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Abstract: The integration of mechanically interlocked
molecules (MIMs) into polymeric materials has led to
the development of mechanically interlocked polymers
(MIPs). One class of MIPs that have gained attention in
recent years are slide-ring gels (SRGs), which are
generally accessed by crosslinking rings on a main-chain
polyrotaxane. The mobility of the interlocked cross-
linking moieties along the polymer backbone imparts
enhanced properties onto these networks. An alterna-
tive synthetic approach to SRGs is to use a doubly
threaded ring as the crosslinking moiety, yielding doubly
threaded slide-ring gel networks (dt-SRGs). In this
study, a photo-curable ligand-containing thread was
used to assemble a series of metal-templated pseudo-
[3]rotaxane crosslinkers that allow access to polymer
networks that contain doubly threaded interlocked rings.
The physicochemical and mechanical properties of these
dt-SRGs with varying size of the ring crosslinking
moieties were investigated and compared to an en-
tangled gel (EG) prepared by polymerizing the metal
complex of the photo-curable ligand-containing thread,
and a corresponding covalent gel (CG). Relative to the
EG and CG, the dt-SRGs exhibit enhanced swelling
behavior, viscoelastic properties, and stress relaxation
characteristics. In addition, the macroscopic properties
of dt-SRGs could be altered by “locking” ring mobility
in the structure through remetalation, highlighting the

impact of the mobility of the crosslinks. )

Introduction

Mechanically interlocked molecules (MIMs), that feature
two or more molecular components bound through mechan-
ical bonds, have received significant attention over several
decades owing to their extraordinary topological
structures.'™ The presence of mechanical bonds in MIMs,
exemplified by rotaxanes,”'? catenanes,!*" and molecular
knots,”7! can lead to unusual relative component motions,
such as elongation, twisting, rotation, and sliding, that
impart interesting degrees of conformational freedom. The
integration of these mechanical bonds and corresponding
component motions into polymer matrices presents new
opportunities for achieving structural properties that extend
beyond the confines of traditional covalent polymer net-
works. Consequently, substantial efforts have been devoted
to the development of mechanically interlocked polymer
architectures (MIPs),! including polycatenane,”*>"
polyrotaxane,”=¥ [c2]daisy-chain,?*>* slide-ring gels,F"*
and catenane crosslinked gels.”**!

Among these MIPs, slide-ring gels (SRGs), pioneered by
Ito, P340 stand out with their exceptional mechanical
properties, primarily driven by ring sliding along linear
polymer backbone chains. Such sliding motions within SRGs
enable gel networks to be more homogeneous and have
efficient stress relaxation, leading to enhanced mechanical
properties. Common synthetic approaches to SRGs involve
either the covalent crosslinking of macrocycles on a poly-
rotaxane or the incorporation of a [2]pseudorotaxane cross-
linking unit into a polymerization.”#**°152 Previous studies
have revealed that incorporating only a small amount
(<1mol %) of rotaxane crosslinker into a polymer matrix
results in significant changes in swelling, tensile strength,
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viscoelasticity, and toughness relative to a corresponding
covalently crosslinked hydrogel.”'* Notably, such changes
in macroscopic properties are closely linked to ring mobility.
For example, to explore the effect of ring mobility on the
mechanical properties of SRGs, Takata and co-workers
reported o-cyclodextrin ring-based SRGs systems with
varying ring mobility by strategically controlling the number
of mechanical bonds, the length of the polymer backbone
chains, and/or the sterics of the polymer backbone chains
through varying substituents.”> They confirmed that
impacting ring mobility results in changes in mechanical
properties such as fracture energy, stretchability, and
toughness.>*

By far, the majority of the studied MIP structures are
singly threaded. A different class of MIP could be accessed
by using a single (large) ring that can act as a crosslinking
unit by threading two or more polymer chains.” " A route
to such materials is the polymerization of a doubly threaded
(dt-) pseudo[3]rotaxane (P3R). To access such dt-MIPs, it is
essential to rationally design the MIM-based crosslinker and
effectively incorporate it into the polymer structure while
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preventing ring dethreading. Recently, it has been shown
that the polymerization of a dt-metallo P3R using step-
growth polymerization can yield slide-ring polycatenane
-like materials.”” Here, a photo-curable acrylate-functional-
ized dt-metallo P3R crosslinker is prepared and copolymer-
ized with oligo(ethyleneglycol methyl ether) acrylate, result-
ing in the formation of a doubly threaded slide-ring gel
network (dt-SRG) (Figure 1a) via a chain-growth process.
To better understand the impact of ring mobility on the dt-
SRG properties, three different dt-SRGs are prepared
(Figures 1la—c) with P3R crosslinkers with varying ring sizes.
In addition, two different control polymer networks are also
targeted: a corresponding entangled gel (EG) and a covalent
gel (CG) (Figures 1d and 1e). Finally, as these dt-SRGs are
prepared using metal-ligand templating, it is also possible to
“lock” the ring mobility through the addition of metal
cations (remetalation, Figure 1f).
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Figure 1. Schematics of doubly threaded slide-ring gel networks (dt-SRGs), entangled gel network (EG), and covalent gel network (CG). (a)
Demetalated dt-SRG (3%yp) with macrocycle 2%, showing selected ring motions (elongation, twisting, rotation, and sliding) attributed to the
presence of doubly threaded rings (in red). (b) Demetalated dt-SRG (3*%,vp) with smaller rings 2* (light blue) and (c) demetalated dt-SRG (3%yp)
with larger rings 2 (in yellow). Control gel networks: (d) EG (4xy) and () CG (5xy). (f) Remetalated dt-SRG (3%yg), exhibiting “locked” ring
motions due to the addition of metal cation (in grey). X is the mol % of crosslinker (P3R, 4-arm supramolecular, and covalent crosslinkers) and Y is
the mol % of PEG-MA. D and R correspond to a demetalated and remetalated gel, respectively.
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Results and Discussion

To access dt-SRGs, doubly threaded P3R crosslinkers were
self-assembled utilizing metal-ligand templating with the
terdentate  2,6-bis(N-alkyl-benzimidazolyl)pyridine (Bip)
ligand.?"*>™1 The photo-curable thread 1 was synthesized
by first reacting a bis-phenolic Bip derivative (N,N'-Butyl-
BipOH) with mono-tosylated nonaethylene glycol, followed
by a reaction with acryloyl chloride (Figure 2a and see SM
for full synthetic details). The ditopic Bip-containing macro-
cycle 2% (where the superscript represents the number of
atoms comprising the inner circumference of the macro-
cycles) was accessed by reacting N,N'-Butyl-BipOH with
a,0’-dibromo-m-xylene via a Williamson ether synthesis
(Figure 2b and see SM for full synthetic details). To allow a
study on the impact of ring size in these dt-SRGs, two other
macrocycles, 2* and 2% were also synthesized following a
similar methodology (Figures 2¢ and 2d and see SM for full
synthetic details). The binding of macrocycles 2" with Zn(II)
was evaluated by UV/Vis titration, confirming that in all
cases both Bip ligands in the same macrocycle are not able
to bind a single metal cation, and that the addition of two
equivalents of Zn(II) results in the formation of the 2":Zn-
(1), complex (Figure $8).2°*% Addition of 2 equivalents of
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zinc di-bis(trifluoromethylsulfonyl)imide (Zn(NTf,),) to a
2:1 mixture of thread 1 and macrocycle 2 resulted in an
instantaneous color change to yellow. The NMR spectra
showed the disappearance of the signals around 8.0-8.3 ppm
that correspond to unbound pyridyl protons (a and b) of
ligand of 1 and 2%, while new signals corresponding to these
same protons (A and B) in the zinc cation-complex
appeared around 8.7-9.1 ppm, consistent with the formation
of a doubly threaded P3R crosslinker (1,:2%:Zn(Il),)
(Figures 2e and 2f). The P3R crosslinkers with different ring
sizes, 1,:2%:Zn(II), and 1,:2%:Zn(Il),, were prepared in a
similar manner (Figures 2g and 2h, and see SM for details).

To access dt-SRGs, the photo-initiated copolymerization
of 1,:2%:Zn(Il), and poly(ethylene glycol) methyl ether
acrylate (PEG-MA, M, =480 gmol') was conducted with
varying compositions of the pre-gel mixture (1,:2%:Zn(II),
from 1 mol % to 4 mol %, and PEG-MA from 99 mol % to
96 mol %) (Figure 3a, pre-gel solution composition in Ta-
ble S1). The pre-gel mixture was prepared by dissolving the
solid 1,:2%:Zn(II), and photo-initiator (phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO), 0.5 wt %) in the
liquid PEG-MA. Subsequent irradiation of the pre-gel
solution with long-wavelength ultraviolet light (wavelength:
390-500 nm) initiated free-radical polymerization, generat-
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Figure 2. Chemical structures and schematics illustrating (a) photo-curable thread 1, (b) macrocycle 2°, (c) macrocycle 2%, and (d) macrocycle 2%
(e) Chemical structure of the doubly threaded pseudo[3]rotaxane (P3R) crosslinker 1,:2°:Zn(ll),. (f) Partial '"H NMR spectra and schematics of a
mixture of 1:2% in 2:1 mole ratio (500 MHz, 25°C, CDCl3) (top) and 1,:2°¢:Zn(ll), (500 MHz, 25°C, CDCl;) (bottom). Chemical structures and
schematics of (g) 1,:2*:Zn(ll),, (h) 1,:2%:Zn(l1),, and (i) the 4-arm supramolecular crosslinker 1,:Zn(lI).
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Figure 3. Fabrication of dt-SRGs, EG, and CG. (a) Schematic representations illustrating the pre-gel components used in this study, poly(ethylene
glycol) methyl ether acrylate (PEG-MA, M, =480 gmol '), the three pseudo[3]rotaxane (P3Rs: 1,:2°¢:Zn(ll), 1,:2*:Zn(ll), and 1,:2%:Zn(l1),)
crosslinkers, the 4-arm supramolecular (1,:Zn(ll),) crosslinker, and the covalent 4-arm PEG crosslinker. (b) Schematic showing the fabrication
process for dt-SRGs, EG, and CG via a photo-crosslinking. Pre-gel solutions were prepared by mixing PEG-MA with the appropriate crosslinker, and
the photo-initiator (phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO), 0.5 wt %), followed by UV light exposure to induce polymerization
into crosslinked gel networks. The residual monomer and initiator were removed by chloroform washing. The type of gel network was determined
by the choice of crosslinker (P3R for dt-SRGs, 4-arm supramolecular crosslinker for EGs, and 4-arm PEG crosslinker for CGs). (c) The metalated dt-
SRGs 3%,ym can be converted to (d) the demetalated dt-SRGs 3%y, via demetalation upon base treatment with TBAOH. The demetalation process
occurs with color changes (left) and fluorescence changes (right, excitation by 365 nm UV). (Note: Superscript R represents ring size of 2% within
dt-SRG, subscripts X represents mol % of P3R crosslinker, and Y represents mol % of PEGMA, Y =100-X). EGs were similarly produced through the

similar procedure, including demetalation with TBAOH. Scale bar is 1 cm.

ing the crosslinked network (Figure3b and see SM for
details). Following the removal of the uncrosslinked fraction
via chloroform washing, the metalated dt-SRGs 3%,y were
obtained, where the superscript 56 represents the ring size
of 2% within dt-SRG, the subscripts X represents the mol %
of P3R crosslinker, Y represents the mol% of PEGMA
(Y=100-X), and M corresponds to the metalated gel. These
gel networks had a light yellow-green color and exhibited
yellow fluorescence (under 365 nm UV light) attributed to
the Bip/Zn(II) complex within the P3R structure (Figures 3¢
and S17). Subsequently, base treatment with tetrabutylam-
monium hydroxide (TBAOH) resulted in demetalation of
the gel. Iterative washing steps with chloroform and
methanol were then employed to effectively extract the
soluble fractions and metal salts. The resulting demetalated
dt-SRGs, denoted as 3%y, where subscript D corresponds
to the demetalated gel, exhibited a blue fluorescence
characteristic of the free ligand and were characterized by
UV/Vis, FT-IR and fluorescence spectroscopy (Figures 3d,
S17, and S18). The gel fractions (wt%) of 3%y, were
evaluated by comparing the weight of the dried gel after

Angew. Chem. Int. Ed. 2024, 63, €202411172 (4 of 10)

photocrosslinking to the weight after demetalation, based on
Equation S1 (see SM for details). As the relative amount of
tetrafunctional 1,:2%:Zn(II), in the pre-gel solution in-
creased from 1 mol % to 3 mol %, the gel fraction of 3%y,yp
increased from 79 % to 86 % (Figure S21). 3%, exhibited
a similar gel fraction to that of 3%,

To confirm the degree of remaining macrocycle in
demetalated dt-SRGs 3%y, the ring content was deter-
mined by analyzing the soluble fractions extracted from
both the chloroform washing (soluble fraction of the
metalated gel) and the demetalation step (soluble fraction of
the demetalated gel). The amount of macrocycles in each
soluble fraction was quantified by comparing the macrocycle
signal to a reference thymol signal via '"H NMR spectro-
scopy, and the ring amount was determined using Equa-
tions S2-S4 (see SM for details). In all cases, only a small
amount of macrocycle 2% was detected in the wash, and the
data shows that all the demetalated dt-SRGs 3%y, have a
high ring content (>97 % of the macrocycle added to the
reaction, Figure S21), indicating that almost all of the
macrocycles from 1,:2%:Zn(II), were incorporated into the

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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gel networks. Even after 10 days of exposure to chloroform
at 50°C, dt-SRGs retained their ring content without addi-
tional dethreading, demonstrating the stability of the gel
networks (Figure S22). This ring retention during demetala-
tion and at elevated temperatures is consistent with the
formation of an interlocked network.

To better probe the role of the ring crosslinking moieties
in these dt-SRGs, two control gel networks were prepared:
an entangled gel (EG) and a covalent gel (CG). The EG was
synthesized by  copolymerization of the 4-arm
supramolecular crosslinker (1,:Zn(II)) without a macro-
cycle, which was prepared via self-assembly of two threads
(1) with Zn(II) (Figure 2i and see SM for details). The EG
4,4, (Figure 1d) was prepared through the copolymerization
of 97 mol % PEG-MA with 3 mol % of 1,:Zn(II), followed
by a subsequent demetalation step (see SM for details). The
CG 5;4; (Figure le) was fabricated by copolymerizing
97 mol % of PEG-MA with 3 mol % of a 4-arm acrylate end-
capped PEG-crosslinker (MW =2000 gmol™') (see SM for
details). Both these control gels had a similar gel fraction to
337 (Figure S23).

The thermal properties of demetalated dt-SRGs 3%,y
(X=1-4mol % of P3R and Y=100—X mol % of PEG-MA)
films, as well as the two controls 4y, and 5;4, were
characterized wusing Differential Scanning Calorimetry
(DSC). The covalent gel 5549, exhibits a glass transition
temperature (7,) ca. —63°C, a cold crystallization temper-
ature (7T,.) ca. —41°C, and melting temperature (7,,) around
0°C. All the interlocked (3*xyp) and entangled (454,) gels
exhibit the same three transitions. Both T, and T, of 3*xyp
increased as the P3R crosslinker concentration increased
from 1 mol % (3%;9p) to 3mol % (3%p), While dt-SRG
3% yo6p exhibited similar T, and T,, values to dt-SRG 3*;4;,
(Figure S24 and Table S3). Overall, the DSC data showed
that the incorporation of macrocycle 2% does result in a
slight inhibition in the amount of cold crystallization and
therefore a reduction in the amount of crystallinity of the
PEG side chains (Figure S24 and Table S3).

To investigate the physicochemical properties of dt-SRG
3%, the swelling ability was measured in various solvents.
Specifically, high-boiling-point solvents such as dimeth-
ylformamide (DMF), N-methyl pyrrolidone (NMP),
propylene carbonate (PC), and dimethyl sulfoxide (DMSO)
were utilized for the swelling measurements to minimize
evaporation during subsequent mechanical properties test-
ing. The swelling ability of 3%y, in the different solvents is
shown in Figure 4a, and the weight swelling ratio (wt %) was
determined using Equation S5 (see SM for details). As
shown in Figure 4b, dt-SRG 3%,,,; exhibits the highest
swelling in PC, approximately 730 %, attributed to favorable
solvent-polymer interactions, while the swelling of the films
in DMSO is much lower, approximately 220 %. The swelling
characteristics of dt-SRG could be reversibly tuned through
remetalation and demetalation (Figure 4c). Remetalation,
which was achieved by the addition of Zn(II) while
monitoring UV/Vis and fluorescence spectra to obtain
optimal binding, results in a reduced swelling ratio of dt-
SRG 3%z, approximately 580 % in PC. Presumably, the
addition of Zn(IT) induces the “locking” of the ring mobility
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by re-formation of the Bip/Zn(II) complex (as determined
by UV/Fluorescence data, Figure S25) that at least in part
results in reduced swelling behavior.

The swelling behavior of the control gels, 4397 and Si7,
were also evaluated (Figure 5a). Relative to dt-SRG 3%,
the CG 55, exhibits a significant reduction in swelling ability
(<400 %), which is consistent with the mobility of the ring
allowing greater swelling in the dt-SRGs, as has been
observed in other SRG architectures.?'?’*? The EG 4y,
exhibits swelling abilities in between these two gels and, like
the dt-SRG 3%,,,, shows a reduced degree of swelling for
the remetalated gel relative to the demetalated gel.

To further probe the effect of the ring crosslinking
moieties on the gel networks, the mechanical properties of
the fully swollen gels (dt-SRG 3%, EG 437, and CG 5;,)
in PC were examined using dynamic mechanical analysis.
The viscoelastic properties of these gels were initially
evaluated by measuring the elastic modulus under compres-
sive axial forces. With a small amplitude strain (y =1 %) in
the linear viscoelastic regime, storage (E) and loss (E*)
moduli were measured using a frequency sweep (Figures Sb
and S26). Interestingly, their plateau storage modulus
(E aean) at angular frequency o < 1rad/s systematically
decreases as there are more possible motions of the cross-
linking moieties: E/platcau:SSO kPa for 5;4,, E'plamu:350 kPa
for 4y, and E 0 = 150 kPa for 3%g;,. Of course, it should
be noted that mechanical properties of the gels also
correspond their degree of swelling, with the more swollen
gels being softer.

Interestingly, dt-SRG 3y, exhibits a distinct “peak” in
the loss factor tan = E“/E’" at 200 rad/s, that is not observed
in the CG 5;4;, indicating an additional relaxation process
presumably on account of ring mobility. This is further
supported by the fact that locking the ring mobility in dt-
SRG 3%,,, by the addition of Zn(II) leads to the remeta-
lated dt-SRG 3%,,,; that exhibit mechanical properties
similar to those of the CG 5;4,, with an increase in elastic
modulus (£’ e =550 kPa) and the disappearance of the
characteristic tan d peak. It is worthy of note that EG 45,
also exhibits a loss factor peak but at lower frequencies
(50 rad/s). Furthermore, the intensity of the fan & peak
indicates that 3%y, 457, and 53 exhibit varying degrees of
energy dissipation, with 3%, exhibiting the largest tan §,
suggesting it is the most dissipative gel network, presumably
on account of the ring mobility.

To further investigate the relaxation properties at longer
timescales and the relationship between gel mechanics and
the nature of the crosslinking, macroscopic stress relaxation
experiments were carried out under axial deformation (step
strain y =4 %) for dt-SRG 3%, EG 439, and CG 5y,
The relaxation modulus E(t) was monitored over time ¢ for
3%, 4397, and Sy, (Figure S27). Figure 5d illustrates
representative stress relaxation curves of modulus E(t)
normalized by zero-time modulus E,. Notably, the three
different gel networks exhibit dramatically distinct relaxa-
tion behaviors depending on the characteristic of their
crosslinks. 3%,,,, exhibits significant relaxation, similar to
typical behaviors observed in transient gels or dynamic
covalent networks.”"* The ring mobility of dt-slide ring
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Figure 4. Swelling behaviors of dt-SRG 3%, 4,. (a) Optical (top) and fluorescence (bottom, X, :365 nm) images of demetalated dt-SRG 3%, 4,5 upon
exposure to various solvents. (b) Swelling ratios of demetalated dt-SRG 3%, 5,5, when exposed to dimethylformamide (DMF), N-methylpyrrolidone
(NMP), propylene carbonate (PC), and dimethylsulfoxide (DMSO). (C) Swelling ratios of dt-SRG 3%, in PC upon remetalation and demetalation.

Scale bar is 1 cm.

crosslinks appears to enable the deformed network strands
to effectively rearrange, and relax the stress. Thus, dt-SRG
3%, exhibits faster relaxation behavior relative to the
corresponding covalent gel networks, 5;9;. The entangled gel
4,4, exhibits an intermediate relaxation behavior, presum-
ably on account of ability to rearrange the entangled
crosslinks. To estimate the relaxation timescale 7, the
traditional stretched exponential model
E(1)/E, = exp(—(t/7)’) was employed to fit the stress
relaxation curves, with the exponent [ being a fitting
parameter. While the EG 4549; and CG 5547 could both be
fitted using this model, the dt-SRG 3%,,,, exhibits multiple
apparent relaxation behaviors that could not be captured by
the stretched exponential with a single relaxation timescale.
Instead, the Maxwell-Wiechert model is utilized to account
for the multiple relaxation timescales:
E(t)/E, =", E,exp(—t/t,) with the number of elements in
parallel n = 2. Incorporation of two relaxation timescales
results in a good agreement between the experimental data
and fitting (Figure 6d, red), with the early-stage relaxation
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time 7; = 95 s and the late-stage relaxation time 7, = 2400 s.
For comparison, the relaxation time 7 for 4,4, was estimated
as T = 4000 s. Notably, the stress relaxation behavior of the
dt-SRG 3%, could be dramatically reduced by locking the
ring mobility through the addition of Zn(I) as the
remetalated dt-SRG 3%,z exhibits a much slower stress
relaxation behavior, akin to the CG 5;;.

The above data suggest that the presence of the dt-slide
ring crosslink has a significant effect on the thermomechan-
ical properties of the gels on account of its mobility. If this is
indeed the case, it is reasonable to expect that the ring size
in these SRG networks, which should influence the ring
mobility, will affect the material’s mechanical properties. To
investigate the effect of ring size on the dt-SRGs, the dt-
SRG 3%,,, with a 56-atom ring (25) was compared to two
different dt-SRGs: (1) 3*,,, with a smaller a 46-atom ring 2,
and (2) 3%, with a larger 68-atom ring 2 (Figures la—c).
The dt-SRGs 3%, and 3%,,, were prepared similarly to 3%,
o7, Utilizing the P3R crosslinkers 1,:2%:Zn(Il), (for 3%;,,)
and 1,:2%:Zn(1I), (for 3%,,,) (See SM for details). All three
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Figure 5. Effect of the ring crosslinking moieties on swelling behaviors and mechanical properties of the gels. (a) Swelling ratios of demetalated

(red) and remetalated (purple) di-SRG 3%y, EG 4355, and CG 5,4, in propylene carbonate (PC). (b) Storage moduli E” and (c) loss factor tan ¢ of
demetalated (red) and remetalated (cyan) dt-SRG 3°%q;, EG 456, (purple), and CG 55, (blue) fully swollen in PC. (d) Stress relaxation (strain 4 %)
curves (symbols) and fitted lines using the stretched exponential model (dashed lines) for demetalated (red) and remetalated (cyan) dt-SRG 3%,

EG 4,5, (purple), and CG 55, (blue) fully swollen in PC.

dt-SRGs (3*;7, 3%, and 3%,,;) exhibited comparable gel
fractions (~86 wt %) and high ring contents (>97 % of the
macrocycle added to the reaction, Figure S28). Similar to
3%,4m, the demetalated dt-SRGs 3%,,, and 3%,,, also
retained their ring components without any dethreading
even after 10 days of exposure to chloroform at 50°C
(Figure S29).

To explore the impact of ring size on the gel network,
the swelling ratio of three dt-SRGs (3%,;, 3%, and 3%,,,)
was measured when they were fully swollen in PC (Figur-
es 6a and S30). The swelling ratio of the demetalated dt-
SRGs increases with ring size: 3%p (610%), 3%p
(720 %), and 3%, (1260%). Upon remetalation, the
swelling ratio decreases in all dt-SRGs: 3%, (520 %), 3%,
ok (580%), and 3%,,,; (810%). Interestingly, a smaller
difference in the swelling ratio between demetalated and
remetalated states is observed in dt-SRGs with the smaller
ring, 3*,4,p. Such differences in swelling behavior could be
attributed to the slidable range of the dt-SR crosslinks,***/

Angew. Chem. Int. Ed. 2024, 63, €202411172 (7 of 10)

which will depend on the ring size. It is certainly important
to note that the three remetalated dt-SRGs do exhibit
different degrees of swelling, with 3%,,,, showing greater
swelling (ca. 800 %) relative to 3*;,g and 3%y, (<600 %).
This may, at least in part, be a result of the distinct chemical
structures of the macrocycles involved. The 2% has flexible
ethylene glycol spacer units, while the 2* and 2% have rigid
spacer units (m-xylene or m-naphthalene). The synergistic
effect of the larger ring sizes and the flexibility of spacer
units in the 2® may contribute to additional swelling in 3%;,
97R.

The viscoelastic properties of the three demetalated dt-
SRGs (3*39:p, 3°%307p, and 3%,,,5) were then examined. The
extent of swelling directly influences the mesh size; there-
fore, the mechanical properties of gels would be expected to
be closely related to their swelling behavior, given that these
gels have comparable components and gel fractions. As
discussed above the swelling capacity of the dt-SRGs
increases from 3%, to 3%, presumably on account of
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Figure 6. Effect of ring size on swelling behaviors and mechanical properties in three demetalated dt-SRGs. (a) Swelling ratios of demetalated (red)
and remetalated (purple) dt-SRGs 3, 5;, 3%, 5;, and 3%;,5; when exposed to propylene carbonate (PC). (b) Storage moduli E' and (c) loss factor tan
0 of three demetalated dt-SRGs 3%, 5,5 (purple), 3*70 (red), 3%;,675 (blue) fully swollen in PC. (d) Stress relaxation (strain 4 %) measurements
(symbols) and fitted lines using the Maxwell-Wiechert model (dashed lines) for three demetalated dt-SRGs 3*; 4, (purple), 3%;5;5 (red), 3%; 970

(blue) fully swollen in PC.

their enhanced slidable range of the bigger rings that results
in a larger mesh size of the gel. To discern the effect of mesh
size on the mechanical property, the moduli of the demeta-
lated dt-SRGs 3%, 3%397p. and 3%, were compared in
Figures 6b and S31. Their plateau storage modulus at
angular frequency w < 1rad/s decreases as the ring size
increases: E'pjyeq =250 kPa for 3%39p, E' e =150 kPa for
3 y9m, and E' 0 =120 kPa for 3%, a trend that is in
good agreement with the observed swelling behavior. The
gel geometries can be further discerned by estimating the
mesh size from the plateau modulus. Based on a scaling
relation, E'jean™ K T/E (where kg is Boltzmann constant
and T is temperature) between the bulk modulus E'plaleau and
the mesh size (&), the unit volume and the mesh size ratio
are estimated to be (&,,,/E,,,)° ~21 and
(850 /E365p) ~1.3, respectively. The estimated unit vol-
ume ratio is consistent with the observed increase in swelling
ratio AVie,  /AV3e, . =1260/610 ~ 2.1. Additionally, in
the frequency range studied, dt-SRG 3%, exhibits a clear
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second plateau storage modulus regime at an angular
frequency ® >100rad/s. The presence of two plateau
regimes could be attributed to the sliding transition of the
rings."*** The higher-frequency plateau regime could be
assigned to the rubbery state, where there is little movement
of the rings at these timescales. The lower-frequency plateau
regime would then indicate a sliding state, where the
timescale is such that the threaded polymer chains and rings
are able to slide relative to each other. It would be expected
that the sliding dynamics of polymer chains through rings
would lead to a state with modulus lower than the rubbery
plateau.* Furthermore, as depicted in Figure 6¢c, the
three dt-SRGs (3*47p, 3*%307p. and 3%,,;,) exhibit a tan §
peak, which is presumed to be related to a sliding transition,
at different frequencies, with a lower peak frequency for the
dt-SRG with larger rings. This observation could be ascribed
to variations in the characteristic length scale, specifically
the mesh size &. In 3%,,,, with a larger mesh size, a larger
ring (2%) can slide over a longer range. Thus, the sliding
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relaxation occurs on a longer timescale, resulting in the tan &
peak at a lower frequency. In contrast, in 3%, with a
smaller mesh size, the ring (2*) presumably slides within a
more confined range, leading to the sliding relaxations on a
shorter timescale. The difference in the slidable range of
rings results in the shift of the tan § peak frequency.

To further probe the effect of ring size on the ring
mobility in these gels, macroscopic stress relaxation experi-
ments were conducted, where a step strain (y =4 %) was
applied to the dt-SRGs and the relaxation modulus E(t) was
monitored over time (Figure S32). As shown in Figure 6d,
all three dt-SRGs (3*;9:p, 3*307p. and 3%,4,p) exhibit very
different stress relaxation behavior depending on the
mobility of the dt-SR crosslinks. As with the 3%
relaxation data described above, the Maxwell-Wiechert
model with n = 2 could be utilized to fit the 3*;,;;, and 3%,
o7p dt-SRGs data and calculate their relaxation times. The
dt-SRG 3%,,,, with larger rings exhibits much faster
relaxation at both the early-stage (r; =45 s) and the late-
stage (7, = 900 s), compared to the two relaxation times of
3 (11 =95 s and 7, = 2400 s) discussed above. Espe-
cially noteworthy is the faster 7;, presumably resulting from
the sliding of backbone polymer strands through the ring,
highlighting the higher mobility of 2% in the network,
despite it being slightly larger in size (Figures S33-S35). In
contrast, dt-SRG 3, with the smallest rings exhibits the
slowest stress relaxation (7; = 125 s and 7, = 22000 s).

Conclusion

In conclusion, this study presents an approach to accessing
dt-SRGs by introducing doubly threaded P3R crosslinkers
that are self-assembled via metal-templating. Through
photo-initiated copolymerization of these P3R crosslinkers
with PEG-acrylate monomers, three dt-SRGs with varying
size of the ring crosslinking moieties are successfully
fabricated, and the physicochemical and mechanical proper-
ties of dt-SRGs are characterized and compared to those of
corresponding entangled and covalent gels networks (EG
and CG). The presence of the ring crosslinking moieties in
dt-SRGs facilitates enhanced swelling and imparts unusual
mechanical properties, as evidenced by their lower plateau
storage modulus, distinct loss factor peak, and faster macro-
scopic stress relaxation. Additionally, the mechanical prop-
erties of dt-SRGs can be tuned by “locking” ring mobility
through remetalation, demonstrating the effect of mobility
of slide-ring crosslinks. Furthermore, the impact of ring sizes
on dt-SRGs is explored. dt-SRG with larger rings exhibits a
greater swelling degree, possibly due to enhanced slidable
ranges and higher ring mobility, demonstrating softer
mechanical properties and faster macroscopic stress relaxa-
tion behavior compared to those with smaller rings. This
suggests that the ring mobility can be tailored by adjusting
the ring size, offering a versatile platform for designing gel
networks with desired properties. Overall, this research not
only presents a new design strategy for dt-SRGs but also
provides fundamental insights into the role of ring mobility
in mechanically interlocked polymer architectures.
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