Asymmetric Cyclophanes Permit Access to Supercooled Nematic
Liquid Crystals with Stimuli-responsive Luminescence
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ABSTRACT: A novel material with stimuli-responsive luminescence was created by integrating a chromophore with as-
sembly-dependent emission properties into a liquid crystalline compound that can be kinetically trapped in a supercooled
liquid-crystalline state. This was achieved by synthesizing an asymmetric cyclophane containing one 1,6-
bis(phenylethynyl)pyrene group. The new compound displays a broad nematic phase above ca. 1o °C on heating.
Quenching to room temperature allows one to avoid crystallization, and the supercooled nematic phase is stable for at
least 1 h. Upon heating, a phase transition from the kinetically trapped state to a crystalline state occurs, concomitant
with a pronounced change of the photoluminescence. The crystalline phase thus accessed shows mechanoresponsive

luminescence behavior.

INTRODUCTION

Molecular and polymeric materials whose photolumi-
nescence properties depend on the temperature and/or
are altered by mechanical stimulation are attracting much
attention, in part due to their usefulness in sensors,
memories, security and bio-imaging applications.”™ The
origin of such effects in most low-molecular weight pho-
toluminescent dyes is a rearrangement of the molecular
assemblies, which in turn influences the interactions
among luminophores and thereby their photophysical
properties.”>**">'*3 Many known molecular materials
with stimuli-responsive luminescence display polymor-
phism, and the external stimulus promotes the transfor-
mation from one crystal structure into another.”” In
many cases it is also possible to induce the transformation
from a crystalline to an amorphous phase (or vice versa)
by way of an external stimulus.*3® Another possibility is
to kinetically trap disordered or poorly ordered molecular
structures by rapidly cooling an isotropic melt or a low-
order mobile state, such as a nematic liquid-crystalline
(LC) phase, to a temperature where the system is immobi-
lized."*** Heating or the application of mechanical force
can then induce a phase transition to a thermodynamical-
ly more stable crystalline state, concomitant with signifi-
cant changes of the photoluminescent properties. Inter-
estingly, this concept, which is also applicable to blends
of polymers and luminescent compounds,>® has been
relatively little explored.”** In particular, related LC
compounds with mechano- or thermoresponsive lumi-
nescence properties are rare.**** However, LC compounds
can easily be processed into thin films and phase transi-
tions are often accompanied by significant changes of the
molecular assembled structures,” which bodes well for

the development of stimuli-responsive luminescent mate-
rials.”>***3 Moreover, the low crystallinity of LC com-
pounds makes it often comparably easy to access kineti-
cally trapped structures that display a low degree of or-
der.%%

Here, we demonstrate that exploiting the tendency of
cyclic LC compounds to form kinetically trapped states in
combination with the assembly-dependent optical char-
acteristics of photoluminescent motifs is a powerful ap-
proach to create materials that display thermo- or mech-
anoresponsive luminescence. After Percec et al. demon-
strated that cyclic oligomers containing multiple mesogen
units in the main-chain can display nematic phases, sev-
eral cyclic compounds have been reported to exhibit LC
behavior.®®® Notably the groups of Tschierske and Heg-
mann reported several cyclic compounds showing nemat-
ic or smectic phases.®””> While previous efforts have fo-
cused on the investigation of thermodynamically stable
LC states and the relationship between molecular struc-
tures and LC phase transition, little attention has been
paid to either the kinetically trapped states and the pho-
tophysical properties of cyclic LC compounds. We previ-
ously investigated the stimuli-responsive characteristics
of symmetric cyclophanes containing two 9,10-
bis(phenylethynyl)anthracene groups that were bridged
by tetra- or hexaethylene glycol linkers.”>° While the
latter cyclophane displays a nematic phase above 168.6 °C,
supercooling the latter was not possible. We show here
that desymmetrization of the cyclophane and usage of
long linkers affords a product whose nematic phase ex-
tends to a much lower temperature. More importantly, a
low-order mobile phase can be kinetically trapped by
rapidly cooling the LC phase. The latter is stable under



ambient conditions for at least 1 h and displays thermo-
and mechanoresponsive luminescent behavior.

RESULTS AND DISCUSSION

Based on the assumption that breaking symmetry
would lead to a reduction of the phase transition temper-
atures and hamper crystallization, cyclophane 1 was de-
signed to feature one 1,6-bis(phenylethynyl)pyrene group
as the luminophore and one idle naphthalene moiety
(Figure 1). These m-conjugated motifs were bridged by
hexaethylene glycol chains. Cyclophane 1 was synthesized
from 1,6-bis(4-hydroxyphenylethynyl)pyrene and a 1,5-
disubstituted naphthalene featuring bromo-terminated
hexaethylene glycol groups through Williamson ether
synthesis. The linear reference compounds 2 and 3 were
synthesized in a similar manner (See Supporting Infor-
mation).

A first inspection reveals that cyclophane 1 indeed ex-
hibits a broad nematic phase that displays green photo-
luminescence under excitation with ultraviolet light (Fig-
ure 2). Rapid cooling of the nematic phase affords a waxy
solid (G-form) in which the green photoluminescence is
retained for ca. 1 h. By contrast, slow cooling leads to a
crystalline solid (Bg-form) that emits blue light. The G-
form is metastable and exhibits thermoresponsive lumi-
nescence; upon annealing at 8o °C a phase transition to a
blue-light emitting crystalline state (B-form) is observed.
As will be discussed later, cyclophane 1 forms several
blue-emitting polymorphs, depending on the crystalliza-
tion, which exhibit similar photophysical properties and
mechanoresponsive luminescence.
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Figure 1. Molecular structures of cyclophane 1 and the mon-
omer analogues 2 and 3.
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Figure 2. Images summarizing the phase behavior of 1. All
images were taken on glass substrates without a cover slide
under irradiation with UV light (Aex = 365 nm). Scale bar = 5
mm.

The phase behavior of 1 was studied in more detail us-
ing polarized optical microscopy (POM, Figure 3). Upon
heating the sample in the absence of a cover slip, the
characteristic schlieren texture of a nematic phase (Figure
3a) was observed above ca. no °C. This texture was re-
tained after the sample had been quenched into the state
referred to as G-form (vide supra) by placing it on a metal-
based heat sink maintained at 15 °C (Figure 3¢). While
thermally induced fluctuations were observed for the
texture of the nematic phase at 120 °C, these were absent
in the quenched sample, suggesting that in the G-form
the molecular motions are significantly reduced. Interes-
tingly, when the POM experiment was repeated with a
cover slip, a birefringence-free texture was observed upon
heating above ca. 110 °C, indicative of homeotropic align-
ment (Figure 3b). This structure was also retained after
rapid cooling (Figure 3d). A phase transition was observed
for the G-form on heating to 8o °C. As shown in Figure 3e,
crystal nucleation was immediate when a quenched sam-
ple (G-form) was placed on a hot stage maintained at 8o
°C and the sample crystallized quickly into the B-form
(Figure 3f). Thus, the POM experiments show that the G-
form is a kinetically trapped, metastable state of low or-
der, which readily crystallizes upon heating into the
thermodynamically more stable B-form.
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Figure 3. POM images of cyclophane 1 (a,b) in the nematic

phase at 120 °C, (c,d) in the G-form at room temperature, (e)
just after heating the G-form to 8o °C, and (f) in the B-form
after annealing at 8o °C. The POM image shown in (f) was
taken with the same sample as in (e) after further thermal
treatment at 8o °C. Images were taken in the (a,c) absence or
(b,d,e,f) presence of a cover slip. The inset of panel (d) repre-
sents the conoscopic image of the sample. The G-forms



shown in (c,d) were prepared by placing the nematic samples
on a metal-based heat sink maintained at 15 °C.

The phase behavior of cyclophane 1 was further inves-
tigated by differential scanning calorimetry (DSC) meas-
urements. The heating trace of the slowly crystallized By
form (Figure 4a) displays only a sharp endothermic peak
at 106.9 °C, which marks the transition from a crystalline
solid (By-form) to the nematic phase. The latter extends
to ca. 280 °C, as determined by POM observations, which
however also suggest some decomposition at this temper-
ature. The DSC cooling trace acquired at a slow cooling
rate (10 °C min™) shows exclusively an exothermic peak at
67.4 °C, which is associated with a phase transition from
the nematic phase to the crystalline Bg.-form. The heating
trace of the B-form is very similar to that of the B-form,
displaying only one endothermic peak at 110.3 °C upon
heating (Figure S1). By contrast, the DSC heating trace of
a sample that had been rapidly quenched from the nemat-
ic phase reveals a very different behavior (Figure 4b). A
weak endothermic transition can be observed around 8
°C, which is associated with the glass transition and indi-
cates that the G-form is indeed a super-cooled nematic
phase, rather than a glass. Two exothermic peaks appear
at 44.6 and 61.6 °C (AH = -21.2 and -2.6 k] mol™, respec-
tively). Because the B-form was obtained by annealing at
a temperature above these transitions, the B-form is a
thermodynamically stable state, while the G-form is a
thermodynamically metastable one. Like in all other sam-
ples, the DSC trace shows an endothermic peak at 108.5
°C (AH = 41.9 kJ mol™), corresponding to the transition
from the B-form to the nematic phase.
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Figure 4. (a) DSC traces of cyclophane 1 in the By.-form. (b)
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DSC trace of 1 after kinetically trapping by rapidly cooling
the DSC pan containing the sample from the nematic phase
to 15 °C and placing it in a DSC sample holder that had been

precooled to o °C. Scanning rates: 10 °C min”.
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Figure 5. XRD diffractograms of cyclophane 1 (a) in the ne-
matic phase at 120 °C, (b) in the G-form, (c) in the B-form,
and (d) in the By-form. The diffractograms shown in (b-d)
were acquired at room temperature.

X-ray diffraction (XRD) measurements were per-
formed to confirm that the G-form is indeed a kinetically
trapped state and that the thermoresponsive lumines-
cence behavior (i.e., the transformation of the G-form
into the B-form upon annealing) is due to a phase transi-
tion, which in turn induces a change of the molecular
assembled structures. As shown in Figure 5, the XRD
patterns of 1 in the nematic phase at 120 °C and of the G-
form at room temperature only feature a broad, structure-
less peaks, indicative of a low degree of order in both
cases. Conversely, the diffractogram of the B-form fea-
tures many sharp peaks (Figure 5c), which reveal that
annealing at 8o °C results in a phase transition to a crys-
talline form. Figure 5d shows the XRD pattern of the B,
form. While the most intense peak appears at the same
position as in the XRD pattern of the B-form (26 = 21.9 °),
closer inspection reveals clear differences (Figure S2),
suggesting that the crystalline state accessed through
slow cooling from the nematic phase is different from the
B-form, obtained by annealing the quenched G-form. We
hypothesize that in the B- and Bsc-forms the lumino-
phore of 1 is surrounded by the naphthalene or linker
groups, because both these crystalline forms show mon-
omer-like emission (vide infra). Unfortunately, we were
not able to frow any crystals suitable for single crystal X-
ray analysis, which could support this hypothesis.

For reference purposes, the phase transition behavior
of model compounds 2 and 3 was also explored. Com-
pound 2 is crystalline at temperatures of up to 167.1 °C,
where a phase transition to a nematic phase occurs (Fig-
ure S3a). The POM image of 2 reveals a typical schlieren
texture at 180 °C (Figure Sga). Upon cooling from the
nematic phase, 2 always transformed into a crystalline
solid, even at the highest cooling rates attainable. Moreo-
ver, no unambiguous color changes could be discerned
when compound 2 was annealed in the crystalline state or
exposed to mechanical force at room temperature. Thus,
compound 2 has a strong tendency to form the thermo-
dynamically most stable crystalline structure, likely on
account of its linear and highly symmetric molecular
structure. As for compound 3, the DSC trace shows only



one peak corresponding to the phase transition from a
crystalline solid to an isotropic melt (Figure S3b). We also
prepared an equimolar mixture of compounds 2 and 3,
but as expected, POM observation reveals phase separa-
tion (Figure S4b). Thus, the asymmetric cyclic structure
appears to be a key for the kinetically-trapped metastable
state of 1 and the related thermo- and mechanoresponsive
luminescence behavior.
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Figure 6. (a) Absorption and (b) normalized photolumines-
cence spectra of CHCl, solutions (¢ = 1.0 x 10° M) of cyclo-
phane 1 (blue solid line) and reference compounds 2 (black
solid line) and 3 (black dotted line). The emission spectra
were recorded at room temperature with A, = 400 nm (1 and
2) and 300 nm (3).

Before investigating the thermally and mechanically
induced changes of the photoluminescence characteris-
tics of cyclophane 1 in the condensed state, we examined
the photophysical properties of cyclophane 1 and model
compounds 2 and 3 in solution. Figure 6 shows the UV-vis
absorption and photoluminescence spectra of all com-
pounds in dilute CHCI; solution (¢ = 1.0 x 10° M). The
absorption spectrum of the linear 1,6-bis(phenyl-
ethynyl)pyrene reference 2 shows a band between 350 and
450 nm, with a molar extinction coefficient ¢ of 6.3 x 10* L.
mol™ cm™ at 407 nm. The spectrum of the linear naphtha-
lene 3 features an absorption band between 270 and 330
nm, with a much smaller ¢ (9.8 x 10> L mol™ cm™at 298
nm) than 2. The absorption spectrum of cyclophane 1 is
largely a superposition of the absorption spectra of 2 and
3, although closer inspection reveals a difference in the
shape of the peaks between 410 and 430 nm, which is
indicative of feeble ground state electronic interactions
between the pyrene and naphthalene moieties in the
asymmetric cyclic structure.
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Figure 7. Photoluminescence spectra of cyclophane 1 in 2:3
v/v CHCl;:methanol solutions of different concentrations (c

3 -1.2 x 10~ M). The spectra were recorded at room

=2.0x10
temperature with A, = 400 nm and are normalized at 444

nm.

The emission spectrum of the CHCI; solution of the
linear 1,6-bis(phenylethynyl)pyrene reference 2 displays a
vibronic structure with peaks at 444 and 470 nm and a
shoulder around 495 nm (Figure 6b), indicative of well-
individualized molecules.”” Similar features can be ob-
served in the emission spectrum of 3, although the maxi-
ma appear at much lower wavelengths (331, 345, and 362
nm). The emission spectrum of cyclophane 1 in CHCL is
virtually identical to that of 2, indicating that the elec-
tronic  characteristics of well-individualized 1,6-
bis(phenylethynyl)pyrene moieties are largely retained.
The small difference between the emission spectra of 1
and 2 may be related to the aforementioned ground state
interactions with the naphthalene group in the cyclo-
phane. It is noteworthy that the emission characteristics
of the asymmetric cyclophane 1 are very different from
those observed for symmetric cyclophanes comprised of
two 9,10-bis(phenylethynyl)anthracene moieties,>° in
which intramolecular excimer formation was observed.
We also measured the emission spectra of 1 at higher
concentration (¢ = 2.0 X 10>~ 1.2 x 10~ M) in a more polar
solvent mixture (2:3 v/v CHCl;methanol) in order to
probe if aggregation would lead to the formation of inter-
molecular excimers. Indeed, as shown in Figure 7, a
broad, featureless band with a maximum around 530 nm
developed when the concentration was increased above
2.0 x 10°M, which is ascribed to excimer emission; when
the concentration was increased beyond 1.2 x 10* M, pre-
cipitation occurred.

The photoluminescence spectra of 1 in the condensed
states (recorded at room temperature) unequivocally
reveal that the emission characteristics strongly depend
on the thermal history (Figure 8). The metastable G-form,
obtained by rapid cooling from the nematic phase, dis-
plays a broad and structureless emission band with a
maximum at 521 nm. The similarity to the excimer-band
observed in high-concentration solutions (Figure 7) sug-
gests that in the G-form the luminophores form intermo-
lecular excimers. By contrast, the emission spectrum of
the B-form, obtained by annealing the G-form at 8o °C,
shows a sharp peak at 486 nm and two shoulders around
at 455 and 515 nm, i.e., features that are characteristic of
monomer emission (Figures 6b, 7). The emission spec-
trum of the B,.-form is similar to the one of the B-form.
The observed small difference is likely related to subtle
changes in the molecular assembled structures, as sup-
ported by the fact that the XRD patterns are different
from each other (Figure 5¢,d, Figure S2).
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Figure 8. Photoluminescence spectra of cyclophane 1 in the
G-form (green solid line), B-form (blue solid line), and the
Bs-form (blue dotted line). All spectra were recorded at
room temperature with A, = 400 nm.

10°

w

-
o
)

Intensity (count)
)

-
(=)

0 10 20 30 40 50
Time (ns)
Figure 9. Emission decay profiles of cyclophane 1 in CHCL,
solution (black line), the G-form (green line), and the B-form
(blue line). All data were collected at room temperature with
Aex = 405 nm.

Emission lifetime and quantum yield measurements
confirm the conclusions drawn from the steady-state
photoluminescence experiments. The analysis of the
emission decay of a dilute CHCI, solution of the linear 1,6-
bis(phenylethynyl)pyrene reference 2 (¢ = 1.0 x 10° M,
Figure S5) points to a single emission process with a life-
time of 1.4 ns, which is ascribed to monomer emission.
The photoluminescence quantum yield was 0.96 and the
photophysical data match previously reported values.”? A
similar decay profile, albeit with different lifetimes (o.5,
2.3 ns), and an equally high quantum efficiency were
measured for 1 (c = 1.0 x 10° M, Figure 9). The difference
in emission lifetimes is consistent with the cyclic struc-
ture of 1. The small intramolecular ground state interac-
tions between the two aromatic parts should affect the
lifetimes and the cyclic structure reduces the molecular
rotation and vibration of the luminophores and thereby
restricts radiation-less relaxation pathways. The emission
decay traces of the G-form and B-form strikingly differ
from the CHCI, solution of 1 (Figure 9). Both profiles are
well-fitted by tri-exponential decay functions, which af-
ford emission lifetimes and population fractions as sum-
marized in Table 1. A long emission lifetime of 19 ns was
observed for the G-form, which is associated with inter-
molecular excimers. However, the decay is dominated by
short-lived species with lifetimes of 1.4 and 5.7 ns. To-
gether with the appreciable quantum efficiency (54%) the
data suggest the presence of a poorly ordered structure.
In the case of the B-form, the long-lived species are ab-
sent, and the decay is dominated by short-lived species
with lifetimes of 0.3, 1.2 ns; at the same time, the quantum
efficiency is reduced to 0.15. The pronounced differences
confirm unequivocally that the annealing-induced phase

transition from the kinetically-trapped metastable G-form
to the crystalline B-form is accompanied by a significant
change of the molecular assembly.

Table 1. Emission lifetimes and quantum yields.”

1;(amplitude a;) (ns) X? PDp,
0.5 (56%), 2.3 (44%) 1.00 0.95

1 in chloroform®

G-form® 1.4 (38%), 5.7 (45%), 1.08 0.54
19 (17%)

B-form? 0.3 (94%), 1.2 (5%), 1.05 0.15
6.1 (1%)

2 in chloroform® 1.4 (100%) 1.09 0.96

2 All measurements were carried out at room temperature.
® Monitored at 450 nm. ©Monitored at 520 nm. ¢ Monitored
at 485 nm.

Finally, the mechanoresponsive luminescence behav-
ior of cyclophane 1 was examined. As shown in Figure 10,
mechanical stimulation of the B-form at 25 °C causes the
photoluminescence to change from blue to green. Inter-
estingly, the emission color of the mechanically treated
sample reverted to blue within 10 minutes if the sample
was kept at 25 °C. This process was found to be strongly
temperature dependent; recovery of the blue emission
was immediate at 35°C (Figure S6a), whereas the mechan-
ically induced green emission was retained for over 1 h at
15 °C (Figure S6b). The hypothesis that the mechanically
induced emission is related to excimers is supported by
the steady-state emission spectrum (Figure u), which
displays a characteristic, broad, structure-less band cen-
tered around 516 nm. Further, the emission decay profile
(Figure S7) features a long-lived component with a life-
time of 15 ns, and is similar to the one of the G-form.
While the transient nature of the mechanically induced
green-emissive state makes a characterization difficult,
the data support the conclusion that mechanical force
transforms the well-ordered B-form, at least partially, into
a disordered mobile state in which intermolecular excim-
er formation can occur.

(a)

Figure 10. Photographs documenting the mechanorespon-
sive luminescence of cyclophane 1 at 25 °C. (a) B-form on a
quartz substrate. (b) The sample immediately after grinding
the lower part. (c) The same sample 10 minutes after grind-
ing. All images were recorded under illumination with 365
nm UV light.

The photophysical properties after recovery are almost
the same as those of the B-form. After the ground sample
was kept at 25 °C for 10 minutes, the emission spectrum
(Figure 11) and the emission decay profile (Figure S7) of
the blue-emitting sample are similar to those of the B-
form, although the X-ray diffraction pattern of the blue-
emitting solid is different from that of the B-form (Figure



S8), reflecting the fact that cyclophanes 1 can form several
polymorphs in the crystalline state. Similar mecha-
noresponsive luminescence behavior is also observed for
the By.-form and even as-prepared powder of cyclophane 1
(Figure Sg).
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Figure 11. Photoluminescence spectra of cyclophane 1 in the
B-form (blue solid line), immediately after grinding the B-
form (green solid line), and the same sample 10 minutes at 25
°C after grinding (blue dotted line). All spectra were record-
ed at room temperature with A, = 400 nm.

CONCLUSIONS

In conclusion, the photophysical properties of the
asymmetric, “hetero-type” pyrene-based cyclophane 1
depend strongly on the molecular assembly. The material
displays a broad nematic range and a low-order mobile
phase can be kinetically trapped by rapidly cooling the LC
phase. This metastable supercooled nematic phase is
stable under ambient conditions and displays thermo-
and mechanoresponsive luminescent behavior. To the
best of our knowledge, this is the first example of a stimu-
li-responsive luminescent material based on a super-
cooled nematic LC phase. The design approach utilized
appears to be general, should be useful to create other
materials with stimuli-responsive luminescence, and can
be expected to also be exploitable in connection with
electric or magnetic fields.
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