
Chemical
Science

EDGE ARTICLE
Thermally activa
aCollege of Material, Chemistry and Ch

Organosilicon Chemistry and Material Tech

Normal University, Hangzhou, 311121, Peo

hznu.edu.cn
bHubei Key Lab on Organic and Polymeric

Chemistry, Wuhan University, Wuhan, 430

slgong@whu.edu.cn
cState Key Laboratory of Superhard Materia

Changchun 130012, People's Republic of Ch

† Electronic supplementary information
including the synthesis procedure, X-ra
thermal, photophysical, and electrochem
For ESI and crystallographic data in CI
https://doi.org/10.1039/d2sc05792a

Cite this: Chem. Sci., 2023, 14, 1089

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 19th October 2022
Accepted 21st December 2022

DOI: 10.1039/d2sc05792a

rsc.li/chemical-science

© 2023 The Author(s). Published by
ted delayed fluorescence with
dual-emission and pressure-induced bidirectional
shifting: cooperative effects of intramolecular and
intermolecular energy transfer†

Chenyue Zhao,a Zhipeng Ding,a Yibin Zhang,a Zhigang Ni, a Shijun Li, a

Shaolong Gong, *b Bo Zou, c Kai Wang *c and Ling Yu *a

Different from the conventional piezochromic materials with a mono-redshift of single emission, our well-

designed molecule demonstrates a sensitive turn-on and color-tunable piezochromic luminescence in

response to the hydrostatic pressure. The molecule PXZ-W-SOF possesses dual-emission and pressure-

induced bidirectional shifting characteristics. On the basis of in-depth experimental studies, on one

hand, it is confirmed that the origin of the dual-emission behavior is the intramolecular charge transfer,

namely thermally activated delayed fluorescence (TADF), and the intermolecular excimer; on the other

hand, the emission of the excimer exhibits three-step variations with increasing pressure, which is mainly

attributed to the molecular structure and its crystal packing state. The remarkable color change of PXZ-

W-SOF from sky-blue to green to deep-blue during the whole process of boosting and releasing

pressure is a result of intramolecular and intermolecular energy-transfer interactions. The PXZ-W-SOF

molecular model is an extremely rare example of highly sensitive fluorescence tuning driven by TADF

and excimer conversion under mechanical stimulation, thus providing a novel mechanism for the field of

piezochromism. The unique molecular design also offers a new idea for rare deep-blue and ultraviolet

TADF materials.
Introduction

In the past decade, thermally activated delayed uorescence
(TADF) materials have ourished because they can utilize the up-
conversion process of triplet excitons to achieve 100% internal
quantum efficiency without the participation of heavy metals.1–6

Nevertheless, compared with TADF materials (such as sky-blue,
green and red) in the visible light region, the development of deep-
blue (l < 460 nm) and ultraviolet (UV) (l# 400 nm) TADFmaterials
is seriously backward,7,8 although it has broad
application prospects in high-density information storage,
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biological/chemical sensing, excitation light sources, etc.9,10 The
reason may be that in order to endow TADF materials with the
intramolecular charge transfer (ICT) characteristic to trigger
efficient reverse intersystem crossing (RISC), donors and acceptors
with relatively strong electron-donating and electron-withdrawing
ability, respectively are oen employed as building blocks in
a conjugated system. However, this generally results in TADF
materials with relatively narrow energy band gaps (Egs), leading to
long-wavelength emission away from the deep-blue and UV
region.11 Thus, it is still highly challenging to develop TADF
materials in the high-energy excited state.

Piezochromic luminescentmaterials, a class of smartmaterials,
exhibit signicant emission color changes in response to external
force stimuli (e.g., pressing, stretching and grinding), and
they have been widely explored due to their great potential for
applications in pressure sensors, security ink, optical data storage
and photoelectronic devices.12–15 However, all the reported
piezochromic materials are largely limited to a mono-redshi of
single emission with increasing pressure or grinding, and reports
on piezochromic materials with bidirectional shiing of dual-
emission are extremely rare,16–18 let alone the TADF system.

In order to form high-contrast luminescence recordings,
excellent piezochromic materials require signicant two-color
luminescence switching that is difficult to achieve with
Chem. Sci., 2023, 14, 1089–1096 | 1089
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Fig. 1 (a) Configuration and molecular structures of DMAC-W-SOF and PXZ-W-SOF and (b and c) HOMO and LUMO distributions, and
calculated singlet (S1) and triplet (T1) energy levels of DMAC-W-SOF and PXZ-W-SOF based on TD-DFT at the B3LYP/6-311G(d) level in an
implicit toluene atmosphere.
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conventional piezochromic materials.19–22 Dual-emission and
pressure-induced bidirectional shiing have not been reported in
TADF materials. To achieve the above goals, there is no doubt that
higher requirements are placed on the design of luminescent
materials.

Herein, we break through the traditional design idea of directly
conjugated “donor–acceptor (D–A)” or “D–p–A” type TADF and
adopt the concept of “unconjugated D–A” to design high-energy
excited state TADF materials. Constructing TADF materials in
this intramolecular unconjugated way has the potential to
combine the deep-blue or UV emission with multipath exciton
harvesting. It is worth mentioning that two novel deep-blue
and UV TADF molecules (Fig. 1 and Scheme S1†) have been
successfully synthesized, one of which possesses remarkable dual-
emission and pressure-induced bidirectional shiing properties,
and meanwhile, its complex luminescence mechanism under
pressure has been clearly elucidated through rigorous
experiments.
Results and discussion
Design, synthesis and characterization

The key molecular design strategy based on the selection of a rigid
and high-energy band-gap skeleton and a high-energy band-gap
acceptor group is proposed, which is the basis for guaranteed
deep-blue or UV emission. Fluorene derivatives have developed
into an important class of blue luminescent materials due to their
rigid planar aromatic biphenyl structure with some outstanding
properties, such as a high-energy band gap, good thermal
1090 | Chem. Sci., 2023, 14, 1089–1096
stability and easy modication of the molecular structure.23–25 The
9-position carbon of uorene has an sp3 hybrid orbital (Fig. 1a),
resulting in the intramolecular noncovalent interaction between
the D/A units, so strong electron-donating ability is required to
facilitate the charge-transfer interaction with the acceptor moiety.
Diphenyl sulfone has emerged as the star acceptor group for
designing blue and deep blue TADF molecules over the past
decade.26 The introduction of the uorine atom is used to enhance
intramolecular and intermolecular electron interactions.27–29 9,9-
Dimethyl-9,10-dihydroacridine (DMAC) and 10H-phenoxazin (PXZ)
are commonly employed as donor units in TADF systems due to
their rigid structure, controllable electron-donating ability and
easy implementation,30–34 but they are used in UV TADF materials
for the rst time.

The two novel TADF materials were synthesized through
efficient three-step reactions (Scheme S1†). The key intermediate,
I–W–SOF, was prepared from 9,9-bis(4-iodophenyl)uorene and 4-
uorothiophenol successively by an Ullmann coupling reaction
and an oxidation reaction. Then, the syntheses of DMAC-W-SOF
and PXZ-W-SOF were achieved by the palladium catalyzed C–N
coupling reaction between I–W–SOF and the corresponding donor
units. Chemical structures of the two target compounds were fully
conrmed by 1H NMR, 13C NMR and mass spectrometry (see the
ESI† for details). X-ray single crystal analyses further conrmed the
structures of DMAC-W-SOF and PXZ-W-SOF (Table S1†).
DFT calculations and electrochemical properties

The frontier molecular orbital (FMO) arrangement and energy
levels of DMAC-W-SOF and PXZ-W-SOF can be predicted by
© 2023 The Author(s). Published by the Royal Society of Chemistry



Table 1 Photophysical and electrochemical data of DMAC-W-SOF and PXZ-W-SOF

Compound labs
a[nm] lFl,max

b [nm] lPh,max
c[nm] DEST

d[eV] DEg
e[eV] HOMO/LUMO [eV]

DMAC-W-SOF 289, 308 374/409 471 0.69/0.11f 3.67 −5.36i, −1.69g

PXZ-W-SOF 287, 309, 325 404/438, 486 470 0.43/0.13f 3.41 −5.10i, −1.69g

a Measured in toluene. b Measured in toluene/powder at room temperature. c Measured in 2-methyl-tetrahydrofuran at 77 K. d DEST = ES − ET for
the uorescence and phosphorescence data. e Calculated from the absorption edge of the UV-vis absorption spectra in toluene. f Theoretically
calculated. i Determined from the onset of the oxidation potential. g Deduced from the HOMO and DEg.
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using the B3LYP/6-311G(d) level. As shown in Fig. 1b, the
highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs) are mainly distributed
in the donor unit and the diphenyl sulfone acceptor fraction,
respectively. As is known, the value of the singlet–triplet energy
gap (DEST) is proportional to the exchange interaction integral
between the HOMO and the LUMO wavefunction in a mole-
cule.35 Therefore, the unconjugated D–A construct is benecial
to obtain small DEST, and their theoretical DESTs are about
0.11 eV for DMAC-W-SOF and 0.13 eV for PXZ-W-SOF. In addi-
tion, their experimental HOMO levels were investigated by
cyclic voltammetry (CV) (Fig. S1† and Table 1), and the HOMO
level increases accordingly with the enhancement of the
electron-donating ability in the order of −5.36 eV (DMAC-W-
SOF) < −5.10 eV (PXZ-W-SOF).
Photophysical properties

DMAC-W-SOF and PXZ-W-SOF were analyzed by UV-vis absorption
spectra and photoluminescence (PL) measurements in organic
solvent (Fig. S2†). In the absorption spectra, both DMAC-W-SOF
and PXZ-W-SOF show the same absorption as I–W–SOF at about
280–300 nm. However, it should be noted that PXZ-W-SOF has an
additional intramolecular charge transfer (ICT) transition band
near 325 nm, displaying strong absorption between 320 and
380 nm (Fig. S3†), and indicating a non-trivial level of interaction
between the D/A moieties. Then, the corresponding optical
band gaps (Egs) can be calculated from the absorption edge to be
Fig. 2 Normalized fluorescence spectra of different concentrations (a
solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.67 eV for DMAC-W-SOF and 3.41 eV for PXZ-W-SOF. Consistent
with the results of wide Egs, their uorescence spectra exhibit
structureless emission at 374 nm for DMAC-W-SOF and 404 nm for
PXZ-W-SOF (Fig. S2†), and PXZ-W-SOF is redshied 30 nm than
DMAC-W-SOF with the increase of electron-donating ability.
Similar phosphorescence emission proles were observed in 2-
methyl-tetrahydrofuran at 77 K, indicating that the donor unit has
little effect on phosphorescence emission in such molecular
design. The experimental DESTs of DMAC-W-SOF and PXZ-W-SOF
are calculated to be 0.69 and 0.43 eV (Table 1), respectively.

The luminescence behaviors of the aggregation state for DMAC-
W-SOF and PXZ-W-SOF also were monitored (Fig. S4†). As ex-
pected, they both show a clear red-shi phenomenon compared to
their uorescence emission in toluene. Surprisingly, however,
unlike the mono-emission peak of DMAC-W-SOF, PXZ-W-SOF
exhibits a dual-emission behavior with the peaks of 438 and
486 nm (Fig. S4a and b†), which are neither from PXZ, nor from I–
W–SOF (Fig. S4c†).
Luminescence mechanism

Then, what are the emission mechanisms with peaks at 438 nm
and 486 nm for the dual-emission behavior of PXZ-W-SOF?
According to the UV-vis absorption spectra in toluene solution,
PXZ-W-SOF has a strong ICT transition band. Therefore, one of the
dual-emission peaks should come from the CT state emission. Yet
now, which is the emission peak originating from the CT state,
438 nm or 486 nm? Where does the other uorescence emission
) 0.0001–0.05 M and (b) 0.001–0.03 M for PXZ-W-SOF in toluene

Chem. Sci., 2023, 14, 1089–1096 | 1091



Fig. 3 Molecular packing modes of (a–c) DMAC-W-SOF and (d–f) PXZ-W-SOF.
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peak come from? To understand the photophysical behaviors,
uorescence spectra of different concentrations of PXZ-W-SOF in
toluene solution were recorded. As shown in Fig. 2a and S5†, the
short waveband emission of PXZ-W-SOF exhibits a red-shi and
the uorescence peak at around 500 nm appeared as well as
gradually occupied the dominant position with the increase of its
concentration. In particular, when the concentration increased to
0.01 M, the emission peak of the long waveband is signicantly
enhanced, and when it further increased to 0.05 M, the emission
prole of PXZ-W-SOF is basically consistent with that of its
aggregation state. The more detailed concentration distinction is
shown in Fig. 2b. The above phenomena reveal that the excimer of
PXZ-W-SOF will be formed when its concentration in toluene
solution exceeds the 0.0001 M level. Therefore, it can be inferred
that the emission peak at the short waveband comes from the CT
state of PXZ-W-SOF and the uorescence peak of the long
waveband is derived from its excimer.

The excimer of DMAC-W-SOF was not observed in the same
experiment and why?We therefore conducted an in-depth analysis
of their molecular conformation and crystal packing information.
Interestingly, although only one single bond changed fromDMAC-
W-SOF to PXZ-W-SOF, the packing arrangements are completely
different from each other. The two DMAC-W-SOF molecules with
parallel diphenylsulfone units form a atly spread dimer with an
anti conformation to minimize the dipolar interactions (Fig. 3a).36

The intermolecular C–H/p, C–H/H–C and C–H/O short forces
hold the dimers, showing a one-dimensional supramolecular
chain along the crystallographic c-axis direction (Fig. S6†). Unlike
DMAC-W-SOF, which has only one “face-to-face” arrangement
based on the diphenyl sulfone units, PXZ-W-SOF has two kinds of
oriented arrangements to form a “sandwich” structure (Fig. 3d),
indicating the presence of strong electron exchange between the
1092 | Chem. Sci., 2023, 14, 1089–1096
donor and the acceptor. The existence of short C–H/F forces in
the directional arrangement of PXZ-W-SOF but not found in
DMAC-W-SOF can also prove the above-mentioned point (Fig. S6†).
In consequence, PXZ-W-SOF exhibits more kinds of short-range
intermolecular forces in the crystal conguration, undoubtedly
providing a favorable basic environment for its multi-type uo-
rescence emission (Fig. 3b and e). Their packing modes are dis-
played in Fig. 3c and f.

TADF and AIE characterization studies

Their TADF characteristics were veried by the transient photo-
luminescence (PL) spectra test in 10−4 M toluene solution and in
powder. As exemplied in Fig. 4, when oxygen is present, both
compounds only show prompt uorescence emission, typically PL
quenching due to oxygen.37 Aer degassing with argon in toluene,
they distinctly display the bi-exponential decay PL spectra with
prompt and delayed components. The photoluminescence
quantum yields (PLQYs) of DMAC-W-SOF and PXZ-W-SOF before
and aer degassing with argon in 10−4 M toluene solution are
10%/15% and 21%/27%, respectively, indicating their sensitive
behavior to oxygen. The TD-B3LYP/6-311G (d) horizontal simula-
tion of the UV-vis spectrum shows that the maximum oscillation
intensity of DMAC-W-SOF and PXZ-W-SOF is 0.295 for the S19 state
and 0.499 for the S43 state, respectively. According to Kasha's rule,
the S1 state will be populated through the internal conversion
process. Therefore, it is easy to understand that the PLQY of PXZ-
W-SOF is better than that of DMAC-W-SOF. For a deeper
comparison, the transient behaviors of the two compounds in high
concentration toluene solution (0.05 M) were detected. As shown
in Fig. S7,† the delayed lifetimes of DMAC-W-SOF (7.68 ms) and
PXZ-W-SOF (6.53 ms) are signicantly increased compared with the
case in 10−4 M toluene solution (280 ns for DMAC-W-SOF and 189
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Transient PL characteristics of (a) DMAC-W-SOF and (b) PXZ-W-SOF in toluene (10−4 M) under oxygen and argon conditions at room
temperature, and the temperature-dependent transient PL decays of (c) PXZ-W-SOF from 100 to 300 K in powder and (d) the time-resolved
spectral 3D map of PXZ-W-SOF in powder at room temperature. The insets respectively show the transient PL decay of the corresponding
compounds in powder. IRF: the instrument response function.

Edge Article Chemical Science
ns for PXZ-W-SOF), regardless of whether excimer association is
generated. Aer bubbling argon in 0.05 M toluene, the PLQYs of
DMAC-W-SOF and PXZ-W-SOF also decreased sharply to 4% and
11%, respectively. The reason for the above phenomena may be
that aggregation is easy to occur in high concentration solution
and affects the luminous properties. The aggregation behavior of
organic molecules can reduce the luminescence efficiency of
materials, and one of the reasons is the formation of the excimer.
In particular for PXZ-W-SOF, the essential reasons are: on the one
hand, the charge-transfer effect and forbidden symmetry for the
excitation state of the exciplex lead to the greatly reduced radiation
transition rate, and on the other hand, the dynamic behavior, the
crossed potential energy surfaces, energy-transfer and other factors
of the excited state structure of the exciplex result in a great
increase for the non-radiative transition rate, which ultimately
results in a serious luminescence quenching problem. In powder,
their transient PL curves also exhibit a bi-exponential decay.
Moreover, taking PXZ-W-SOF as an example, the delayed compo-
nents are gradually intensied with the increase of ambient
temperature from 100 to 300 K (Fig. 4c), denitely demonstrating
its typical thermally activated nature,26,38 and its time-resolved
spectral 3D map is shown in Fig. 4d.
© 2023 The Author(s). Published by the Royal Society of Chemistry
In addition, the AIE nature of PXZ-W-SOF was conrmed by its
PL behavior in THF/water with various water fractions from 0 to
99%. As shown in Fig. S8,† on one hand, when the water fraction
(fw) is less than 70% in mixed solvents, the PL intensities decrease
rapidly and meanwhile the emission is redshied, which is
attributed to the typical emission properties induced by twisted
ICT (TICT) aggregation.39,40 On the other hand, when fw > 70%, the
PL intensities increase signicantly even more than those in pure
organic solvent, and the emission peak is blue-shied, indicating
a prominent AIE feature. However, it can be seen from the previous
PLQY detection that the AIE characteristic cannot completely resist
the quenching effect of high concentration.
Isotropic hydrostatic pressure measurement

Thus, PXZ-W-SOF not only has remarkable dual-emission action,
but also TADF and AIE properties, and its special luminescence
behavior can be deeply analyzed by isotropic hydrostatic pressure
measurement. Isotropic hydrostatic pressure measurement from
a diamond anvil cell (DAC) is an effective way to explore the
molecular structure–property relationship.41 Here, the isotropic
hydrostatic pressure was directly applied to the PXZ-W-SOF crystal
via the DAC, and the two emission peaks showed signicant
differentiation (Fig. 5). As mentioned above (Fig. S4b†), at 1
Chem. Sci., 2023, 14, 1089–1096 | 1093
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atmosphere, the PXZ-W-SOF crystal shows two emission peaks
around 440 nm (herein called the high-energy emission band for
clarity) and 490 nm (derived from the excimer, also called the low-
energy emission band). As the pressure gradually increased, the
uorescence peak at 440 nm diminishes rapidly, but obvious
three-step variations can be observed in the low-energy emission
band (Fig. 5a). When the pressure is increased from 1 atm to
3.08 GPa, the low-energy emission band shows a gradual red-shi
from blue (490 nm) to green (517 nm), together with decreasing
intensity. Once pressure increased above 3.08 GPa, the peak of the
low-energy emission band is continuously blue-shied from
517 nm to 508 nm, which is contrary to most observations in the
piezochromic luminescence eld. With further compression
Fig. 5 (a) Emission spectra and (b) verification of the reversibility of the
13.05 GPa, respectively. (c) Schematic illustration of the DAC apparatus,
and the schematic diagram of pressure-induced emission of the PXZ-W

1094 | Chem. Sci., 2023, 14, 1089–1096
beyond 8.11 GPa, the low-energy emission band demonstrates
a signicant red-shi (from 508 nm to 537 nm) again.

With the increase of pressure, the PXZ-W-SOF unit aggregates
to form a tighter state, leading to a sharp weakening of the ICT
behavior and thus the rapid disappearance of the high-energy
emission band. Pressure-induced three-step variations of the
low-energy emission band during PXZ-W-SOF crystal compression
may be explained as follows. As the pressure further increased, the
intramolecular vibrations and rotations of PXZ-W-SOF can be
effectively restricted due to the combination of more interactions.
Therefore, the blue-shi emission caused by the reduced Stokes
shimay be derived from the suppressed geometric relaxation. As
for the redshi and quenching of the low-energy emission band,
the energy gap between the excited state of the excimer and the
PXZ-W-SOF crystal released to 4.30 GPa, 0.25 GPa and 1 atm from
molecular packing, fluorescent photographs, and visible photographs
-SOF crystal.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ground state of the dimer becomes dramatically narrower due to
the decrease of the p–p distance with increasing pressure.
Therefore, according to the energy gap law, the non-radiative
internal conversion (IC) rate will be aggravated. This bidirec-
tional shiing upon application of pressure may be the difference
between excimers formed spontaneously and excimers formed by
external force stimuli. When the pressure is continuously released
to 1 atm, the high-energy emission band (i.e., the TADF emission
peak) is reversible, but the low-energy emission band from the
excimer is not fully recovered (Fig. 5b). This effect may stem from
the difficulty of the PXZ-W-SOF unit to promptly restore its
geometry to the original state due to structural deformation under
pressure. Thus, the high-contrast luminescence with continuous
variation of the emission color from sky blue to green to deep-blue
is attributed to the dual-emission of PXZ-W-SOF. The schematic
diagram of the DAC device, uorescence photos, and visible
photos and the pressure-induced emission schematic diagram of
the PXZ-W-SOF crystal are shown in Fig. 5c.
Conclusions

In conclusion, our work demonstrates that deep-blue and UV-
emissive TADF materials can be successfully obtained through
rational molecular design, which can also achieve signicant
dual-emission and pressure-induced bidirectional shiing
characteristics. This phenomenon is an extremely rare case in
the eld of piezochromic luminescence. Detailed and rigorous
experiments have proved that the high-energy emission band is
derived from the emission of ICT, namely TADF, and the low-
energy emission band originates from the intermolecular exci-
mer. With increasing pressure, the three-step variation emis-
sion of the excimer is anomalous to the commonmono-redshi
phenomenon, which is mainly attributed to the molecular
structure and its crystal packing state. Throughout the process
of pressurization and depressurization, PXZ-W-SOF shows
a remarkable color change of sky-blue to green to deep-blue as
a result of intramolecular and intermolecular interactions. This
work reports a novel principle for high-contrast piezochromic
luminescent materials formed by combining TADF and exci-
mers. This study may also advance the understanding of
molecular design for dual-emission in fundamental
photophysics.
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