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Self-healing and shape memory functions exhibited
by supramolecular liquid-crystalline networks
formed by combination of hydrogen bonding
interactions and coordination bondingt

Junya Uchida, ©2* Masafumi Yoshio} and Takashi Kato (2 *

We here report a new approach to develop self-healing shape memory supramolecular liquid-crystalline
(LC) networks through self-assembly of molecular building blocks via combination of hydrogen bonding
and coordination bonding. We have designed and synthesized supramolecular LC polymers and
networks based on the complexation of a forklike mesogenic ligand with Ag* ions and carboxylic acids.
Unidirectionally aligned fibers and free-standing films forming layered LC nanostructures have been
obtained for the supramolecular LC networks. We have found that hybrid supramolecular LC networks
formed through metal-ligand interactions and hydrogen bonding exhibit both self-healing properties
and shape memory functions, while hydrogen-bonded LC networks only show self-healing properties.
The combination of hydrogen bonds and metal-ligand interactions allows the tuning of intermolecular
interactions and self-assembled structures, leading to the formation of the dynamic supramolecular LC
materials. The new material design presented here has potential for the development of smart LC
materials and functional LC membranes with tunable responsiveness.

Introduction

Nanostructured liquid crystals have attracted attention because
of great potential as new functional materials.’® In particular,
combination of nano-science and supramolecular chemistry in
liquid-crystalline (LC) assemblies is expected to provide new
soft materials with dynamic and anisotropic functions.*** For
example, development of supramolecular LC polymers has
resulted in the induction of their stimuli-responsive and self-
healing properties as well as facile and simple formation
processes.>*°

Our strategy here is to develop hybrid supramolecular liquid
crystals that exhibit polymer-like dynamic functions by the
formation of rigid framework combining hydrogen bonds* ¢
and metal-ligand interactions>*”*° of low-molecular-weight
compounds (Fig. 1). The combination of hydrogen bonding
interactions and coordination chemistry has been reported for
the preparation of non-LC dynamic polymers.*®** However, the
number of metallomesogens based on complementary
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hydrogen-bonded complexes is quite limited probably due to
high melting temperatures for metallomesogens.*>**

Our intention is to use a forklike mesogenic ligand having
pyridine moieties capable of both metal coordination and
hydrogen bonds to produce metal-containing hydrogen-bonded
supramolecular LC polymers and networks. Metal-ligand
interactions between Ag" ions and pyridine moieties have been
utilized to prepare supramolecular structures.>**** We previ-
ously reported that forklike pyridine-based ligands were self-
assembled only with Pd** ions to construct giant discrete LC
materials.>® However, only discrete and closed structures were
obtained by this approach.*® Hybridization of coordination
bonds and complementary hydrogen bonds based on pyridine
moieties for the development of supramolecular LC materials
remains unexplored.

LC elastomers exhibiting self-healing and shape memory
properties are emerging class of smart polymer materials and
have been extensively studied.”* Tuning of mechanical and
thermal properties of non-LC materials through molecular
design was reported to be key to realize the macroscopic
dynamic functions such as actuation, sensing, and self-healing
properties.®*”* However, conventional LC elastomers require
covalently-bonded polymer backbones obtained by polymeri-
zation of reactive mesogens, which limits the design of LC
elastomers.***>°*¢* If the self-assembly of low-molecular-weight
compounds is employed as a new approach to prepare
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(a) Molecular structures of 1-3. (b) Schematic illustration of material design for the development of self-healing and shape memory LC

networks through hydrogen bonding and metal-ligand interactions of molecular building blocks.

supramolecular LC elastomers, nanostructured smart materials
with tunable responsiveness would be easily obtained.

Here we report self-healing shape memory supramolecular
LC polymers formed by self-assembly of pyridine-based forklike
mesogenic ligand 1, (1e,3a,50)-1,3,5-cyclohexanetricarboxylic
acid 2, and AgCF;SO; (Fig. 1a). Free-standing and moldable
supramolecular LC materials showing reversible thermotropic
phase transitions were expected to be obtained by bottom-up
synthesis of noncovalently crosslinked networks of small
molecular components. The stimuli-responsive properties and
phase transition behavior were intended to be tuned by
changing the ratio of 2 and AgCF;S0; to 1.

Results and discussion
Material design

We designed forklike ligand 1 by combining a bispyridyl ligand
and rigid-rod mesogens (Fig. 1a).** The forklike mesogenic
structures have been employed to induce LC properties for

6092 | Chem. Sci, 2021, 12, 6091-6098

supramolecular complexes.®®”7* We chose AgCF;S0; as the Ag”
source to build supramolecular coordination LC polymers
because of the high thermal stability of the tri-
fluoromethanesulfonate The Ag' cation usually
forms a linear coordination geometry with pyridine-based
ligands.>***>”>  We considered that self-assembly of
mesogenic ligand 1 and AgCF;SO; in a 1 : 1 molar ratio would
produce side-chain supramolecular coordination LC polymer
[1/AgCF;3S0; (1 : 1)]. On the other hand, complexation of ligand
1 with cyclohexane-based tricarboxylic acid 2 in a 3 : 2 molar
ratio would allow the formation of hydrogen-bonded supra-
molecular LC network 1/2 (3 : 2) because 1 is a bifunctional
hydrogen bond acceptor and 2 is a trifunctional hydrogen bond
donor. Benzene-based tricarboxylic acid 3, which has similar
geometry to 2, was also chosen to compare their self-assembled

anion.

properties. Furthermore, we envisioned that use of both
hydrogen bonds and metal-ligand interactions for the
construction of the hybrid networks consisting of 1, 2, and
AgCF;S0; (1/2/AgCF3S0;) may lead to the development of new

© 2021 The Author(s). Published by the Royal Society of Chemistry
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stimuli-responsive supramolecular LC materials by tuning the
ratio of these building blocks.

Supramolecular formation, processing and alignment control

LC complexes of 1/AgCF;S0; (1:1), 1/2 (3 : 2), and 1/2/AgCF;-
SO; (3:1.2:1.2) exhibiting homogeneous phases were
successfully obtained by self-assembly of the molecular
building blocks and Ag" ions. In contrast, macroscopic phase
separation was observed for the 3 : 2 molar mixture of 1 and
1,3,5-benzenetricarboxylic acid 3 under optical microscopy.
This behavior was caused by strong aggregation of compound 3
itself. Hydrogen-bonded network 1/2 (3 : 2) and hybrid network
1/2/AgCF;S0; (3:1.2:1.2) showed free-standing and elastic
properties as well as anisotropic LC molecular order. These
materials can be processed into a variety of macroscopic shapes
such as films (Fig. 2a) and strings (Fig. 2b) in the LC phases. The
film of 1/2 (3 : 2) was aligned by applying shear force in the LC
phase. The 2D small-angle X-ray diffraction (XRD) measurement
showed the split diffraction pattern (Fig. S1t). These results
indicate that the mesogenic moieties were aligned perpendic-
ular to the shearing direction in the film state. Furthermore, by

(a) (b)

Fig. 2 Photographs of hydrogen-bonded LC network 1/2 (3 : 2): (a)
film shape; (b) string shape.
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Fig. 3 (a) Photograph of aligned supramolecular LC glassy fiber of 1/2
(3:2). (b) Polarizing optical micrographs of the aligned LC fiber of 1/2
(3:2). Directions of the analyzer (A), polarizer (P), and mechanical
stretching are indicated with white arrows.
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pulling from the isotropic melt and cooling, the unidirection-
ally aligned supramolecular LC glassy fiber of 1/2 (3 :2) was
obtained (Fig. 3). The periodic change of the birefringence was
observed upon 45° rotation of the sample under crossed Nicols
condition (Fig. 3b). Such polymer-like properties are unique for
hydrogen-bonded LC materials formed by self-assembly of
small molecular components based on single hydrogen
bonding. On the other hand, no elastic properties were
observed for simpler coordination polymer 1/AgCF;SO; (1 : 1)
probably due to the strong intermolecular interactions.

Self-healing and shape memory properties

The free-standing and dynamic properties of the supramolec-
ular LC networks enabled demonstration of self-healing
behavior (Fig. 4 and S21). Hydrogen-bonded network 1/2
(3:2) and hybrid network 1/2/AgCF3;SO;3; (3:1.2:1.2) both
showed self-healing properties. For example, after attaching the
two cut pieces of 1/2 (3 : 2) and annealing at 100 °C in the LC
phase for 30 minutes, adhesion of the two pieces was observed
(Fig. 4). Dynamic nature of hydrogen bonds contributed to the
self-healing properties of these supramolecular LC materials.
Furthermore, we found that the self-healing properties of 1/2/
AgCF;S0; (3:1.2:1.2) were combined with shape memory
effects (Fig. 5 and S3at). After the procedure for self-healing
experiments (photo II — III in Fig. 5), the string-shaped
sample of 1/2/AgCF;SO; (3 : 1.2 : 1.2) was deformed at 60 °C
in the LC phase (photo III — IV in Fig. 5). The deformed sample
was rapidly cooled to room temperature under stress to form
the glassy state, where the deformed shape was fixed as
temporary shape (photo IV in Fig. 5). The temporary shape was

Cut
—_—
Contact
and
healing Deformation
e s

Fig. 4 Self-healing behavior for hydrogen-bonded LC network 1/2
(3:2).
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Fig. 5 Self-healing and shape memory effects for hybrid LC network
1/2/AgCF3sSO5 (3:1.2:1.2).

recovered to permanent string shape by heating to 60 °C within
30 seconds (photo IV — V in Fig. 5). In contrast, hydrogen-
bonded network 1/2 (3 : 2) did not show sufficient recovery to
permanent shape (Fig. S3bt). This difference can be explained
in terms of the strength of intermolecular interactions as
follows. For the hybrid LC networks combining hydrogen bonds
and coordination bonds, intermolecular interactions of supra-
molecular network structures may be enhanced through the
incorporation of metal ions into the LC networks,” leading to
the formation of ionic hard segments. Thus, the full shape
recovery of the materials was achieved for the hybrid network of
1/2/AgCF5S0; (3 : 1.2 : 1.2) probably due to entropy elasticity.
The hydrogen-bonded network of 1/2 (3 : 2) was more dynamic
than the hybrid network of 1/2/AgCF;SO; (3 : 1.2 : 1.2) because
of the absence of hard segments, and therefore it may be
difficult to memorize the initial shape of 1/2 (3 : 2).

Supramolecular structure characterization

The structures of the supramolecular LC polymers and
networks were examined by Fourier transform infrared (FT-IR)
spectroscopy (Fig. 6 and S41). The carbonyl peak of 2

6094 | Chem. Sci,, 2021, 12, 6091-6098
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Fig.6 FT-IRspectraofl,2,1/2(3:2),1/2/AgCF3SO3(3:1.2:1.2), and
1/AgCF3sSO3 (1: 1).

appeared at around 1700 cm ™. For hydrogen-bonded network
1/2 (3 : 2), the carbonyl peak of 2 shifted to 1720 cm ™" after
complexation with 1. The same shift of the carbonyl peak of 2
was observed for network 1/2/AgCF;SO; in a 3 : 1.2 : 1.2 molar
ratio. These observation can be explained by the formation of
hydrogen-bonded complexes through the dissociation of
carboxylic acid dimers into pyridine-carboxylic acid
complexes.”*”® Moreover, interactions between Ag' ions and
pyridine moieties were also suggested in 1/2/AgCF;SO;
(3 : 1.2 : 1.2) since a new peak appeared at 1605 cm . The peak
shift attributable to the metal-ligand interactions was more
clearly observed for 1/AgCF3SO0; (1 : 1), which is consistent with
a previous report on IR spectra of pyridine-Ag" complexes.”
These results indicate that hybrid supramolecular network 1/2/
AgCF;S0; (3:1.2:1.2) was constructed by self-assembly of
small components through hydrogen bonds and metal-ligand
interactions.

In order to study the formation of the polymeric structure of
1/AgCF;S0; (1 : 1), "H NMR measurements of ligand 1 and 1/
AgCF;S0; (1 : 1) in CDCl; were performed (Fig. S51). The signal
of pyridine a protons showed downfield shift after complexa-
tion of ligand 1 with AgCF;SO;, which indicates the formation
of coordination bonds between pyridine moieties and Ag" ions.
The broadened signals of 1/AgCF;S0; (1 : 1) also suggest that
large supramolecular structures with slow molecular motion
were formed through metal-ligand interactions. Atomic force
microscopy (AFM) observation was carried out to gain further
insight into the structure of supramolecular coordination
polymer 1/AgCF;SO; (1:1) (Fig. S6f). The 2D and 3D AFM
images of 1/AgCF;S0; (1 : 1) showed the formation of fibrous
aggregates (Fig. S6a and bt). The height profile of 1/AgCF;S0;

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(1: 1) showed that the diameter of thinner fibers was 2-3 nm
(Fig. Sect). Although the estimated size of 1/AgCF3;SO;3 (1: 1)
was small considering the bulky mesogenic moieties, it was
reported that side chains connected to the polymer backbones
may not be fully extended on mica under AFM observation in
air.*>®* Based on these results, 1/AgCF3SO; (1 : 1) was proposed
to form a supramolecular coordination polymer having forklike
mesogenic moieties in the side chain through self-assembly of
ligand 1 and AgCF;S0;.

Liquid-crystalline properties

The supramolecular complexes of 1/2 (3:2), 1/2/AgCF;SO;
(3:1.6: 0.6), 1/2/AgCF;S0; (3 : 1.2 : 1.2), and 1/AgCF;S0; (1 : 1)
exhibited LC properties over wide temperature ranges (Fig. S77).
The phase transition properties of the supramolecular LC
polymers and networks are summarized in Table 1. The
complexation of ligand 1 with 2 and AgCF;SO; induced thermal
stabilization of LC phases. Moreover, LC properties of the
supramolecular networks were enhanced by the introduction of
Ag' ions into the hydrogen-bonded LC network. The iso-
tropization temperatures of the supramolecular complexes
showed an increasing trend with the increase of the ratio of Ag"
ions (Table 1). The supramolecular coordination LC polymer of
1/AgCF;S0; (1:1) gradually decomposed above 190 °C and
hence the LC-isotropic phase transition was not observed. The
intermolecular interactions of polymer backbones may be
enhanced by the addition of Ag' ions. These results are
consistent with the shape memory behavior of hydrogen-
bonded LC network 1/2 (3:2) and hybrid LC network 1/2/
AgCF;S0; (3:1.2:1.2).

Polarizing optical microscopy (POM) images of 1/2 (3 : 2) and
1/2/AgCF;S0; (3 : 1.2 : 1.2) showed different alignment proper-
ties in the LC phases (Fig. 7a and b). The hydrogen-bonded LC
network of 1/2 (3 : 2) formed homeotropic alignment in the LC
phase on the glass substrate (Fig. 7a). Similar homeotropic
alignment was previously reported for LC molecules composed
of polar and nonpolar moieties.”»”® On the other hand, the
introduction of metal-ligand interactions into the hydrogen-
bonded network partially disturbed the homeotropic align-
ment for hybrid LC network 1/2/AgCF;SO; (3 : 1.2 : 1.2) (Fig. 7b)
probably because of stronger intermolecular interactions and

Table 1 Phase transition temperatures of the supramolecular LC
complexes and ligand 1

Complex Transition temperature®?/°C

1/2 (3:2) Iso 151 SmA 34 G
1/2/AgCF3S0; (3 : 1.6 : 0.6) Iso 167 Sm 35 G
1/2/AgCF;S0; (3:1.2: 1.2) Iso 174 Sm 35 G
1/AgCF;80; (1: 1) —° SmA 35¢ G
1°¢ Iso 106 SmA 15 G

¢ Transition temperatures (°C) were determined by differential
scanning calorimetry (DSC) on the first cooling at the scanning rate of
10 °C min~ % ?Iso: isotropic; SmA: smectic A; Sm: unidentified
smectic; G: glassy. © Thermal degradation occurred above 190 °C
before isotropization. ¢ Observed on the first cooling from 150 °C.
¢ Ref. 50.
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Fig. 7 Polarizing optical micrographs of (a) hydrogen-bonded LC
network 1/2 (3 : 2) at 100 °C and (b) hybrid LC network 1/2/AgCFsSO
(3:1.2:1.2) at 100 °C. The insert shows the conoscopic image. (c) X-
ray diffraction pattern of 1/2 (3 : 2) at 100 °C. (d) A plausible assembled
structure of 1/2 (3 : 2).

high viscosity of metal-containing liquid crystals. As for supra-
molecular coordination polymer 1/AgCF;SO; (1:1), a poly-
domain texture was observed in a viscous fluid state under POM
observation (Fig. S81).

XRD measurements were carried out to examine the detailed
assembled structures of the supramolecular LC polymers and
networks. XRD pattern of complex 1/2 (3 :2) at 100 °C gave
several periodic peaks at 42.0, 27.4, and 20.3 A (Fig. 7¢), which
were respectively assigned to the (002), (003), and (004)
diffractions of a smectic A phase with the average spacing of 83
A. This observation showed the formation of a bilayer structure
of mesogenic moieties. A plausible assembled structure of
complex 1/2 (3 : 2) in the LC phase is schematically shown in
Fig. 7d. A similar smectic phase with the layer spacing of 81 A
was also formed for supramolecular coordination LC polymer 1/
AgCF;S0; (1:1) (Fig. S9f). In contrast to 1/2 (3:2) and 1/
AgCF;S0; (1:1), XRD pattern of hybrid LC network 1/2/
AgCF;S0; (3 : 1.2 : 1.2) showed not only several periodic peaks
corresponding to a layered structure with the spacing of 77 A
but also a weak diffraction peak with a periodicity of 31 A
(Fig. S107). This might be due to the formation of local order of
network structures®>® in a smectic LC phase. These results
suggest that the LC nanostructure of 1/2/AgCF;SO; (3 : 1.2 : 1.2)
was modulated by combining metal-ligand interactions with
hydrogen bonds, leading to the macroscopic dynamic functions
of supramolecular LC networks formed from small molecules
and metal ions.

Conclusions

In conclusion, self-assembly of small molecular building blocks
through hydrogen bonds and metal-ligand interactions leads to

Chem. Sci., 2021, 12, 6091-6098 | 6095
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the formation of hybrid supramolecular LC networks exhibiting
self-healing and shape memory properties. The combination of
hydrogen bonding interactions and coordination bonds is key
to achieve the macroscopic dynamic properties of free-standing
and moldable supramolecular LC materials. Further complex
mechanical responses can be realized by manipulating the
alignment of the anisotropic LC networks.*****® The supra-
molecular approach presented here would provide a new
material design for the development of smart LC materials and
functional LC membranes based on self-assembly of low-
molecular-weight compounds.

Experimental section
Preparation of the supramolecular LC complexes

The hydrogen-bonded LC networks were prepared by the
evaporation technique. Typically, the THF solution con-
taining the stoichiometric amount of ligand 1 and
compound 2 was evaporated under reduced pressure. The
resulting solids were dried in vacuo to give hydrogen-bonded
LC networks. The supramolecular coordination LC polymers
and hybrid LC networks were also prepared in a similar
manner using the appropriate amount of the building
blocks. For the observation of self-healing and shape
memory effects, the string-shaped supramolecular LC
materials with the dimension of around 7 mm in length and
1 mm in diameter were prepared.

Materials and characterization

All of the reagents were purchased from Tokyo Kasei, Aldrich,
Kanto, and Wako. They were used without further purification.
The FT-IR spectroscopy was conducted with a JASCO FT/IR-6100
Plus spectrometer and a JASCO IRT-5000 spectrometer with
a LINKAM LTS350 hot stage. NMR spectra was recorded on
a JEOL JNM-ECX400 (400 MHz) spectrometer. The chemical
shifts of the "H NMR signals are referenced with respect to the
internal standard Me,Si (6 = 0.00). AFM images were taken by
Bruker Multimode 8 AFM with Nanoscope V controller. The
samples for AFM observation were prepared by casting dilute
CHCIl; solution of 1/AgCF;SO; (1:1) at the concentration of
0.01 wt% on mica. The polarizing optical micrographs were
recorded with an Olympus BX51 microscope equipped with
a Mettler FP82HT hot stage. DSC measurements were per-
formed with a NETZCH DSC 204 Phoenix system at the scan-
ning rate of 10 °C min~". Wide-angle and small-angle XRD
measurements were carried out with a Rigaku RINT-2500
diffractometer with a heating stage using Ni-filtered CuKo
radiation.
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