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Herein we report an efficient modular approach to supramolecular
functional materials. Hierarchical self-assembly of azopyridine deri-
vatives and hydrogen-bond donors yielded discotic assemblies.
Subtle differences in the core units introduced mesomorphic behav-
iour and fast photo-response of the liquid crystals based on phloro-
glucinol. The presented results prove the benefits of a modular
methodology towards highly responsive materials with tailor-made
properties.

Within the past two decades supramolecular chemistry has devel-
oped into a powerful tool to create novel functional materials with
fascinating properties." The employment of non-covalent forces
provides many advantages compared to conventional methods and
facilitates fabrication, processing and recycling.> Simple mixing of
pre-tailored building blocks at room temperature yields highly
functional aggregates via self-assembly and allows dynamic response
on external stimuli or damages (self-healing/-repair).'**
Supramolecular liquid crystals are functional assemblies
showing structural complexity as well as molecular order.” The
use of hydrogen-bonds to design novel liquid crystals is appeal-
ing and pioneering works of Kato, Fréchet® and Lehn® already
yielded supramolecular assemblies with mesomorphic proper-
ties.” However, since the self-assembly process depends on a
complex interplay of a variety of non-covalent forces the rational
design and prediction of properties remains challenging.'®***
Azobenzenes are frequently used as photo-responsive switches
showing reversible trans/cis isomerization upon photoirradiation.’
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Azopyridine (Ap) derivatives are promising candidates to develop
responsive supramolecular materials since they combine the
photo-active azobenzene group with the hydrogen/halogen
bond-acceptor capability of the pyridyl-group.*>*°

As already mentioned above a number of hydrogen-bonded
liquid crystals were already described. However, the rational
design of novel functional materials based on supramolecular
assemblies with predictable properties requires a fundamental
understanding of the underlying principles and efficient methods
to screen a broad variety of influencing factors. Therefore, we
herein introduce a modular approach to tailor-made supra-
molecular liquid crystals (smLCs) by using the principles of crystal
engineering and self-assembly. Our first attempt combines com-
mercially available core units (trimesic acid (TA), cyanuric acid
(CA) and phloroglucinol (PG)) and simple non-mesogenic azo-
pyridines led to a series of Cs;-symmetric assemblies with liquid
crystalline behaviour as well as fast and reversible response to
irradiation with light. The intrinsic flexibility of the chosen
methodology allows an efficient screening of a wide variety of
molecules as potential building blocks for functional materials
and provides the opportunity for systematic studies on the
structure-property relationship of liquid crystalline assemblies.
These fundamental studies are crucial towards the design of
efficient functional materials.**'* Inspired by well-established
supramolecular synthons'” in crystal engineering and supra-
molecular chemistry promising candidates were selected to create
hydrogen-bonded assemblies with liquid crystalline properties.
Our initial attempt combines a series of hydrogen-bond donor
core units with seven different hydrogen-bond acceptors based on
azopyridine (Ap-3-10, blue, see Scheme 1). Mixing the core units
with the azopyridines in a ratio of 1:3 leads to discotic assem-
blies, which were investigated in respect to their thermal proper-
ties and mesomorphic behavior. So far just a few other examples
are reported employing hydrogen bonds to create mesogenic
assemblies.®'® In most of these examples at least one of the
building block showed mesomorphic behaviour before complexa-
tion and no photo-switchable system was described. However, we
herein focussing on the modular design of approach allowing for
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Scheme 1 Modular approach to supramolecular liquid crystals. Initially the
core units (TA, CA and PG, red) form hydrogen-bonded assemblies with the
azopyridine derivatives (Ap-N, blue). These assemblies organize hierarchi-
cally into the nematic mesophase, which can be reversibly switched from
meso- to isotropic phase by irradiation with light (405 nm).

the efficient screening of building blocks and the unique combi-
nation their individual properties in a supramolecular assembly.

In order to screen the modular tool box for promising combi-
nations, the commercially available core units were mixed with the
azopyridine derivatives in acetone. After removing the solvent
the thermal properties of the aggregates were studied under the
polarized optical microscope (POM) in a temperature range of
25-150 °C. It should be noticed that none of the individual starting
materials exhibited mesogenic character. Although all three
selected core units exhibit C;-symmetry and the general ability to
form aggregates with the azopyridine moieties, tremendous differ-
ences were found in the mesomorphic behaviour of the assem-
blies. Intuitively, strong intermolecular interactions are expected
between the azopyridine unit and the trimesic cyanuric acid
assemblies, while significantly weaker interactions are expected
for the hydrogen-bonded phloroglucinol aggregates. However, to
our surprise exclusively the phloroglucinol exhibited the formation
of stable complexes as proven by POM. The POM images of the
1:3 mixtures of trimesic acid and cyanuric acid with Ap-6, 8 and 10
revealed inhomogeneous melting (Fig. 1A, Fig. S1 and S2, ESIt). In
contrast, the phloroglucinol assemblies melted to a homogeneous
isotropic phase (Fig. 1B and Fig. S3, ESIT).

This observation is attributed to the disaggregation of the
hydrogen-bonded trimesic and cyanuric acid aggregates with
azopyridine in favour of the stronger hydrogen bonding within
the phase separated homo-crystals of the cyanuric and trimesic
acid. This is in-line with the significantly higher melting points
of trimesic acid (380 °C) and cyanuric acid (320 °C) in respect to
phloroglucinol (215 °C). Upon cooling from the isotropic liquid
the phloroglucinol series showed a Schiieren texture, character-
istic for a nematic mesophase. Therefore, in the following
discussion we will focus on the aggregation and characterization
of the phloroglucinol system. The hydrogen-bonded aggregates
PG- - -(Ap-3);-PG- - -(Ap-10); were obtained by mixing solutions
of PG and the corresponding Ap in acetone or by heating
mixtures of the pristine starting compounds in a microwave
oven. Complexation was confirmed by IR-spectroscopy, single
crystal analysis and polarized optical microscopy. Comparison
of the IR-spectra (Fig. S4, ESIt) of the 1:1,1:2 and 1:3 PG: Ap
complexes clearly demonstrates a shift of the broad OH-signal
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Fig. 1 Representative POM images showing the TA crystallites at 156 °C
(A) as well as the isotropic (B @ 110 °C), the nematic (C @ 90 °C) and the
crystalline phase (D @ 25 °C) of PG - -(Ap-8)3 under crossed polarizers.

of the phloroglucinol from ~3200 cm ™" to ~3050 cm™ ' and the
appearance of a signal at ~2630 cm ™" indicating the formation
of the hydrogen-bonded complex. Similar results were found for
the whole series of investigated liquid crystals (Fig. S5, ESI).
POM images of PG- - -(Ap-6); and PG- - -(Ap-6), show the presence
of PG crystallites even at 150 °C due to incomplete formation of
the hydrogen bonded assembly (Fig. S3, ESIt). Homogeneous
melting as well as stable liquid crystalline phases were exclu-
sively found for the 1:3 stoichiometries (Fig. S6, ESIT).

In order to gain further insight in the molecular structure
of the complexes, single crystals of PG- - -(Ap-4); were obtained
by slow evaporation of a solutions of PG and Ap-4 in acetone.
PG- - -(Ap-4); crystallizes in the centro-symmetric space group
P2,/c with two hydrogen-bonded assemblies per asymmetric unit
cell (see Fig. 2).

The crystal structure clearly shows the hydrogen-bridges between
the PG core and the Ap-4 units (Nyy, - -HOpg = 1.82-1.96 A)
and reveals some disorder of the azocompound. The planes of
the azopyridine moieties are oriented out of plane in respect
to the phloroglucinol (54.9°, 63.6° and 86.1°) unit to form
V-shaped assemblies, which are stacked into each other related

Fig. 2 Molecular structure and intermolecular packing of PG- - -(Ap-4)s as
observed in the solid state (minor component of the disorder omitted for
clarity, only one of the two symmetrically independent units displayed).

This journal is © The Royal Society of Chemistry 2016
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by 2; symmetry. The phloroglucinol moieties of adjacent
hydrogen-bonded aggregates are oriented in the same plane
and show non-classical hydrogen-bonding (CHpg: - ‘OHpg = 2.37 13).
Interestingly, attempts to crystallize the 1:1 or 1:2 assemblies
yielded individual crystals of PG- - -(Ap-4); and PG. The crystal
structure combined with the obtained IR-spectra and the POM
images clarifies the relevance of the hydrogen-bonding and
1:3 stoichiometry of the complexes in order to observe stable
mesophases.

The thermal behavior of the mesogens and their individual
components were characterized by POM, differential scanning
calorimetry (DSC) and X-ray scattering (XRD). As already men-
tioned above the individual components of the hydrogen-bonded
assembly (PG and Ap-3-Ap-10) did not show mesomorphic beha-
vior as proven by POM. The same was found for PG: - -(Ap-3)s,
which is not a liquid crystal and melts isotropically at 142 °C.
However, the hydrogen-bonded assemblies of PG with Ap-4-Ap-10
clearly show the characteristic textures of a nematic mesophase
upon cooling the samples from ~110 °C to room temperature
(Fig. 3 and Fig. S7, ESI}). In order to quantify the observations
made by POM, DSC profiles of the hydrogen-bonded assemblies
were collected (Fig. S7 and Table S8, ESIt). Comparison of the
thermal properties indicates a significant stabilization of the
mesophase upon elongation of the alkylchain at the peripheral
unit. Changes of AT = 5.6 °C for PG- - -(Ap-4); to AT = 26.7 °C
for PG---(Ap-9); were observed. Interestingly, exclusively the
PG- - -(Ap-8); and PG: - -(Ap-9); aggregates revealed enantiotropic
phase transition showing mesogenic behavior upon cooling and
heating. However, the mesophases upon heating are found to be
quite narrow (~4 °C, Fig. S7E and F, ESI{). In contrast, a related
system reported by Jho and coworkers'¥ exhibited an enantio-
tropic mesophase range of more than 40 °C. This difference is
most likely attributed to the repulsive forces of the azo-groups
and again shows how subtle structural changes significantly
influence the properties of supramolecular materials.

XRD measurements on PG- - -(Ap-6); confirmed the formation
of nematic mesophases (Fig. 4). In the isotropic melt (100 °C),
the diffraction patterns show two diffuse halos at 20 = 3.5° and
20°. This corresponds to real space distances of 25 A and
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Fig. 3 Monotropic phase transition temperatures upon cooling (10 K min~?)
of the PG: - -(Ap-N)z assemblies as observed by DSC (Iso = isotropic phase,

N = nematic phase, Cr = crystalline state).
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100 °C

PG-+(Ap-6);

Fig. 4 X-ray diffraction pattern of PG - -(Ap-6)s in the isotropic (left) and
nematic phase (right) in a magnetic field.

4.5 A respectively. Upon cooling to 90 °C in a vertical magnetic
field of approx. 500 G two sets of diffuse peaks at 3.2° and 20°
are observed. They are oriented perpendicular to each other,
confirming the formation of a nematic phase.

The peripheral units of the hydrogen-bonded complexes are
based on azopyridine, enabling fully reversible trans/cis isomeriza-
tion when irradiated with UV-light.”*'* The UV-Vis-spectra of thin
films of the molten liquid crystals were obtained showing strong
absorption in the region of 280 to 410 nm with an absorption
maximum at 365 nm (Fig. S8, ESIt).

In order to investigate the photo-responsive properties of the
liquid crystals, the samples were irradiated with a laser pointer
(405 nm, 5 mW) in their mesophases. The effect was in situ
followed by POM. For all investigated assemblies the same effect
was found. Initially the liquid crystal is present in its trans-state
showing the characteristic Schlieren texture of a nematic phase.
However, upon irradiation at 405 nm the birefringent liquid crystal
texture disappeared instantaneously (see Fig. 5 and Fig. S9,
Video S1, ESIf) demonstrating a photo-induced phase transition
from the meso- to the isotropic phase. The phase transition is
attributed to the photo-isomerization of the azopyridine units from
their trans to cis form as the bent-shaped cis-isomers tend to
destabilized the order of the mesophase."® As soon as the irradia-
tion is stopped the mesophase is recovered within seconds, which
is in accordance to previous results found for the thermal relaxa-
tion of azopyridines.*'*

In order to confirm that the observed photoinduced phase
transition is caused by cis/trans isomerization of the azopyridine,
the same sample was irradiated with a green (532 nm, 5 W) and a
red laser pointer (650 nm, 5 mW). No effect on the mesophases

N N
N N
[ trans .
N R = (CH,),CHs, N i
mesophase isotropic phase

Fig. 5 Photoinduced phase transition of PG:--(Ap-8); from the meso-
phases (A) to the isotropic state (B) upon irradiation at 405 nm (5 mW) at
~90 °C as well as a scheme illustrating the trans/cis isomerization of the
azopyridine unit causing the disorder of the LC phase (C). Similar results
were found for the PG complexes of Ap-4-10.
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was observed (Fig. S10 and S11, Videos S2 and S3, ESIt).
Therefore, we attribute the previously observed phase transi-
tion to the isomerization of the azopyridine moiety and not by
local thermal excitation.

In summary, we reported an approach to supramolecular
functional assemblies based on azopyridine derivatives. A series of
novel hydrogen-bonded liquid crystals were synthesized and
characterized exhibiting rapid photo-response, which makes these
materials appealing for applications in organic opto-electronics
such as sensors or optical gates.'® The present study is a proof
of principle and demonstrates the utility of a modular design
allowing efficient screening of a plethora of supramolecular
building blocks towards the design of novel functional materials
and fundamental studies on the structure-property relationship
of liquid crystalline aggregates. Our current research is now
evaluating the scope of this approach in respect to establish
columnar phases, which have great potential in respect to
electronic and photonic devices.*®!”
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