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ABSTRACT: Mechanically interlocked molecules (MIMs) possess unique architectures and non-traditional degrees 

of freedom that arise from well-defined topologies that are achieved through precise mechanical bonding. 

Incorporation of MIMs into materials can thus provide an avenue to discover new and emergent macroscale 

properties. Here, the synthesis of a phenanthroline-based [2]catenane crosslinker and its incorporation into 

polyacrylate organogels is described. Specifically, Cu(I) metalation and de-metalation was used as a post-gelation 

strategy to tune the mechanical properties of a gel by controlling the conformational motions of integrated MIMs. 

The organogels were prepared via thermally initiated free radical polymerization, and Cu(I) metal was added in 

MeOH to pre-treated, swollen gels. De-metalation of the gels was achieved by adding cyanide salts and washing the 

gels. Changes in Young’s and shear moduli, as well as tensile strength, were quantified through oscillatory shear 

rheology and tensile testing. The reported approach provides a general method for post-gelation tuning of 

mechanical properties using metals and well-defined catenane topologies as part of a network architecture. 

Mechanically interlocked molecules (MIMs) are 
defined by the permanent interlocking of two or more 
molecules that can only be separated by breaking 
covalent bonds.1 Their unique structures have attracted 
the attention of chemists over the years, leading to the 
synthesis of various catenanes,2 rotaxanes,3, 4 knots5-7 
and molecular machines8—including those used in 
applications such as molecular pumps9, 10 and 
elevators.11 Catenanes (Fig. 1a) are mechanically 
interlocked macrocycles that are particularly interesting 
within the field of MIMs because of the number of 
conformational motions inherent to such 
architectures,12 e.g., elongation, rocking, and 
circumrotation (Fig. 1b). Translating these innate 
degrees of freedom to higher molecular weight polymers 
and materials has been a focus over the past two decades, 
with emphasis on synthesizing either poly[2]catenanes 
with covalent linkers in between mechanical bonds, or 
pure poly[n]catenanes, where each link in the polymer 
backbone is held together through mechanically bonded 
macrocycles.13-15 De Bo and coworkers also showed that 
even a single [2]catenane in a polymer can increase the 
amount of stress and strain that a material can withstand 
compared to polymers composed only of linear 
backbones.16  

In the context of gel networks, poly[n]rotaxane-
based slide-ring gels3, 17, 18 are investigated more often 

 

Figure 1. (a) Metal-based control over 
conformational motions of a [2]catenane-based 
crosslinker in a hydrogel network. (b) Different types 
of conformational motions accessible by a 
[2]catenane relative to a “locked” Cu(I)-[2]catenate. 
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than gels composed of well-defined [n]catenanes, which 
are less common. Even still, Huang and co-workers19 
demonstrated how incorporation of a small quantity of 
pH-responsive [2]catenane crosslinker into a gel can 
lead to drastic changes in the material’s stiffness, while 
conversely, Sato and co-workers recently imbued metal-
organic crystals with elastic properties by establishing 
flexible [2]catenanes as the backbone of the 
framework.20 Thus, the lasting topology of [n]catenanes 
allows for post-synthetic and physical modifications of 
soft materials, whilst not changing the overall network 
connectivity. Herein, we describe a novel post-gelation 
strategy for tuning the mechanical properties of gels 
using phenanthroline (phen)-based [2]catenanes as 
topologically well-defined crosslinkers that may be 
metalated reversibly with Cu(I), thus “locking” the 
conformational motions of the crosslinker. Subsequent 
removal of the metal allowed for free rotation about the 
mechanical bonds. The changes in physical properties 
were quantified by oscillatory shear rheology and tensile 
testing, and the results were compared to non-catenane-
crosslinked gels that served as control samples. 

Synthesis of the [2]catenane-based crosslinker 
(14) began with a convergent synthesis (Schemes S1–
S9) to make compound 9. Grubbs 2nd generation catalyst 
was then used to ring close 9 (Scheme 1, i), yielding 10. 
A slight excess of Cu(I) was added (ii) to 10 as 
[Cu(CH3CN)4]·PF6 to form an air-sensitive mono-
metalated intermediate,21 which appeared as an orange-
colored solution. Upon addition of open macrocycle 9 to 
Cu·10 (iii), the color of the solution changed to dark red, 
indicating formation of an air-stable ternary complex 
(11). This coordination complex was converted to 12 
through another RCM reaction (iv),22 followed by 
removal of the metal center using KCN (v).  Although the 
internal olefin of 11 could also potentially react during 
the ring closing (iv) step to form the [2]catenate, 
hydrogenation was not performed as it was often lower 
yielding because of hydrogenation of the N to C double 
bonds in the phen ligand.23 Compound 12 was 
deprotected using trifluoroacetic acid (13, Scheme S13), 
and the functional crosslinker was generated by adding 

acryloyl chloride to obtain catenane 14 in 90% yield. The 
purity of 14 was confirmed by 1H NMR and HPLC (Fig. 
S27). 

The [2]catenane crosslinker, 14, shows small 
changes in the 1H NMR spectra (Fig. 2) when compared 
to macrocycle 10. While the splitting patterns of the 
diagnostic phen peaks change subtly, significant upfield 
shifting is observed for proton resonances labeled 1–3, 5, 
and C because of shielding in the interlocked molecule. 
Moreover, proton C splits into two signals, which may be 
attributed to the olefins residing inside the other 
mechanically bound macrocycle. Proton resonances 3–5 
shift further upfield upon formation of the Cu(I) complex, 
15. Formation of 15 was further corroborated by UV-Vis 
spectroscopy (Fig. S25), where diagnostic peaks from 
450–600 nm were observed, indicating the metal-to-
ligand charge transfer between the Cu(I) ion and the 
phen ligands.24 Formation of the dative bonds between 
the phen ligands and the Cu(I) ion is a critical aspect of 
controlling the catenane topology in the gel network 
(vide infra). It is important to note that a small 
subpopulation, approximately 14 Da less than the 
desired product, was observed via low-resolution mass 
spectrometry during characterization. This difference in 
mass is attributed to isomerization of the terminal 
alkene during RCM, resulting in loss of a methylene unit. 
This has been observed previously in RCM25 and is 
commonplace in the synthesis of small and 
oligocatenanes.26,27 After complete characterization, 14 
was incorporated into organogels to evaluate the extent 
to which control over the crosslinker’s conformational 
motions impacted the gel’s mechanical properties.  

Gels were synthesized (Fig. 3a) by dissolving 2-
methoxyethylacrylate (MEA), 14, and ammonium 
persulfate (APS) in DMSO, on a 4 wt% basis of 14 (Table 
S1). The pre-gel solution was vortexed to ensure 
compete mixing, and then pipetted into molds and cured 
at 80 °C for 25 min. It should be noted that gels could not 
be synthesized with the metal-containing catenate 
crosslinker 15 because oxidation of Cu(I) competed with 
homolytic formation of radicals necessary to 
initiate/propagate the polymerization.28 After the 

 

Scheme 1. Synthesis of [2]catenane-based crosslinker 14. (i) Grubbs 2nd, CH2Cl2, 50 °C, 48 h; (ii) [Cu(CH3CN)4]·PF6,
 

CH3CN, rt, 15 min; (iii) (9), CH3CN, rt, 1 h; (iv) Grubbs 2nd, CH2Cl2, 50 °C, 24 h; (v) KCN, CH3CN, H2O, rt, 1 h; (vi) TFA,
 

CH2Cl2, 0 °C, 4 h; (vii) acryloyl chloride, Et3N, CHCl3, 0 °C, 4 h; (viii) [Cu(CH3CN)4]·PF6, sodium ascorbate, CH2Cl2, MeOH, 
0 °C, 2 h.  
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polymerization had gone to completion, the gels were 
swelled in MeOH to remove the DMSO, followed by 
treatment with a base (LiCN/KCN salts) to remove any 
residual protons from the phen ligands. These protons 
were acquired during the crosslinker acrylation step, 
wherein HCl was generated as a by-product, resulting in 
the as-synthesized gel appearing (Fig. 3b) yellow in 
color. Cyanide salts were used as the base in this step 
because they were later used to efficiently remove bound 
Cu(I) from the phen-phen complexes, resulting in 
translucent gels. The treated gels were then subjected to 
oscillatory shear rheology and tensile testing (vide infra).  

After assessing the mechanical properties of 
the treated, as-synthesized gels, Cu(I) metal was readily 
incorporated into the crosslinker via soaking the gels in 
a N2-sparged solution of [Cu(CH3CN)4]·PF6 and sodium 
ascorbate in MeOH (Fig. 3a-b). Addition of the metal 
caused the colorless gels to appear red, indicating 
successful complexation. Next, the gels were soaked in an 
ethylenediaminetetraacetic acid (EDTA) solution to 
remove any excess metal not bound by the phens of the 
crosslinker before measuring the changes in the gels’ 
mechanical properties. It is noteworthy that EDTA only 
removes residual metal ions and not those complexed by 
the phen ligands. This selectivity was confirmed in 
solution for 15 by 1H NMR (Figs. S22) and UV-Vis 
spectroscopy (Fig. S26).  

Removal of Cu(I) from the gels was performed 
by soaking them in a LiCN or KCN solution of MeOH for 2 
h. A visible color change was observed (Fig. 3b), as the 
red color from the metal-ligand interaction was 
disrupted. The use of LiCN instead of the more readily 
available KCN was necessary because the latter gave 
inconsistent results during tensile testing, such as 
increased elongation at break and diminished tensile 
strength. We hypothesize the reason for these 
inconsistencies is because the de-metalated crosslinker 
(14) can coordinate the larger K+ cations better than Li+ 
cations. To test this hypothesis, two sets of gels 
crosslinked by 14 were treated separately with KCl and 
LiCl solutions. The KCl-treated gels exhibited increased 
elongation at break and decreased tensile strength, 
whereas the gels treated with LiCl did not experience 
significant changes. Furthermore, polyMEA was 
synthesized (Scheme S17) and treated with KCN as a 
control experiment (Scheme S18) to demonstrate that 
changes in the mechanical properties were not due to 
KCN-induced degradation of the polymer backbone in 
the gel. The lack of degradation was confirmed by 1H and 
13C NMR spectroscopy (Fig. S23-24).  

 

Figure 2. 1H NMR (CD3CN, 25 °C, 128 scans) of Boc-protected macrocycle (10), [2]catenane (14), and Cu[2]catenate 
(15). □ – CH2Cl2. 
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Oscillatory shear rheology was performed on 8 
mm diameter disc-shaped punches obtained from each 
of the catenane-crosslinked gels. The cyanide-treated, 
as-synthesized gels yielded four punches in total. 
Notable changes in the storage (G′), loss (G′′), and 
complex shear (G*) moduli were observed (Table 1) for 
the Cu(I)-metalated gels versus the as-synthesized gels, 
and for those de-metalated via KCN treatment. 
Specifically, G′ increased 11.6% in going from the as-
synthesized gel to the Cu(I)-metalated gel, while G′′ 
decreased by 50.1%. Conversely, KCN treatment of the 
metalated gels decreased G′ by 17.4% and increased G′′ 
by 61.5%. A second Cu(I) metalation step increased G′ by 
16.3% and decreased G′′ by 39.6%. Correspondingly, G* 
changed ~20% after each step. We hypothesize that gels 
with a “locked” catenate conformation behave more like 
ideal elastic materials relative to their “freely rotating” 
catenane counterparts. The decrease in storage modulus 
for the de-metalated gels indicates that they are more 
viscous than the metal-containing, conformationally 
“locked” gels.  

Dynamic tensile testing was used to quantify 
changes in Young’s modulus (E) and tensile strength (TS) 
for each gel to corroborate the data obtained from shear 
rheology experiments. The trends observed for E for 
each gel upon metalation/de-metalation match well with 
those observed for G*, at least up until the second 
metalation step. However, physical degradation of the 
gels became evident after the second Cu(I) metalation 
step, meaning the data from mechanical testing beyond 
the first cycle became less reliable (Fig. S12-13). 

Moreover, the trend for TS was also consistent over the 
first metalation step, i.e., a roughly 20% increase was 
observed, but the TS did not return to its original value 
after de-metalation (Table 1). As a control experiment, 
gels were synthesized using MEA and polyethylene 
glycol diacrylate (PEGDA) as the crosslinker. No changes 
in material properties were observed upon Cu(I) 
metalation of the PEGDA-crosslinked gels, confirming 
that the physical changes observed for the [2]catenane-
based gels are related entirely to the topology of the 
crosslinker (Table S2). 

In conclusion, a Cu(I)-responsive [2]catenane-
based crosslinker was synthesized, incorporated into 
organogels, and the mechanical properties of the 
material tested using oscillatory shear rheology and 
dynamic tensile testing to determine the role Cu(I) 
metalation/de-metalation played in the gels’ mechanical 
properties. These gels were compared to PEGDA-
crosslinked gels, the latter of which displayed no change 
in physical or mechanical properties upon metalation. 
Thus, the use of metals in a catenane-crosslinked gel 
network represents a novel strategy for changing the 
macroscale properties of the material without affecting 
its overall network connectivity. Future investigations 
will include incorporation of [n]catenane crosslinkers 
into other more robust materials, as well as studies 
looking to improve the durability, and therefore 
cyclability, of the soft material.  

 

 

Figure 3. (a) Scheme describing incorporation of the [2]catenane-based crosslinker 14 into a MEA-based organogel, 
followed by post-synthetic modification of a gel network using metalation/de-metalation. (b) Pictures of gels cycled 
between treatments. The ruler scale is in centimeters.  
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