
Increasingly threaded polypseudorotaxanes with reduced 
enthalpies of melting

Journal: Polymer Chemistry

Manuscript ID PY-COM-09-2024-001006.R1

Article Type: Communication

Date Submitted by the 
Author: 16-Oct-2024

Complete List of Authors: Sun, He; University of Florida, Department of Chemistry
Gitter, Sean; University of Florida, Department of Chemistry
Treaster, Kiana; University of Florida
Marquez, Joshua; University of Florida
Sumerlin, Brent; University of Florida, Department of Chemistry;  
Wagener, Kenneth; University of Florida
Evans, Austin; University of Florida, 

 

Polymer Chemistry



Increasingly threaded polypseudorotaxanes with reduced enthalpies of melting 

He Sun,1 Sean R. Gitter,1 Kiana A. Treaster,1 Joshua D. Marquez,1 Brent S. Sumerlin,1 Kenneth B. 
Wagener,1 Austin M. Evans1*
1George & Josephine Butler Polymer Research Laboratory, Department of Chemistry, Center for Macromolecular Science & 
Engineering, University of Florida, Gainesville, FL 32611, United States

Abstract 
Polymers that contain mechanical bonds have unique and useful properties. It is difficult to prepare 
linear polyrotaxanes that contain well-defined mechanical bonds, which has made it challenging to 
establish the influence of mechanical bonding on linear polyrotaxane properties. We disclose the 
synthesis of 1,9-decadiene-pseudorotaxane linear copolymers with variable densities of threaded 
macrocycles using acyclic diene metathesis (ADMET) polymerization. This enabled our investigation 
into how macrocyclic threading impacts the thermomechanical properties of linear 
polypseudorotaxanes. Specifically, we observe that the melting enthalpy decreased from 67 to 5 J g-1 
as we increased the molar incorporation of a pseudorotaxane unit. Going forward, we expect ADMET 
to be useful for preparing linear mechanically interlocked macromolecules at scales relevant for 
characterizing their thermomechanical properties. 

Introduction
Mechanical interactions between polymer chains govern the macromolecular material properties.1-5 
Well-defined mechanical bonds represent a new method to install these interactions into 
macromolecular materials in a systematic way.6-8 For example, creating a (pseudo-)rotaxane by 
threading a macrocycle onto a polymer backbone is reminiscent of loop structures in entangled 
thermoplastics.9 Many researchers have investigated mechanical bonds in network materials, such as 
slide-ring networks held together by mechanical cross-links.10-12 The mobility of these cross-linked 
units imbues these materials with unique material properties that have been demonstrated as useful 
in electrode binders,13-16 biomedical drug delivery,17-20 and self-healing elastomers.21-23 However, the 
influence of mechanical cross-links on linear polyrotaxane properties is not as well-established. 

The limited understanding of mechanical bonding’s influence on linear polymer properties is primarily 
a result of the synthetic difficulty of generating linear polyrotaxanes or polycatenanes at large-scale. 
Recently, strategies have emerged to either scale or control the number of macrocycles on a polymer 
backbone.24-30 These recent synthetic breakthroughs inspire our renewed interest in understanding 
how the incorporation of mechanical bonds influences the properties of linear poly[n]rotaxanes. Here, 
we synthesize a linear pseudo-rotaxane diene that we then randomly copolymerize with 1,9-decadiene 
by acyclic diene metathesis (ADMET). By varying the molar ratio of the monomeric precursors, we 
systematically vary the density of mechanical bonds and probe their impact on linear polyrotaxane 
material properties. Finally, thermal characterization revealed threading-dependent thermal stability 
and melting enthalpies.
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Figure 1. Synthesis of pseudorotaxane diene (orange) and subsequent copolymerization with 1,9-
decadiene (blue) via acyclic diene metathesis polymerization to yield variably threaded 
polypseudorotaxanes (PR-n), where n indicates the mole fraction of threaded monomer. The 
embedded photograph shows ethylene being liberated and removed during polymerization. TFA = 
trifluoroacetic acid.

Results and Discussion

Pseudorotaxane Diene Synthesis 
Secondary dialkylammonium salts complex dibenzo-24-crown-8 (DB24C8) macrocycles strongly (Ka 
of 27000 M–1 in CDCl3) to form threaded pseudorotaxanes.31-33 This understanding inspired us to 
prepare copolymers of a pseudorotaxane diene and a linear alkyl diene to study the effect of 
macrocyclic threading on thermomechanical properties. We began our investigation by preparing a 
pseudorotaxane monomer in a 3-step sequence at large-scale (3 g, Figure 1).30  Briefly, we alkylated 
tBu-carbamate with 6-bromo-1-hexene to yield the boc-protected amino diene. Subsequent 
deprotection and ion exchange yielded an ammonium-containing diene with a hexafluorophosphate 
counterion. Finally, treatment of this salt with DB24C8 furnished the desired pseudorotaxane diene 
monomer, as confirmed by 1H NMR spectroscopy (Figure S7). This pseudorotaxane diene was then 
isolated and polymerized without further purification.

Table 1. Polypseudorotaxane (PR) copolymerization results. 

Entry Name Catalyst
Identity

Theoretical 
Pseudorotaxane 

Incorporation
a (mol %)

Experimental 
Pseudorotaxane 

Incorporation
b (mol %)

Molecular 

Weight
c

(kg mol
-1

)

1 PR-00 G1 0 0 8.2

2 PR-04 G1 4 5 8.5

3 PR-10 G2 10 13 21.4

4 PR-20 G2 20 20 10.6

5 PR-30 G2 30 30 28.1

6 PR-40 G2 40 37 30.3
1 mol% of catalyst was used in each case. aAmount of pseudorotaxane in reaction feed. bDetermined by relative 
integrations of 1H NMR spectra. cDetermined by gel permeation chromatography with inline differential refractive index 
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detection in THF. Mn calculated by conventional calibration using polystyrene standards. See SI for full synthetic 
procedures and structures of G1 and G2.

Linear Polyrotaxanes by ADMET Polymerization
We prepared variably threaded polypseudorotaxanes (PRs) by copolymerizing the pseudorotaxane 
diene with 1,9-decadiene via ADMET polymerization (Table 1). In this case, the central axle is the 
resultant polyalkeneamer. We define our materials as PR-n, where n represents the molar fraction of 
the pseudorotaxane monomer used to produce these polyrotaxanes. We used acyclic diene 
metathesis (ADMET) polymerization with Ru-based catalysts to prepare PRs at a moderate scale 
(>300 mg of total monomer). ADMET polymerizations were performed at 70 °C and under a constant 
vacuum to remove liberated ethylene gas, which increases the monomer conversion. We began by 
copolymerizing 96 mol% 1,9-decadiene with 4 mol% of the pseudorotaxane monomer (Table 1, entry 
2). Analysis of the isolated material with 1H NMR spectroscopy revealed a 5 mol% incorporation of the 
pseudorotaxane monomer by comparing the relative integrations of the macrocycle (3.80, 3.90, 4.16, 
and 6.90 ppm, Figure 2) and backbone olefins (5.38 ppm, Figure 2). Notably, no resonances 
associated with terminal olefins (4.98 and 5.78 ppm) were observed in the crude post-polymerization 
NMR spectrum, suggesting near-quantitative monomer conversion (>95%). Additionally, gel 
permeation chromatography (GPC) with inline differential refractive index (dRI) detection revealed a 
single monomodal peak consistent with Mn = 8.2 kg mol-1. We further confirmed the incorporation of 
the pseudorotaxane monomer with Fourier-transform infrared (FTIR) spectroscopy. Notably, we 
observed a signal at 1000-1500 cm-1 in the FTIR spectrum of PR-04 and no signal at the same 
frequency in PR-00, consistent with incorporating the pseudorotaxane monomer in the linear PR.

 
Figure 2. Peak shading indicates assignment. 1H NMR spectra of variably threaded copolymers in 
CDCl3. 

Copolymerizing higher molar loadings of the pseudorotaxane monomer led to PRs with systematically 
higher numbers of mechanical bonds. We found that the resulting materials displayed an increase in 
pseudorotaxane incorporation (Table 1, entries 3-6) as we increased the molar loading of the 
pseudorotaxane monomer from 4% to 40%. Using ADMET polymerization under constant vacuum, 
we incorporated up to 37 mol% of the pseudorotaxane monomer (Table 1, entry 6). GPC dRI 
chromatograms of each sample lacked significant low MW impurities (Figure 3A) and the resulting Mn 
values were consistently ≥8.2 kg mol-1. These molecular weights are analogous to those achieved in 
other reported ADMET polymerizations.30   Similar to the PR-04, the other PR systems had increased 
1H NMR intensities (3.80, 3.90, 4.16, and 6.90 ppm) consistent with the increased pseudorotaxane 
monomer incorporation. Additionally, we found increased FTIR signal intensity (Figure 3B) associated 
with aryl C-H stretches (3175 cm-1), C=C stretches (1592 cm-1), C-O stretches (1252 and 1209 cm-1), 
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N-H stretches (1121 and 1049 cm-1), and aryl C-H out-of-plane bends (831 cm-1) as the molar 
incorporation of the pseudorotaxane in the material increased. In summary, ADMET polymerization 
produces variably threaded PRs at sufficient scales (>300 mg) for thermal characterization. 

Figure 3. A) Gel permeation chromatograms (GPC) of the variably threaded copolymers. GPC was 
conducted using differential refractive index detection and a tetrahydrofuran mobile phase.  B) Offset 
Fourier-transform infrared spectra of the variably threaded polyrotaxanes and a (C) zoomed in view of 
this data to more clearly show the low wavenumber region of this data. 

Thermal Properties of Linear Polypseudorotaxanes
Having established polymerization conditions that generate materials with tunable pseudorotaxane 
content, we turned our attention to thermally characterizing these materials. Thermogravimetric 
analysis (TGA) reveals that incorporating the pseudorotaxane units decreases the temperature of the 
primary mass loss event from 400 to 300 °C (Figure 4A). This finding is consistent with the presence 
of the C–O and C–N bonds in the pseudorotaxane components and the TGA profiles of the bare 
macrocycle and amine-containing diene monomer (Figure S24). As the incorporation of 
pseudorotaxane is increased from 0 to 40 mol% the magnitude of this lower temperature mass loss 
event increases, consistent with an increased threading density. Moreover, as more macrocycles are 
incorporated along the polymer backbone, the char yield of these materials increases from 0 to 10%. 
It is conceivable that the variable thermal stabilities of the macrocycle and polymer backbone could 
be leveraged to create responsive materials that evolve on thermal curing due to selective cleavage 
of the macrocyclic structure.  
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Figure 4. A) Thermogravimetric analysis (TGA) of the variably threaded polypseudorotaxanes. TGA 
was conducted with a heating rate of 10 °C min-1 under an N2 atmosphere B) Differential scanning 
calorimetry (DSC) thermograms of variably threaded copolymers under heating flow with a heating 
rate of 10 °C min-1 under an N2 atmosphere. 

Differential scanning calorimetry (DSC) revealed that threading a larger number of macrocycles onto 
the polymer backbone leads to gradual changes in the melting behavior of the polyoctenamer (Figure 
4B). In the pure polyoctenamer system, we observe a melting transition at approximately 22 °C that 
is consistent with other reports of polycyclooctene with equimolar backbone cis-/trans-olefins 
produced by ring-opening metathesis polymerization.34 The melting enthalpy drops by over an order 
of magnitude, from 67 to 5 J g-1, as a macrocyclic threading density of 40% is achieved. Notably, we 
do not observe the melting enthalpy associated with pure DB24C8 or the pseudorotaxane monomer, 
indicating that the macrocycles and polymer axles are intimately mixed and not phase-separated 
(Figure S25-27). Taken together, these DSC observations indicate that the interchain packing of the 
bare polyoctenamer is disrupted as macrocycles are threaded onto the backbone. Intriguingly, these 
findings are counter to previous work by Tonelli and coworkers on a poly(ε-caprolactone) cyclodextrin 
system (CD) that showed increasing crystallinity with increasing macrocyclic threading.35 We note that 
many interchain interactions (macrocyclic threading, H-bonding, etc.) are present in these CD based 
systems complicating understanding structure-property relationships in these materials.

Conclusions
We have prepared linear polyalkeneamers with predictable and variable degrees of macrocyclic 
threading. We investigated the thermal characteristics of these materials with TGA and DSC. TGA 
showed that the materials became less thermally stable as the percentage of macrocyclic threading 
increased. It is conceivable that the disparate thermal stabilities of macrocycles and polymer rotors 
may unlock unique temperature-responsiveness in linear PRs. DSC revealed that threading 
macrocycles onto polyalkeneamers lowers their melting enthalpy, which we attribute to disrupted 
interchain interactions in polyrotaxanes. DSC measurements also reveal that the macrocycle and 
polyalkeneamer do not phase-separate and indicate that mechanical bonding may be one method to 
compatibilize otherwise immiscible macromolecular functionalities. For example, macrocyclic 
threading could be used to compatibilize polyethylene and polypropylene waste streams, simplifying 
current recycling methods. Moreover, mechanical bonding may find value in plasticizing 
thermoplastics with molecules that would otherwise phase-separate from the thermoplastic host. This 
would enhance the processability of unique polymer blends enabling access to otherwise inaccessible 
materials. As methods to prepare mechanically interlocked macromolecules mature, we expect that 
these areas will be of valuable fundamental investigation.
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