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Tuning the thermo- and mechanoresponsive
behavior of luminescent cyclophanesf

Yoshimitsu Sagara,*® Christoph Weder® and Nobuyuki Tamaoki*®

Many cyclophanes have been investigated in dilute solution, where their internal cavities are accessible for
supramolecular interactions. However, their photophysical properties in the solid state remain largely
unexplored. We here report a new mechano- and thermoresponsive luminescent cyclophane that is
comprised of two 9,10-bis(phenylethynyllanthracene moieties and features two hexaethylene glycol
bridges. The compound was found to exhibit a nematic liquid-crystalline phase at elevated temperature.
X-ray diffraction patterns confirm that thermal and mechanical treatments induce changes in the
molecular assembly, which are the basis for the observed photoluminescent color variations. The
stimuli-responsive behavior of the new compound is quite different from that of a previously reported
cyclophane with similar structure but shorter bridges. Thus, merely changing the ring size is an effective
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Introduction

Since the first report on [2.2]paracyclophane in 1949,' such
bridged aromatic compounds have become widely investi-
gated.” Building on the synthetic pathways pioneered by Cram
and Steinberg,® a large number of cyclophanes have been
synthesized over the years, originally on account of a general
interest in molecules with unusual shape, high symmetry, and
strained character.>* Eventually, it was recognized that their
cavities render cyclophanes useful as supramolecular hosts,
which have the ability to include guest molecules or ions.>**>¢
This propensity was widely exploited by using cyclophanes as
part of interlocked molecules such as catenanes and rotax-
anes.?’ In cases where the cyclophane comprises a fluorophore,
the photoluminescence properties often change upon forma-
tion of inclusion complexes.®*®*** This behavior renders cyclo-
phanes useful as fluorescent sensors, e.g., for the detection of
biologically important ions and molecules.®***™* As a result,
most studies on luminescent cyclophanes have focused on their
investigation in solution, while their solid-state properties have
remained little examined.'>**

Many compounds have been reported to display thermo- and
mechanoresponsive luminescence characteristics, and which
are possibly useful as sensing materials, in storage devices, and
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tool to tailor the stimuli-responsiveness and the phase behaviour of luminescent cyclophanes.

for security applications.”*?° In many cases, a stimuli-induced
re-arrangement of the molecular assembly is the cause for the
observed changes of the photoluminescence, because the pho-
tophysical properties often strongly depend on the molecular
arrangement in the solid state.'” Thus, a reliable design strategy
for thermo- and/or mechanoresponsive luminescent molecular
materials is to create molecules that can assemble in several
thermodynamically (meta)stable states. Many research
groups have shown that this is generally possible by balancing
the competition of different intermolecular interactions or
using specific molecular structures that induce aggregation-
induced emission properties.***

With the objective to demonstrate that the integration of
luminescent motifs into cyclic structures is another general
approach to create stimuli-responsive luminescent compounds,
we here report on the stimuli-responsive behaviour of the
luminescent cyclophane 1 (Fig. 1). The new cyclophane is
comprised of two 9,10-bis(phenylethynyl)anthracene moieties,
which are connected by two hexaethylene glycol bridges. Unlike
the linear reference compound 2, cyclophane 1 displays
mechano- and thermoresponsive luminescence in the solid
state. This finding follows our recent discovery of the thermo-
and mechanoresponsive behavior of cyclophane 3, which
features the same luminophores as 1, but shorter bridges.*
Unfortunately, 3 displays a very low solubility in common
organic solvents. We show here that the modification of the
bridges between the 9,10-bis(phenylethynyl)anthracene moie-
ties leads to an increase of the solubility, but more importantly,
a completely different stimuli-responsive phase transition and
photoluminescence color changing behavior were observed.
Furthermore, compound 1 was found to exhibit a nematic
liquid-crystalline (LC) phase.
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Fig. 1 Molecular structures of cyclophane 1, the linear reference
compound 2, and previously reported cyclophane 3.

Results and discussion

Hexaethylene glycol linkers were selected to bridge two 9,10-
bis(phenylethynyl)anthracene moieties to form compound 1.
The flexible linkers were extended relative to those used in 3
and expected to enhance the solubility in common solvents
and to decrease the phase transition temperatures. The linear
compound 2 featuring the same luminophore was also
synthesized for reference purposes. Compounds 1 and 2
were characterized by '"H NMR, >C NMR, MALDI-TOF-MS
spectra, and elemental analysis (see ESI{). We found that
compound 1 dissolves well in chloroform, dichloromethane,
tetrahydrofuran, and N,N-dimethylformamide, whereas hot

annealing
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D —

annealing
at 150 °C

Fig. 2 Images presenting the photoluminescence color changes of
cyclophane 1 in response to thermal and mechanical stimuli. Arrows
indicate possible conversions by the indicated treatments. Images
were taken on quartz substrates under irradiation with UV light (Aex =
365 nm) at room temperature.
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chloroform was needed to dissolve the previously reported
cyclophane 3.*

Upon precipitating 1 from a concentrated chloroform solu-
tion into hexane, a yellow powder showing yellow photo-
luminescence was obtained (hereafter referred to as the
Y-form). The Y-form can be converted to a yellowish-green
emissive form (YG-form) through annealing at 150 °C for 10
min (Fig. 2). In the case of 3, thermal treatment results in
a conversion from a yellow emissive crystal to a reddish-orange
emissive crystal. Thus, the direction of the thermally induced
photoluminescence spectral shift of 1 is opposite to that of 3.
Upon mechanically grinding the Y- or YG-form of 1, a yellow
emissive amorphous form (Am-form) was obtained. When the
Am-form was annealed at 150 °C for 10 min, a mixture was
obtained that showed both yellow and green emission. Though
the Y-form never recovers after thermal or mechanical treat-
ment in the solid state, reprecipitation regenerates the Y-form.
In sharp contrast to cyclophane 1, the reference compound 2
does not display similar changes of its photoluminescence color
in response to thermal or mechanical stimuli in the solid state.
Motivated by these differences, we investigated the relationship
between the photophysical properties and the molecular
assembled structures of cyclophane 1 in more detail.

The photophysical properties of cyclophane 1 and the linear
reference compound 2 were first probed in dilute chloroform
solutions (¢ = 1 x 107> M). The absorption and emission
spectra of 2 show the typical spectral features of the 9,10-
bis(phenylethynyl)anthracene motif (Fig. 3, grey line). The
absorption band displays two peaks at 450 and 471 nm with
similar molar absorption coefficient (¢ = 4.1 x 10* L mol ™"
em™ ', 4.0 x 10* L mol ™' em ™", respectively) (Fig. 3a). A vibronic
structure was observed in the emission band with two peaks at
493 and 522 nm and a shoulder around at 560 nm (Fig. 3b).
Fig. 4a shows the result of an emission lifetime measurement
conducted for a dilute chloroform solution of 2 (ca. 1 x 10~° M).
The decay profile is well fitted by a single exponential decay
function with a lifetime of 3.1 ns. These results match literature
data of a similar linear compound well** and indicate that
compound 2 is indeed well-individualized in the chloroform
solutions measured.
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Fig. 3 (a) Absorption and (b) photoluminescence spectra of chloro-

form solutions of cyclophane 1 (c = 1 x 10> M; black line) and the
linear reference compound 2 (c = 1 x 107> M; grey line). All spectra
were recorded at room temperature. Photoluminescence spectra
were recorded with excitation at 400 nm and were normalized to the
intensity of the monomer peak.
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The chloroform solution of 1 displays an absorption spec-
trum which is slightly different from that of compound 2
(Fig. 3a). Two peaks are observed at 449 and 474 nm with
extinction coefficients, ¢, of 6.5 x 10* L mol™* em ™" and 5.8 x
10" L mol ! em ™. The fact that they are different and not twice
as large as those of compound 2 is indicative of electronic
ground-state interactions between the two chromophores in
cyclophane 1. Similar changes of the absorption spectral shapes
have been observed for other cyclophanes that contain two
perylene moieties and in which the chromophores form an H-
type geometry.>*

The emission spectrum of the chloroform solution of 1 is
also unambiguously different from that of 2, as shown in
Fig. 3b. Besides the monomer emission peak at 493 nm, a new
band with maximum at 464 nm is observed, which is ascribed to
exciton coupling with H-type geometry of the two emission
cores; this interpretation is supported by the fact that the molar
extinction coefficient at 471 nm is larger than that at 450 nm
(Fig. 3a). Moreover, such an emission peak at shorter wave-
length region was also observed for compound 3. In ideal H-
aggregates, radiative relaxation from the higher energy level
resulting from splitting of the lowest unoccupied molecular
orbital of monomer is forbidden.” However, twisted arrange-
ments of the luminophores allow direct radiative transition
from the forbidden state. Because the absorption spectral
feature does not change and the emission peak at 464 nm
remains unchanged in the concentration range from 1 x 10°
Mto 1 x 10~ ® M (Fig. S11), the exciton coupling must arise from
an intramolecular H-type geometry and not intermolecular
interactions.

Another characteristic of the emission spectrum of the
chloroform solution of 1 is the non-negligible emission inten-
sity between 600 and 750 nm (Fig. 3b), which is ascribed to the
formation of excimers.** Indeed, a longer emission lifetime of
8.6 ns was observed when the emission decay profile was
monitored at 650 nm (Fig. 4b, grey line), whereas much shorter
lifetimes (0.2, 0.6, and 2.2 ns) were obtained when the decay was
monitored at 500 nm (Fig. 4b, black line). The broad emission
band was also observed for a chloroform solution at lower
concentration (Fig. S1,7 ¢ = 1 x 10~ ° M), suggesting that the
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Fig. 4 Emission decay profiles of chloroform solutions of (a) the linear
reference compound 2 collected at 500 nm and (b) cyclophane 1
collected at 500 nm (black line) and 650 nm (grey line). All profiles
were measured at room temperature with A, = 405 nm and at
concentrations of ca. 1 x 1076 M.
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Fig.5 Photoluminescence spectra of the Y-form (yellow line), the YG-
form (green line), and the ground YG-form (orange line) of cyclophane
1. All spectra were recorded at room temperature with Aex = 400 nm.

long-wavelength tail is predominantly related to intramolecular
excimers. The intramolecular exciton coupling and excimer
formation significantly decreases the emission quantum yield
®. Whereas the quantum yield of the linear reference
compound 2 in chloroform solution is 0.90, it is reduced to 0.14
in the case of 1. Interestingly, @ is still twice as large as that of
cyclophane 3 (¢ = 0.07) under similar conditions.**
Steady-state photoluminescence spectra of 1 in the solid
states were also measured at room temperature (Fig. 5). The
emission band of the Y-form is structureless and displays only
one maximum at 567 nm. Annealing the Y-form at 150 °C for 10
min results in a blue shift of the emission band (Aem max = 560
nm) and the band narrows a bit. The thermally induced change
of the emission characteristics matches the photoluminescence
color change from yellow to yellowish-green after the transition
from the Y-form to the YG-form (Fig. 2). Emission decay profiles
of the Y- and YG-form were measured to confirm that the
emissive species contributing to each emission band are
different from each other. Indeed, as shown in Fig. 6, the decay
profiles are clearly different, but both could be fitted with tri-
exponential decay functions. Whereas a long lifetime of 20 ns
indicative of excimers was detected for the Y-form, no emissive
species with such a long lifetime was observed for the YG-form
(Table 1). When the YG-form was ground, the emission band
was redshifted and broadened, which reflects the amorphous
nature of the Am-form (vide infra). In the amorphous state,
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Fig. 6 Emission decay profiles of the Y-form of cyclophane 1
collected at 600 nm (black line) and the YG-form of cyclophane 1

collected at 560 nm (grey line). All profiles were measured at room
temperature with Aex = 405 nm.
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Table 1 Emission lifetime and quantum yield of compounds 1 and 2¢

7; (ns) Xx? Dy,
1 in chloroform” 0.2, 0.6, 2.2 1.09 0.14
1 in chloroform® 0.5, 8.6 1.06
Y-Form? 0.9, 4.8, 20 1.09 0.20
YG-Form® 0.4,1.1, 3.9 1.01 0.14
2 in chloroform” 3.1 1.03 0.90

“ All measurements were carried out at room temperature. > Monitored
at 500 nm. ¢ Monitored at 650 nm. ¢ Monitored at 600 nm. ¢ Monitored
at 560 nm.

various arrangements of the emissive cores of 1 exist, and
energy transfer can be expected to occur from higher energy
sites to excimers. Annealing of the Am-form of 1 at 150 °C for 10
min affords an inhomogeneous solid that shows both green and
yellow emission depending on the parts, which means cyclo-
phane 1 forms several molecular arrangements. While
compound 1 exhibits unambiguous emission color changes, the
linear reference compound 2 never shows clear color changes in
response to mechanical stimuli, though vibronic structure
could be seen in the emission spectrum after grinding as shown
in Fig. 7.

To gain further insights into the color changing behavior, we
investigated the phase behavior of the cyclophane 1 and the
linear compound 2. Fig. 8 shows differential scanning calo-
rimetry (DSC) curves (first heating) of the Y-form and the YG-
form of 1 and the reference compound 2. Upon heating the Y-
form, a weak exothermic peak appears at 116.3 °C, which is
ascribed to a phase transition from the Y-form to the YG-form.
The DSC curve also displays two endothermic peaks at 159.6
and 168.6 °C. The former peak is corresponding to a phase
transition from the YG-form to another yellow emissive crys-
talline phase, whereas the latter peak is due to a phase transi-
tion to a LC phase (vide infra). Heating to above 250 °C leads to
decomposition of 1 and no discrete clearing temperature could
be discerned. Because the thermogravimetric analysis (TGA)
trace of 1 (Fig. 9) shows no clear weight loss below 250 °C, the
phase transition at 116.3 °C is not caused by the release of
trapped solvent. The powder XRD patterns of cyclophane 1
confirm that the observed color change from yellow to

Intensity (a.u.)

400 450 500 550 600
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650 700

Fig. 7 Photoluminescence spectra of the linear reference compound
2 in the solid state before (solid line) and after (dotted line) grinding. All
spectra were recorded at room temperature with Aex = 400 nm.
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Fig. 8 First heating DSC traces of the Y-form (top) and the YG-form
(middle) of cyclophane 1, and the linear reference compound 2
(bottom).

yellowish-green (Y-form — YG-form) is ascribed to the change
of the molecular assembled state. As shown in Fig. 10, the XRD
patterns of both the Y- and YG-form show many peaks, indic-
ative of their crystalline nature. However, the peak positions of
the Y-form are clearly different from those of the YG-form,
pointing to different crystal structures. As the peak observed
in the DSC of the Y-form of 1 at 116.3 °C upon heating is
exothermic, the transition from the Y-form to YG-form is
a transition from thermodynamically metastable to stable state.
Indeed, the YG-form shows no peaks in the DSC curve upon
heating (Fig. 8, middle). In the previous study, cyclophane 3
having tetraethylene glycol as the bridge linkers gave one
endothermic peak at 221 °C on heating until the compound
shows decomposition, which coincides with the photo-
luminescence color change from yellow to reddish orange.*
Just elongation of linkers gives clear changes in the phase
transition and color changing behavior.
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Fig. 9 TGA curve acquired for the Y-form of cyclophane 1. The
measurement was conducted under N.
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Intensity (a.u.)

Fig. 10 Powder X-ray diffraction patterns of cyclophane 1 in the Y-
form (yellow line), the YG-form (green line), the Am-form (orange line),
and the annealed Am-form (black line). All measurements were carried
out at room temperature.

Mechanical grinding significantly affects the XRD patterns of
cyclophane 1. As shown in Fig. 10, all sharp peaks disappear in
the XRD pattern for the Am-form that had been prepared by
grinding the Y-form (Fig. 10, orange line), indicating that
cyclophane 1 forms an amorphous solid after grinding. Subse-
quent annealing leads to the appearance of many peaks (Fig. 10,
black line), but the diffraction pattern is different from those of
the Y- and YG-forms. This result suggests that cyclophane 1
forms several other molecular assembled structures, because
both yellow and green emissive parts were concomitantly ob-
tained after thermal treatment (Fig. 2). Because one exothermic
peak was observed on the DSC curve of the Am-form (Fig. S27),
the Am-form was thermodynamically metastable. In the case of
cyclophane 3, annealing the ground sample recovers the orig-
inal XRD pattern."* Therefore, elongation of spacer chains
allows compound 1 to display a more complicated phase tran-
sition behavior.

Moreover, compound 1 shows a LC phase above 168.6 °C,
very much in contrast to the previously reported cyclophane 3
(ref. 14) and the linear reference compound 2. The XRD pattern
measured at 190 °C (Fig. 11) shows no clear peaks, pointing to
a nematic phase. This is supported by the very low viscosity and
the schlieren texture observed in polarized optical microscopic
images (Fig. 12). An LC texture was also reported for other cyclic
compounds.” It is noteworthy that the reference compound 2
displays no thermotropic behavior; indeed, the DSC trace shows
only one endothermic peak corresponding to a transition from
crystal to isotropic phase at 128.7 °C (Fig. 8, bottom). Thus, it
appears that the cyclic structure of 1 restricts the stable and
closed packing of molecules, resulting in the appearance of an
LC phase.
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Fig. 11 Powder X-ray diffraction pattern of cyclophane 1 at 190 °C.
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Fig. 12 Polarized optical microscopic image of cyclophane 1 at
200 °C.

Conclusions

In conclusion, our results suggest that the thermo- and
mechanoresponsive luminescence behavior of cyclophanes is
a general effect that should be broadly exploitable. Cyclophane
1 exhibits clear color changes upon mechanical grinding and
exposure to heat, whereas the linear reference compound 2
shows no such changes. The stimuli-responsive behavior of the
new compound is quite different than that of a previously re-
ported cyclophane with similar structure but shorter bridges,
which demonstrates that merely changing the ring size is allows
one to change the stimuli-responsiveness and the phase
behavior of luminescent cyclophanes in a significant manner.
Our finding clearly confirms that the integration of luminescent
motifs into cyclic structures is a promising approach to create
luminescent compounds with stimuli-responsive properties in
the solid states.

Experimental section

All reagents and solvents were purchased from Aldrich and
Tokyo Kasei. Unless otherwise noted, all reactions were carried
out under nitrogen atmosphere. Silica gel column chromatog-
raphy was carried out with silica gel from Kanto Chemicals
(silica gel 60 N, spherical, 63-210 um). "H NMR spectra were
recorded on a JEOL JNM-ECX 400 spectrometer and all chemical
shifts are quoted on the dé-scale in ppm relative to the signal of
tetramethylsilane (at 0.00) as an internal standard. Proton-
decoupled *C NMR spectra were recorded on a JEOL JNM-
ECX 400 spectrometer and all chemical shifts (6) are reported
in ppm using residual solvent as the internal standard (CDCl; at
77.16). Coupling constants (J) are reported in Hz and relative
intensities are also shown. Elemental analysis was conducted
with an Exeter Analytical CE440 Elemental Analyzer. Matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectra were measured on an AB SCIEX TOF/TOF
5800. The DSC measurements were carried out using a Rigaku
Thermo plus EVO DSC8230 with heating/cooling rates of 10 °C

min~" under nitrogen atmosphere. The thermogravimetric

This journal is © The Royal Society of Chemistry 2016
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analysis was conducted using a Rigaku Thermo plus TG8120
under nitrogen atmosphere. Powder X-ray diffraction experi-
ments were conducted with a Rigaku SmartLab. An Anton Paar
DHS1100 was attached to the Rigaku SmartLab for PXRD
measurements at elevated temperature. UV-vis absorption
spectra were recorded on a JASCO V-550. Steady-state fluores-
cence spectra were recorded on a JASCO FP-6500. The solid
samples for steady-state fluorescence spectra were carefully
sandwiched between quartz substrates and were set in the
sample chamber of the spectrometer so that the detector
gathers fluorescence from the surface of the sandwiched solid.
Time-resolved fluorescence measurements were carried out
with a Hamamatsu Photonics Quantaurus-Tau at room
temperature. Quantum efficiencies were measured with
a Hamamatsu Photonics Quantaurus-QY at room temperature.
Optical microscopy was conducted with an Olympus BX-60
optical microscope equipped with a Sony DXC-950 3CCD
camera and a Mettler Toledo FP 90 hot stage. Cyclophane 1 was
simply placed on a glass substrate for this experiment, because
the compound was observed to show a strong tendency for
homeotropic alignment when sandwiched between glass
substrates, leading to disappearance of the schlieren texture.
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