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A novel piezo-activated luminescent material with wide range modulation of the luminescence wavelength and
a giant intensity enhancement upon compression was prepared using a strategy of molecular doping. The doping
of THT molecules into TCNB-perylene cocrystals results in the formation of a weak but pressure-enhanced
emission center in the material at ambient pressure. Upon compression, the emissive band from the undoped
component TCNB-perylene undergoes a normal red shift and emission quenching, while the weak emission
center shows an anomalous blue shift from 615 nm to 574 nm and a giant luminescence enhancement up to
16 GPa. Further theoretical calculations show that doping by THT could modify intermolecular interactions,
promote molecular deformation, and importantly, inject electrons into the host TCNB-perylene upon
compression, which contributes to the novel piezochromic luminescence behavior. Based on this finding, we
further propose a universal approach to design and regulate the piezo-activated luminescence of materials by

rsc.li/chemical-science using other similar dopants.

Introduction

The responses of luminescent materials to external stimuli, such
as pressing, shearing and stretching, determine their potential for
practical applications, such as pressure sensors, optical data
storage and optoelectronic devices."® The design of piezolumi-
nescent materials with desired properties is thus important to
satisfy the requirements of different applications.'*** As one of the
most common stimuli, pressure has been used to study the
responses of luminescent materials upon compression.*™¢ In
particular, organic molecular crystals with weak intermolecular
interactions, such as van der Waals forces, hydrogen bonding,
charge transfer, etc.,, have been attracting intensive research
interest in this field, in which m-conjugated molecules are
commonly used as building blocks due to their unique optical and
electronic properties combined with their high sensitivity to the
environment.”** According to the tight binding model, compres-
sion induced strengthening of intermolecular interactions could
widen energy bands and thus reduce the energy gap,* while the
enhanced interactions such as 7— interaction, could also lead to
emission quenching.” Therefore, most luminescent materials
known so far show a gradually red-shifted and quenched emission
upon compression.**** The design of piezochromic luminescent
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materials with anomalous compression responses for specific
applications has long been pursued but remains a challenging
task.

To date, piezochromic luminescence with anomalous blue-
shifted and enhanced emission upon compression has been
rarely reported. Three recent studies reported the observation of
such piezochromic luminescence behaviors upon compression,
either by designing a synthetic molecule with complicated
compositions'’?*® or a ternary cocrystal in which the inert mole-
cules play roles in controlling the intermolecular interactions of
the donor-acceptor.”” However, restricted by the compression-
enhanced intermolecular interactions, the amount of blue shift
and/or magnitude of luminescence enhancement remain limited
and a universal mechanism to design such piezochromic lumi-
nescent materials remains lacking. Unlike these studies, doping of
materials could change their electronic structure, causing impurity
energy levels, lattice defects, stress strains, etc., affect the lumi-
nescent properties of materials,” and thus provide a new way for
luminescent material design.”®** Doping of organic molecular
crystals has been recently reported to tune luminescence proper-
ties (including the lifetime and light emitting region) of photo-
luminescent materials under ambient conditions,*** but the
design of piezochromic luminescent materials by the doping
strategy remains unexplored.

Here, we report that doping of tetrahydrothiophene (THT) into
perylene-1,2,4,5-tetracyanobenzene (TCNB) cocrystals (PTCs) leads
to the formation of a new weak emission center in the material,
together with the strong emission band of the host binary cocrystal
at ambient pressure. Surprisingly, this weak emission exhibits an
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anomalous pressure-enhanced luminescence response, resulting
in a novel piezo-activated luminescence with a wide range of
emission wavelength modulation and giant intensity enhance-
ment in the material, exceeding that of previously reported mate-
rials. Further theoretical simulations give a new insight into the
novel piezochromic luminescence responses in the doped cocrys-
tals. This doping strategy is universal and can be extended to other
analogous dopants for luminescence regulation and thus provides
a new way for designing desirable piezo-activated materials with
a tunable magnitude and pressure range.

Results and discussion

The perylene-TCNB cocrystals (PTCs) are synthesized by a typical
solvent evaporation method* and emit strong visible lumines-
cence under ambient conditions.” For the doping experiments, we
soaked the PTCs in a THT liquid solution in a DAC, leading to the
formation of THT doped PTCs (PTCs:THT). The successful doping
of PTCs has been further confirmed by our energy dispersive
spectrometry (EDS) measurements on the samples, which clearly
shows the distribution of element S from the THT dopant in the
crystals (Fig. S1t). To characterize the THT doped PTCs, we per-
formed synchrotron XRD measurement on the sample in a DAC.
The recorded XRD pattern is different from that of the PTCs
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without THT doping (Fig. S2(a)t), and can be well-indexed by
a triclinic structure and the structure was refined by using the
Rietveld method (Fig. 1(a)). The unit cell parameters can be given
further as a = 7.6875 A, b = 29.1350 A and ¢ = 8.6946 A. Based on
this, the molecular packing in the PTCs:THT crystals is demon-
strated in Fig. S2(b),T that is, TCNB and perylene are alternately
arranged to form a molecular column (-DADA-), which are closely
packed in the surroundings, while the doped THT forms a trace of
“ternary clusters” with TCNB and perylene (PTC-THT) in the
crystals. In this case, the intercalated THT molecules pull TCNB
towards the central axis of perylene, and the - overlap between
one TCNB molecule and the adjacent perylene molecules is about
half of a perylene plane. With these structural features, the lumi-
nescence spectra of PTCs:THT show a strong emission band (P1) at
728 nm and a new weak emission center (P2) at ~600 nm at
ambient pressure (Fig. S3(a)t). This is different from the lumi-
nescence spectra of undoped PTCs, which only shows one emis-
sion peak at 712 nm. Note that the P2 should be from the ternary
cluster PTC-THT in the crystals, which acts as a new emission
center and will be discussed below.

High pressure was further used to tune the intermolecular
interactions in the THT doped PTCs. Remarkably, the doped coc-
rystals exhibit a novel luminescence behavior as the pressure
increases, as shown in Fig. 1(b). P1 exhibits a red shift and an
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(a) Synchrotron XRD pattern of PTCs: THT at 0.53 GPa. Rietveld refinement is used to fit the XRD pattern with R,,, = 1.55% and R, = 1.05%;

(b) high-pressure luminescence spectra of PTCs:THT; (c) high-pressure XRD patterns of PTCs:THT; (d) plotted curves for the unit cell volume of
PTCs:THT as a function of pressure. The inset shows the compression rate of lattice constants as the pressure increases. The XRD patterns are

analyzed by JADE.
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emission quenching up to 4.20 GPa, which is consistent with our
observation of the luminescence response of binary cocrystal PTCs
upon compression. In contrast, P2 shows an anomalous blue shift
in the emission wavelength and a gradual intensity enhancement
upon compression. Note that the luminescence intensity is 45
times higher than the initial intensity at a pressure of 16.13 GPa,
which is also the highest pressure at which the luminescence
intensity still increases in any piezochromic luminescent materials
reported up to now. As the pressure increases further, a continuous
red shift and emission decrease were observed at above 16.13 GPa
(Fig. S3(b)T). The spectral coordinates show that the emission color
changes from red to orangeyellow during compression
(Fig. S3(c)T). It is clear that doping of the cocrystal changes its
optical properties remarkably.

To further understand the novel luminescence response of the
THT doped PTCs upon compression, we performed high pressure
XRD measurements on the sample and the results are shown in
Fig. 1(c). All representative diffraction peaks are upshifted to larger
angles during compression and no new peak appeared. We further
calculated the unit cell volume of the doped PTCs at various
pressures and the curve for the unit cell volume as a function of
pressure is shown in Fig. 1(d). These results suggest that the crystal
lattice is progressively compressed and that no structural transi-
tion occurs. Note that the a-, b- and c-axes exhibit different pressure
evolutions upon compression, indicating an anisotropic
compression of the lattice. Furthermore, the a- and b-axes were
more compressible than the c-axis, indicating that the distance
between perylene and TCNB is reduced in the binary component,
while the interaction between THT and perylene-TCNB is effec-
tively enhanced due to the reduced space at the dopant sites. This
should be related to the anomalous luminescence response of the
THT doped PTCs upon compression.

In order to understand the anomalous phenomena observed in
the experiments, we performed a detailed theoretical simulation.
Note that, in our previous studies, the binary PTC cocrystals exhibit
a normal emission red shift and quenching upon compression in
both the experiment and theory.” In contrast, the anomalous
luminescence response in PTCs:THT should be caused by the
dopant effect of the ternary components in the cocrystals. We thus
calculated the luminescence properties of THT doped PTC by
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a quantum mechanics and molecular mechanics (QM/MM)***
method and focused on the properties of the ternary compound
(PTC-THT). An approximate model has been used for our simu-
lation (Fig. S4(a) and (b)}), in which the centers of the three
components are in the same vertical plane and the donor-acceptor
molecules are arranged alternately. Such a stacked structure is the
same as that in our experiment and should give a very reasonable
description of our THT doped PTC system. The luminescence
spectra, emission wavelength and oscillator strength of PTC-THT
at high pressure have been calculated and the results are shown
in Fig. 2. According to our calculation, a significant luminescence
intensity enhancement and emission blue shift can be clearly seen
with increasing pressure, which agrees well with our experimental
observations. In particular, PTC-THT exhibits a 54 times lumi-
nescence enhancement (oscillator strength increases from f =
0.0047 to f = 0.2560) and a large blue shift in the emission wave-
length from ambient pressure to 22 GPa.

As we know, the oscillator strength is proportional to the
overlap of the orbit,* and this overlap is strongly affected by the
intermolecular interactions and the molecular configuration. Our
simulations of the intermolecular interactions of the PTC-THT
system upon compression demonstrate that, besides a routine
increase in the steric interaction, the 77 stacking interaction
becomes weaker compared with that of the undoped PTCs due to
the fact that the doped THT molecules force the TCNB to move to
the edge of the perylene molecules, and a remarkable C-H:---S
hydrogen bond between THT and TCNB is strengthened with
increasing pressure® (Fig. 3). Moreover, from the steric hindrance
point of view, the doping of THT into the lattice also increases the
deformation of the neighboring molecules upon compression,
inducing a larger deformation of perylene (Fig. S5t). The C-H:--S
hydrogen bond and the deformation of the perylene molecules
could affect the distribution of their molecular orbitals. These
factors should be related to the observed energy level change in the
doped system. In addition, our calculation of the HOMO and
LUMO of PTC-THT at ambient pressure shows that the HOMO is
concentrated on the donor (perylene), while the LUMO is
concentrated on the acceptor (TCNB) at ambient pressure (Fig. 4).
Note that the HOMO energy level decreases while the LUMO
energy level increases as pressure increases, leading to an increase
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Fig. 2 The calculated (a) luminescence spectra, (b) emission wavelength and oscillator strength of PTC-THT at high pressures.
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PTC-THT at ambient pressure, 15 GPa and 20 GPa, respectively.

of the HOMO-LUMO energy gap and thus a blue shift of the
emission wavelength.

Concerning the novel enhancement of the photoluminescence
intensity, besides the effect of the intermolecular interactions and
the change in the molecular configuration discussed above, the
charge transfer in the doped cocrystal system should also
contribute. As shown in Fig. 5, our Bader charge analysis shows
that the number of electrons supplied by the donor group and
received by the acceptor group increases gradually as the pressure
increases, while the THT dopant also acts as an electron provider
in the doped cocrystal. It is well known that the transition from the
LUMO (TCNB) to the HOMO (perylene) is the basis for the lumi-
nescence process in the cocrystal, and the increase of the
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Fig. 4 The HOMO and LUMO of PTC-THT at high pressures.
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transition process indicates that there is a higher radiative tran-
sition process, resulting in a higher luminescence efficiency. Thus,
the transition process between the LUMO and HOMO of PTC-THT
increases due to the increased number of electrons provided by
THT and TCNB, resulting in a higher luminescence efficiency,
which well explains our experimental observations.

This strategy to design piezo-activated luminescent materials
based on PTC cocrystals has been further examined by selecting
several similar dopants with different charge transfer abilities,
such as tetrahydropyrrole (THP) and tetrahydrofuran (THF). The
luminescence spectra (Fig. S61) of PTC doped with these two
molecules (i.e., PTC-THP and PTC-THF) also show similar anom-
alous piezo-activated luminescence behaviors. The difference is
that, the enhancement effect and the range of emission wave-
length blue shift are less pronounced for PTC-THP and PTC-THF
than for PTC-THT. These differences could be well explained by
the different modulations of these dopants brought to the PTC
cocrystals. The three dopants all have the effect to force the TCNB
to move to the edge of the perylene molecules as pressure
increases, which affects the intermolecular interactions and
molecular deformation, and thus the piezochromic luminescence
behaviors. For example, the largest deformation of perylene
appears in PTC-THT (Fig. S77), which shows the most remarkable
piezochromic luminescence response. What's more, the charge
transfer ability of the dopants also has a close relation with the
piezochromic luminescence intensity control of the corresponding
doped cocrystals. Because the electronegativity of O is greater than
that of N and S (O, N and S radicals on THT, THP and THF
molecules, respectively), the order of electron donor ability is THT
> THP > THF. As shown in Fig. S8,T our Bader charge calculation
shows that the number of electrons gained by TCNB is relatively
large in the range of 0 to 5 GPa for PTC-THF, gradually becoming
much smaller. Meanwhile, the electron gain in the PTC-THP
system can remain below 10 GPa. The different charge transfers
from the dopant molecules will affect the gain and loss of electrons
in the HOMO and LUMO of the corresponding cocrystals, and thus
modulate their luminescence properties accordingly. The different
electron donation abilities of the three dopants give piezochromic
luminescence intensity enhancements in the order THT > THP >
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Fig.5 The calculated Bader charge of PTC-THT at different pressures.
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THF. Therefore, doping charge transfer molecules into cocrystals
could be a universal and efficient strategy to design materials with
desirable piezochromic luminescence properties for practical
applications.

Experimental and computational
details

Experimental details

Perylene (98%), 1,2,4,5-tetracyanobenzene (TCNB, 97%) and
tetrahydrothiophene (THT, >99.0%) were purchased from Tokyo
Chemical Industry Co., Ltd (TCI). All of the chemicals were used
as received without further purification. The PTCs were
obtained by a solvent evaporation method. Identical volumes
(10 mL) of a 20 mM saturated solution of perylene and a 20 mM cor
solution (solvent: THT) were mixed and the mixed solution was
ultrasonicated for 15 minutes until a yellow solution was obtained.
The blackish-green PTCs were obtained after evaporation of
solvent from the solution after 7 days under ambient conditions.
The as-synthesized PTCs had the same structure as those grown
from CH,Cl, (ref. 38) and tetrahydrofuran (THF);”” the Cambridge
Crystallographic Data Centre (CCDC) number is 1248027. The
PTCs:THT were obtained by immersing PTCs in THT solvent
sealed in a diamond anvil cell (DAC). In brief, PTCs were loaded
into a 120 pm diameter hole drilled in a T301 stainless steel gasket,
two drops of THT liquid were added and the DAC was quickly
packaged after waiting for 10 s. High-pressure experiments were
performed in the DAC. Pressure was calibrated by the fluorescence
emission of ruby in the sample chamber. Scanning electron
microscope (SEM) measurements were performed via a Hitachi
Regulus 8100 field emission microscope equipped with an EDS
spectrometer. Luminescence measurements were performed on
a Raman spectrometer (Renishaw inVia) in the fluorescence
mode with a 514.5 nm laser excitation. In situ high-pressure
X-ray diffraction experiments were performed at the Rigaku
Synergy Custom FR-X (1 = 0.7093 A). Near ambient pressure X-ray
diffraction experiments were performed at the Shanghai
Synchrotron Radiation Facility, Beijing Synchrotron Radiation
Facility (A = 0.6199 A) and Rigaku Japan R-AXIS-RAPID II
(A = 1.5406 A).

Computational details

We used the Vienna ab initio simulation software package (VASP)
to perform simulations using first-principles plane-wave pseudo-
potential density functional theory (DFT) to obtain the structure of
PTC-THT at different hydrostatic pressures. The Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA) was
applied in the calculation. The quantum mechanics and molecular
mechanics (QM/MM) method*?* with a two-layer ONIOM
approach was built to investigate the properties of PTC-THT at
high pressure. In the QM region, the central molecule (PTC-THT)
was selected as the high layer and calculated with the QM method,
while other surrounding molecules were treated as the low layer
with the MM method in the MM region. M06-2X/6-31G(d,p) was
selected to study the QM molecules and the universal force field
(UFF) was used for MM, and electronic embedding was adopted to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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describe the coupling of the QM/MM interfaces. In the QM/MM
geometric optimization process of the excited state, the mole-
cules of the MM region are frozen, and only those of the QM region
is free.** The intermolecular interactions in the cocrystals were
studied by adopting the reduced density gradient (RDG) method
within the Multiwfn software.”> All the calculations above were
carried out-in the Gaussian 09 package.*

Conclusions

A new strategy has been proposed to design luminescent materials
with novel piezo-activated responses by molecular doping. The
doping of THT into the luminescent perylene-TCNB cocrystal leads
to the formation of a new weak but pressure-enhanced emission
center, besides the strong emission band from the host cocrystals.
This weak emission center shows a blue shift and giant lumines-
cence enhancement upon compression, in contrast to the initial
red shift and emission quenching of the host component. This
results in a novel piezo-activated luminescence behavior with wide
range emission wavelength modulation and giant intensity
enhancement in the designed material. Further calculations show
that such luminescence responses are related to the modulations
of intermolecular interactions and electronic structure, as well as
to enhanced charge transfer between the donor and acceptor in
the cocrystals due to the strong electron donating ability of the
THT dopant upon compression. This strategy can also be applied
to other similar dopants to design and control piezoluminescence
in materials, providing a new approach for designing novel
materials with piezochromic luminescence.
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