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A phenothiazine derivative PtzCheol containing non-conjugated chiral cholesterol group was designed and synthesized. By
analyzing the single crystal structure of PtzChol carefully, coupled with the circular dichroism (CD) signals before and after
grinding, it was found that the introduction of cholesterol produced a positive effect on the production of chiral space group, on
mechanoluminescence (ML) and room temperature phosphorescence (RTP), and throughout the entire light-emitting process, the
CD signal could well reflect the changes of molecular arrangement.
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1 Introduction

Mechanoluminescence (ML), also known as tribolumines-
cence (TL), represents one of the most interesting and least
understood luminescence phenomena. It can be excited by
grinding, rubbing, cutting, cleaving, shaking, scratching,
compressing, or crushing of solids [1,2]. As a new light
source, mechanoluminescence has attracted increasing at-
tention and research interest of scientists, a wide range of
applications not only in the field of intelligent pressure or
crack sensing, but also in biological imaging, as light sources
for phototherapy, magneto-optical sensing energy collection
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and displays [3—15]. As another special emission behavior,
room temperature phosphorescence (RTP) of purely organic
compounds, emitting from the transition forbidden triplet
state, also has great potential in the applications of optoe-
lectronic devices, bio-imaging and anti-counterfeiting due to
its unique luminous advantages, such as long emission life-
time, and large Stokes shift [16-27]. So far, purely organic
luminogens with both ML and RTP effects have been rarely
reported, mainly for their unclear internal mechanisms and
lacking of corresponding molecular design strategy, regard-
less of their importance for understanding complex lumi-
nescence processes and the relationship between the
structural and optical properties [28-31]. Especially for
mechanoluminescence, although the phenomenon can be
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traced back hundreds of years ago, it has been slowly de-
veloped due to the lack of credible mechanisms and standard
research methods [32-34]. Therefore, research on the me-
chanism of mechanoluminescence is bound to be the focus of
research work, and thus, many research methods are required
for the deep exploring.

According to previous researches, the molecular packing
has played the important role in the luminescent properties
and corresponding internal mechanisms. At present, the main
methods for studying molecular packing are limited to single
crystal X-ray diffraction and powder X-ray diffraction
(PXRD) (Figure 1) [3-5,35]. Among them, single crystal X-
ray diffraction could clearly present the molecular arrange-
ment, but it requires the tested sample to be in a very good
crystal state, while the powder one can just provide limited
information and tedious data analyses are needed. As one of
the most typical examples, ultraviolet-visible (UV-Vis) ab-
sorption spectrum is carried out to monitor the H/J ag-
gregation in solid state. The forms of aggregation could well
correspond to their emission behaviors, as the J-aggregation
often leads to the brighter and red-shifted emission, while H-
aggregation is not [17,36—42]. Similarly, circular dichroism
(CD), as another relatively simple mean of monitoring the
degree of molecular crystallinity, has also been applied to the
field of photoelectronic properties closely related to mole-
cular accumulation.

With this consideration in mind, we believe that the in-
troduction of non-conjugated chiral elements into lumino-
gens and monitoring the CD signal in solid state should be a
good choice. First, the assembled chiral signal namely ag-
gregation-induced circular dichroism (AICD) property can
be easily detected in the UV-Vis light region, since non-
conjugated chiral elements often transfer chirality to the
entire molecule or the entire macroscopic system during the
molecular assembly or packing process [43—48]; Secondly,
the chiral elements will easily produce chiral molecular ar-
rangement and piezoelectric effect in solid state, thus often
leading to mechanoluminescence [49]; Thirdly, the regular
molecular arrangement resulting from the chiral elements
can contribute a lot to the rigid environment [50—54], then
promoting the ML and RTP emissions. As we all know,
phenothiazine has been widely reported as a good RTP
building block, as the existence of N and S heteroatoms in it
can largely promote the intersystem crossing and the re-
sultant RTP emission [20,55]. In addition, it is not negligible
that the conformation of N-aryl phenothiazine derivatives
affects emission. Molecules with equatorial geometry often
show red-shifted luminescence and stronger luminous effi-
ciency, and are excellent dual-emitters. It is because the
change of conformation not only affects the degree of con-
jugation and charge transfer of molecules, but also affects the
packing modes of molecules [56—60]. Therefore, accord-
ingly, in this work, the non-conjugated chiral group of cho-
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lesterol is combined with a typical RTP/ML building block
of phenothiazine to yield PtzChol, with an attempt to in-
troduce chiral element into solid sample with ML and RTP
effects (Figure 1). Experimental data demonstrates that
PtzChol crystal presents a chiral molecular packing, which
is heavily related to its ML and RTP effects. Thus, through
monitoring the changed CD signals in different states, the
relationship between the molecular packing and lumines-
cence could be well established accordingly.

2 Experimental

Experimental procedures and photophysical properties of
PtzChol or PtzMe, crystal data, theoretical calculations,
nuclear magnetic resonance (NMR) spectra and high re-
solution mass spectrometry (HRMS) spectra are listed in the
Supporting Information online.

3 Results and discussion

The target compound of PtzChol was easily synthesized by
esterification reaction (Scheme S1, Supporting Information
online), and its structure has been well certified by 'H NMR,
C NMR, and HRMS. To better understand the important
role of chiral group, PtzMe was synthesized for comparison,
in which the chiral group of cholesterol was replaced by
methyl one (Scheme S2). Then their single crystals were
obtained from a mixture solvent of dichloromethane (DCM)
and petroleum ether (PE) (the volume ratio is 1:3) by solvent
evaporation. Fortunately, dual emissions of fluorescence and
phosphorescence could be clearly observed at room tem-
perature for PtzChol crystal, while only fluorescence in
PtzMe one. Also, when the mechanical stimulation, such as
rubbing or crushing, was applied to PtzChol crystal, bright
green emission could occur without any UV irradiation, to-
tally opposite to that of PtzMe. Thus, through simply
changing the substituent group from non-chiral methyl to
chiral cholesterol, much different RTP and ML effects could
be realized in these two compounds.

In order to figure out the origin of the different RTP and
ML effects for these two compounds, their photophysical
properties in solution state were first studied. As shown in
Figure S1 (Supporting Information online), in dilute tetra-
hydrofuran (THF) solution, PtzChol and PtzMe gave similar
UV-Vis absorption spectra with maximum absorption peaks
at about 310 nm. Besides, their PL emission peaks both lo-
cated around 535 nm at room temperature with the corre-
sponding emission lifetimes measured to be 4.81 and
4.66 ns, respectively (Figures S2 and S3), indicating they
were fluorescence. When their THF solutions were cooled to
77 K, similar PL spectra could also be recorded, although
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Figure 1 (a) Some methods and assumption for detecting molecular
packing; (b) the design idea and the dual emission properties of compound
PtzChol at room temperature (color online).

phosphorescence was dominated at this time for the re-
stricted non-radiative motion (Figures S4 and S5). The
consistency of their absorptions and emissions in dilute so-
lutions indicated that these two luminogens presented the
similar electronic structure and the introduction of non-
conjugated chiral cholesterol group had nearly no influence
on solutions. Also, their cyclic voltammetry (CV) curves
were measured and the corresponding highest occupied
molecular orbital (HOMO)/lowest unoccupied molecular
orbital (LUMO) values were calculated to be —5.13/
—1.69 eV and —5.13/-1.66 eV for PtzChol and PtzMe, re-
spectively (Figure 2 and Figure S6), further certifying their
similar electronic structure. Thus, it was believed that the
packing mode, rather than the molecular electronic structure,
should account for their different RTP and ML in solid state.

The emission behaviors of PtzChel and PtzMe in solid
state were studied carefully (Figures S7-S11). In PtzMe
crystal, no RTP/ML effect was observed, although domi-
nated phosphorescence emission existed at 77 K for the re-
stricted non-radiative transition. As for PtzChol crystal, dual
emission peaks could be found under the 365 nm irradiation
and its overall emission quantum yield was as large as
7.15%. There are both two emission components (7,=2.4 ns
and 7,=0.73 ms) in the PL decay curves of 467 and 492 nm
for their large overlap, indicating the fluorescence-phos-
phorescence dual emissions for PtzChol crystal. When it
was ground heavily, just fluorescence peak of 467 nm retains
with lifetime of 3.2 ns. Obvious mechanoluminescence
could be observed for PtzChol crystal, and the main emis-
sion peak located at 492 nm (Figure 3(a)), indicating the
dominated mechanophosphorescence effect. This might be
from the denser molecular packing under mechanical sti-
mulus, which could further restrict non-radiative motion and
contribute much to the emission of phosphorescence, just
like that at 77 K (Figure S8). If PtzChol crystal was de-
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Figure 2 Frontier molecular orbitals. (a) HOMO, LUMO orbits and the
corresponding energies of PtzMe; (b) HOMO, LUMO orbits and the cor-
responding energies of PtzChol (color online).

stroyed through heavily grinding, both RTP and ML emis-
sions would disappear, indicating the significant role of the
particular molecular packing in them. Then what kind of
molecular packing should be responsible for these unique
emission properties? Whether the chiral element has played a
role in this process?

To answer these questions, the measurements of CD in
solid state were carried out. As shown in Figure 3(c), strong
signals could be observed in the CD absorption spectra of
PtzChol crystal for different measurement angles, including
0°, 45°,90°, and 135°, respectively, demonstrating the chiral
molecular arrangement in crystal. Also, they were all in good
agreement with each other, indicating the accuracy of CD
signals. However, if PtzChol crystal was ground heavily, its
CD signals would nearly disappear due to the destroyed
molecular arrangement, indicating that CD could be just
achieved through the regular molecular packing. Un-
fortunately, the circularly polarized luminescence (CPL)
signal has not been detected.

To further confirm that CD signals were derived from the
chiral molecular arrangement rather than chiral molecular
structure, the CD absorption spectrum in solution was mea-
sured (Figure S12). No CD signal could be detected for
PtzChol solution, and thus, the similar changed tendency
between chiral molecular arrangement and ML/RTP effect
could be certified, showing their potential relationship.

In order to further investigate the effect of chiral element
on the molecular arrangement and luminescence properties,
the single crystal structures of PtzChol and PtzMe were
analyzed carefully. Owing to the introduction of chiral cho-
lesterol group, PtzChol crystal presented the C2 chiral space
group, in which the strong CD signals could be realized.
Furthermore, because of the non-central symmetric effect of
chiral space group, the piezoelectric effect was easy to be
achieved, which has been thought to be the main origin for
some ML phenomena. As for PtzMe with methyl sub-
stituent, the central-symmetric space group of P2,/n was
observed (Table S1). Also, much stronger intermolecular
interactions could be formed in PtzChol crystal with chiral
molecular arrangement than that in PtzMe. In order to
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Figure 3 (a) Normalized PL and ML spectra of PtzCheol in crystal (C)
and ground (G) states at room temperature. Inset: ML image of PtzChol
crystal upon grinding with a glass rod in daylight and the dark. (b) Time-
resolved PL-decay curves for PtzChol in crystal and ground (inset) states,
respectively. (¢) CD absorption spectra of PtzChol in crystal and ground
states measured from different angles. (d) The PXRD patterns for PtzChol
in crystal and ground states (color online).

simplify the packing analyses and make a clear description,
dimers based on two adjacent molecules with strong inter-
molecular interactions were selected and listed. As shown in
Figure 4(c), five kinds of molecular dimers could be found in
PtzChol crystal, in which dimer 1 was coupled with two
efficient C-H---C interactions (3.10 A), dimer 2 with
C-H---C (3.11 A) bond, dimer 3 with four kinds of interac-
tions, including C-H---O (2.81A), C-H--'n (3.22 A),
C-H---S (3.11 A) and n---m (3.70 A) interactions; dimer 4
with C-H---O (3.50 A), C-H--'n (2.82 A), C-H---C (2.81,
2.98, 3.14 and 3.22 A) bonds; dimer 5 with C-H:--O
(2.76 A), C-H---n (2.95, 3.22 A), C-H---S (2.92 A) and
C-H---C (3.01, 3.07 and 3.09 A) bonds. All these inter-
molecular interactions could contribute a lot to the restricted
non-radiative motion, thus promoting the RTP and ML
emissions. As for PtzMe crystal, much weaker inter-
molecular interactions were found, including C—H---O (2.65,
2.65,2.48 A), n---n (3.49 A)and C-H--m (2.62, 2.88, 2.99,
3.06, 3.28, 3.24 and 3.51 A) interactions (Figure S13).
Moreover, theoretical calculations were carried out to
evaluate the influence of chiral molecular arrangement on
ML and RTP emissions. First, the dipole moments of their
single molecules and dimers were calculated. In the single
molecule state, PtzChol and PtzMe presented the similar
dipole moments of 3.26 and 2.45 D (1 D=3.33564x% 10°c m),
respectively (Figure 4(b) and Figure S13(a)), for their similar
electronic structures. However, for the dimers of PtzChol,
selected from the chiral molecular arrangement, their dipole
moments largely increased to 4.65, 4.53, 4.65, 6.23, and

5.89 D, respectively (Figure 4(c)). It was believed that these
large dipole moments could promote the piezoelectric effect,
as well as the ML emission in PtzCheol crystal. As for the
dimers in PtzMe crystal, most of dipole moments decreased
to around 1 D for its central-symmetric space group. Thus,
the calculated dipole moments in the molecular dimer well
demonstrated the important role of chiral molecular ar-
rangement in the ML emission.

Then the HOMO and LUMO orbital distributions for their
single molecules and dimers were analyzed. In the single
molecule state, the HOMOs mainly located on the part of
phenothiazine, while the LUMOs were at methyl benzoate
for both PtzChol and PtzMe (Figures S14 and S15). This
further indicated the similar electronic structures of PtzChol
and PtzMe in theory, and the non-conjugated chiral choles-
terol group had little influence on it. As for their molecular
dimers, selected from the single crystal structures, much
different HOMO and LUMO orbital distributions were found
for their different molecular arrangement. Particularly, effi-
cient intermolecular charge transfer could be realized for
dimers in PtzChol, from an occupied orbital of one molecule
to a vacant orbital of a neighboring molecule (Figure 5). This
could contribute much to the increased dipole moments. As
for the dimers in PtzMe crystal, the charge transfers mainly
occurred within one molecule (Figure S15). Thus, the in-
termolecular and intramolecular charge transfer in PtzChol
and PtzMe could both contribute to their efficient inter-
system crossing (ISC) transition as well as phosphorescence
at low temperature, in which the non-radiative motion was
restricted. When it turned to room temperature, the non-ra-
diative motion would dominate in PtzMe crystal, and thus no
RTP emission could be observed. As for PtzChol crystal, the
much stronger intermolecular interactions, resulting from the
regular chiral molecular arrangement, were still able to re-
strain intramolecular motion, thus resulting in the RTP
emission.

In order to check the effect of oxygen on room temperature
phosphorescence, the PL spectra of the product under
deoxygenated state were measured. As shown in Figure S16,
oxygen does have an effect on phosphorescence emission to
a certain extent, but it is not a decisive factor, because the
phosphorescence component of PtzCheol exposed to the air is
only weakened and does not disappear compared to the
deoxidized state. And no phosphorescence of PtzMe in the
deoxygenated state was detected. Therefore, these results
further confirm the introduction of chiral cholesterol group
as a key role in phosphorescence emission, as described
above.

As revealed by our experimental results, coupled with the
theoretical calculations, the chiral molecular arrangement
played a significant role in the light-emitting process of
PtzChol, including ML and RTP. In crystal, the introduction
of chiral cholesterol group would lead to the regular chiral
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Figure 4 (a, b) Molecular packing of PtzChol crystal observed from a and b directions, respectively; (c) dimers of PtzChol crystal and their intermolecular

interactions (color online).

Figure S Dimer-based molecular frontier orbit. HOMO, LUMO orbits of five dimers in PtzChol (color online).

molecular arrangement as well as strong CD signal in crystal
state, which could be much beneficial for the enhanced in-
termolecular interaction as well as rigid environment, thus
promoting the RTP emission. On the other hand, the non-
central symmetric effect of chiral space group would largely
increase the dipole moment of molecular dimers in crystal.
Thus, when the mechanical stimulus was applied to it, the
piezoelectric effect and the corresponding ML emission were
easy to be achieved.

However, when the crystal was subjected to heavy grind-
ing for a long time, the packing would become disordered,
accompanying with the disappeared CD signal. At this time,
the properties of ML and RTP both disappeared for severe
destruction of chiral molecular arrangement. Throughout the
entire light-emitting process, the CD signal, instead of the
common single crystal/PXRD, could well monitor the

changes of molecular arrangement (Figure 6).

4 Conclusions

We designed and synthesized a chiral molecule of PtzChol
with both ML and RTP characters for the first time. Owing to
the inductive effect of chiral cholesterol group, PtzChol
crystal presented the C2 chiral space group, in which the
strong CD signals could be realized. Furthermore, because of
the non-central symmetric effect of chiral space group, the
piezoelectric effect was easy to be achieved, which has been
thought to be the main origin for some ML phenomena.
Introduction of cholesterol can increase intermolecular for-
ces, which could contribute a lot to the restricted non-
radiative motion, thus promoting the RTP and ML emissions.
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Figure 6 The proposed relationship between regular chiral molecular
arrangement and ML/RTP effect (color online).

Strong CD signal could be observed in crystal state for the
regular molecular packing, while nearly disappeared after
heavy grinding. Thus, throughout the entire light-emitting
process, the CD signal could well reflect the changes of
molecular arrangement. Therefore, this work may have a
positive effect on the design of molecules with ML and RTP,
and prompt to explore new approaches to investigate the
Molecular Uniting Set Identified Characteristc (MUSIC)
[20,61-65].
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