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Design and mechanical properties of supramolecular polymeric
materials based on host-guest interactions: the relation between
relaxation time and fracture energy

Subaru Konishi,® Yu Kashiwagi,? Go Watanabe,® Motofumi Osaki,>¢ Takuya Katashima,?
Osamu Urakawa,? Tadashi Inoue,?¢ Hiroyasu Yamaguchi,®¢  Akira Harada,*®
and Yoshinori Takashima*acf

Functional polymeric materials based on reversible noncovalent bonds have attracted much attention due to their
mechanical and responsive properties. In particular, the association/dissociation of the reversible bond is widely known to
improve the fracture energy of polymeric materials. Herein, we aimed to establish a general strategy for designing tough
materials and investigated the relation between the lifetime of reversible bonds and the toughness of the material. We
experimentally demonstrated the fracture energy in relation to the viscoelastic relaxation time (t) of the reversible bonds
and the observation time scale. We prepared supramolecular hydrogels cross-linked by inclusion complexes between a-
cyclodextrin (aCD) and alkyl chains modified with cation units. T varied widely in response to the kinetics of the
threading/dethreading of the aCD unit. The viscoelastic behaviour of the reversible cross-linking points, which could be

tuned by t and the tensile rate, improved the fracture energy of the supramolecular hydrogels.

1. Introduction

Polymeric gels!~3 containing solvent are utilized in various
fields.7 However, compared to natural hydrogels (cartilage
and polysaccharides etc.), synthetic hydrogels are usually weak
or brittle, which limits their range of applications.?? Substantial
developments in mechanical properties have been made in the
field of polymeric materials by adopting new kinds of material
designs,® ! such as multiple network gels,'2-18 nanocomposite
gels,19-25 polyrotaxane gels,25728 slide-ring gels,2°-33 rotaxane
cross-linked gels,343% and ideal polymer networks.3”:38 The
reversible cross-linking of polymer chains is also well suited for
preparing functional materials.10-3940 Reversible cross-linkers
consist of dynamic covalent bonds*! or noncovalent bonds,
including ionic interactions,*?%¢  coordination bonds,*’
hydrogen bonds,*¥*° hydrophobic interactions,*%>! and host-
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guest interactions.>27%1 Depending on the chemical properties
of the bonds or interactions, hydrogels can exhibit self-healing,
stimuli-responsiveness, shape-memory, controlled mechanical
properties, and so on. In particular, the association/dissociation
of reversible cross-links under stress commonly dissipates the
stress, which improves fracture energy. These physical
properties of hydrogels are intricately affected by many
parameters in reversible cross-linking, such as the association
constant, activation energy, relaxation time of the bonds, and
cross-linking density. These factors are controllable and can be
tuned by changing the molecular shape and the main chain
polymer. Investigating the effects of various factors on the
physical properties should contribute to a universal design for
functional materials.

Cyclodextrins (CDs) are well known as host molecules that
can include hydrophobic guest molecules in their cavity.52%3
Host-guest complexes of CD have been utilized as cross-linking
structures to achieve functional polymeric materials.>859.64
Previously, we employed pseudo-rotaxane as a cross-linker
between CD and an alkyl-viologen polymer (VP; alternate
copolymer of alkyl chains and viologen cations).®®> CDs are
difficult to include cationic units in their cavities due to their
electric instability, where cationic species prevent CD from
threading/dethreading along the alkanediyl axis.®¢~7° Therefore,
cations kinetically control the threading/dethreading of CDs
with the axis molecules. Bulky groups at ends of axis molecules
also decrease the threading/dethreading rate.6871.72

The threading/dethreading rate of aCD onto VP is very slow
on the NMR time scale, exhibiting two split signals derived from
the inclusion complexes and the free species, but the rate of
BCD is not as slow.”®> An aCD dimer with VP forms a main-chain-
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Figure 1. Design concept of supramolecular hydrogels. (a) Trend between fracture energy (G;) and Young’s modulus (E) of viscoelastic hydrogels with various relaxation times.
(b) Dependence of G on viscoelasticity. (c) Dependence of E on viscoelasticity. (d) Schematic of the reversible cross-linking points in these materials.

type supramolecular hydrogel, but the BCD dimer does not give
similar signals due to the fast exchange rate and short
viscoelastic relaxation time (t).%> Hydrogelation is related to the
relaxation time of the cross-linking point with the CD dimers.
The rates of association and dissociation depend on the energy
barrier of the CD host unit passing over the axis. Similar
association/dissociation behaviour has been observed in side-
chain-type supramolecular hydrogels.”* The CD cavity size and
shape and the charge of the guest unit affect the mechanical
properties of the material. To improve the mechanical
properties of CD-based supramolecular hydrogels, we should
establish fundamental material design principles.

Based on previous works, the combination of host/guest
molecules with a high association constant (K,) did not give
supramolecular hydrogels with a high fracture energy (G;), but
the Young’s modulus (E) of the hydrogel at a certain strain rate
was increased.’ On the other hand, increasing the charge at the
end of the alkyl guest unit effectively improved G;, which is
closely related to the kinetics of the threading/dethreading of
the CD units. Here, we hypothesize that t can be tuned to
control G; and E in host/guest supramolecular hydrogels.
Actually, dynamics of reversible cross-linking point are well
known to have an impact on dynamics and mechanics of
transient polymer networks.®%7>-7° Figure 1a shows the trend
between G; and E in viscoelastic materials. As hydrogels with
low E show low stress values, G; should decrease. In contrast,
high E should result in very small fracture strain and a small G;.
This trend corresponds to the behaviour of the covalently cross-
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linked hydrogels, G; of which is generally proportional to E1/2
(the Lake-Thomas model).8%-82 A suitable £ would give materials
with the highest G;. From the viewpoint of viscoelastic
dynamics, if the hydrogel behaves as a viscous body with low T
x &c (&c: strain rate), G; should decrease due to the low loss
modulus (G”). In the case of an elastic body with a high T x &c, G;
also decreases because of the low G". If host/guest
supramolecular hydrogels with viscoelastic properties and a
maximum G” are prepared by tuning T x &, we will obtain
materials with the highest G; (Figure 1b). Of course, E is also
related to T x &c (Figure 1c). At T x &c > 1, E significantly increases
to a steady state.

Herein, we studied the relationship between the t value of
the reversible bonds and G; in supramolecular hydrogels. To
control the t value, we designed a reversible cross-linking point
using CDs, alkyl chains, and cations (Figure 1d). We revealed the
relationship between G; and E with T x &c, which will facilitate
the design of tough materials.

2. Results and Discussion

2-1. Preparation of the aCD-R hydrogels with cationic guest
molecules

We prepared five kinds of reversibly cross-linked
supramolecular hydrogels (aCD-R hydrogels), aCD-C12, aCD-
ImC11, aCD-PyC11, aCD-VC11 and aCD-TMAmMC11 hydrogels
(Figures 2a and 2b). The oaCD-R hydrogels have cation-

This journal is © The Royal Society of Chemistry 20xx
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(a) Chemical structures of aCD-R hydrogels
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(c) Typical polymerization scheme of aCD-R hydrogels
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Figure 2. (a) Chemical structures of the aCD-R hydrogels. (b) Chemical structures of the
guest monomers. (c) Typical polymerization scheme for the aCD-R hydrogels.

terminated or nonion linear alkyl chain guests on the polymer
side chain. Figure 2b shows the chemical structures of the
cationic guest units. The linear alkyl chain units function as a
molecular recognition sites for aCD. The cationic groups
function as electric traps.®® The guest units of the aCD-C12
hydrogel have no cationic units. The aCD-ImC11 and aCD-PyC11
hydrogels have imidazolium and pyridinium (monocation) units,
respectively. Viologen (dication) units were introduced into the
aCD-VC11 hydrogel to increase the electric density. The aCD-
TMAmMC11 hydrogel have bulky trimethylammonium
(monocation) units that show the effect of steric hindrance on
aCD.”* The increase in the electric density or steric hindrance on
the cationic moiety decreases the kinetic rate in the
association/dissociation equilibrium of the aCD/R complex.
Prior to radical copolymerization to obtain the oaCD-R
hydrogels, the aCD monomer (aCDAAmMmMe, 2 mol%, 40
mmol/L) and cation-terminated guest monomers (2 mol%, 40
mmol/L) were stirred in 0.5 M potassium chloride (KCl) aqueous
solution to form the inclusion complexes. KCl prevented ImC11,
PyC11, and VC11 monomers from precipitating when the redox
initiator was added. To confirm the formation of the inclusion
complex of aCDAAmMe with ImC11, PyCl1l, or VC1l1
monomers, 1D nuclear magnetic resonance (NMR) and 2D 'H
rotating-frame Overhauser effect spectroscopy (ROESY) NMR

spectra were measured in D,O. The spectra of

This journal is © The Royal Society of Chemistry 20xx
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aCDAAMMe/ImC11 (Figures S16 and S18a) show that the
signals of the protons of the alkyl chain of ImC11 are shifted and
broadened. Figures S10-11 show that methylene groups j, k,
and | of ImC11 showed ROE correlations to C3®H and C°H around
the narrow rim of aCDAAmMmMe, whereas the C%*H protons
showed weak correlations. Similar to aCDAAMMe/ImC11, the
signals of alkyl chain protons i, j, and k, of PyC11 are also shifted
and broadened (Figure S21a) and are correlated to C3®H and
C°H in the ROESY spectra of aCDAAMMe/PyC11 (Figures S12—
13). The ROESY spectra of aCDAAmMMe/TMAmMC11 (Figures S14—
15) showed a similar result. These results indicate that the alkyl
chains of ImC11, PyC11, and TMAmMC11 were included in the
cavity of aCDAAmMMe.

The oaCD-R hydrogels were obtained by radical
copolymerization according to our previous reports’48384
(Figure 2c). These complex monomers, aCDAAmMMe/ImC11,
aCDAAMMe/PyC11, aCDAAmMMe/VC11, and
aCDAAMMe/TMAMC11 were copolymerized with acrylamide
(AAm; 96 mol%) at a total monomer concentration of 2 mol/L
by using potassium persulfate (K,S,04, 1 mol%) and N,N,N’,N’'-
tetramethylethylenediamine (TEMED, 1 mol%) at room
temperature to give the aCD-R hydrogels (Figure 2c, Schemes
S4-8, and Tables S1-5). Volume of the materials did not change
through polymerization. Therefore, the concentration of the CD
and guest units in the hydrogels was 40 mmol/L, where
[CD]/[guest]/[main chain] were 2/2/96. Fourier transform
infrared (FT-IR) (Figure S23) and H field gradient magic angle
spinning (FG-MAS) NMR (Figures S24-28) spectroscopic
analyses were used to structurally characterize the aCD-R
hydrogels. Figures S24—28 show the presence of aCDAAmMMe,
cationic guest, and AAm units in the aCD-R hydrogel. The
protons on the double bond of aCDAAmMMe and the cationic
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Figure 3. (a) Chemical structure of the aCD-R hydrogels. (b) Photograph of the as-
prepared aCD-R hydrogels. (c) Stress-strain curves of the aCD-R hydrogels at a tensile
rate of 1.0 mm/s. (d) Plots of fracture energy (G;) and Young’s modulus (E) for the aCD-
R hydrogels; aCD-C12 hydrogel: G;= 0.62 + 0.05 MJ/m3 and E = 24 + 1.4 kPa; aCD-ImC11
hydrogel: G¢ = 1.62 £ 0.09 MJ/m3 and E = 41 + 1.2 kPa; aCD-PyC11 hydrogel: G; = 4.33 +
0.18 MJ/m3and E = 64 + 2.2 kPa; aCD-VC11 hydrogel: G;=0.22 + 0.03 MJ/m3 and £=110
+ 4.0 kPa; and aCD-TMAmMC11 hydrogel: G; = 0.37 £ 0.05 MJ/m3 and E = 49 + 1.0 kPa.
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guest monomers disappeared, indicating that a predefined
monomer ratio was introduced into the aCD-R hydrogels.

2-2. Mechanical properties of the aCD-R hydrogels

Uniaxial tensile tests (tensile rate: 1.0 mm/s, 25 °C) were
used to evaluate the mechanical properties of the aCD-R
hydrogels (Figure 3a—3c). Figure 3b shows a photograph of the
aCD-R hydrogels prepared using type 3 dumbbell-shaped Teflon
mold following the JIS K6251 standard. The aCD-ImC11, aCD-
PyC11, aCD-VC11l and aCD-TMAmMC11 hydrogels were
transparent, while the aCD-C12 hydrogel was not. The turbidity
of the aCD-C12 hydrogel is derived from the microcrystals of the
inclusion complex of the aCD/C12 monomers and the formation
of the nanosized hydrogel. After polymerization, the obtained
aCD-C12 hydrogel had the prescribed aCD/C12 monomer unit
ratio. Figure 3c shows typical nominal stress-nominal strain
curves of the aCD-R hydrogels. G; was calculated from the
integral of the stress-strain curve, and E was calculated from the
initial slope of the stress-strain curve in the range between 3%—
8% strain. Figure 3d shows the relation between G;and E, which
varied with the structure of the reversible cross-links. The error
bars (standard deviation) were calculated from more than three
experiments. The aCD-C12 hydrogel showed low Gsand E. In the
cases of the aCD-ImC11 and aCD-PyC11 hydrogels, which had
monocationic moieties, both Gfand E were higher than those of
the aCD-C12 hydrogel. In particular, the aCD-PyC11 hydrogel
exhibited a high G; (4.33 £ 0.18 MJ/m3). Unexpectedly, although
the charge numbers of the cation species in the ImC11 and
PyC11 units were the same, the mechanical properties (G; and
E) of the aCD-ImC11 and aCD-PyCll hydrogels were
significantly different. The aCD-VC11 hydrogel bearing
dicationic moieties showed the highest E but the lowest G.
Similarly, in the case of the aCD-TMAmMC11 hydrogel bearing
bulky monocationic moieties, £ was higher than that of the aCD-
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Figure 4. (a) Association constants (K,) of aCDAAmMe with guest units in aqueous
solutions. K, of the aCDAAmMMe unit with the C12 unit is 1200 M by using aCD and n-
dodecyl(ester)-acrylamide polymer.85 Those with ImC11 and PyC11 were determined by
NMR in this study (Figures $S16-21). That with VC11 was calculated in our previous
work.3* K, of aCD with NN, N, N¥©,N° NO-hexamethyldecane-1,10-diaminium (1540
M) was cited as a model of aCDAAMMe with TMAMC11. (b) G; of the aCD-R hydrogels
against K. (c) £ of the aCD-R hydrogels against K.
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C12 hydrogel, but G; decreased. We wondered why the G; of the
aCD-PyC11 hydrogel was higher than that of the aCD-VC11
hydrogel because the hydrogels have the same alkyl chain
length. We suppose that K; or t may be major contributors to G¢
and E of the aCD-R hydrogels.

2-3. Relationship between the mechanical properties and
association constant

We investigated the effects of K, between the aCDAAMMe
host and the corresponding guest monomers on G; and E of the
aCD-R hydrogels. Figures 4a and S16-21 show the K; values
calculated from the 'H NMR spectra. The resonance peaks of
the guest units shifted with the concentration of the
aCDAAMMe host monomer. Based on the changes in the
chemical shifts, we determined K, of aCDAAmMMe with ImC11,
PyC11, and VC1134 using the nonlinear least-square method. K,
of the aCDAAMMe unit with the C12 unit is 1200 M by using
aCD and n-dodecyl(ester)-acrylamide polymer.8> K, of aCD with
NN, NN N NIO-hexamethyldecane-1,10-diaminium (1540
M-1)7! was cited as a model of aCDAAmMe with TMAMC11.
Figure 4b shows the relation between K, and G;. The K, values
of the aCD-C12, aCD-ImC11, aCD-PyC11, aCD-VC11, and aCD-
TMAmMC11 complexes were in almost the same order in the
range of 1.2-3.5 x 103 M. On the other hand, the aCD-PyC11
hydrogel exhibited a high G; (4.3 MJ/m3), but the others showed
low G values (< 2.0 MJ/m3) even with the same K,. This result
indicates that K, does not affect the G; of the aCD-R hydrogels.

Figure 4c shows the relation between K, and E of the aCD-R
hydrogels. The order of the E values is aCD-C12 < aCD-ImC11 <
aCD-TMAmMC11 < aCD-PyCl1l1l < aCD-VC11 hydrogels. E is
generally proportional to the cross-linking density. To consider
the effect of K, on the cross-linking density of the aCD-R
hydrogels, we calculated the complexation ratio using the K,
value and a preset concentration of the host and guest
molecules (Figure S22). The theoretical concentration of the
inclusion complex in the aCD-R hydrogel was estimated to be
0.035-0.037 mol/L, indicating that the cross-linking density of
the aCD-R hydrogels was almost the same. The range of
theoretical concentrations of the inclusion complexes was
smaller than the range of E values of the aCD-R hydrogels. The
above result suggests that the effect of K, on E was relatively
small. Therefore, we hypothesize that the
threading/dethreading kinetics of the CD units is mainly
affected Gyand E.

2-4. Relation between the mechanical properties and the
partial atomic charges of the cationic moieties

To assess the threading/dethreading kinetics of CD units, we
evaluated the potential barrier of the cationic species by using
charge density analysis. The partial atomic charges on ImC11,
PyC11, VC11l, and TMAmMC11l were calculated using the
restrained electrostatic potential (RESP)8 methodology based
on quantum chemical calculations at the B3LYP level using the
6-31G(d,p) basis set in Gaussian 09 Rev. E01%7 (Figures 5a and
S37-S40). Figure 5a shows that RESP partial atomic charges on
quaternary ammonium cations (N*) increased in the order of
ImC11 < TMAmMC11 < PyCl1l1 < VC11. The potential barrier

This journal is © The Royal Society of Chemistry 20xx
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(electric instability) between the CD units and the cationic units
should increase in the same order.

A clear correlation between the RESP charges on N* and the
mechanical properties was observed. G reached its maximum
at a RESP charge of approximately 0.2-0.3 (Figure 5b),
indicating that a suitable RESP charge should give the highest
G;. E increased with RESP charge (Figure 5c), indicating that the
RESP charge directly affects the stiffness of the aCD-R
hydrogels. The RESP charge is closely related to the activation
energy of the kinetics of the threading/dethreading CD units.
These relations suggest that the kinetics of the
threading/dethreading of the CD units, in other words, the
lifetime of the reversible cross-links, has a major impact on the
G; and E of the aCD-R hydrogels. It is to be noted that not only
the RESP charge but also steric hindrance of the TMAmMC11
should influence G; and E of the aCD-TMAmMC11 hydrogel.

2-5. Relaxation behaviours of the aCD-R hydrogels

Rheological analyses were used to determine the relaxation
time of the aCD-R hydrogels (Figures S41-45). Figures S41c—45c
show the frequency (w) dependence of the storage modulus
(G"), loss modulus (G"), and loss factor (tan &) at different
temperatures, which followed the time-temperature
superposition to give the master curves referenced at 25 °C
(Figures S41d—45d). Figures S46—49 show the results of the
stress-relaxation test of the aCD-VC11 and aCD —-TMAmMC11
hydrogels, which showed longer relaxation times. The obtained
relaxation spectra were analysed by the generalized Maxwellian
model, which estimates the relaxation modes and the second-
order average relaxation time (<t>,,) (Table S11). Although <t>,,
of the aCD-C12 hydrogel was shorter than 2 x 103 s, the <>,
values of the aCD-ImC11, aCD-PyC11, aCD-VC11, and aCD-
TMAmMC11 hydrogels were 1.8, 18, and 6.6 x 103, 9.5 x 103 s
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schematic of the reversible cross-linking points of the aCD-R hydrogels.

respectively. The absence of a cationic unit in the aCD-C12
hydrogel should result in fast threading/dethreading motions
with smaller <t>,, than other species.

The master curves of the aCD-R hydrogels were evaluated
with the sticky reptation model®88 (see the Electronic
Supporting Information). Figures S41d—45d show theoretical
lines for the plateau values from the entanglements (G.: dotted
line). The dashed lines (G; in Figures S41d—45d) represent those
from the entanglements and reversible cross-links (host-guest
cross-links). G, is the experimental rubbery plateau for the
entangled polyacrylamide solution®. G; is the theoretical G’
derived from the sticky reptation model, in which the entangled
polymer network is assumed to be cross-linked by host-guest
inclusion complexes as sticking points.

The observed G’ of the aCD-R hydrogels increased with
increasing w from G, to G;, indicating that the G’ value is derived
from the entanglement of the polyacrylamide chains and the
host-guest interactions. Therefore, the increase in G’ is due to
the inclusion complexes as sticking points, suggesting that the
observed relaxation modes of the aCD-R hydrogels are derived
from the association and dissociation of the reversible cross-
linking points formed by the inclusion complexes. The aCD-C12
hydrogel did not show distinct relaxation modes, but its G” was
in proportion to w®> in high frequency region, which is derived
from the Rouse modes of the polymer network.?® We estimated
the longest relaxation time (1) of the Rouse modes of the aCD-
C12 hydrogel as about 2 x 103 s by curve fitting using the
generalized Maxwellian model. t attributed to the host-guest
cross-linking points (stickers) should be faster than that of the
Rouse modes. Based on these observations and considerations
on the relaxation, the calculated <t>,, is found to be closely
related to the lifetime of the reversible cross-linking points.

Figure 6 shows the relation between <t>,, and RESP charge
on N* of the cationic unit. <>, linearly increased with the RESP
charges on N*, except for the aCD-TMAmMC11 hydrogel. The
relation between <t>,, and the RESP charge supports the above
idea of the lifetime of the reversible cross-linking points. The
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Figure 7. (a) Plots of G and &c{T)w of the aCD-R hydrogels. (b) Plots of the E and &c{T)w of the aCD-R hydrogels. The true strain rate decreases with increasing strain. For example,
true £c{T)w at a strain of 1000% will be one-tenth of the initial £c{Thw (c) Plots of G; and E of the host-guest hydrogels in this work (filled circle) and previous achievements (open

triangle,® diamond,?® and square’).

aCD-TMAmMC11 hydrogel showed the longest <t>,, although the
RESP charge on N* was similar to ImC11. This is mainly
attributed to the large steric hindrance effect of TMAmMC11 on
aCD.

Furthermore, the trend of <r>,, of the aCD-R hydrogels is
consistent with the following kinetics studies of complexation
behaviours of oaCD in aqueous solution system.
Association/dissociation rates (k; and k_;) in complexation with
alkyl chains through tricationic®® or bulky cationic®®7%72 groups
could be determined, because the threading motions are too
slow on NMR time scale. On the other hand, complexation
through mono- or dicationic groups with low steric hindrance
were so fast that k; and k; could not be estimated by NMR
spectroscopy.®®7291 These results indicate that the kinetics of
the threading/dethreading of the CD units directly affected the
viscoelastic properties of the aCD-R hydrogels, and that the

6 | J. Name., 2012, 00, 1-3

increment of E accompanied with the RESP charge is attributed
to the delay of the viscoelastic relaxation time.

2-6. Relationship between the mechanical properties and the
viscoelastic properties of the aCD-R hydrogels

The linear viscoelastic measurements revealed distinct
relaxation times derived from the reversible cross-linking
points. Figure 7a demonstrates the viscoelastic behaviour of the
reversible cross-linking points under tensile testing, showing its
relation with G;. Figure 7b demonstrates the relation between
the viscoelastic behaviour and E. The X axis shows the product
of <t>,, and the nominal strain rate (&c), which is called as the
Weissenberg number: that is a dimensionless parameter that
characterizes the behaviour of a viscoelastic body during a
deformation process. £c is calculated from the tensile speed (v)
and initial length of a sample (Lo) as

This journal is © The Royal Society of Chemistry 20xx
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Figure 7a shows that G; reached its maximum within &c(T)w
of 1~10. At a tensile rate of 1.0 mm/s (circles), &c(T)w of the
aCD-ImC11, aCD-PyC11, and aCD-VC11 hydrogels were 0.081,
0.80, and 290, respectively. When é&c(T)w of the aCD-R
hydrogels was in the range of 1~10, the aCD-R hydrogels acted
as viscoelastic bodies. The aCD-R hydrogels with &c{T)w = 1~10
showed high G; values, indicating that the viscoelastic body
showed high G;. G; of the aCD-PyC11 hydrogel was dependent
on the tensile rate (0.10, 0.50, 1.0, and 10 mm/s). In particular,
G; of the aCD-PyC11 hydrogel was highest (5.2 MJ/m3) at a
tensile rate of 10 mm/s (red square: £c{T)w = 8.0). On the other
hand, G; of the aCD-PyC11 hydrogel drastically decreased at
tensile rates of 0.50 mm/s (red diamond: &c{T)w = 0.40) or 0.10
(red triangle: &c{T)w = 0.080), and the hydrogel acted as a
viscous body at éc{T)w < 1. G¢ of the aCD-ImC11 and aCD-VC11
hydrogels decreased outside of range of £c{T)w = 1~10, in which
the aCD-ImC11, aCD-VC11 and aCD-TMAmMC11 hydrogels acted
as the viscous body (£c{T)w < 1) and the elastic body (éc{T)w >
10), respectively. These results indicate that the linear
viscoelastic properties strongly influence the mechanical
toughness of the aCD-R hydrogels.

Figure 7b shows the relation between &c(T)w and E. The
tensile rate dependence of E for the aCD-PyCl1l hydrogel
correlated E with the linear viscoelastic spectra. The E of the
aCD-PyC11 hydrogel increased with increasing €c{T)w in the
range of &c(T)w < 1 and reached a steady value at éc(T)w > 1.
This result is consistent with the w dependence of G’ of the aCD-
PyC11 hydrogel (Figure S43d), indicating that the aCD-PyC11
hydrogel acted as a viscoelastic body at £c{(T)w ~ 1.

Interestingly, in Figures 7a and 7b, we compared the BCD-
VC11 hydrogel (blue open circle), which was reported in our
previous work,”484 with the aCD-R hydrogels by using £c{T)w. G;
and E of the BCD-VC11 hydrogel were lower than those of the
aCD-ImC11 and aCD-PyC11 hydrogels due to lower &c{T)w. In
particular, the BCD-VC11 hydrogel, which has the same VC11
guest unit, was a viscous body. On the other hand, as described
above, aCD-VC11 acted as the elastic body to show low G;. This
is the opposite result, as it depends on the cavity size of the CDs.
This parameter enables us to evaluate various CD-based
hydrogels at different tensile rates in a similar way.

Figure 7c shows the relation between G; and E of the host-
guest hydrogels developed in this work and in our previous
work as they were strained at 1 mm/s.”4%2°3 The aCD-PyC11
hydrogels achieved higher G; compared to those of our previous
works. G; of the BCDAAmMe-AdAAm hydrogel was low due to
its short T of stickers (~ 2 x 104 5)8:?3, whereas the BCDAAMMe-
AdAAmM hydrogel has self-healing properties, and the K, of the
BCD-Ad complexis high. G and E of the aCDAAmM-VC11 hydrogel
are similar to those of the aCD-VC11 hydrogel due to the long T,
which is derived from the large potential barrier of the VC11
unit against the aCD unit.

As mentioned above, the the
threading/dethreading of the CD units strongly influences the
lifetime of the reversible cross-linking points. The relationship

kinetics of

This journal is © The Royal Society of Chemistry 20xx

Polymer Chemistry

between the lifetime and the tensile rate drastically changed
the Gy and E of the aCD-R hydrogels. Molecular design focusing
on the lifetime of the reversible cross-linking points is important
to improve the G; of supramolecular hydrogels.

Conclusions

We prepared five kinds of reversible-cross-linked aCD-R
hydrogels (aCD-C12, aCD-ImC11, aCD-PyC11, aCD-VC11, and
aCD-TMAmMC11 hydrogels) and investigated the relations
between the lifetime (<t>,) of the reversible cross-linking
points and the mechanical properties (G; and E). The inclusion
complex of the aCD unit and the cation-terminated linear alkyl
chain unit on the polymer side chain functioned as a reversible
cross-linking point. Quantum chemical calculations and linear
viscoelastic measurements revealed that <r>,, was controlled
by the kinetics of the threading/dethreading of the aCD units,
which was influenced by the potential barrier of the cationic
units. We demonstrated the effect of the viscoelastic behaviour
of the reversible cross-linking points on G; of the aCD-R
hydrogels using a dimensionless parameter £c{T)w. The aCD-R
hydrogels exhibited high G; within £c(T)w of 1~10, where the
reversible cross-linking points acted as viscoelastic bodies and
G” of the hydrogels was high. We found that G; within &c{T)w of
1~10 showed a local maximum because the observed G” of the
aCD-R hydrogels represents the energy dissipated by
dissociation of the reversible cross-linking points. In the region
of £c{T)w << 1, only the entangled polymer network contributes
to G; because the inclusion complexes in the viscous state
cannot contribute to energy dispersion. On the other hand, in
the region of £c{T)w > 10, the inclusion complexes behave like
fixed cross-links, brittleness, similar to a
conventional chemically cross-linked network. On the basis of
these results, we have to design a molecular structure focusing
on relaxation behaviour, i.e., the lifetime of the reversible cross-

resulting in

linking points, to achieve tough materials. Now, we are
investigating the design of tough and functional materials using
reversible cross-linking with suitable relaxation times.
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