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Mechanochromic luminescence (MCL) materials have a high requirement in high-tech applications such
as pressure sensors and data storage. Nevertheless, the diversity of these emitters is rather restricted
owing to the lack of clear molecular structure design guidelines, and it is imperative to develop creative
multi-stimulus responsive compounds with polychromatic emission under different types of mechanical
forces. In order to overcome difficulties of a single molecule exhibiting obvious MCL responses towards
mechanical forces, in this study, a powerful approach of distinct multi-stimulus responsive MCL
materials is to integrate the distinguished ability of donor units (D), i.e. stronger phenothiazine (PTZ) and
weaker bis(4-(tert-butyl)phenyllamine (tDPA) compared with 9H-carbazole, directly into the same
donor—acceptor (D-A) scaffold of 2-(4-(carbazol-9-yl)phenyl)-isoindoline-1,3-dione (CzPL) and hence
obtaining CzPL-PTZ and CzPL-tDPA. Distinct MCL were primarily found for the parent CzPL-PTZ and
CzPL-tDPA crystals under tensile force, and anisotropic and isotropic pressures. Interestingly, both
crystals show an abnormal blue-shifted emission under crushing force. When under anisotropic
pressure, the CzPL-PTZ ground sample further displays blue-shifted emission, but the CzPL-tDPA
ground sample displays red-shifted emission. In contrast, both parent crystals show a similarly red-
shifted and weakened emission under increasing isotropic pressure. Furthermore, these emissions
exhibit a linear relationship between wavelength and pressure. More importantly, crystal CzPL-PTZ can
completely return to the initial state once decompressed due to the reversible 3D short-range
intermolecular interaction network; in contrast, the crystal CzPL-tDPA cannot fully recover to its original
state after removing pressure due to the lattice vibration under a high pressure. The interesting and
distinct MCL behaviors of CzPL-PTZ and CzPL-tDPA indicate that the D-A-D’ molecular design should
provide pragmatic insights towards MCL materials.

1. Introduction

Mechanochromic luminescence (MCL) materials with poly-
chromatic switches can exhibit distinctly variational emission
when subjected to external mechanical stimuli (e.g., smashing,
grinding, stretching, or hydrostatic pressure).'”® Such materials
have been widely studied due to their potential applications in
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optical data storage, pressure sensors, anti-counterfeiting inks,
and optoelectronic devices.” >* In general, MCL can be realized
by chemical structure change (e.g., chemical bond destruction
and recombination)*>*® or physical structure change (e.g.,
phase transition’”*° and conformational transition®***). The
emission properties of MCL materials largely depend on molecular
stacking modes, which are closely related to the molecular con-
formation and noncovalent interactions.>*™* External forces can
change the molecular stacking mode, subsequently managing the
emission colors and intensities.'*"7%*”

Most MCL materials show reversible conversion luminescence
under only one mechanical force.**** However, materials with
distinct MCL responses towards different mechanical stimuli are
very rare. For instance, Wang certificated that boron-diketonate
crystals exhibited unique emissions under different mechanical
stimuli, with a blue-shift after crushing and a red-shift under
grinding and compressing.** Yamaguchi reported that a tetra-
thiazolylthiophene fluorophore displayed distinctly emissive
responses to mechanical grinding and hydrostatic pressures.**
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Liu found that a donor-acceptor charge-transfer cocrystal CT-R
also exhibited differently emissive responses to anisotropic
grinding and isotropic compressing.”* From the viewpoint of
applications, materials with different MCL responses seem to be
more attractive. Nevertheless, the diversity of these emitters was
still rather restricted owing to the lack of clear molecular structure
design guidelines, and it is imperative to develop creative multi-
stimulus responsive MCL materials with polychromatic emission
under different types of mechanical forces.

Herein, two novel molecules, namely 2-(4-(9H-carbazole-9-yl)-
phenyl)-5-(10H-phenothiazine-10-yl)isoindoline-1,3-dione (CzPL-PTZ)
and 2-(4-(9H-carbazole-9-yl) phenyl)-5-(bis(4-(tert-butyl)phenyl)-
amino)isoindoline-1,3-dione (CzPL-tDPA), were designed and
synthesized by integrating distinguishing ability of electron-
donating units (D’) into the same donor-acceptor (D-A) scaffold
of 2-(4-(carbazol-9-yl)phenyl}-isoindoline-1,3-dione (CzPL). In both
molecules, phthalimide is chosen as an electron-withdrawing
acceptor (A) owing to its excellent stability, mechanical toughness,
and rigid structure.”> 9H-carbazole (Cz) is employed as an end-
capping electron-donating group due to its planar © conjugation
and good charge transport ability. Pseudo-planar phenothiazine
(PTZ) and propeller-like bis(4-(tert-butyl)phenyl)amine (tDPA) are
used as the D’ units make the molecular packing can be adjusted,
eventually resulting in exhibit distinct MCL of CzPL-PTZ and
CzPL-tDPA. Overall, the sturdy intramolecular hydrogen bonds
in phthalimide should rigidify the molecular conformation and
suppress the nonradiative decay.*®™*® Moreover, the abundant
hydrogen bonds between the CzPL unit and distinguishing
stereochemical structures are available for the resulting mole-
cules to form different three-dimensional (3D) networks, and
different multi-stimuli responsive MCL materials can be obtained
by adjusting the electron donating ability of D’ units. Our study
provides a new design strategy of asymmetric D-A-D’ to develop
novel MCL materials.

2. Results and discussion

2.1. Synthesis and characterization

Fig. 1 shows the chemical structures of CzPL-PTZ and CzPL-tDPA.
Their synthetic routes are shown in Scheme S1 ESL{ They were
synthesized by the Buchwald-Hartwig C-N cross-coupling reaction
between CzPL-Br and PTZ or tDPA in moderate yields. Sub-
sequently, they were purified via vacuum sublimation. Their
molecular structures were fully characterized by 'H, "*C NMR
spectroscopy and TOF-MS (see ESIt). Thermogravimetric analysis
(TGA) measurements indicate that both CzPL-PTZ and CzPL-DPA
have good thermal stability with high decomposition temperatures
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CzPL-PTZ CzPL-tDPA

Fig.1 Chemical structures of CzPL-PTZ and CzPL-tDPA.
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(Ty, corresponding to 5% weight loss) of 418 °C and 428 °C,
respectively (Fig. S1 in ESI{).

2.2. Crystal structures

Since molecular packing plays a key role in MCL, the crystal
structures of CzPL-PTZ and CzPL-tDPA were deeply investigated,
which might give important insights into the MCL mechanism.
The yellow-green (533 nm) and blue-green (498 nm) photo-
luminescent (PL) peaks are observed for the CzPL-PTZ and
CzPL-tDPA parent crystals made via vacuum sublimation
(Fig. S2 in ESIt), respectively. Both parent crystals possess
quantum yield (@) values of 39% and 66% correspond to
fluorescence lifetimes ({t)) of 12.07 ns and 16.56 ns for CzPL-PTZ
and CzPLADPA (Fig. S3 and Table S1 in ESIY). Fig. 2 shows the
crystal structures and intermolecular interactions of the CzPL-PTZ
and CzPLADPA crystals measured by single crystal X-ray diffraction
(XRD) experiments. Table S2 (ESIt) summarizes the detailed data of
these crystal structures. The results indicate that CzPL-PTZ adopts a
quasi-axial conformation and a regular head-to-tail arrangement
throughout some C-H---m, C-H---N, C-H:--O, C-H---S, and
weak 7---m interactions (Fig. 2a). In contrast, CzPL-tDPA
features a head-to-tail arrangement but Z-shaped packing
between adjacent molecules (Fig. 2b). These multiple intermo-
lecular interactions can restrict the intramolecular motions and
vibrations for both crystals, which is beneficial to the increase
the &; values. Moreover, the twisty molecular configurations
with large dihedral angles between phenylene and phthalimide/
carbazolyl (Fig. S4 in ESIt) and the n- - -1 distance over 3.518 A
between anti-parallel molecules make both crystals present a weak
n- - -1 stacking interaction, in which the aggregation caused quench-
ing (ACQ) can be efficiently suppressed. Their densities of 1.386 g
em? and 1.224 g em® for CzPL-PTZ and CzPLADPA crystals
indicate that the triclinic CzPL-PTZ crystal has much tighter stack-
ing than the monoclinic CzPLADPA crystal. Interestingly, both
crystals exhibit multiple intermolecular interactions observed from
the a, b, ¢ axes, and form a huge 3D short-range intermolecular
interaction network (Fig. S5 in ESIf). Such short-range 3D net-
works with weak intermolecular interactions should be easy to be
deformed and get distinct emissive responses under different
mechanical forces (e.g,, crushing, grinding, or hydrostatic pressure).

2.3. Photophysical properties

The UV-Visible and PL spectra of CzPL-PTZ and CzPL-tDPA were
obtained in their solutions with different solvents and neat films.
Two typical absorption bands were observed in Fig. S6 (ESIT),
which contain a high-lying band of absorption in the range of
300-350 nm and a low-lying band of absorption in the range of
350-450 nm. The low-lying bands of absorption are ascribed to
the intramolecular charge transfer (ICT) absorption.**>" Fig. S6
(ESIt) also shows the PL spectra of CzPL-PTZ and CzPL-tDPA in
different solvents (1.0 x 10~> M). Dual emissions were observed
for CzPL-PTZ in toluene (Tol), chloroform (CF), and tetra-
hydrofuran (THF), which were assigned to the dual conformers
of PTZ (Fig. S6a in ESIt).>” The excitation spectra of CzPL-PTZ
at 480 nm and 560 nm in the CF solvent (1.0 x 10~> M) with
different spectra indicate that the two emission bands at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystal structures and intermolecular interactions of the (a) CzPL-PTZ and (b) CzPL-tDPA crystals.

480 nm and 560 nm come from different excited states, i.e. locally
excited (LE) and CT states (Fig. S7 in ESIt).”>® In contrast, there is
only single emission peak for CzPL-tDPA in different solutions
(Fig. S6b in ESIt). Both molecules show obvious solvent depen-
dence in different polar solvents owing to their ICT effects. In
addition, different PL spectra are observed for both molecules
under two solid states. Due to the special quasi-axial conformation
of the PTZ unit (bending to one side, small steric hindrance), the
linear CzPL-PTZ molecules are easy to pile up in the long-range
order and exhibit relatively strong intermolecular interactions. In
contrast, CzPL-tDPA can easily form a large twisty type between
tDPA and CzPL, which results in a relatively weak intermolecular
interaction owing to the large steric hindrance of ter¢-butyl. There-
fore, CzPL-PTZ displayed more red-shifted luminescence than
CzPLADPA in crystal and film states (Fig. S2 and S8 in ESIt).>®

2.4. Theoretical calculations

Density functional theory (DFT) discloses that the asymmetric
D-A-D’ strategy has an impact on the lowestlying electronic
transition. The electronic structures of CzPL-PTZ and CzPL-DPA
are optimized at the ground state (S,) in the gas state using
Gaussian 09W program at the B3LYP/6-31G (d)/LanL2DZ level.”>*
As shown in Fig. S9 (ESIT), the lowest unoccupied molecular orbitals
(LUMOs) of CzPL-PTZ and CzPLADPA are mainly located on
electron deficient phthalimide moieties, and the highest occupied
molecular orbital (HOMO) of CzPL-PTZ is dominantly distributed
over the electron donor phenothiazine moieties. Since carbazole has
stronger electron donating ability than bis (4-(tert-butyl) phenyl)
amine, the HOMO of CzPLDPA is mainly distributed in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

carbazole unit.®" Clearly, electron-donating D’ units with distin-
guishing ability led to distinction in the molecular level and hence
influence the MCL properties in the aggregation state. In addition,
the calculated HOMO and LUMO energy levels are —5.28/—2.63 eV
and —5.18/—2.08 eV for CZPL-PTZ and CzPL-tDPA, respectively. The
more effective spatial separation of HOMO and LUMO in the CzPL-
PTZ compound compared with CzPLADPA should demonstrate
stronger ICT nature.®>

2.5. Electrochemical characterization

Electrochemical properties of CzPL-PTZ and CzPL-tDPA were
investigated by cyclic voltammetry (CV) adopting ferrocene as a
reference standard in anhydrous CH3;CN solutions. The recorded
CV curves are shown in Fig. S10 (ESIt) and their electrochemical
data are listed in Table S4 (see ESIt); CzPL-PTZ and CzPLDPA
present reversible oxidation process in CV curves. According to the
onset voltages of the oxidation curves, their HOMO levels are
determined to be —5.16 and —5.41 eV for CzPL-PTZ and CzPL-
tDPA, respectively. The lowest unoccupied molecular orbital (LUMO)
energy level of CZPL-PTZ and CzPLADPA can be calculated using
Epomo and optical band gap (E,), which are —2.04 and —2.48 eV,
respectively.®*** In addition, the calculated HOMO and LUMO
energy levels for CZPL-PTZ and CzPLADPA are —5.28/—2.63 €V and
—5.18/—1.18 eV, respectively, which are reasonable deviations from
the experimental data.

2.6. Mechanochromic luminescence properties

The MCL properties of the CzPL-PTZ and CzPL-tDPA crystals
were studied under different forces, such as tensile force,

Mater. Adv,, 2021, 2, 4859-4866 | 4861
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anisotropic, and isotropic pressures. Fig. 3a and b show the PL
spectra of CzPL-PTZ and CzPL-tDPA in different solid states,
respectively. Here, the crushed and ground samples were
obtained under crushing using a stainless-steel spoon and
ground for 30 min in a mortar. In addition, the PL spectra of
CzPL-PTZ and CzPL-tDPA ground samples were recorded at
room temperature after different retention time periods. It can
be seen from the Fig. S12 (ESIY) that there is almost no change
in their PL spectra, which indicates that the two ground samples
are very stable at room temperature. The fumed samples were
obtained under fuming dichloromethane (DCM) vapor for
10 min. It was found that both crushed crystals exhibited scarce
blue-shifted emissions in comparison with their corresponding
parent crystals. It implies that a proper splitting of the parent
crystals can greatly disturb the ordered molecular arrangement
on the surface, thus resulting in a depressed conjugated system
and blue-shifted emission.*> More surprisingly, the & values of
the crushed crystals of CzPL-PTZ (48%) and CzPL-tDPA (91%)
greatly improved in comparison with those of their corres-
ponding parent crystals of CzPL-PTZ (39%) and CzPL-tDPA
(66%) (Table S6 in ESIT).%

When the crushed crystals are further ground by a mortar, the
resulting ground sample of CzPLtDPA shows bathochromic-shift
emission like most of the reported MCL materials.*****”3* How-
ever, the ground sample of CzPL-PTZ shows a rare hypochromic-
shift emission.>"****® A broad emission band peak at 501 nm is
observed in the CzPL-PTZ ground sample, which is blue-shifted by
18 nm in comparison with that of the CzPL-PTZ crushed crystal
(519 nm). Under further fuming the ground samples with the polar
solvent vapor of DCM for 10 min, the resulting CzPL-PTZ fumed
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« 0.84 ——ground
‘; —— fumed
*= 0.6
("2}
c
8 04
=
& 0.2
0.0== : ; : : r
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Wavelength (nm)
CzPL-PTZ
CzPL-tDPA
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sample exhibited a red-shifted emission peaked at 520 nm (Fig. 3a).
In contrast, the CZPLDPA ground sample presents a significantly
red-shifted emission peak at 547 nm in comparison with that of the
CzPLADPA crushed crystal (491 nm). The emission color was
partially recovered after fumigation with DCM (Fig. 3b). Therefore,
the alternative appendage of another electron-donating unit of PTZ
and tDPA in the D-A unit of CzPL can make their crystals exhibit
distinct MCL response in the above four states. Furthermore, the
film emission of the two compounds was compared with that of
crystals and ground samples (Fig. S13, ESIt). The results show that
the crystal and ground sample emission of the two compounds
blue-shifted compared with that of the films. The conformation
planarization and the closer molecular packing of CzPL-PTZ and
CzPLADPA molecules in the films should be the origins for their
red-shifted emission.

The powder X-ray diffraction (PXRD) diagrams of CzPL-PTZ
and CzPL-DPA in different states indicate that these various MCL
responses are related to the change in the molecular packing
structure, which are recorded in Fig.s S14a and b (ESIY), respectively.
The results show that CzPL-PTZ and CzPL-tDPA form different
molecular stacking architectures over the crushing-grinding-
fuming treatment. These observations indicate that the strong
and few diffraction peaks of CzPL-PTZ and CzPL-tDPA in the
parent crystal state indicate that their crystals are polycrystal-
line. After crushing, the stacked polycrystals are split, the
crystal size becomes smaller and the diffraction peaks increase.
With further grinding, the PXRD pattern of the ground sample
of CzPL-PTZ and CzPL-tDPA are composed of several blunt
“peaks”, indicating that they are mainly amorphous in the
ground state or their crystallites are extremely small in size.

1.0 —— parent crystal
—_ ——crushed
3 ——ground
30'8' —— fumed
>
= 0.6
/2]

5
EOA-
& 0.2-
0.0= v v T T T
450 500 550 600 650 700 750

Wavelength (nm)

fumed ;?
§ S

Fig. 3 PL spectra of (a) CzPL-PTZ and (b) CzPL-tDPA in their parent crystals, crushed crystals, ground samples, and fumed samples; (c) the photographs
of CzPL-PTZ and CzPL-tDPA during the crushing-grinding-fuming processes under UV light irradiation at 365 nm.
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Similarly, the ground samples of CzPL-PTZ and CzPL-tDPA after
fumigation in dichloromethane (DCM) vapor for 10 min exhibit
almost same PXRD patterns as those of single crystal simulation,
indicating that the molecular arrangement in fumigated samples
return to the crystalline state. There is no doubt that the molecular
arrangement of CzPL-PTZ and CzPL-tDPA changed during
mechanical grinding. For the crystal CzPL-PTZ, grinding may
cause the aggregated molecules to slip, disrupt the 3D short
range intermolecular interaction network to ongoing single
molecules, which will lead to the blue-shift emission.** The
red-shift luminescence of CzPL-tDPA may be due to the different
molecular arrangements such as m-stacked dimers have been
formed after grinding.'*"'***

As mentioned above, the anisotropic pressure causes the
CzPL-PTZ and CzPL-tDPA crystals to exhibit distinct MCL. To
reveal the effects of isotropic pressure on emission, the PL spectra
of both parent crystals under different hydrostatic pressures were
further studied. As shown in Fig. 4, the CzZPL-PTZ crystal exhibits a
gradually red-shifted and weakened emission from 480 to 600 nm,
with the hydrostatic pressure increasing from ambient pressure to
10.31 GPa. Furthermore, its absorption is also observed to main-
tain a red-shifted trend (Fig. S15 in ESIt). In contrast, when the
hydrostatic pressure is returned to ambient pressure, its PL
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spectrum turns back to the original PL profile (Fig. 4b). Identically,
CzPL-tDPA shows similarly red-shifted emission and absorption
with the increase in the hydrostatic pressure (Fig. 5 and Fig. S16 in
ESIt). However, the PL spectrum of CzPLDPA just partly returns
to the initial PL profile after the hydrostatic pressure is released to
ambient pressure. More interestingly, whether it pressuring or
decompressing the crystal, the emissive wavelength and energy
have a direct good linear relationship to the hydrostatic pressure
for both crystals (Fig. S17 and S18 in ESIt). This emissive unique-
ness endows this type of MCL materials with potential application
in pressure sensors.” Better emissive restorability of both crystals
indicates that the molecular packing mode should not change
substantially during a high-pressure process. Considering this
point, the intense red-shift and weakened PL of both crystals
may be attributed to the pressure-induced conformational
planarization with increasing pressure, which leads to severe
n-n intermolecular interactions.®”%®

According to the crystal structure analysis, there are weak
n-7 interactions in both crystals. The n-n distances of CzPL-PTZ
and CzPL-DPA are 3.574 A and 3.518 A, respectively, which are
beyond the range of van der Waals interaction (Fig. 2b-d). The
molecular distance between adjacent molecules should be shortened
and m-r interaction should be enhanced with increasing pressure.
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(a) PL spectra of crystal CzPL-PTZ under the pressures from 1 atm to 10.31 GPa, (b) PL spectra of crystal CzPL-PTZ during the decompression

processes, (c) the fluorescence images of the CzPL-PTZ crystal under photo excitation at 350 nm and different pressures.
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(a) PL spectra of crystal CzPL-tDPA under the pressures from 1 atm to 12.01 GPa, (b) PL spectra of crystal CzPL-tDPA during the decompression

processes, (c) the fluorescence images of the crystal CzPL-tDPA under photo excitation at 350 nm and different pressures.

As a result, red-shifted and weakened emissions are observed. The
squashed CzPL-PTZ crystal can rebound to its original shape after
decompressing. That is, its 3D intermolecular short-range inter-
action network undergoes a simple harmonic vibration within a
certain pressure range during the compression-decompression
process. Alternatively, the deformation of a 3D intermolecular
short-range interaction network is reversible in this condition.
Regarding the behavior of the CzPL-tDPA crystal under decom-
pression, it might have to overcome some potential barrier to
recover the 3D intermolecular short-range interaction network.
Such an incomplete recovery is partially caused by the lattice
vibration under high pressure.®’

3. Conclusion

In summary, we have demonstrated a simple and effective
molecular design strategy by integrating the distinguishing
ability of electron-donating units (D’) on the CzPL scaffold to
obtain two novel MCL materials of CzPL-PTZ and CzPL-tDPA.
The D’ units of pseudo-planar PTZ and propeller-like tDPA play an
important role in the MCL properties of CZPL-PTZ and CzPL-tDPA
parent crystals. As a result, both crushed crystals show an abnor-
mal blue-shifted emission under tensile force in comparison with

4864 | Mater. Adv., 2021, 2, 4859-4866

corresponding parent crystals; CzPL-PTZ crystals exhibit hypo-
chromatic-shift, while CzPL-tDPA exhibit bathochromic shift
when under anisotropic pressure. In contrast, both crystals
show a red-shifted emission under increasing isotropic pressures.
Significantly distinct MCL for both parent crystals under tensile
force, anisotropic and isotropic pressures certify the effectiveness
of the strategy D-A-D’ scaffold. Interestingly, crystal CzPL-PTZ can
completely return to the initial state after decompression, while
crystal CzPLDPA cannot fully recover to its original state after
removing pressure. More importantly, there is a linear relationship
between emissive wavelength and pressure. The distinct and
interesting MCL phenomena may have a potential application in
pressure sensors and data storage.
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