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Cyclophanes have been attractive targets over recent decades because of their fascinating molecular
structures and inherent ability to act as supramolecular hosts. However, cyclophanes that exhibit stimuli-
responsive luminescence in their condensed states are still very rare, although luminescent cyclophanes
could be suitable platforms for sophisticated photofunctional molecular assembled materials. We here
report that a pyrenophane featuring two m-extended pyrene groups exhibits mechanoresponsive
luminescence in the solid states and shows a nematic liquid-crystalline phase at elevated temperature.
Two 1,6-bis(phenylethynyl)pyrene moieties form intramolecular excimers in a diluted chloroform
solution, whereas no clear intra- and/or intermolecular excimer formation was observed for the solid
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measurements, emission lifetime measurements, and X-ray diffraction patterns confirmed that
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Introduction

Avariety of cyclophanes, which are cyclic compounds composed
of aromatic groups and aliphatic linkers, have been developed
from the viewpoints of synthetic chemistry and supramolecular
chemistry due to their unusual molecular structures and
usefulness as host cavities."” Photoluminescent cyclophanes
have attracted much attention because their photophysical
properties can change when guest ions or molecules are
incorporated into the cavities.*® The fascinating characteristics
make them promising candidates for ion or molecular sen-
sors.* In contrast to an increasing number of studies on
luminescent cyclophanes in solution, little attention has been
paid to the photophysical properties or phase transition
behaviour of luminescent cyclophanes in the condensed states.
In 2013, Ramaiah's group reported that an anthracene-based
cyclophane exhibits a photoluminescent colour change in the
solid state when exposed to methanol vapour.® Our group also
demonstrated that the photophysical properties of anthracene-
based luminescent cyclophanes are controlled by thermal and
mechanical stimuli in the solid states.'® Our cyclophanes have
two 9,10-bis(phenylethynyl)anthracene groups that are bridged
by tetraethyleneglycol™ or hexaethyleneglycol™ linkers.
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luminophores form excimers, leading to changes in photoluminescence colours.

Furthermore, the latter was found to show a nematic liquid-
crystalline phase.’® These results unambiguously indicate
that luminescent cyclophanes could be an intriguing platform
to develop various photofunctional condensed materials.

Here, we report the mechanoresponsive luminescence and
liquid-crystalline behaviour of a luminescent cyclophane having
two m-extended pyrene groups. Pyrene is a well-known aromatic
hydrocarbon due to its highly emissive properties and excimer
formation.™ Since several pyrene-based cyclophanes, pyr-
enophanes, were prepared by Misumi's group in the 1970s,"
various pyrenophanes have been developed to examine their
strained molecular structures and curious photophysical prop-
erties.?*® For example, Inouye's group demonstrated that
a series of water-soluble cyclophanes having two m-extended
pyrene groups show intramolecular excimer formation and that
some aromatic guests can form inclusive complexes with the
cyclophanes due to the neutral cavities.® However, little atten-
tion has been given to the phase transition behaviour of pyr-
enophanes, and no pyrenophanes have been reported to show
external stimuli-responsive luminescence in the solid states,
except for one.”

In this decade, we have seen an increasing number of
organic or organometallic compounds that show mechanores-
ponsive luminescence.”* A variety of molecular structures
have been found to show mechanical stimuli-responsive
behaviour.**?* However, cyclic compounds that exhibit mecha-
noresponsive luminescence are very rare, although the intro-
duction of a cyclic structure is a reliable approach to developing
mechano- and/or thermoresponsive luminescent materials.'®*?

This journal is © The Royal Society of Chemistry 2017
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Very recently, we reported the first pyrenophane that exhibits
mechano- and thermochromic luminescence in the condensed
states.” The asymmetric pyrenophane has one m-extended
pyrene group in its cyclic structure and exhibits a nematic phase
above ~110 °C. Rapid cooling of the sample in the nematic
phase to room temperature leads to the formation of a super-
cooled nematic liquid-crystalline phase. The kinetically trapped
state is immediately converted to a thermodynamically stable
crystalline phase on thermal treatment, which is accompanied
by a photoluminescent colour change. Furthermore, the ob-
tained crystalline state exhibits mechanochromic lumines-
cence. However, the correlation between the molecular
structure and the stimuli-responsive luminescence remains
unclear. Further investigation of varying molecular structures is
required to obtain more insight into the stimuli-responsive
luminescence characteristics and phase transition behaviour.

Results and discussion

A new symmetric cyclophane 1 was designed to have two 1,6-
bis(phenylethynyl)pyrene groups as luminophores (Fig. 1).
Hexaethyleneglycol was chosen as the linker between two
luminophores since a previously reported anthracene-based
cyclophane having hexaethyleneglycol linkers exhibits
a nematic liquid-crystalline phase.’ Compound 1 was syn-
thesised through Williamson ether synthesis from 1,6-bis(4-
hydroxyphenylethynyl)pyrene and 1,6-bis(phenylethynyl)pyr-
ene with two bromo-terminated hexaethyleneglycol groups. The
molecular structures of the reported asymmetric cyclophane 2
and linear reference analogue 3 are also shown in Fig. 1."* A
comparison of the "H NMR spectra of 1 and 3 in CDCl; (Fig. 2)
reveals upfield shifts of peaks corresponding to the lumino-
phores. The inherent cyclic structure of 1 brings one
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Fig.1 Molecular structures of symmetric pyrenophane 1, asymmetric
pyrenophane 2, and linear reference compound 3.
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Fig. 2 Partial *H NMR spectra of (a) pyrenophane 1 and (b) linear
reference compound 3 in CDCls at room temperature.

luminophore to proximity of the other luminophore in CDCl;
and thus affects the circular current of the luminophores.

Absorption and photoluminescence spectral measurements
were first carried out to confirm that introduction of another
luminophore into the cyclic structure results in significant
changes in the photophysical properties. Fig. 3a shows
absorption spectra of the symmetric pyrenophane 1, asym-
metric pyrenophane 2, and linear reference compound 3 in
chloroform solution (¢ = 1.0 x 10> M). A chloroform solution
of 1 gives an absorption band between 350 and 450 nm. One
peak was observed at 404 nm with a molar extinction coefficient
of 1.0 x 107> L mol ' em ™" and one shoulder was detected at
426 nm (¢ = 0.85 x 107> L mol~" em™"). The fact that the
absorption spectral feature of 1 is clearly different from those of
compounds 2 and 3, which have one pyrene moiety, indicated
that some electronic ground-state interactions occur between
the two luminophores of symmetric pyrenophane 1. Similar
alterations in absorption spectra were also seen for the
anthracene-based cyclophanes that we had reported' and some
perylene-based cyclophanes.” These cyclophanes have two
luminophores in each cyclic structure and the luminophores
form H-type geometry in solution.'®**

Introduction of two luminophores into one cyclic structure
also induces significant changes in photoluminescence spectra.
As shown in Fig. 3b, well-resolved vibronic structures were seen
for a chloroform solution of compound 3 (c = 1.0 x 10> M),
suggesting that compound 3 is well-individualised in chloro-
form (Fig. 3b, black line). The emission spectrum of asymmetric
pyrenophane 2 in chloroform also shows a monomer-like
emission spectral feature (Fig. 3b, blue line). Conversely,
a chloroform solution of symmetric pyrenophane 1 displays
a broad and structureless emission band with a peak at 525 nm
(Fig. 3b, green line). One additional peak and a shoulder also
appear at 448 and 470 nm, respectively. The former broad
emission band is ascribed to intramolecular excimers between

RSC Adv., 2017, 7, 47056-47062 | 47057
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Fig. 3 (a) Absorption and (b) normalised photoluminescence spectra
of chloroform solutions (c = 1.0 x 107> M) of symmetric pyrenophane
1 (green line), asymmetric pyrenophane 2 (blue line), and linear
reference compound 3 (black line). All spectra were recorded at room
temperature. Photoluminescence spectra were obtained with excita-
tion light of 400 nm.

the luminophores, whereas the latter corresponds to monomer
emission. The concentration dependency of emission spectra
was also examined to confirm intramolecular excimer forma-
tion for 1 in chloroform (Fig. S1, ESIt). The spectral feature does
not change as the concentration is varied from 1.0 x 107> to 1.0
x 1077 M except for the relative intensity of the peak due to
monomer emission. The decrease in the emission intensity of
the monomer peak results from self-absorption.

Emission lifetime measurements confirmed the conclusions
drawn from the steady-state absorption and photoluminescence
spectroscopic experiments. A chloroform solution of linear
reference compound 3 gave a simple emission decay profile that
was fitted with a single exponential decay function (Fig. 4a), and
the calculated lifetime is 1.4 ns, which is indicative of monomer
emission (Table 1).** In contrast, the emission decay curve ob-
tained from pyrenophane 1 in chloroform could be fitted with
a triexponential decay function (Fig. 4b), and a much longer
emission lifetime of 21 ns was observed compared to that of the
monomer. A similar emission lifetime (19 ns) was observed for
asymmetric pyrenophane 2 in the supercooled nematic phase
where the luminophores form intermolecular excimers.*?

Photoluminescence quantum yields were also measured for
compound 1 (Table 1). Compound 1 shows a relatively high
quantum yield of 0.81 in chloroform. This means that the
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Fig.4 Emission decay profiles of (a) linear reference compound 3 and
(b) pyrenophane 1 in chloroform. All profiles were collected at room
temperature with excitation light of 405 nm.

Table 1 Emission lifetimes and quantum yields®

7; (ns) x* Ppy,
1 in chloroform?” 0.1,5.4, 21 1.10 0.81
1 in crystalline state® 1.0, 2.5, 4.9 1.07 0.11
1 after grinding? 1.2, 5.0, 18 1.08 0.23
2 in chloroform® 0.5,2.3 1.00 0.95
3 in chloroform® 1.4 1.09 0.96

“ All measurements were carried out at room temperature. > Monitored
at 530 nm. ¢ Monitored at 490 nm. ¢ Monitored at 520 nm. ¢ Monitored
at 450 nm.

intramolecular excimer formation of 1 does not significantly
decrease the photoluminescence quantum yield. In the case of
a symmetric cyclophane featuring two 9,10-bis(phenylethynyl)
anthracene moieties bridged by hexaethyleneglycol groups, the
quantum yield significantly decreased compared to the mono-
mer analogue because of intramolecular excimer formation
(0.90 — 0.14)."" This reflects the fact that the anthracene-based
cyclophane exhibits large peaks ascribed to monomer emission
in its emission spectra,'®® whereas the broad excimer band was
dominant for pyrenophane 1 in the emission spectrum (Fig. 3b,
green line).

We next examined the phase transition behaviour of pyr-
enophane 1 in the condensed states. The differential scanning
calorimetry (DSC) curve reveals that compound 1 exhibits
a phase transition from a low-ordered solid state to a nematic

This journal is © The Royal Society of Chemistry 2017
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liquid-crystalline phase at 227 °C on heating (Fig. 5). Although
some cyclophanes have been reported to show liquid-crystalline
phases to date,*>** highly emissive luminophores have not been
incorporated in liquid-crystalline cyclic compounds except in
our research.'®** Because pyrenophane 1 has two m-extended
pyrene groups and thus the molecular structure is symmetric,
the phase transition temperature of the nematic phase becomes
much higher than that of asymmetric pyrenophane 2 (107 °C).**
Furthermore, although rapid cooling to compound 2 in the
nematic phase leads to a supercooled nematic liquid-crystalline
phase,” compound 1 does not form kinetically trapped states
even at the highest attainable cooling rates. This is presumably
due to the strong tendency of pyrenophane 1 to form the solid
state. As shown in Fig. 6, a schlieren texture indicative of
nematic liquid-crystalline phases was observed above ~230 °C
in the absence of a coverslip. In contrast to pyrenophane 2,
which shows homeotropic alignment in the presence of
a coverslip when in the nematic phase,”® homeotropic align-
ment was not observed for pyrenophane 1 in the presence of
a coverslip. Symmetrisation of the molecular structures also
affects the molecular alignment in liquid-crystalline phases.
Pyrenophane 1 was found to exhibit mechanochromic
luminescence in the condensed state at room temperature.
Cyclophanes showing thermo- or mechanoresponsive lumi-
nescence in the solid states are very rare.’®" The solid state of 1,
which was obtained by slow cooling from the nematic phase,
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Fig. 5 DSC trace of pyrenophane 1 on heating. Scanning rate was
10 °C min™,

Fig. 6 Polarised optical microscopic image of pyrenophane 1 at
240 °C in the absence of a coverslip. Scale bar: 40 um.
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exhibits sky-blue photoluminescence under excitation light (365
nm). The emission colour turns yellow-green when the solid
state is mechanically ground at room temperature. Recovery of
the initial sky-blue emissive state requires heating of the ground
sample until pyrenophane 1 forms the nematic phase and
subsequent cooling to room temperature.

The photoluminescence spectral measurements (Fig. 7)
clearly confirmed the change in the photoluminescence colour
in response to mechanical stimuli. The photoluminescence
spectrum of pyrenophane 1 in the initial solid state displays
a sharp peak at 490 nm before mechanical grinding (Fig. 7, blue
line). No clear broad emission bands were observed, indicating
that few luminophores form intra- or intermolecular excimers
before grinding in contrast to in the chloroform solution.
Mechanical grinding to the solid phase results in a red shift of
the photoluminescence spectrum (Fig. 7, green line). The broad
and structureless emission band shows a peak at 523 nm, which
is a similar wavelength to the chloroform solution of 1, which
forms intramolecular excimers. These results indicate that,
after mechanical grinding, some luminophores form inter- and/
or intramolecular excimers in the condensed states. Emission
lifetime measurements confirmed excimer formation after
grinding for the solid states of pyrenophane 1. The emission
decay profile recorded for the ground sample (Fig. 8, green line)
was fitted with a triexponential decay function and a long life-
time of 18 ns was detected (Table 1). The initial solid phase of 1
before mechanical grinding gave a different emission decay
profile (Fig. 8, blue line), and longer emission lifetimes ascribed
to excimers were not observed (Table 1).

X-ray diffraction (XRD) measurements were performed to
obtain an insight into the change in molecular order in the solid
states. The XRD pattern before grinding shows four sharp peaks
at 30.4, 9.9, 7.5, and 3.9 A and four broad peaks at 5.6, 5.0, 4.3,
and 3.4 A (Fig. 9a), indicating that pyrenophane 1 forms low-
ordered molecular assembled states after cooling from the
nematic phase rather than a well-ordered crystalline state. The
mechanical grinding results in broadening of all peaks and
a decrease in the peak intensities as shown in Fig. 9b. The

Intensity (a.u.)

550 600 650
Wavelength (nm)

400 450 500 700 750

Fig.7 Normalised photoluminescence spectra of pyrenophane 1in its
solid states before (blue line) and after (green line) mechanical grinding
at room temperature. Emission spectra were recorded with excitation
light of 400 nm.
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Fig. 8 Emission decay profiles of pyrenophane 1 in the initial solid

state (blue line) and after grinding (green line). All curves were recor-
ded at room temperature with excitation light of 405 nm.
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Fig. 9 XRD patterns of 1 in the solid states (a) before and (b) after
grinding at room temperature.

results suggested that mechanical stimuli considerably reduce
the molecular order compared to before grinding because the
peak positions do not change. The observed change in the XRD
patterns supports the conclusion drawn from the photophysical
experiments conducted for 1 in the solid states before and after
mechanical grinding. In the mechanical stimuli-induced much
less ordered structures, the luminophores can form inter- and/
or intramolecular excimers, leading to a change in the photo-
luminescence colour.

Conclusions

We demonstrated that pyrenophane 1 featuring two 1,6-
bis(phenylethynyl)pyrene groups exhibits mechanoresponsive
luminescence at room temperature in the solid state and shows
a nematic liquid-crystalline state above 227 °C on heating.
Introduction of another 1,6-bis(phenylethynyl)pyrene moiety
induced unambiguous changes in the phase transition behav-
iour and stimuli-responsive luminescence properties as well as
the photophysical properties of the diluted solution compared
to those of asymmetric pyrenophane 2.** However, the fact that
both symmetric pyrenophane 1 and asymmetric pyrenophane 2
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show mechanoresponsive luminescence confirms that intro-
duction of cyclic structures into luminophores that show
assembled structure-dependent photoluminescence colours is
a reliable strategy to develop stimuli-responsive luminescent
solid materials. As luminescent cyclophanes have proved to be
promising platforms to achieve stimuli-responsive luminescent
molecular materials, work to develop other types of stimuli-
responsive luminescent cyclophanes is under way.

Experimental

All reagents and solvents were purchased from Aldrich, Tokyo
Kasei, and Wako. Unless otherwise noted, all reactions were
carried out under nitrogen atmosphere. Silica gel column
chromatography was carried out with a Biotage Isolera Flash
system. "H NMR spectra were recorded on a JEOL JNM-ECX 400
spectrometer and all chemical shifts are quoted on the J-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 () 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. Matrix-
assisted laser desorption ionisation time-of-flight (MALDI-
TOF) mass spectra were obtained on an AB SCIEX TOF/TOF
5800. High resolution electrospray ionization (ESI) mass spec-
trum was obtained on a Thermo Scientific Exactive. The DSC
measurements were conducted using a Rigaku Thermo Plus
EVO DSC8230 with a heating/cooling rate of 10 °C min " under
nitrogen atmosphere. Powder XRD measurements were carried
out with a Rigaku SmartLab. UV-vis absorption spectra were
measured with a JASCO V-550. Steady-state fluorescence spectra
were recorded on a JASCO FP-6500. Time-resolved fluorescence
measurements were carried out with a Hamamatsu Photonics
Quantaurus-Tau. Quantum efficiencies were measured with
a Hamamatsu Photonics Quantaurus-QY. Polarised optical
microscopic observation was conducted with an Olympus BX-60
optical microscope equipped with a Moticam 1080 camera.
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