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Should I stay or should | flow? An exploration of
phase-separated metallosupramolecular liquid crystal

polymers
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Dynamic liquid crystalline polymers (dLCPs) incorporate both
liquid crystalline mesogens and dynamic bonds into a single
polymeric material. These dual functionalities impart order-
dependent thermo-responsive mechano-optical properties and
enhanced reprocessability/programmability enabling their use
as soft actuators, adaptive adhesives, and damping materi-
als. While many previous works studying dynamic LCPs utilize
dynamic covalent bonds, metallosupramolecular bonds provide
a modular platform where a series of materials can be accessed
from a single polymeric feedstock through the variation of the
metal ion used. A series of dLCPs were prepared by the addi-
tion of metal salts to a telechelic 2,6-bisbenzimidazolylpyridine

1. Introduction

Liquid crystal polymers (LCPs) are a class of materials character-
ized by the covalent incorporation of liquid crystalline moieties
(mesogens) into a polymeric structure.?! LCP materials include
traditional linear polymeric species as well as crosslinked sys-
tems such as liquid crystal networks (LCNs) and liquid crystal
elastomers (LCEs).>! By selectively manipulating the orienta-
tion of these mesogens and/or disrupting the liquid crystalline
phase via an external stimulus (e.g., heat or light), it is pos-
sible to induce functional responses in these materials such
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(Bip) ligand endcapped LCP to form metallosupramolecular lig-
uid crystal polymers (MSLCPs). The resulting MSLCPs were found
to phase separate into hard and soft phases which aids in their
mechanical robustness. Variations of the metal salts used to
access these materials allowed for control of the thermomechan-
ical, viscoelastic, and adhesive properties with relaxations that
can be tailored independently of the mesogenic transition. This
work demonstrates that by accessing phase separation through
the incorporation of metallosupramolecular moieties, highly pro-
cessable yet robust MSLCP materials can be realized. This class of
materials opens the door to LCPs with bulk flow behavior that
can also be utilized as multi-level adhesives.

as complex optical transformations,'®®! thermally-induced shape
memory,* ™ and “soft elastic’ damping behavior stemming
from the mesogens’ rotational modes.>™! Due to the interplay
between the entropic elasticity afforded by the network struc-
ture and the reversible assembly of the liquid crystal (LC) domain
structure, crosslinked LCPs have been studied for use in a wide
array of application spaces including reversible actuators,>°!
biomedical devices,[”'"® and adaptive adhesives.!""!

One drawback of many permanently crosslinked polymer
networks is the inability to undergo further reprocessing once
crosslinking has occurred, making reprogramming and repro-
cessing efforts futile. One avenue to circumvent this shortcoming
has been the incorporation of dynamic covalent chemistries into
the network structure as a means of providing linkages that
can reversibly cleave to induce structural reorganization.?2-2
Dynamically crosslinked LCP materials have also been stud-
ied in this regard, demonstrating that the incorporation of
dynamic bonds can facilitate both reprocessability as well as
post-synthetic programmability.>-?! However, while reprocess-
ability is achievable for many of these systems, it often requires
rather harsh processing conditions!®=" due to the inherent
tradeoff between stability and processability in dynamic polymer
systems and the need to balance the two.3%3!

One potential route to enhance the processability of dynamic
materials is the use of more labile linkages to facilitate network
exchange under more moderate conditions. An obvious draw-
back to this approach is the diminishing stability that comes with
the incorporation of a more labile dynamic linkage. However,
there are a number of examples of dynamic polymer systems
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that utilize weak dynamic bonds in combination with phase
separation®") to yield robust materials.?*#"! Supramolecular
polymers formed from (macro)monomers polymerized through
noncovalent interactions, such as ionic bonds, hydrogen bond-
ing, or host-guest interactions, are a class of dynamic polymers
that have been used to access robust functional materials.[>471 A
subclass of supramolecular polymers are the metallosupramolec-
ular polymers (MSPs), in which metal-ligand coordination is
the driving force to form the polymers.“8->* MSPs are par-
ticularly interesting as there is a wide range of accessible
bond strengths and connectivities based on different metal
ion/ligand pairs.’>-21 Metallosupramolecular interactions have
been previously incorporated into crosslinked LCP materials
as a modality for introducing new adaptive/functional prop-
erties such as chemo-based actuation,!®®! shape fixing,!**! and
programmability.[®! However, little work has been conducted
on the utilization of metallosupramolecular interactions as
the driving force to form LCPs from lower molecular weight
(macro)monomers. Work by Liang et al!®®! took inspiration
from the protein chemistry of mussels and created catechol-
terminated liquid crystalline polymers which were crosslinked
with an Fe (lll) salt. The use of these strong metallosupramolec-
ular linkages resulted in materials that formed tough, pro-
cessable films capable of shape-memory behavior. That work
showed that metal-ligand linkages could be successfully incor-
porated into LCPs without significantly disrupting the LC phase.
Work reported herein focuses on the design, synthesis, and
characterization of metallosupramolecular liquid crystal poly-
mers (MSLCPs) with the goal of exploring how altering the
nature of the metal-ligand interactions can be used to impact
the thermomechanical, viscoelastic, and adhesive properties
of these materials. More specifically, the target telechelic LCP
macromonomers will bear terminal bis(benzimidazolyl)pyridine
(Bip) ligands (Figure 1A). It has previously been shown that the
Bip ligand is capable of binding to a variety of metal ions and has
been studied extensively in the context of MSPs.3%°8¢7"1 |mpor-
tantly for this study it has been shown that Bip can bind to Zn(ll)
ions in a 2:1 ratio and to lanthanides, such as Eu(lll), in a 3:1 ratio
(Figure 1B, Figures S1-53).[6%1

2. Results and Discussion

A dialkene mesogenic monomer (1) was reacted with a dithiol
chain extender (2) and an alkene-bearing Bip ligand (3) using
photoinitiated thiol-ene chemistry to synthesize the telechelate
LCP (4) (Figure 1C). Using the Carothers equation, the ratio of
1 and 2 was calculated to target a polymer with a molec-
ular weight of around 10,000 g/mol with thiol end groups.
The monomers were dissolved in methylene chloride (DCM)
with a catalytic amount of the photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA). The reaction solution was then
exposed to UV light (320-390 nm, 3 mW cm2) for 15 min to ini-
tiate the polymerization. Full conversion of the alkene moieties
was confirmed via "H-NMR spectroscopy via the disappearance
of the signal corresponding to the alkene protons (Figure S4).
A stoichiometric amount of 3 (relative to thiol chain ends of
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Figure 1. (A) Chemical structure of the 2,6-bis(benzimidazolyl)-pyridine
ligand; (B) Diagrams of the different connectivities that the Bip ligand can
adopt depending on the metal ion (Zn(ll) or Eu(lll)); (C) Component and
polymeric architectures for a modular MSLCP material that allows for
selective metallosupramolecular connectivities based on the metal adding
where Zn(ll) provides linear linkages, Eu(lll) provides crosslinks, and a
mixture of Zn(ll) and Eu(lll) provides both.

_/

the polymer) and a catalytic amount of DMPA were then added
to the reaction solution, which was then irradiated by UV light
to initiate this thiol-ene coupling of the ligand to the polymer
chain ends. As before, full conversion was confirmed by the dis-
appearance of the alkene protons signals in the '"H-NMR (Figure
S4). The telechelate polymers (4) were then purified via pre-
cipitation in methanol (MeOH). 'H-NMR of the purified polymer
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confirmed a number-average molecular weight (M,) of approxi-
mately 10,000 g mol~', as calculated by comparing the chain end
and mesogenic proton signals (Figure S5). Gel permeation chro-
matography (GPC) versus polystyrene standards further verified
the molecular weight of the LCPs with an M, of 8500 g mol~" and
a b of 1.3 (Figure S6). To access the desired MSLCPs, 4 was mixed
with the metal salts zinc di[bis(trifluoromethylsulfonyl)imide]
(Zn(NTf,),) and europium tri[bis(trifluoromethylsulfonyl)imide]
(Eu(NTS,);).1%°! These metal ions not only bind in different sto-
ichiometries with the Bip ligand but also exhibit significantly
different binding strengths-the formed Zn:Bip complex (~10°
M~2) and Eu:Bip complex (~10°-10* M73).*72731 To form the
MSLCPs, 4 was dissolved in chloroform (CHCl;) with a stoichio-
metric amount (such that each Zn(ll) ion would complex to two
Bip ligands and each Eu(lll) ion would complex to three Bip lig-
ands) of Zn(NTf,), (4-Zn), Eu(NTf,);) (4-Eu), or a 50/50 mixture of
Zn(NTf,), and Eu(NTf,); (4-Zn+Eu). The resulting solutions were
cast into films and dried under vacuum (16 h, 60°C) to remove
any residual solvent. The films were then melt processed (5 min,
130°C, 4 tons) to form homogeneous films for testing (Figure
S7A). As a confirmation of the formation of stable metal-ligand
complexes in the bulk material, the films were imaged under UV
light (Figure S7B). The color of the observed fluorescence directly
corresponds to the nature of the complex formed with the
Zn:Bip complex fluorescing blue, the Eu:Bip complex fluorescing
red, and the mixed system fluorescing purple as a combination
of the two. Thermogravimetric analysis (TGA) was performed on
the materials to determine the materials’ thermal stability with
all materials exhibiting a primary degradation onset tempera-
ture between 325°C and 335°C (Figure S8) which is well above
any temperature accessed for any further characterization in this
work.

The thermal transitions of the prepared MSLCPs were then
studied using differential scanning calorimetry (DSC). The DSC
thermograms revealed the existence of two transitions in the
parent telechelate polymer 4 and three transitions for each of
the MSLCPs (Figure 2A). Each material exhibits a glass transition
temperature (Ty) below room temperature with 4, 4-Zn, 4-
Zn+Eu, and 4-Eu possessing Ty's of 2°C, 4°C, 8°C, and 4°C, respec-
tively (measured by the midpoint of the step present in the DSC
thermogram). Every material also displays an endotherm peak
indicative of the clearing temperature (T¢) inherent to the lig-
uid crystalline domains formed in the material where 4, 4-Zn,
4-Zn+Eu, and 4-Eu have T¢'s of 66°C, 81°C, 76°C, and 72°C, respec-
tively. In addition, the width of the Tc appears to broaden as the
amount of Eu(lll) in the material increases with 4-Zn having the
narrowest Tc and 4-Eu having the broadest, which follows the
literature precedent of more crosslinked LCPs displaying broader
Tc's. As mentioned above, the MSLCP materials exhibit an
additional higher temperature third transition consistent with
what has been seen previously in MSPs.[°8687576] This third tran-
sition which is not present in the parent telechelate polymer is
assigned as an upper transition (Tyr) potentially corresponding
to a hard phase formed in the material. 4-Zn, 4-Zn+Eu, and 4-Eu
displayed Tyr's of 126°C, 128°C, and 128°C, respectively. Interest-
ingly, this transition consists of two peaks (Figure S9) that shift
to slightly higher temperatures and decrease in intensity when
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Figure 2. (A) Differential scanning calorimetry thermograms of MSLCP
materials; (B) A representative atomic force microscopy phase image of
4-Zn; (C) A representative atomic force microscopy phase image of
4-Zn+Eu (D) A representative atomic force microscopy phase image of
4-Eu.

replacing the Zn(ll) ions with the Eu(lll) ions. Variable temper-
ature polarized optical microscopy (POM) was also performed
to determine the liquid crystalline character of the metallated
samples at different temperatures relative to the endotherms
observed in DSC (Figure S10A-C). All metallated samples exhibit
a birefringent liquid crystalline phase at temperatures below
their respective Tc's that clears to an isotropic state above T,
as evidenced by the disappearance of the birefringence. No fur-
ther changes to the images are observed at higher temperatures
on either side of the Tyr suggesting that any change corre-
sponding to the upper endotherm is occurring at length scales
not observable by optical microscopy. To confirm the presence
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of a phase-separated structure in the MSLCP materials as sug-
gested by the DSC thermograms, atomic force microscopy (AFM)
was employed to ascertain the morphology of the materials.
AFM measurements were performed on cast samples of 4, 4-
Zn, 4-Zn+Eu, and 4-Eu at 25°C (above the glass transition for
all materials). While the AFM height images do not show a large
contrast indicative of features in 4-Zn (Figure S11A), smaller fea-
tures can be made out in the case of 4-Zn+Eu and 4-Eu (Figure
S11B-C). The phase images for the metallated materials on the
other hand clearly illustrate the presence of a hard and soft
phase in each of the materials with larger hard phases in 4-Zn
(Figure 2B), smaller hard phases in 4-Eu (Figure 2C), and a mix-
ture of the two sizes in 4-Zn+Eu (Figure 2D) while the phase
image of 4 (Figure S12) shows no features. To determine the
impact of metal-ligand stoichiometry on the formation of the
phase-separated architecture, two additional off-stoichiometry
materials were synthesized, 4-Zngy and 4-Zngs, which possessed
ratios of Zn(ll) ion to ditopic macromonomer of 0.8:1 and 0.95:,
respectively. DSC thermograms (Figure S13A) show the absence
of Tyr's in both 4-Zngy and 4-Zngs suggesting that stoichiom-
etry is important in the formation of hard phase that exhibits
a bulk endotherm. Interestingly, AFM images taken of films of
these materials (Figure S13B-D) reveal that while 4-Zng, lacks a
phase-separated structure, 4-Zngs does appear to exhibit some
phase-separation albeit not to the extent that is present in 4-
Zn, as evidenced by the lower contrast between the phases in
the 4-Znys image. Both the DSC and AFM data imply a depen-
dence on stoichiometry in the formation of robust hard phases
in MSLCP materials. Temperature-dependent wide-angle x-ray
scattering (WAXS) experiments were performed across a range of
temperatures to elucidate any ordering at smaller length scales.
Room temperature measurements of each of the MSLCP mate-
rials displayed two signals in the WAXS regime (Figure 3A), a
signal at a g-value of 14 A~ (d = 0.4 nm) corresponding to
an amorphous polymer scattering distance between mesogens
on neighboring polymer chains and a signal at a g-value of
0.16 A-' (d = 3.8 nm) that is consistent with the mesogen-to-
mesogen distance along the backbone of the same polymer
chain. The strength of the room temperature signal at g = 0.16
A~ decreases with an increase in Eu(lll) content which falls in
line with the subsequent decrease in locally aligned character
of the samples possibly as a result of the formation of branch-
ing points. A series of temperature sweeps were also performed
to determine the thermoreversibility of the structures present in
the materials. From room temperature (22°C), the samples were
heated to 50°C, 100°C, and 150°C and cooled back through those
same temperatures to relate any structural changes to the ther-
mal transitions observed in DSC. In all the materials the signal at
g = 1.4 A-" showed no significant change in peak shape or loca-
tion at any of the temperatures tested. For 4-Zn and 4-Zn+Eu
(Figure 3B, Figure S14), the peak at g = 0.16 A~ decreases in
intensity at 50°C and disappears by 100°C. This coincides with
the DSC peak assigned to the Tc suggesting the WAXS peak at
g = 016 A" is related to the liquid crystalline ordering of the
material. Upon equilibration at 50°C during cooling, this peak
reappears in both samples, demonstrating the reversibility of
the mesogenic ordering with temperature. For 4-Eu, a weaker
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Figure 3. (A) Room temperature wide-angle x-ray scattering spectra of
4-Zn, 4-Zn+Eu, and 4-Eu; (B) Temperature-dependent wide angle x-ray
scattering spectra of 4-Zn heated across a range of temperature from 22°C
to 150°C and back to 22°C. The feature at ¢ = 038 A~" (d = 16,5 A)
indicated by an asterisk corresponds to the polyimide tape used to seal
the samples.

intensity signal at g = 0.16 A~" is present (Figure 3A) at room
temperature, which suggests that the increase in Eu(lll) content
diminishes local LC ordering. This is hypothesized to be a con-
sequence of an increase in the number of potential branching
points resulting from the formation of the Eu:Bip; complex. As
with the other samples at elevated temperatures, this weak peak
disappears (Figure S15).

To probe the temperature-dependent short-time scale
mechanical properties of the MSLCP materials, small angle
oscillatory shear (SAOS) rheology experiments were performed
(Figure 4A). The measured storage moduli (G') for all samples
display three characteristic transitions. The first transition at
approximately 12°C for 4-Zn, 4-Zn+Eu, and 4-Eu corresponds
to Ty and appears as a stepwise drop in the G’ and a peak in
the tan(8) suggesting that variations in the metal content and
subsequent supramolecular architecture have little effect on the
Ty for these materials. The second transition is assigned to the
Tc and manifests as a local minimum in the G’ and a step in the

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Figure 4. (A) Shear rheology dynamic temperature ramps of storage
modulus (solid shapes) and tan(§) (empty shapes) for MSLCPs; (B)
Stress-strain profiles for MSLCPs.

tan(8) appearing at 81°C, 80°C, and 70°C for 4-Zn, 4-Zn+Eu, and
4-Eu respectively. These data are consistent with the T¢ trend
observed in the DSC when replacing the Zn(ll) ions with Eu(lll)
ions in these MSLCP materials. The third transition manifests as
a downward slope in G’ and a sharp increase in tan(8) indicating
the onset of bulk flow in the materials. In all three MSLCPs, this
transition occurs immediately after the T¢ suggesting that the LC
interactions play a large part in the robustness of the materials
as the films lose cohesion once the material enters the isotropic
state. In addition, there does not appear to be an observable
change in the rheology indicative of the Tyr which further
suggests that the LC character is responsible for the majority of
the mechanical properties. The MSLCPs were also tested for their
nonlinear mechanical properties using tensile testing at ambient
conditions. Rectangular bars of 4-Zn, 4-Zn+Eu, and 4-Eu were
elongated at a constant strain rate (5 mm min~") until failure
or reaching the maximum testing length of the instrument
(Figure 4B). 4-Eu displayed a curve shape representative of a
soft and extensible material with a relatively low yield stress
(oy) of 03 MPa and a maximum measured strain of around
5500% while the stress gradually decayed to zero stress across
the strain range. 4-Zn displayed a curve shape more consistent
with a yielding plastic, with a higher o, of 0.6 MPa and yield
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strain (e,) of 40% while decaying out to a stress of 0.1 MPa
and a maximum measured strain of >5500%. It is important
to note that none of the tested samples of 4-Zn or 4-Eu could
be strained to failure with the specified sample geometry and
testing apparatus. Interestingly, the 4-Zn+Eu film exhibited a
very different behavior that deviates significantly from the stress
decays and high extensions observed in the 4-Zn and 4-Eu
samples. These films exhibited a strain-hardening behavior and
a much larger maximum stress before failing around 1000%. One
hypothesis for this behavior is that the mixture of both a strong
and a weak binder in the Zn:Bip and Eu:Bip complexes enables
rearrangement while maintaining structure, which allows the
network to reorganize while strengthening.

Spent tensile samples were then collected to characterize
the alignment of the resulting materials post-straining. This was
probed using polarised optical microscopy (POM) imaging and
wide angle X-ray scattering (WAXS) experiments. For POM mea-
surements, samples were cut from the center of the spent tensile
bar and placed on glass slides after being allowed to relax at
room temperature for 5 min. The samples were then imaged at
both 0° and 45° relative to the direction of the polarizer to visu-
ally determine the coherence of the strain-induced alignment
imparted to the materials. All samples exhibited high levels of
alignment (Figure 5A) as evidenced by the stark contrast in the
transmitted brightness between the 0° and 45° images for each
sample tested. To better quantify this behavior, WAXS experi-
ments (Figure 5B) were performed on the previously strained
MSLCP materials to determine the amount of alignment that
can be achieved. As expected, the strained samples of 4-Zn,
4-Zn+Eu, and 4-Eu exhibit an anisotropic 2D WAXS pattern
(Figure 5B) with regions of intensity along the horizontal axis
corresponding to the alignment of mesogens in the direction
of applied strain along the vertical axis. By converting these
images into plots of scattering intensity versus azimuthal angle
(Figure 5C), fitting them using the Kratky method””), and cal-
culating the Hermans order parameter (S)8! for the aligned
materials, it is possible to compare the overall alignment in the
MSLCP samples. The samples of 4-Zn, 4-Zn+Eu, and 4-Eu pos-
sessed order parameter values of S = 0.39, S = 0.34, and S = 0.30
respectively. This decrease in S value with an increasing amount
of Eu(lll) ions may be related to the weaker binding of the
Eu(lll) and/or an increase in the potential branching points at the
Eu(lll) metal center that results in less strain-induced mesogenic
alignment.

As both LCPs® and supramolecular polymers!®8 have
been studied as adhesive materials, the room temperature stress
relaxation and pressure-sensitive probe tack behavior of the
MSLCPs were also evaluated. Room temperature (22°C) shear
stress relaxation experiments (3% strain, 1 h) (Figure 6A) were
performed to determine how the different metal ions impact the
dissipative nature of the MSLCPs. Akin to what is observed in
recent studies on LCE adhesives!?%7°%2, 3|l the MSLCP materials
rapidly dissipate stress, with 4-Zn, 4-Zn+Eu, and 4-Eu dropping
to 14%, 14%, and 7% of their initial applied stress value over the
course of 60 s. As the majority of the applied stress (> 90%) had
dissipated in the first 60 s, this time point was used to perform
probe tack tests (Figure 6B) where a stainless-steel fixture was
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Figure 5. (A) Polarized optical microscopy images at 0° and 45° (B) 2D
WAXS images of strained MSLCPs; (C) Plots of normalized intensity as a
function of azimuthal angle for strained MSLCPs.

pressed into a disk of MSLCP at a constant force and time (1 N, 60
s) after which the probe was retracted at a constant rate (0.1 mm
s7"), and the pull-off force required to break contact with the
sample was measured (Figure 6C). For 4-Zn, 4-Zn+Eu, and 4-Eu,
the sample required pull-off forces of 6.4, 6.0, and 19.4 N respec-
tively which are comparable to other LCP PSAs that have been
studied.[?%79831 The probe tack results also trend with the stress
relaxation data in that at 60 s, 4-Zn and 4-Zn+Eu both have
similar stress dissipations and pull-off forces while 4-Eu has a
higher stress dissipation correlating to higher pressure-sensitive
adhesive response.

Hot melt adhesive (HMA) testing was then performed to
demonstrate the utility of the bulk flow behavior exhibited
by the MSLCP materials. As previously demonstrated in the
temperature-dependent rheology data, the onset of bulk flow for
all MSLCP materials occurs upon reaching Tc. However, the high-
est thermal transition (Tyr) based on the DSC thermograms does
not occur until 130°C, so in pursuit of a robust adhesive joint,
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Figure 6. (A) Room temperature stress relaxation curves for MSLCPs; (B)
General schematic for the probe tack test; (C) A representative force curve
as a function of time for a single probe tack test; (inset) zoomed in view of
debonding event.

3 mm diameter disk-shaped samples of each of the MSLCPs were
placed between two aluminum I-bar fixtures, fixed in place with
quarter inch binder clips, heated to 130°C for 2 min, and allowed
to cool to room temperature. The adhesive strength of these fix-
tures was then measured via uniaxial tensile testing where the
adhesive strength was taken as the maximum stress achieved
prior to failure (Figure 7A). For 4-Zn, 4-Zn+Eu, and 4-Eu the
materials demonstrated respectable adhesive strengths of 4.5
+ 0.6 MPa, 8.5 + 1.3 MPa, and 7.6 + 1.1 MPa respectively. As evi-
denced by the representative images displayed in Figures 7B-D,
all these materials present regions of material on each of the I-
bars used to form the adhesive joint consistent with cohesive
failure. To further contextualize the utility of this enhanced HMA
strength, a 5 mm disk (thickness = 0.43 mm, mass = ~10 mg)
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A L 1 metal ion with a strain hardening phenomenon only observed in
— 10- | the system with a mixture of metals (4-Zn+Eu). As the materi-
g als studied herein displayed high-stress dissipation and terminal
S flow behavior, these materials were studied for their adhesive
_\E 81 character in both PSA and HMA contexts. The MSLCPs displayed
§7 robust PSA adhesive behavior that could be tailored through the
o 6+ nature of the metallosupramolecular bond, while HMA behav-
n jor trended with the modulus of the bulk material. These results
g 44 demonstrate that tunable phase-separated MSLCPs are capa-
'g ble of forming tough (re)processable materials with potential
_-g 24 applications as multi-level adhesives.
<C

0 //
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