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Herein, we propose a new strategy to tune the magnitude of
mechanoresponsive shift of the maximum emission wavelength
(Adem). The Al of thienylbenzothiadiazole crystals has been
extended to 69 nm by doping a trace amount of
dithienylbenzothiadiazole, whereas the pure crystal of
thienylbenzothiadiazole exhibited the Ay, of 10 nm. This doping
strategy should accelerate the development of advanced
mechanosensing materials composed of organic crystals.

The past decade has witnessed a remarkable surge in luminescent
organic crystals, and particular interest has focused on their
mechanochromic luminescence (MCL).! A considerable number of
organic MCL crystals that can switch photoluminescence properties
in response to mechanical stimuli have been developed owing to the
pressure
anticounterfeiting inks, etc. The emission wavelength of typical

wealth of promising applications in Sensors,
organic MCL crystals shifts in the bathochromic direction upon
grinding, whereas relatively few are known to show the mechano-
induced hypsochromic shift of the emission.? Although the emission
wavelength shifts are usually rationalized by the difference in
molecular conformations and arrangements between initial and
mechanically generated states, the rational tuning of the mechano-
induced shift remains an outstanding challenge. Establishing a reliable
method to control the direction and magnitude of the wavelength shift
is of great importance from the academic perspective and practical
applications of organic MCL crystals.

A promising method to control the photoluminescence properties
of organic crystals is to prepare two-component materials by mixing

a luminescent compound with another compound.* Cocrystals®><¢ or
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segregated crystals’»4¢ prepared by this method often exhibit
remarkable MCL compared with crystals composed of the single
luminescent compound. These two-component crystals have
advantages over single-component crystals, which require the
modification of molecular structures® or the incidental formation of
polymorphic crystals® to tune the mechanoresponsive properties. On
the other hand, the reported two-component crystals require
stoichiometric amounts of each compound.

Organic solid solutions, or mixed crystals, are characterized by the
structural disorder of the host crystal, which contains varying amounts
of guest molecules in the crystal lattice and exhibits variable
physicochemical properties.” Luminescence properties can be tuned
by forming mixed crystals with subequimolar amounts of guest
compounds.® Moreover, a trace amount of dopant molecules can often
significantly change the emission colors and lifetimes of luminescent
mixed crystals.” Nevertheless, such a doping strategy has been
unexplored to control the mechanoresponsive properties of
luminescent organic crystals.

We have recently reported the versatile MCL properties of donor-
acceptor-type benzothiadiazole derivatives.?>%! Among these, 4-(2-
thienyl)-2,1,3-benzothiadiazole (1) showed a relatively small shift in
the maximum emission wavelength upon grinding (Fig. 1a).>
Specifically, the plate-like crystals of 1 showed a blue-green
fluorescence at the maximum emission wavelength (Aey,) of 502 nm
with the good fluorescence quantum yield (@r) of 0.64. Upon grinding
with a spatula, the emission wavelength of 1 was shifted by 10 nm in
the hypsochromic direction to show a light-blue emission (A, = 492
nm, @& = 0.54).

Herein, we report the control over the mechanoresponsive
luminescence of crystalline 1 by doping a trace amount of 4,7-di(2-
thienyl)benzothiadiazole 2 (Fig. 1b). Most remarkably, the
mechanoresponsive shift in the maximum emission wavelength
(AAem) has been extended from 10 nm to 69 nm by preparing the doped
mixed crystals 1+2. Mechanistic studies have revealed that the
mechanoresponsive on/off switching of the Forster resonance energy
transfer (FRET) from 1 to 2 should contribute to the larger A, of the
doped mixed crystals 1¢2 compared with the single-component
crystals of 1.
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Plate-like mixed crystals 12 were obtained by recrystallization
from cyclohexane solution of 1 containing a trace amount (250 ppm)
of 2. The color of the crystals 1+2 was yellow under room light, which

was different from the pale yellow crystals 12¢ and red
(a) Previous work (A, = 10 nm)
Crystal
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Fig. 1 Schematic illustration for the mechanoresponsive emission-
color switching between crystalline and partially amorphous states.
(a) Previous work: Thienylbenzothiadiazole 1 with Al of 10 nm. (b)
This work: Doped mixed crystals of 1 and 2 with A, of 69 nm.

crystals 2!'! (Fig. 2a). On the basis of HPLC analysis, the amount of 2
included in the mixed crystals 1-2 was (3.7+1.6) x 102 ppm (Table
S1). The powder X-ray diffraction (PXRD) analysis indicated that the
crystal system of the yellow crystals 1+2 is the same as that of the
single-component crystals of 1 (Fig. 2b). Accordingly, a trace amount
of 1 in the crystal structure should be replaced by 2 to form the doped
mixed crystals 1+2. Although 2 is larger than 1, the adjacent two
molecules of 1 in the crystal structure would be replaced by a single
molecule of 2 (Fig. S1).

In the absorption spectrum of crystalline 122 obtained by measuring
the diffuse reflectance spectrum after diluted in BaSO4, a new band
was observed at around 500 nm which would be attributed to the
absorption of 2 rather than charge-transfer transitions from 1 to 2 (Fig.
2c, S1 and S3). Although only trace 2 was doped into the crystal, the
absorption of 2 was observed in the spectrum. This is because the
absorption by trace 2 should continuously occur while the light passes
over long paths in the interior of the transparent crystals. Moreover,
the mixed crystals 142 exhibited a yellow fluorescence which was
different from the blue-green emission of crystalline 1 and red
emission of crystalline 2 (Fig. 2a). In the emission spectrum of
crystalline 1¢2, the emission maximum was observed at 559 nm with
a shoulder band at around 500 nm (Fig. 2d).

The mixed crystals 12 exhibited a more prominent shift in the
emission wavelength upon mechanical stimulation compared with the
crystals consisting only of 1. Upon grinding with a spatula (40-70 N
cm2), the yellow emission (Aem = 559 nm, @ = 0.58) of crystalline
1°2 shifted hypsochromically to the light blue emission (A, = 490
nm, & = 0.54) (Fig. 3a, 3b, and S7 and Table S2). Namely, the A,
between the crystalline and ground states could be extended from 10
nm in 1 (Fig. S2) to 69 nm by forming the mixed crystals with 2. The
PXRD peaks of crystalline 12 were still observed after grinding,
although the intensity of peaks was reduced compared with that of the
initial crystalline state (Fig. S5). In contrast to typical MCL
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compounds, the original yellow emission was not recovered after
heating the ground 12 to 60 °C.
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Fig. 2 (a) Photographs of crystals of 1, 2, and 1¢2 under room light
and UV light (365 nm). (b) PXRD patterns, (c) absorption spectra, (d)
and fluorescence spectra (Aex = 365 nm) of crystalline 1 and 192.

Recrystallization from cyclohexane was required to recover the initial
crystalline 1+2 from the ground state. The DSC thermograms of 1¢2
showed only one endothermic peak corresponding to the melting point
at 68 °C for both crystalline and ground samples, which were almost
identical to those of 1 (Fig. S6). On the basis of the endothermic DSC
peaks, the enthalpy values of the melting points were —20.5 kJ/mol
and —18.2 kJ/mol for initial and ground 12, respectively. These
results indicate that only the partial decomposition of the crystal
structures could induce the remarkable hypsochromic shift in the
emission wavelength of 1¢2 in response to mechanical stimuli.

The absorption and emission bands of ground 1¢2 should mainly be
originated from ground 1. The fluorescence spectrum of ground 12
was in good agreement with that of ground 1, although a shoulder
band was observed for ground 1¢2 at around 550 nm (Fig. 3b).
Meanwhile, the intensity of the absorption band of crystalline 1¢2 at
around 500 nm significantly decreased after grinding because the light
scattering efficiency was improved by grinding the
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Fig. 3 (a) Photographs of crystalline and ground 1¢2 under room light
and UV (365 nm) light. (b) Fluorescence spectra of crystalline 142,
ground 142, and ground 1 (A = 365 nm). (c) Absorption spectra of
crystalline 1¢2, ground 12, and ground 1.

transparent crystals into fine powders, and the resulting spectrum was
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almost identical to that of ground 1 (Fig. 3c).

The optimal amount of 2 to be mixed in preparing doped crystals
was 250 ppm for magnifying the degree of mechanoresponsive shift
in emission wavelength. Recrystallization from a cyclohexane
solution of an equimolar amount of 1 and 2 afforded crystals of 2 due
to the lower solubility of 2. When a cyclohexane solution of 1
containing 1000 ppm of 2 was used, the intensity of the new
absorption band at around 500 nm was larger for the cultivated mixed
crystals 1+2 (1000 ppm) than that of 1+2 prepared by doping with a
smaller amount (250 ppm) of 2 (Fig. S3). Moreover, the emission
band of 1-2 (1000 ppm) was observed in the bathochromic region (Aem
=575 nm, Fig. S2) compared with that of 12 (250 ppm) (e, = 559
nm, Fig. 3). However, the emission maximum of 12 (1000 ppm)
showed a small shift (Ads, = 14 nm) after grinding, and a slight
increase in the peak intensity at around 500 nm was observed for the
fluorescence spectrum of the ground sample (Fig. S2).

Spatially resolved fluorescence microscopy revealed that the bulk
sample of mixed crystals 1¢2 (250 ppm) contains both yellow-
emissive crystals (ca. 1 mm square) and blue-green-emissive
microcrystals (ca. 5-15 um square) (Fig. 4a). The observation of a
yellow-emissive crystal showed that the large areas of the crystal
surface exhibited yellow emission peaking at 582 nm (Fig. 4b, yellow
line), and some small areas of blue-green emission were also observed
(Fig. 4a). The maximum emission wavelength of blue- green-emissive
microcrystals was 507 nm (Fig. 4a inset and Fig. 4b, blue-green line),
which was in good agreement with that of crystalline 1 (Fig. 2a).
These results suggest that microcrystals of 1 were also formed from
the solution of 1 with 250 ppm of 2, and the fluorescence spectrum
observed in the bulk sample of 1+2 (250 ppm)
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Fig. 4 Fluorescence microscopy of 12 (A = 405 nm). (a)
Photographs of a yellow-emissive crystal and a blue-green-emissive
microcrystal (inset) contained in crystalline 12 (250 ppm) (left),
crystalline 1¢2 (1000 ppm) (center), and ground 1¢2 (250 ppm) (right).
The square marks indicate the measured locations of fluorescence
spectra and fluorescence decay profiles. (b) Fluorescence spectra of a
blue-green-emissive microcrystal (blue-green line) and a yellow-
emissive crystal (yellow line) contained in crystalline 1¢2 (250 ppm).
(c) Fluorescence decay profiles of a yellow-emissive crystalline 1¢2
(250 ppm) monitored at 415-485 nm (green squares) and > 601 nm
(red squares). The black lines indicate multi-exponential curves fitted
to the time profiles. The grey line indicates the instrument response
function (IRF).
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Table 1 Fluorescence decay and rise times for crystalline 12 (250
ppm), crystalline 1+2 (1000 ppm), and ground 1¢2 (250 ppm) in the
short- and long-wavelength regions.

Sample Region (nm) 719 (ns) 7,% (ns)

Crystalline 122 415-485 2.0(0.61) 3.7(0.39)
(250 ppm) > 601 1.8(<0.25) 7.3 (1.25)
Crystalline 122 415-485 1.0 (0.66) 2.8(0.34)
(1000 ppm) > 601 0.9(-0.08)  7.7(1.08)
Ground 12 415-485 2.5(0.23) 62(0.77)
(250 ppm) > 601 2.1(-0.18) 8.4 (1.18)

@ The fractional contribution f;, of the component is indicated in
parentheses.

corresponds to the sum of the emission from the yellow-emissive
mixed crystals 1+2 and the blue-green-emissive microcrystals 1. The
emission maximum of crystalline 1+2 (250 ppm) in the bulk state was
observed in the hypsochromic region (Ae, = 559 nm) compared with
that of the yellow-emissive surface observed in the fluorescence
microscopy (Aem = 582 nm). This deviation can be explained by the
fact that the fluorescence spectrum in the bulk 12 contains the
emission from crystalline 1 in the short-wavelength region.

The fluorescence decay analyses revealed that the energy transfer
from 1 to 2 occurred in the mixed crystals. The new absorption band
observed for mixed crystals 12 at around 500 nm (Fig. 2c) should
overlap well with the blue-green emission of crystalline 1 (Fig. 2a and
S2), which is the prerequisite for the FRET process.!? The excitation
spectrum of crystalline 1¢2 (250 ppm) was in good agreement with its
absorption spectrum, with a relatively intense band around 500 nm
(Fig. S4). The fluorescence decay profiles of crystalline 142 (250
ppm) were monitored in the short-wavelength region (415-485 nm)
and long-wavelength region (> 601 nm) using bandpass filters (Fig.
4c, S8 and Table 1). The observed emission in the short- and long-
wavelength regions should correspond to the emission from 1 and 2,
respectively. The lifetime decay curve in the short-wavelength region
fitted well to double-exponential functions (Fig. 4c, green squares).
The lifetimes of short-lived (7;) and long-lived components () were
2.0 ns and 3.7 ns, respectively. Meanwhile, the emission lifetime of
crystalline 1 was 7.2 ns (Table S2 and Fig. S9). Namely, the lifetime
of the emission from 1 significantly decreased in the mixed crystal.
On the other hand, a rise component was observed in the long-
wavelength region (Fig. 4c, red squares). The rise time (7;) was 1.8
ns, which was in good agreement with the fast decay time (7; = 2.0
ns) observed in the short-wavelength emission. These results indicate
that the FRET from 1 to 2 should occur in the mixed crystals.

Mixed crystals 1+2 (1000 ppm) exhibited a faster FRET than 12
(250 ppm). When 1+2 (1000 ppm) was observed via fluorescence
microscopy, almost the entire crystal surface showed yellow emission
(Aem = 583 nm, Fig. 4a and S10). In this yellow-emissive region, the
rise time (7; = 0.9 ns) of the long-wavelength emission, which is
identical to the fast decay time (z; = 1.0 ns) of the short-wavelength
emission, is shorter than that of mixed crystals (250 ppm) (Table 1).
Therefore, the FRET process from 1 to 2 should be accelerated in the
mixed crystals containing a larger number of energy acceptor 2.

The FRET efficiency was significantly decreased after grinding the
mixed crystals 12 (250 ppm), which should account for the
pronounced hypsochromic shift of the emission wavelength. Spatially
resolved fluorescence microscopy of ground 1+2 (250 ppm) showed
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the almost homogeneous blue-green emission (A, = 518 nm) from
the entire sample (Fig. 4a and S11). Although the rise component (7
= 2.1 ns) was observed in the long-wavelength emission (> 601 nm)
of ground 1+2 (250 ppm), the contribution of this FRET emission to
the total emission (> 425 nm) was trivial. In the short-wavelength
region (415-485 nm) of ground 12 (250 ppm), the fluorescence
lifetime and fractional contribution of 7, component increased
significantly (7, = 6.2 ns, f; = 0.77, Table 1) compared with those
observed in crystalline 122 (7, = 3.7 ns, 5, = 0.39, Table 1). Moreover,
the 7, value of ground 12 (250 ppm) is close to the fluorescence
lifetime of ground 1 (7= 6.9 ns, Table S2 and Fig. S9). These results
support that the fluorescence spectrum of ground 12 (250 ppm) is
mainly attributed to the light-blue emission of ground 1. In the ground
1-2, the FRET efficiency should be decreased due to the partial
formation of amorphous 1 in the crystal structure.

the mechanoresponsive luminescence  of
thienylbenzothiadiazole 1 could be tuned by forming mixed crystals
with a trace amount of dithienylbenzothiadiazole 2. The maximum
emission wavelength of doped mixed crystals 142 shifted
bathochromically in comparison with that of crystalline 1.

In  summary,

Consequently, the mechanoresponsive hypsochromic shift of the
emission wavelength (A4e,) was extended from 10 nm for 1 to 69 nm
for 12. The emission decay analyses via fluorescence microscopy
revealed that the large A, of 122 should be attributed to the drastic
decrease in the FRET efficiency from 1 to 2 after grinding. The doped
crystal principle to control the A4, range should not be limited to the
combinations presented. Other doped organic crystals with desirable
mechanoresponsive properties can be expected to emerge in the near
future, which should facilitate the development of advanced sensor
systems that can detect mechanical stimuli as a distinct emission-color
switching.
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