings in POXPAH, the folding angle () of the two
phenyl rings on the POX segment in POXTP is slightly larger
than that in POXPhen, and the torsion angles («) between the
POX segment and PAH moieties are different. These calculated
results may be associated with the different steric hindrance
and van der Waals forces between the Phen/TP unit and the
POX segment. Accordingly, the ISC efficiency of POXPAH is
likely related to the folding angle of the POX segment.>**?

In order to investigate the photophysical properties of
POXPAH, the configurations of POXPhen-1, POXPhen-2,
POXTP-1, and POXTP-2 in the T, excited state were optimized,
and the emission properties were quantified using the
corresponding transition energies from the T; to S, states
(Fig. 2c and d), which match the spectral results. The natural
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Fig. 2 (a) and (b) Potential surface scanning calculations for the compounds POXPhen and POXTP at the Sg state, where the torsion angle between POX
and Phen/TP served as the scanning coordinate. (c) and (d) Diagram of the calculated energy levels, possible ISC channels, and SOC constants between
the singlet and triplet excited states of a single molecule for POXPhen-1, POXPhen-2, POXTP-1 and POXTP-2. (e) and (f) NTO characteristics for S, and T,
states of the single molecule of POXPhen and POXTP and their corresponding transition probabilities.

transition orbits (NTOs) of S,, and T, in POXPAH were analyzed. strength. Its NTOs show excitation properties of the 'LE state
As shown in Fig. 2e and f, POXPAH-1 exhibits similar transition consistent with the experimental results, and both electrons
characteristics to POXPAH-2. Hereinafter, POXPAH-2 is consid- and holes in the S; excited states are distributed on the PAH
ered as an example to analyze its excitation and emission fragment. In the NTOs of the T, excited state of POXPhen, most
properties. Under UV light excitation, POXPhen-2 preferentially of the electrons and holes are concentrated on the Phen moiety,
transitions to the S; excited state based on the largest oscillator and a small part is on the POX fragment. In the NTOs of the T,
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energy level of POXTP, electrons and holes are partially con-
centrated on the TP unit and partially in the POX fragment.
These observations indicate that the phosphorescence emis-
sion centers of POXPhen and POXTP are located mainly in the
PAH fragments, which is consistent with the experimental
results. These results confirm that the PAH fragment plays a
dominant role in the excitation and emissive process, resulting
in similar excitation-delayed emission maps for POXPhen@MF
and POXTP@MF.

As the S; excited state rapidly relaxes to the S, excited state,
the distribution of electrons and holes is transferred from PAH
to POX moieties, indicating the intramolecular charge transfer
process. Due to the fold-induced enhanced SOC effect, excitons
in the S, excited state of the POX fragment rapidly undergo ISC
to T, and relax to the T, excited state through internal conver-
sion (IC), generating more triplet excitons on the PAH frag-
ment. In the electron transition process, CT characteristics
were observed from POX to Phen/TP (Fig. 2c and d). Moreover,
some potential ISC channels from S, to T,, are found, where the
energy gaps are small enough for electron transition.>® Inter-
estingly, the NTO pairs of T, also show the CT characteristics
(Fig. 2e and f). In this context, excited-state features involving
intramolecular charge transfer (ICT) between POX and PAHs
probably facilitate the integration of the excitation character-
istics of the two chromophores, leading to efficient dual-
emissive materials with luminescent centers located on both
POX and PAH fragments. Compared with the radiative energy
transfer process in the non-covalently linked POX and PAH
system, the linked POXPAH with photoexcited ICT properties is
more conducive to achieving dual-mode emission on the POX
and PAH fragments. Therefore, when introducing planar
and rigid PAHs on the POX unit, a chromophore with
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folding-induced SOC enhancement properties, the excitons at
the S; excited state can quickly reach the T, excited state via
ISC, thereby generating abundant triplet excitons at the PAH
units. The excited states of the luminogens exhibit mainly the
characteristics of PAH, resulting in high-performance fluore
scence-phosphorescence dual-mode emission under ambient
conditions. These results thus provide helpful guidance for
achieving efficient multimode emissions at room temperature
by regulating the conformations of organic luminogens with
folding-induced SOC-enhancement properties, like phenox-
athiin and thianthrene derivatives.

Ratiometric probes based on fluorescence-phosphorescence
dual-mode emission are promising for temperature sensing due
to their self-referencing capability. High &, spectrally distinct
emission peaks with minimal mutual interference, and a well-
defined linear response are necessary for the optimal ratiometric
fluorescence-phosphorescence temperature probe.*>™° However,
their performance is constrained by intrinsic material properties,
the trade-off between lifetime and efficiency, as well as complexities
in fabrication and application. Fan’s group®® integrated two fluor-
escent dyes with distinct temperature-dependent responses to
fabricate a flexible thin-film ratiometric fluorescence temperature
sensor with a wide operational range of 20-240 °C. However, the
fluorescence intensity ratio was the only sensing modality in this
system. Makoto Tadokoro’s group®” synthesized a series of novel
tetranuclear zinc(u) cluster probes that exhibited unique dual-
emissive characteristics of fluorescence-phosphorescence in the
low-temperature range (77-200 K). These probes exhibited high
phosphorescence efficiency and self-calibration, but were limited
by low-temperature applicability.

Due to the interference between phosphorescence and
fluorescence, intersystem and radiative processes can be
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Fig. 3

(a) and (b) Steady-state PL spectra of POXPhen@MF and POXTP@MF at different temperatures (excitation: 300 nm). (c) and (d) CIE,,, chromaticity

coordinates of POXPhen@MF and POXTP@MF at different temperatures. (e) and (f) Plots of Ip/lp; versus T for POXPhen@MF and POXTP@MF (/p; of
POXPhen@MF is the phosphorescence intensity at 525 nm at 137.9 °C, Ip, of POXTP@MF is the phosphorescence intensity at 485 nm at 103.9 °C). (g) and

(h) Plots of Ip/lg versus T for POXPhen@MF and POXTP@MF.
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affected by tuning the conformational perturbation and distribu-
tion related to the environmental temperature.”' The steady-state
PL spectra of POXPhen@MF and POXTP@MF films were recorded
at various temperatures. The phosphorescence emission of POX-
Phen@MF and POXTP@MF disappeared at 137.90 °C and
103.90 °C, respectively, but the fluorescence emission was almost
unchanged, demonstrating the high temperature resistance prop-
erties of the dual-mode emission (Fig. 3a and b). According to the
CIE,,, chromaticity diagrams obtained from spectral conversion,
the variations in the emission color of POXPhen@MF and
POXTP@MF are not noticeable with varying temperature. By con-
trast, the ratios of the phosphorescence intensity to final phosphor-
escence intensity (Ip/lp) for POXPhen@MF and POXTP@MF
decrease linearly with the elevation in temperature in the ranges
of 9.25-110.95 °C and 5.25-88.95 °C, respectively. These observa-
tions suggest that the doped polymer films can be used as
temperature probes based on the change in phosphorescence
intensity. Furthermore, it is found that the related intensities of
phosphorescence to fluorescence (Ip/Iz) for POXPhen@MF and
POXTP@MF also decrease linearly with the elevation in tempera-
ture in the ranges of 56.95-125.85 °C and 5.25-85.95 °C, respec-
tively, indicating that the doped polymer films can also serve as
temperature probes by utilizing the dual-mode emission proper-
ties. Accordingly, POXPhen@MF and POXTP@MF enable wide-
range temperature sensing through their unique photophysical
properties, including fluorescence-phosphorescence dual-mode
emission, high @, values, and high-temperature phosphorescence,
which significantly expand the application scenario of phosphor-
escence materials in the field of sensing.

Conclusions

In summary, POXPAH luminogens, composed of fluorescent
PAH and POX moieties, were designed and synthesized, of
which the planar PAH groups present the intense emissive
properties, and the folded POX unit shows the folding-
induced SOC enhancement properties. The ISC efficiencies of
the resulting luminogens are related to their molecular con-
formations, especially the folded angle of POX and the rational
angle between the POX and PAH fragments, which show
temperature-reliable conformational perturbation and distribu-
tion. As a result, the doped polymer films exhibit efficient dual-
mode fluorescence-phosphorescence emission and present a
linear response to temperature. This work may provide helpful
guidance for the development of luminescent polymer materi-
als with efficient RTP and multi-mode emissions using organic
chromophores with folding-induced enhanced SOC properties,
such as POX and thioanthracene, and rigid, planar PAHs to
construct guest luminogens.
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