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Increasing polymer scission rate by tying an overhand knot

Yuheng Hu, Jennifer T. Ou, Jim Y. Huang & Yuanning Feng*

Department of Chemistry and Biochemistry, The University of Oklahoma, Norman, OK 73019, USA

Received May 23, 2024; accepted May 27, 2024; published online June 12, 2024

Citation:
10.1007/s11426-024-2122-9

Hu Y, Ou JT, Huang JY, Feng Y. Increasing polymer scission rate by tying an overhand knot. Sci China Chem, 2024, 67: 3498-3499, https://doi.org/

Similar to the phenomenon of knotted ropes in life, knotted
climbing ropes will reduce their strength due to knots. Al-
though computer simulations [1], theoretical speculation
[2,3], and intuition [3] suggest that similar processes may
occur at the nanoscale, this hypothesis has not been experi-
mentally proven before. With the increasing maturity of
molecular recognition and self-assembly, a research com-
munication by Leigh et al. [4] published in Nature Chemistry
introduced a molecular overhand knot into a polymer to
study its effect on the scission rate of the polymer chain
under tension.

Because the mechanical properties in the macroscopic
world are not applicable to the nanoscopic world, the re-
search project integrates a collar into the polymer to in-
vestigate the effect of the structure on the polymer’s rupture
velocity and the specific breaking bonds under tensile con-
ditions [5,6]. The force in the central region of the polymer is
the greatest under the conditions of ultrasound, and was,
therefore, the most suitable position for embedding in the
knot. In order to maintain the closed structure of the knot, the
authors added a mechanically vulnerable unit — a mechan-
ophore built around a furan/maleimide Diels-Alder adduct
(Figure 1). When the tension accumulates along the back-
bone to a certain value, the mechanophore breaks, opening
the collar and causing the knot to tighten under tension and
then break [7]. The experimental result shows that the pre-
sence of molecular junction increases the cutting rate by
more than 2.6 times and reduces the cutting force. This in-
dicates that the presence of molecular-level knots may ad-
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versely affect the mechanical strength of polymers and other
analogs [8].

The mechanical strength of the polymer was evaluated
through a comparative analysis of the chain center knot 1,
gating unit 2, and linear ligand 3. Results revealed compar-
able cleavage rates between knot 1 and gate 2, while the
cleavage rate of linear ligand 3 was notably slower, in-
dicating superior mechanical strength of the linear ligand. In
seeking to pinpoint opportunities for enhanced reactivity, the
authors sought to identify the breaking point. Proton nuclear
magnetic resonance (IH NMR) spectroscopic analysis con-
firmed that the position of the breakage is located at the
Diels-Alder gate fracture. The investigations unveiled that
the C—O bond adjacent to the naphthalene group experienced
chain breakage, with cleavage observed solely for the oxy-
naphthalene linked to ethylene glycol, leading to contraction
primarily around the central pyridine unit. The fracture lo-
cation was further demonstrated by applying constrained
geometries to simulate external force (CoGEF). The authors
first used molecular mechanics to simulate the extension of
the model knot lacking gate elements, in addition to the
density functional theory (DFT), to simulate the elongation
shortening of this model with the CoGEF curve, demon-
strating bond cleavage at peak energy levels. Notably, the
twisting angle of C—O—C bonds exceeded 30°, accompanied
by a 35° bending of the oxynaphthalene unit, culminating in
cleavage along the C—O bond.

When the polymer strand is in the collapsed cavitation
bubble, the chain stretches until the gating unit opens,
forming an overhand knot that is capable of diffusing along
the polymer chain. Within the cavitation field environment,
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Figure 1 Graphical representations (left) and chemical structural formulas (right) of the breakage and separation of an overhand knot within a polymer
through the cavitation-induced elongational flow. In this process, a gated overhand knot — which is equivalent to a trefoil knot — is stretched through a
cavitation elongational flow modified through activating polymer chains (color online).

there is insufficient time for the overhand knot to untie. As
the overhand knot progresses into its final stage of contrac-
tion, numerous skeletal deformations emerge, ultimately
leading to the rupture of the C—-O bond, stabilized by the
hydrogen bonding of amide and pyridine lone pairs of
electrons.

Matter exhibits different behavior at varying scales; while
macroscopic knots are stabilized by friction and inertia, these
forces do not apply at the nanoscale. Despite this, overhand
knots show similar stress distribution and breaking points
whether in molecular, microscopic, or macroscopic strands.
Knotting in polymers drastically reduces the mechanical
strength, decreasing the force required for scission from >5.6
to 2.9 nN, and increasing the scission rate by at least 2.6
times compared to unknotted polymers. Such knots alter
which chemical bonds break in a polymer chain compared
with those in unknotted polymers.

Knots are common in biomacromolecules and sponta-
neously form in many synthetic polymers, though the like-
lihood of random knot formation is significant only in
polymers with molecular weights greater than 1 MDa. Un-
derstanding how knots affect the mechanical integrity of
polymers can be extended to various applications, from de-
veloping more durable synthetic fibers to designing new
materials with tailored mechanical properties. Future re-
search could also investigate the effects of different knot
types and densities on polymer behavior and the application

of these principles in natural systems where knotting and
entanglement naturally occur. Particularly in biomaterials
and medical devices, these studies might lead to break-
throughs that enhance durability and functionality. Further-
more, the fields of nanotechnology and molecular machines
will greatly benefit from this research. By introducing and
controling molecular knots, scientists can design more
complex and efficient nanostructures and molecular devices,
which will further promote the field. Ultimately, integrating
knot mechanics into material sciences opens new pathways
for innovation in applications of both natural and synthetic
polymers, providing a broad horizon for the development of
future materials.
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