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Abstract: Despite the recent increased interest in organic small
molecule luminophores that exhibit circularly polarized luminescence
(CPL) or mechanochromic luminescence (MCL), MCL behavior in
chiral luminophores that display solid-state CPL still remains elusive.
Herein, it is reported that a chiral diamine-linked bispyrene 1 exhibits
a rare MCL behavior in response to two different types of
mechanical stimuli: Ultrasonication and grinding. Moreover, an
unprecedented switching of solid-state CPL has been achieved for
the chiral 1 between two states that can respond to the different
mechanical stimuli. These findings should help to advance the
development of practical CPL materials.

Introduction

Circularly polarized luminescence (CPL) describes the
differential emission of left- or right-handed circularly polarized
light from chiral luminophores.["l Chiral organic molecules that
exhibit CPL have recently attracted considerable attention owing
to their unique advantages, such as the tunability of their
emission properties ~and their processability for the
manufacturing of composite materials.['*¢l Moreover, the
phenomenon of CPL switching in response to an external
stimulus,['®?>71 such as ions,@ light,® pH,“ solvents,?d
temperature,® and chemicals,[! has been a particular focus.
Such CPL-switching materials can potentially find applications in
3D-switching devices, anti-counterfeiting technologies,
cryptographic communication, and sensing devices. However,
most typical CPL-switching systems have been evaluated in
solution (Figure 1a). Since only a limited number of solid-state-
emissive CPL materials has been reported to date,® little is
known about the CPL switching in solid materials, especially in
the case of small chiral organic molecules.!

Mechanical stimuli are a common class of external stimuli
that can induce the switching of physical properties in solid
materials. The term mechanochromic luminescence (MCL)

refers to a reversible mechanical-stimuli-induced change of the
emission color of solid luminophores, and has recently been
investigated intensively due to numerous promising applications
of MCL materials in e.g. mechanosensors and security
technologies.['? In typical organic MCL molecules, the emission
color can be switched by grinding a powdered sample, and the
original color can be recovered via heating or exposure to
solvents (Figure 1b). The MCL of most crystalline organic
molecules has been attributed to phase transitions between
crystalline and amorphous phases.'' During the recent
development of advanced organic MCL molecules, several chiral
organic luminophores have been reported to exhibit MCL.['A
However, only a few exhibit mechano-responsive switching of
the solid-state CPL, whereby the original state is recovered from
the mechanically induced state by heating or solvent fuming.[®!
Further investigations are thus required to develop chiral
luminophores that exhibit versatile MCL switching of their solid-
state CPL, as such luminophores could expand the potential
applications of both MCL and CPL materials.

a) Typical CPL switching c) This work

OO

!—‘ lons, light, l
—~ PH, etc.
4 — |
U — |

Second

00 00

b) Typical MCL (RR)1
Grinding Grinding
—ep —_—
D — ——
Heating Ultrason.
or Solvent

Figure 1. a) Typical CPL switching: Solution-state switching in response to
external stimuli. b) Typical MCL: Switching by mechanical stimuli such as
grinding and by heating or solvent exposure. c) This work: CPL switching
between two states that can respond to two different mechanical stimuli.



Several pyrene-based compounds show the CPL switching
in solution state.l'e3%e5¢ We have recently reported the solution-
state CPL switching of a dibenzofuran-based C2-symmetric N,N'-
dipyrenyldiamine between the monomer and excimer emission
regions of the pyrene groups under the inversion of the CPL
handedness.["®l Herein, we report the rare MCL behavior of the
dibenzofuran-based C2-symmetric N,N'-
bis(pyrenylmethyl)diamine (R,R)-1, whose solid-state emission
color can be switched between two states in response to
ultrasonication and grinding (Figure 1c). Remarkably, the two
states exhibit different solid-state CPL properties. To the best of
our knowledge, this is the first example of solid-state CPL
switching of an organic compound between two states that can
respond to two different mechanical stimuli.l''® 141

Results and Discussion

Chiral secondary diamine (R,R)-1 was synthesized according to
our literature procedure (Scheme S1):'S1 A diimine precursor for
(R,R)-1, prepared from the corresponding primary diamine and
pyrene-1-carbaldehyde, was treated with sodium
cyanoborohydride. The resulting crude product was purified
using column chromatography on silica gel, followed by
evaporation of the solvent (CH2Cl2/hexane) under reduced
pressure to afford the as-prepared powdered sample of (R,R)-1.
Under UV irradiation (lex = 365 nm), as-prepared (R,R)-1
exhibited intense blue-green emission. The maximum emission
wavelength (lem) and emission quantum vyield (@r) of the blue-
green emission were 484 nm and 0.46, respectively (Figure 2).
A powder X-ray diffraction (PXRD) analysis of as-prepared
(R,R)-1 showed no diffraction peaks (Figure 3a). Therefore, the
blue-green-emissive powder of (R,R)-1 is in an amorphous state
(abbreviated henceforth as 1A).

Sonocrystallization is a well-known technique to induce
crystallization from amorphous samples.['®! In order to induce
crystallization, a suspension of (R,R)-1A in hexane was exposed
to ultrasound (40 kHz).['! The solid sample collected by filtration
of the ultrasonicated suspension exhibited a relatively weak
violet emission (lem = 413 nm, @& = 0.06; Figure 2). This solid
exhibited intense PXRD peaks, indicating that a phase transition
from an amorphous (R,R)-1A to a crystalline state (henceforth
denoted as 1C) occurred upon ultrasonication (Figure 3b).
Scanning electron microscopy (SEM) measurements showed a
sheet-like structure for (R,R)-1A and aggregates of a fine
powder for (R,R)-1C (Figure 4a and b). Remarkably, the
microsheets of (R,R)-1A acted as optical waveguides.['® In
single-particle-level observations using fluorescence microscopy,
intense emission was only observed at the edges of the
microsheets (Figure 4d inset and Figure S1).'¥ In contrast, the
entire aggregates of (R,R)-1c exhibited luminescence (Figure 4c
inset).

Although a single crystal suitable for X-ray diffraction
analysis could not be obtained for (R,R)-1C from various
solvents, the violet emission from (R,R)-1C was attributed to
monomer emission from the pyrenyl group based on the
wavelength and vibrational structures of the emission band
(Figure 2). In addition, (R,R)-1C exhibited a mean fluorescence
lifetime (<t>) of 3.6 ns (Figures 4c, S2 and Table S1). The
fluorescence lifetime for the monomer emission of pyrenyl
groups in the crystalline state is often less than 10 ns,?% which
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Figure 2. Photographs and normalized fluorescence spectra of the MCL of
(R,R)-1 (Aex = 365 nm).
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Figure 3. PXRD patterns and DSC thermograms of (R,R)-1. a and e) As-
prepared samples after evaporation of the solvent. b and f) After
ultrasonication of the as-prepared samples. ¢ and g) After grinding of the
ultrasonicated samples. d and h) After ultrasonication of the ground samples.
Tg, Tm, and T; values are noted near the corresponding peaks and steps.
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Figure 4. SEM images of a) ultrasonicated (R,R)-1C and b) as-prepared
(R,R)-1A. Fluorescence decay profiles and photographs (inset) of c)
ultrasonicated (R,R)-1C and d) as-prepared (R,R)-1A recorded at the single-
particle level (lex = 405 nm).

stands in sharp contrast to the long fluorescence lifetime (>100
ns) of the monomer emission from pyrene in solution. On the
other hand, the emission band of (R,R)-1A was assigned to the
excimer emission from intra- or intermolecularly stacked pyrenyl



groups. The decay curve of (R,R)-1A indicated a <t> value of
16.2 ns (Figure 4d and Table S1), which is in good agreement
with the reported fluorescence lifetime of pyrene excimers in the
crystalline state.?]

The excimer emission from (R,R)-1A was attributed to the
formation of dynamic excimers®? in the excited state. The
absorption spectra of (R,R)-1A and (R,R)-1C (Figure S3) were
observed in almost the same region. Moreover, the excitation
spectrum of (R,R)-1A (Aem = 483 nm) was in good agreement
with that of (R,R)-1C (Aem = 413 nm) (Figure S4). These results
suggest that the pyrenyl groups did not form dimeric structures
in the ground state. It should also be noted here that the
immediate formation of the excimers from the monomer pyrenyl
groups on the picosecond time scale®? should account for the
absence of a rise component in the decay profile of (R,R)-1A.

Upon grinding (R,R)-1C using a spatula, an intense blue-
green emission (dem = 483 nm, @& = 0.38) was observed, similar
to that of as-prepared (R,R)-1A (Figure 2). The amorphization of
the crystal structure upon grinding was confirmed by a PXRD
analysis of the ground sample (Figure 3c). Subsequent
ultrasonication of ground (R,R)-1A restored its weak violet
emission (lem = 413 nm) and intense PXRD patterns (Figure 3d).
In other words, (R,R)-1 exhibits MCL that responds to two types
of mechanical stimuli, i.e., ultrasonication and grinding. The MCL
conversion between (R,R)-1A and (R,R)-1C could be repeated
for at least five cycles (Figure 5). The maximum emission
wavelengths of amorphous and crystalline (R,R)-1 were
observed within experimental errors during the fifth
ultrasonication—grinding cycles between 1A and 1C, supporting
the absence of decomposition of (R,R)-1. The transition from the
amorphous to the crystalline state and the accompanying
emission-color change were also achieved upon heating ground
(R,R)-1A to 150 °C (Figures 2 and S5). However, as-prepared
(R,R)-1A could not be transformed into (R,R)-1C by heating.
These results suggest that residual traces of crystalline phases
in ground (R,R)-1A are necessary to facilitate the
recrystallization of (R,R)-1C upon heating.
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Figure 5. Plots of the emission maxima during the fifth ultrasonication—
grinding cycles.

The occurrence of crystal-to-amorphous phase transitions in
the MCL of (R,R)-1 was also supported by an analysis of the
thermo-induced phase transitions of (R,R)-1 using differential
scanning calorimetry (DSC). In the DSC thermogram of as-
prepared (R,R)-1A, a glass-transition temperature (Tg) was
observed at 65 °C together with an enthalpy-relaxation peak
(Figure 3e). Ultrasonicated (R,R)-1C showed an endothermic
melting point (Tm) at 162 °C (Figure 3f). These results indicate
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that as-prepared (R,R)-1A and ultrasonicated (R,R)-1C exist in
the amorphous and crystalline states, respectively. The DSC
measurements confirmed that ground (R,R)-1A crystallizes upon
heating, whereas crystallization does not occur when heating as-
prepared (R,R)-1A. Specifically, ground (R,R)-1A showed a Ty
at 69 °C, followed by a cold-crystallization transition peak (Tc) at
146 °C and Tm at 163 °C (Figure 3g). The cold crystallization of
ground (R,R)-1A should be attributed to the facilitation of
recrystallization by the residual traces of crystalline phases.
Crystalline (R,R)-1C, obtained from the ultrasonication of ground
(R,R)-1A, exhibited only one endothermic peak (Tm = 165 °C;
Figure 3h).

We also carried out CPL measurements of crystalline (R,R)-
1C and amorphous (R,R)-1A. Reflecting the fact that the
emission of (R,R)-1 was switched between monomer and
excimer emission, the CPL characteristics were also switched
for (R,R)-1C and 1A. A negative CPL band was detected in the
excimer emission region for (R,R)-1A (Figure 6b). In contrast, for
crystalline (R,R)-1C, the CPL band was not observed in the
excimer emission region, and negative CPL signals were
observed in the monomer emission region (Figure 6a). Since the
@r value of 1C is considerably smaller than that of 1A (1C: & =
0.06; 1A: @& = 0.46), the CPL intensity of 1C was significantly
weaker than that of 1A.?l We also synthesized the enantiomer
(S,S)-1, which shows identical MCL behavior (Scheme S2 and
Figure S6). Both (S,S)-1C and (S,S)-1A exhibit positive CPL
signals in the same regions as (R,R)-1C and (R,R)-1A,
respectively (Figure 6). These results exclude the possibility of
any artifacts in the CPL switching in response to mechanical
stimuli.®® The absolute value of Kuhn's dimensionless
anisotropy factor (|gcr|) is defined as gepL = 2(IL — R)/(IL + [R).[29!
The averaged gcrL value for the enantiomeric CPL bands of 1A
is 2.0 x 1073 (AcpL = 490 nm), which is smaller than the excimer
gert value of 1 in toluene (gerL = 1.1 x 1072).271 Although the
exact reason is unclear at this moment, the restriction of
molecular motion and formation of intermolecular stacks in the
solid state would account for the relatively small gcpL value of 1A
compared to that in the solution state.[?8!
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Figure 6. Normalized CPL (top) and fluorescence (FL, bottom) spectra of a)
1C and b) 1A for (R,R)- (red and black) and (S,S)- (blue and violet) samples.

Conclusion

In summary, the different solid-state CPL properties of chiral
N,N'-bis(pyrenylmethyl)diamine 1 can be observed between two
states that can respond to mechanical stimuli. The intense



excimer emission from 1A was switched to the relatively weak
monomer  emission from 1C  upon ultrasonication.
Ultrasonication-induced crystallization of as-prepared
amorphous solids can thus be considered as an effective
method to obtain MCL crystals with different CPL properties. It
was possible to revert ground amorphous samples of 1 to the
crystalline state using ultrasonication and heating. The
mechanism of the MCL should be attributed to the switching
between monomer and excimer emission due to the crystal-to-
amorphous transitions. Moreover, as-prepared amorphous 1
exhibited optical waveguide behavior, which is unprecedented
for CPL-active organic molecules, that may lead to applications
in CPL waveguides. As the area of mechano-responsive solid-
state CPL switching is still in its infancy, the basic insights
obtained in this study can be expected to promote future
developments of new chiral MCL materials.

Experimental Section
General

All air-sensitive experiments were carried out under an argon
atmosphere unless otherwise noted. Silica gel 60 N (spherical, neutral,
63-210 um) was used for column chromatography. (R,R)-4,6-Bis(1-
aminopropyl)dibenzo[b,d]furan (S1) and (S,S)-S1 (Scheme S1 and S2)
were synthesized by our previously reported procedure.['®a Other
reagents and solvents were commercially available and were used as
received. 'H and C NMR spectra were recorded on a JEOL ECA500
spectrometer using tetramethylsilane as an internal standard. High-
resolution mass spectra (HRMS-ESI) were recorded on a Hitachi Nano
Frontier LD spectrometer. Optical rotation was measured on a JASCO P-
1000 automatic polarimeter. A miniature fiber-optic spectrometer
(FLAME-S-XR1-ES, Ocean Optics) and a handy UV lamp (365 nm, LUV-
6, AS ONE) were used for the measurements of mechanochromic
luminescence (MCL). Fluorescence spectra were measured on a JASCO
FP-8300 fluorescence spectrometer. The solid-state absorption spectra
were obtained by measuring diffuse reflectance spectra using an FPA-
810 powder sample cell block. The absolute fluorescence quantum yields
were determined using a 100 mm ¢ integrating sphere JASCO ILF-835.
Powder X-ray diffraction (PXRD) measurements were performed on a
Rigaku SmartLab system using CuKa radiation. Differential scanning
calorimetry (DSC) data were recorded on a Shimadzu DSC-60 plus
(heating rate: 10 °C min~"). The SEM images were taken using a
Keyence VE8800. The ultrasonic irradiation was applied by using a
MUJIGAE SD-120H with the nominal frequency of 40 kHz.

Synthesis of (R,R)-1A

In accordance with the previously reported procedure,['5@ chiral diamine
(R.R)1 was synthesized from (R,R)-4,6-bis(1-
aminopropyl)dibenzo[b,d]furan (S1) and pyrene-1-carbaldehyde (Scheme
S1). The crude product of (R,R)-1 was purified by column
chromatography on silica gel twice (Silica gel 60N; first with
hexane/CH2CI2/AcOEt = 1:2:1 and then with CH2Cl2). The purified
product was dissolved in CH2Cl2/hexane, and the solvents were
evaporated under reduced pressure to give (R,R)-1A as a white solid.

(R,R)-4,6-Bis{1-[(pyren-1-ylmethyl)amino]propyl}dibenzo[b,d]furan

(1) White solid; Ty 64.7 °C; [a]p?® +12.8 (¢ 1.0, CHCI3); '"H NMR (500
MHz, CDCls): & (ppm) 7.99-7.75 (m, 18H), 7.67 (d, J = 7.6 Hz, 2H), 7.57
(d, J=7.6 Hz, 2H), 7.46 (t, J = 7.6 Hz, 2H), 4.21 (dd, J = 7.6, 6.2 Hz, 2H),
4.14 (d, J = 12.3 Hz, 2H), 4.03 (d, J = 12.3 Hz, 2H), 1.99-1.85 (m, 6H),
0.81 (t, J = 7.3 Hz, 6H); 3C NMR (126 MHz, CDCl3): § (ppm) 154.4,
133.9, 131.1, 130.7, 130.5, 129.0, 128.3, 127.3, 127.2, 127.1, 126.8,
126.1, 125.6, 124.82, 124.76, 124.70, 124.5, 124.4, 123.14, 123.06,
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119.2, 60.6, 49.9, 29.8, 11.1 (one signal is hidden due to the incidental
overlapping); HRMS (m/z): [M+H]* Calcd for Cs2Ha3N20, 711.3375;
Found, 711.3372. 'H and '3C NMR spectra of (R,R)-1A were in good
agreement with those of previously reported (R,R)-1.[1%2]

Synthesis of (S,S)-1A

In accordance with the same experimental procedure as the synthesis of
(R,R)-1, chiral diamine (S,S)-1 was synthesized by the reaction of (S,S)-
S$1 (0.10 g, 0.37 mmol) and pyrene-1-carbaldehyde (187 mg, 0.81 mmol)
in MeOH (9 mL) followed by treating with NaBH3CN (70 mg, 1.1 mmol)
(Scheme S2). The crude product was purified by the same procedure as
that for (R,R)-1A, and as-prepared (S,S)-1A (97 mg, 40%) was obtained
as a white solid.

(S,S)-4,6-Bis{1-[(pyren-1-ylmethyl)amino]propyl}dibenzo[b,d]furan
(1) White solid; [a]o?® =13.5 (¢ 1.0, CHCI3); '"H NMR (500 MHz, CDCls): §
(ppm) 8.01-7.76 (m, 18H), 7.69 (d, J = 7.6 Hz, 2H), 7.58 (d, J = 7.6 Hz,
2H), 7.47 (t, J = 7.6 Hz, 2H), 4.22 (dd, J = 7.6, 6.2 Hz, 2H), 4.16 (d, J =
12.3 Hz, 2H), 4.04 (d, J = 12.3 Hz, 2H), 1.99-1.82 (m, 6H), 0.82 (t, J =
7.3 Hz, 6H); 3C NMR (126 MHz, CDCls): § (ppm) 154.4, 133.9, 131.1,
130.7, 130.5, 129.0, 128.3, 127.3, 127.23, 127.15, 126.8, 126.1, 125.6,
124.84, 124.77, 124.72, 124.5, 124.4, 123.2, 123.1, 119.2, 60.6, 49.9,
29.8, 11.1 (one signal is hidden due to the incidental overlapping);
HRMS-ESI (m/z): [M+H]* Calcd for Cs2HasN20, 711.3375; Found,
711.3385.

Experimental procedure for the MCL of (R,R)-1

A suspension of as-prepared (R,R)-1A (30 mg) in hexane (5.0 mL) was
ultrasonicated for 60 s in an ultrasonic bath at a frequency of 40 kHz. The
resulting white precipitates of (R,R)-1C were collected by vacuum
filtration using a membrane filter (22.5 mg, 75% recovery). Several
pieces of (R,R)-1C, placed on a glass plate, were ground manually with a
spatula to afford (R,R)-1A. The ground (R,R)-1A was recovered to (R,R)-
1C by ultrasonication in hexane or heating on a hot plate to 150 °C.

Single-particle level observations and the measurement of

fluorescence lifetimes

Single-particle fluorescence measurements were performed on a home-
built wide-field/confocal microscope equipped with a Nikon Ti-E inverted
fluorescence microscope. The fluorescence images were recorded using
a color sCMOS camera (Dhyana 400DC, Tucsen Photonics). The 405-
nm continuous wave laser (OBIS 405LX, Coherent) or 405-nm pulsed
diode laser (PiL040X, Advanced Laser Diode System, 45-ps FWHM) was
used to excite the samples. A dichroic mirror (Di02-R405, Semrock) and
a longpass filter (ET425lp, Chroma) were used to filter the scattering
from excitation light. For the spectroscopy, only the emission that passed
through a slit entered the imaging spectrograph (MS3504i, SOL
instruments) equipped with a CCD camera (DU416A-LDC-DD, Andor).
For time-resolved fluorescence measurements, the emitted photons were
passed through a 100-um pinhole and then directed onto a single-photon
avalanche diode (SPD-050, Micro Photon Devices). The signals from the
detector were sent to a time-correlated single photon counting module
(SPC-130EM, Becker & Hickl) for further analysis. The instrument
response function of the system was about 100 ps. All the experiments
were conducted at room temperature. The data were analyzed using
Imaged (http://rsb.info.nih.gov/ij/) and Origin 2021 (OriginLab).

Measurement of CPL and FL spectra of enantiomeric 1C and 1A

The FL and CPL spectra of the luminophores were measured using the
JASCO CPL-300 spectrofluoropolarimeteri?®l at room temperature at a
scattering angle of 0° upon excitation with an unpolarized,
monochromatic incident light with a 10-nm bandwidth. The excitation
wavelength for all samples was 365 nm. Scanning speed, cumulative



number, and response were set at 50 nm/min, 2 times, and 8 sec,
respectively. A 0.1-mm path length was used for the solid-state
spectroscopic measurements. Powdered samples were placed on a 0.1-
mm quartz cell with an area of 10 mm in length and width.
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The solid-state emission of a chiral diamine-linked bispyrene can be switched by applying two different types of mechanical stimuli:
Ultrasonication and grinding. Remarkably, the switching of solid-state circularly polarized luminescence has been achieved between
the crystalline and amorphous states that can respond to the different mechanical stimuli.
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