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Abstract 

Mechanically induced chemical bond scission underlies the fracture and 

macroscopic failure of polymeric materials. Thus, the mechanical strength of scissile 

chemical bonds plays a role in material failure and in the mechanical initiation of 

cascade reactions, but quantitative measurements of mechanical strength are rare. This 

dissertation describes research that quantifies relative mechanical strengths of polymers 

that possess a variety of chemical and topological functionalities in order to assess the 

strength of putative “weak bonds” along their backbones.  

First, relative mechanical strengths of “weak” bonds that break by homolytic 

scission were assessed: the carbon-nitrogen bond of an azobisdialkylnitrile (< 30 kcal 

mol-1), the sulfur-sulfur bond of a disulfide (54 kcal mol-1), and the carbon-oxygen bond 

of a benzylphenyl ether (52-54 kcal mol-1). The mechanical strengths were assessed in the 

context of chain scission triggered by pulsed sonication of polymer solutions, by using 

the competing non-scissile mechanochemical reaction of gem dichlorocyclopropane 

mechanophores as a gauge of the force required for chain scission. The relative 

mechanical strengths of the three weak bonds are found to be: azobisdialkylnitrile 

(weakest) < disulfide < benzylphenyl ether. The greater mechanical strength of the 

benzylphenyl ether relative to the disulfide is ascribed in part to poor mechanochemical 
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coupling as a result of the rehybridization that accompanies carbon-oxygen bond 

scission.   

Studies of bond scission were extended to include the effect of topology. The 

introduction of mechanical bonding in polymers can sufficiently affect physical 

properties, but experimental measurements of the relative strengths of topological 

bonding are rare. We studied the relative mechanical strengths of three bonding 

topologies formed from the same set of chemical functionalities: a catenane, a 

symmetrical macrocycle, and a linear construct. Mechanical strengths were obtained by 

analysis of molecular weight of polymers with embedded topological molecules after 4 h 

of pulsed sonication (M4h). The obtained M4h was converted to the length (L4h) using the 

calculated force free length of each monomer. The relative mechanical strengths of these 

topological molecules are nearly identical based on L4h, and we conclude that the 

mechanical strength of a mechanical bond (catenane) is as high as that of a linear analog. 

Using these methods, the relative mechanical strengths of triazoles were also 

investigated. Random copolymers containing either 1,4-triazole, 1,5-triazole, or indole 

were synthesized via entropy driven ring opening metathesis co-polymerization. 

Solutions of those polymers were subjected to pulsed ultrasound for 4 hours and M4h 

measured was less than the M4h of poly(gDCC). Taken together, these results suggest 

that the introduction of these heterocycles does weaken the polymer main chain, but not 

through mechanically assisted cycloreversion.  
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As an extended study of mechanical strength of different molecular topologies, 

the sonochemistry of a polymeric trefoil knot was also investigated. A zinc-templated 

polymeric trefoil knot was subjected to pulsed ultrasound, to determine whether 

demetallation can be mechanically triggered by tightening the trefoil knot under high 

forces of tension. The products of sonication of the polymeric trefoil knot were analyzed 

by 1H NMR and by the color change of dithizone solution used to coordinate any 

released zinc. No evidence for mechanical demetallation or knot scission was obtained, 

suggesting that the presence of the zinc template in the trefoil knot can prevent knot 

tightening and subsequent weakening and scission. 
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Dedication 

All theory, dear friend, is gray, but the golden tree of life springs ever green. 

- Johann Wolfgang von Goethe 
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1. Introduction 

1.1 Motivation 

1.1.1 Background 

Polymeric materials are commonly used in daily life and various fields, because 

they are amenable to large-scale and economically viable production.1 Generally, 

however, repeated exposure to mechanical stresses such as loading, bumping, pushing, 

or pulling of polymeric materials results in defects that eventually propagate to the 

point of failure by mechanically triggered molecular mechanisms, including the scission 

of covalent bonds2 and chain disentanglement (Figure 1).3  

 

Figure 1: Polymeric materials experience mechanical stresses. These stresses can, in 

some cases, trigger the scission of covalent bonds within the material, forming defects 

and eventually propagating to the point of failure. 
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In order to extend the useful lifetime of polymeric materials, there is growing  

interest in the design and synthesis of polymers with properties such as damage sensing, 

self-healing, and self-reinforcing behavior.1 But a relatively unexplored area of inquiry is 

to establish the forces at which various chemical functionalities break, i.e. quantifying 

the relative mechanical strength of different functional groups in materials. The 

development and application of methods for that purpose is the focus of the work 

described in this dissertation. 

To understand how mechanical force affects chemical reactivity, it is important 

to understand the physical basis of mechanically induced reactivity at the molecular 

level. This physical concept was first described by Kauzmann and Erying4 and further 

extended by Bell.5 Ultimately, mechanically induced reactivity of molecules can be 

discussed in the context of the magnitude and direction of an applied external force, and 

differential change in length along the associated force vector on going from ground 

state to transition state. The force-coupled activation energy is decreased under an 

applied external force that is coupled to the reaction coordinate and the rate of bond 

breaking depends on the magnitude of the force (Figure 2).6    
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Figure 2: Potential energy surface without applied force (blue) and with an applied 

external force coupled to the reaction coordinate (red). The applied force causes the 

reduction in activation energy. ∆x is the distance from reactant to transition state. 

As described in Equation 1, the bond dissociation rate can be modified by an 

applied external force through the change in length between ground state and transition 

state. 

k(F) = A* exp(-[EA-F∆x]/kBT)                                             Equation 1 

(∆E = EA-F∆x) 

In this equation 1, A is the Arrhenius pre-exponential factor, EA is activation energy 

without applied force, kB is Boltzman’s constant, T is the absolute temperature, and ∆x is 

a distance from ground state to transition state. This equation assumes that ∆x is 

independent of force, and it is therefore an oversimplification,7-9 and it is only valid for 

simple bond-breaking along the reaction coordination of the system as a one-
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dimensional model. This model assumes that external force does not affect the relative 

position of the reactant and transition state, but simply lowers activation energy. That is, 

∆x is not changed by F. This approximation is additionally not rigorously true for real 

systems, due to coupling between other modes that also change as the reaction 

progresses.  

To address this problem, Martinez10 and Marx11,12 developed full three-

dimensional force-coupled reaction coordinates that explicitly consider how reactant 

and transition state configurations are modified under external force. First, Martinez et al. 

explained “force modified potential energy surface” using ab initio molecular dynamics 

that account for changes in barrier heights and transition state geometries due to 

external force (Equation 2). 

V(x) = Vab initio(x) +            Equation 2 

In equation 2, Nattach is the number of molecular attachment points, F is fixed external 

force, xi is the position of an attachment point,  is the position of a pulling point, and 

 is initial position of attachment points.  
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Similarly, the Marx group also showed “force transformed potential energy surface” 

using electronic structure methods by applying external force directly on respective 

atoms as shown in Equation 3.  

V (x,F) = VBO(x) – FR(x)                                                 Equation 3 

Here, VBO is the Born−Oppenheimer potential energy surface as a function of all nuclear 

Cartesian coordinates x, and R(x) is the mechanical coordinate generalized by coordinate 

in terms of x. Therefore, this method allows the structures of reactant, transition state 

and product to be obtained at fixed external force (F).  

 Note that equations 2 and 3 ultimately reduce to the same equation, and so both 

methods allow direct information about how mechanical force affects complex 

molecular system to be obtained.    

1.1.2. Scissile Mechanophores 

  Polymer degradation is an inescapable issue, arising from exposure to friction or 

external force and resulting in homolytic bond scission in materials. Hence, it is 

desirable to develop new materials having functions to prolong lifetime of materials. 

Developing new polymeric materials having properties like damage sensing, self-

healing, and self-reinforcing requires active molecules by mechanical force. These stress 

responsive small molecules are called “mechanophores”, and they undergo effective 

reaction with force. The force on polymer chains is coupled to the mechanophore 
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embedded in the polymer midchain, and mechanophores have recently been developed 

to provide force redistribution13-16, force-induced color change17,18 and the potential for 

remending.19  

In the beginning, the field of mechanochemistry investigated selective scission of 

weak chemical bonds in polymer chains such as peroxide,20 azo,21 metal-ligand bonds 

incorporated in the middle of polymer backbone.22-26 This research demonstrated the 

mechanically selective scission of certain “weak”- bonds. Moore et al.21 reported selective 

scission at a single azo moiety embedded in polymer midchain in response to 

mechanical force generated by pulsed ultrasound as mechanical force (Figure 3a).  

In addition to this, various non-homolytic, scissile mechanophores have been 

reported in recent years. Bielawski and co-workers reported mechanically facilitated 

retro-cycloadditions (Figure 3b and 3c),27-29 although these studies have recently been 

questioned and, in many cases, retracted.30 The relative reactivities of various 

cyclobutane mechanophores have also been reported (Figure 3d).31 Besides, 

perfluorocyclobutane (PFCB) polymer is cleaved to trifluorovinyl ethers through 1,4-

diradicals as intermediate under mechanical force, and the trifluorovinyl ether polymer 

is thermally remendable to PFCB polymer (Figure 3e).19 Finally, bis(adamantyl)-1,2-

dioxetane incorporated in the center of polymer is selectively broken by sufficient 
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mechanical forces to generate an adamantanone product whose carbonyl group occupies 

an electronically excited state that subsequently luminesces (Figure 3f).32  

 

Figure 3: Examples of mechanically activated scissile mechanophores induced by 

pulsed ultrasound; a) mechanically selective cleavage at single azo moiety in PEG, b) 

mechanical retro Diels-Alder reaction under pulsed ultrasound, and cycloaddition 

with maleimide and furan under thermal condition, c) mechanical retro-1,3-

cycloaddition to azide and alkyne by applied force, and cycloaddition using copper 

catalyst, d) mechanical cleavage of dicyanocyclobutane affording cyanoacrylate, e) 

mechanical scission of PFCB polymer generating fluorovinylether which can be re-

polymerized under thermal condition, and f) mechanical cleavage of dioxetane 

leading to adamantanone having carbonyl group as electronically excited state. 
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As mentioned above, to date, various scissile mechanophores have been studied 

and developed. On the other hand, experimental measurements of the relative 

mechanical strengths of the bonds that are breaking are rare. Therefore, this dissertation 

focuses on measuring mechanical strengths of various scissile mechanophores, using 

pulsed ultrasound as the technique by which to generate mechanical force.  

1.2 Methods to Investigate Force to Break Scissile Bonds 

At present, several techniques have been used to elucidate how mechanical force 

affects molecular interactions and the rate of reaction. Single molecule force 

spectroscopy (SMFS), for example has been used to quantify various types of covalent 

mechanochemistry. As shown in Figure 4a, a single polymer molecule affixed to the tip 

of an AFM (atomic force microscope) and substrate is stretched under applied force so 

that the rupture force of a single bond can be obtained by analyzing the force-extension 

curve.33 Among studies using SMFS, extracting single molecule kinetic data from 

variable loading–rate studies provides a quantitative measurement of scission rate as a 

function of applied force.34 For example, mechanically activated ligand substitution 

reactions demonstrated that ligand substitution of pyridine to DMSO from Pd pincer 

complex could be accelerated by force (Figure 4b).35 In addition, Fernandez et al. (Figure 

4c) showed that reduction of disulfide with DTT was accelerated with increasing 

mechanical force.36 Even though SMFS is used to quantify chemical binding force on the 
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single molecular level in various studies, its general use is limited by adhesion between 

the tip of AFM and single molecule. The adhesion is often relatively weak, so that the 

single molecule can be detached from the tip before obtaining quantitative information.  

 

Figure 4: Examples of SMFS experiments; a) basic figure showing concept of SMFS; b) 

ligand substitution under mechanical force; c) reduction of disulfide with DTT under 

mechanical force. 

Boulatov and co-workers investigated relationships between restoring force and 

kinetics of localized reaction by using a molecular force probe, thus validating the 

framework of chemomechanical kinetics in the context of intramolecular forces. The 
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force is generated in photoswitchable strained macrocycles containing stiff E-stilbene. As 

one example (Figure 5), they found that the kinetics of thiol/disulfide exchange37 is 

weakly correlated with restoring force, in contrast to 106 fold acceleration of electrocyclic 

C-C bond dissociation of cyclobutene using restoring force.38,39 However, this technique 

is limited by synthetic complexity, its applicability to sufficiently small mechanophores 

only, and the magnitude of force that can be generated (hundreds of pN).38,39 

 

Figure 5: Measuring the kinetics of thiol/disulfide exchange using restoring force 

caused by stiff E-stilbene.37  

Another technique for quantifying mechanochemistry has been developed by 

Sheiko et al., 40 who showed that attractive interactions between the side chains of 

bottlebrush polymers and the surface of a high surface energy liquid substrate induces 

tension along the polymer backbone, generating sufficiently high forces to rupture 

covalent carbon-carbon bonds. As shown in Figure 6, a disulfide bond placed in the 

midpoint of a polymer backbone can be cleaved by tension generated by steric repulsion 

between densely grafted poly(methacylate) side chains. This method requires nontrivial 
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polymer synthesis and relies on indirect, theoretical characterization of the force 

generated.  

 

Figure 6: Brush polymer induces tension to cause homolytic bond scission of 

disulfide bond.40 

In contrast to other methods for quantifying the forces involved in 

mechanophore scission, pulsed ultrasound not only provides high forces (> several nN), 

also it is operationally easy, inexpensive, and requires conventional and easily accessible 

polymer characterization methods. As described in the next section, however, pulsed 

ultrasound has been conventionally used as a qualitative, rather than quantitative, probe 

of mechanochemical activity. This dissertation describes the development of methods to 

turn pulsed ultrasound into a quantitative probe of mechanochemistry. In Section 1.3, 

the principles of pulsed ultrasound are explained in detail.  

1.3 Pulsed Ultrasound 

Ultrasound is high-frequency sound wave ranging from 20 kHz to 500 MHz. The 

range of nondestructive ultrasound (i.e., that used in imaging) is between 2 MHz and 
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500 MHz, but destructive ultrasound is between 20 kHz and 900 kHz.41 Sonochemistry 

for mechanochemical purposes requires the use of the latter.  

 

Figure 7: Schematic depicting mechanism of mechanical polymer chain induced by 

pulsed ultrasound. During ultrasound irradiation, growth and compression cycles of 

cavitation bubbles by compression and rarefaction pressures are repeated until the 

bubble size reaches maximum size. Upon maximum size reaches, the bubbles 

collapse violently leading to solvodynamic shear force to stretch polymer chain. At 

midpoint of the polymer chain, the force is the maximum. The force induces scission 

of polymer chain at midpoint. 

When a solution is subjected to ultrasound, sound waves pass through the liquid. 

The sound waves induce compression and rarefaction in the liquid, the movement of 

which leads to formation of cavitation bubbles. The cavitation bubbles repeat 

compression and rarefaction cycles, during which the bubbles grow until the bubble size 
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reaches a maximum. When it reaches the maximum size, the bubbles eventually 

collapses owing to instability. During this somewhat violent bubble collapse, liquid runs 

to fill the void. The flow causes velocity gradients that stretch the coiled polymers, 

eventually overstressing them to the point of scission if the polymers possess sufficient 

molecular weight.1,42 The point of scission under ultrasound is not random. When shear 

force stretches the polymer chain, the maximum force is found at or near the midpoint of 

the polymer. The scission, therefore, preferentially occurs in the middle of the polymer 

(Figure 7).43-50 Furthermore, during ultrasonic irradiation, the rate of chain scission is 

affected by various factors such as initial polymer molecular weight,43 ultrasound 

intensity,51 solvent,52 temperature,51 concentration,51 and the chemical structure of the 

polymer.20,21  

First, higher initial molecular weight induces rapid chain scission because the 

rate coefficient for the chain scission increases.51 53 Especially, for polymer chain scission, 

polymer molecular weight should be higher than limiting molecular weight (Mlim) at 

where degradation rate of polymer is rarely changed. It is difficult to experience chain 

scission below Mlim. Second, higher intensity induces a faster rate of chain scission, and 

lower Mlim due to larger size of cavitation bubbles, increased bubble density,54,55 and 

higher shear force. Third, higher vapor pressures lead to decreased rate for the chain 

scission because more solvent vapor enters cavitation bubble.56 This phenomenon 
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induces cushioning effect on the bubble collapse leading to slower solvent flow and 

lower shear forces. And fourth, increased temperature causes decreased rate of chain 

scission. High temperature induces increased solvent vapor pressure resulting in 

cushioning effect on cavitation bubble collapse.1,51 Fifth, higher concentration induces 

lower rate of chain scission because increased viscosity makes it difficult to form 

cavitation bubbles.52 Finally, the scission rate of polymer chain including weak bonds is 

faster than that of normal polymer chain.20,21  

Pulsed ultrasound is broadly used for initial study regarding mechanochemistry 

in polymeric materials such as covalent bond breaking and mechanophore reactivity by 

applied force because of easy operation using small material. Especially, ultrasonic 

studies have contributed to research to understand thermally ruled out reaction through 

mechanical process.  

Furthermore, the force provided by pulsed ultrasound can be quantified by gem-

dichlorocycopropane (gDCC) incorporated in polymer, which undergoes mechanically 

activated electrocyclic ring opening to 2,3-dichloroalkene by elongational flow force 

under pulsed ultrasound (Figure 8).16 
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Figure 8: Mechanically activated electrocyclic ring opening of gDCC to 2,3-

dichloroalkene 

This electrocyclic ring opening occurs prior to polymer chain scission when the 

mechanical force is coupled to the expected reaction coordinate. When the polymer 

including gDCC is subjected to pulsed ultrasound, gDCC ring opening can be monitored 

by 1H and 13C NMR spectroscopy. Thus, when abundant gDCC incorporated in polymer 

backbone including distinct chemical bonds is subjected to pulsed ultrasound, relative 

force to break the chemical bond can be quantified based on the ratio of gDCC ring 

opening. Therefore, gDCC polymer can be used for probe to measure mechanical 

strength of chemical bonds.  

In Chapter 2, gDCC embedded in polymer was used as gauge to measure relative 

mechanical strengths of putatively weak bonds comparing to relative percentage of 

gDCC ring opening monitored via 1H NMR.  

1.4 Chemical Bonds Employed 

Weak bonds are regarded here as chemical bonds having lower bond 

dissociation energy (BDE) than that of carbon-carbon bond (~ 85 kcal mol-1)157. To 
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investigate relative mechanical strengths of weak bonds, carbon-nitrogen bond of an 

azobisdialkylnitrile (24-30 kcal mol-1),58 the sulfur-sulfur bond of a disulfide (54 kcal mol-

1),59 and the carbon-oxygen bond of a benzylphenyl ether (52-54 kcal mol-1) were used.60,61 

The relative mechanical strengths of these bonds are explored in Chapter 2.  

A catenane is a mechanically-interlocked molecular architecture of two or more 

macrocycles. These mechanically-interlocked rings cannot be separated without 

breaking covalent bonds.62 One of interesting properties of catenane is the ring 

rotation.63-65 Catenanes thus have high degree of freedom and mobility.66,67 Due to this 

property of catenane, interest of polymer having mechanically interlocked molecules has 

been increasing to obtain novel properties caused by topology comparing to previous 

polymers.68 Various kinds of synthetic methods for polymeric catenane have been 

developed. The research about mechanical strengths of catenane, however, is rare. This 

dissertation, therefore, describes how the topology of catenane affects mechanical 

strength of the bond in Chapter 3.  

1,2,3-Triazole is one of isomeric chemical compounds having molecular formula 

C2N3H3 in five-membered ring.69 1,2,3-Triazole is usually synthesized through Huisgen-

1,3–dipolar cycloaddition with azide and alkyne.70-72 1,4-Disubstituted triazoles are 

mainly synthesized via Copper Catalyzed  Azide-Alkyne Cycloaddition (CuAAC).73-79 

1,5-Disubstituted triazoles, however, are typically synthesized via Ruthenium Catalyzed 
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Azide-Alkyne Cycloaddition (RuAAC).80,81 A triazole is a thermally stable functional 

group,69 but previous research suggested that mechanical cycloreversion of triazoles in 

polymers is possible.28,29 On the other hand, another perspective suggested that polymer 

chain next to a triazole is more easily ruptured than the triazole itself.82 The competition 

between those processes in described in Chapter 4.   

Trefoil knot is the simplest structure of knot. Studies on relative bond strengths 

of knots have already been done.83,84 These results show that entrance point of knot is 

always broken in advance as the weakest part. Based on this property, therefore, interest 

regarding how knot influences on polymer properties has been increasing.85-87 Klein et 

al.88-90, investigated influence of a trefoil knot on polymer strength through ab initio 

computational calculation. According to the result, trefoil knot induces weakening of 

polymer strand due to tension at the entrance to the knot. 

Not only studies on knot properties have been investigated through 

computational calculation88-90 but also interest of knot synthesis has been increasing in 

organic synthesis.  Hunter’s group developed a template synthesis of trefoil knots 

through folding and threading of trisbipyridine driven by zinc metal coordination to 

make octahedral structure.91  
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This dissertation shows that hydrodynamic shear forces of pulsed ultrasound 

allow demetallation of zinc from knot by tightening knot in stretched polymer in 

Chapter 5.  
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2. Relative Mechanical Strengths of Weak Covalent 
Bonds in Sonochemical Polymer Mechanochemistry 

2.1 Introduction 

Mechanically induced chemical bond scission underlies the fracture and 

macroscopic failure of polymeric materials, such as thermosetting polymers that are 

widely used as rubbers and adhesives in a variety of contexts.1 Characterizing bond 

scission under force is therefore of considerable interest, and might aid in the design of 

efficient mechanophores that respond constructively to critical stresses or strains to 

create damage sensing, self-healing, and self-reinforcing materials.18,92-94 Scissile 

mechanophores reported in recent years include the selective cleavage at a single azo 

moiety in poly(ethyleneglycol) (PEG) to generate specific and reactive carbon-centered 

radicals,21 retro-cycloadditions to unveil latent reactivity,31 including remending,19 and 

the selective scission of bis(adamantyl)-1,2-dioxetanes for mechanically triggered 

luminescent reporting.32 To date, however, experimental measurements of the relative 

mechanical strength of the bonds that are breaking are rare.33,40,95 Here, we employ 

mechanical reactions of mechanophores embedded in polymers to compare the relative 

mechanical strengths of a series of presumably “weak” bonds: the carbon-nitrogen bond 

of an azobisdialkylnitrile (24-30 kcal mol-1),58 the sulfur-sulfur bond of a disulfide (54 

kcal mol-1),59 and the carbon-oxygen bond of a benzylphenyl ether (52-54 kcal mol-1).60,61 

We find that whereas the disulfide bond is weak and the carbon-azo bond is weaker still, 

the benzylphenyl ether bond has a greater mechanical strength than the disulfide, 
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despite the effectively equivalent thermodynamic strengths of the two bonds. The 

geometry changes that accompany rehybridization as the C-O bond breaks are 

implicated as a contributor to the less efficient mechanochemical coupling relative to the 

disulfide. Dr. Zhenbin Niu and I equally contributed to perform this project. 

2.2 Strategy for the Experiment 

Our strategy is shown in Figure 9. The overarching idea is to exploit a 

competition between the activation of non-scissile mechanophores (in this case, gem-

dichlorocyclopropanes (gDCCs))16 and the chain scission reaction of interest.  As a 

polymer is trapped in the elongational flow fields that accompany the collapse of 

bubbles in pulsed sonication experiments, the force builds along the polymer main 

chain.1,42 The force peaks near the polymer midchain and decays with distance from the 

peak.96 This leads to mechanically triggered ring opening of the gDCC mechanophores, 

beginning in the center of the polymer and radiating outward in a continuous string97 

until the bubble collapse ends or the chain breaks.  By incorporating multiple, putatively 

“weak,” bonds along the main chain, we set up a competition between the two 

mechanochemical processes of non-scissile gDCC ring opening and weak bond scission.  

The more easily the scissile bonds break, the less ring opening occurs per chain scission 

event, and this phenomenon has been exploited previously to discover new scissile 

reactions that occur between adjacent tension-trapped diradicals.98 Here, we use the 
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extent of non-scissile mechanophore activation as a measure of the relative mechanical 

strength of the weak bonds of interest.   

 

Figure 9: Schematic illustration of the multi-mechanophore approach to characterizing 

the strength of weak bonds.  The strategy involves polymers along whose backbone 

are embedded both multiple scissile bonds (thin black lines) and non-scissile 

mechanophores (blue), (a) Under the elongational flow fields generated by pulsed 

ultrasound, the polymer chain is stretched (b) and the non-scissile mechanophores 

start to react, beginning near the midpoint of the stretch chain and radiating outwards 

(red). These reactions continue until a bond breaks (c), at which point the force 

disappears and the overstretched chain relaxes. The competition between the extent of 

non-scissile mechanophore activation and chain scission provides a measure of the 

mechanical strength of the weak bond; weaker bonds break earlier, resulting in less 

non-scissile mechanophore activation (i.e., the red area is smaller). 

Entropy-driven ring opening metathesis copolymerization (ED-ROMP)99-101 

provides a gentle, robust, and facile methodology for embedding the necessary 

functionality in quantitative manner along the polymer backbone. Weak bonds (WBs) 
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containing bis-alkenes were synthesized via mild N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDCI) and 4-(dimethylamino)pyridine (DMAP) 

coupling reaction. Ring closing metathesis (RCM)102 of WB containing bisalkenes 

afforded the WB macrocyclic monomers (Figure 10). Random copolymers (molecular 

weight  40 kDa) of gDCC-containing polybutadiene (PB) incorporating 11-12 mol % WB 

monomers were prepared via ED-ROMP with gDCC-functionalized cyclooctene (Figure 

11).   

 

Figure 10: Synthesis of WB macrocyclic monomer 
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Figure 11: (a) Synthesis of Grubbs-py.103 (b) General synthetic strategy and naming 

convention for random copolymers containing controlled content of weak bonds and 

gDCC mechanophores. 

Since the distribution of forces generated in pulsed ultrasound is a function of 

polymer contour length,16 all polymers were prepared in order to have similar contour 

lengths (Table 2) as calculated with equations 1 and 2: 

  Lc = [(%WB)*(Nbb(WB)) + (1 - %WB)*(Nbb(gDCC))]*DP      (1)                  

                   where DP = (Mn)/[(%WB)*(MW of WB) + (1 - %WB)(MW of gDCC)]      (2) 

and Nbb is the number of atoms each monomer contributes to the polymer backbone 

when incorporated. 
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Table 1: Number of atoms contributed to the polymer backbone (Nbb) and molecular 

weight (MW) of each monomer used in the polymerization. 

 

Table 2: Mn, %WB, DP (degree of polymerization) and calculated contour length (Lc) 

of each polymer 

 

Polymerizations were performed for relatively long times (> 3 h) in order to 

ensure cross-metathesis and thus the formation of nearly random copolymers. The 

copolymers bear two ester bonds in each weak bond repeating unit, and methanolysis of 
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the ester bonds in copolymers was performed to remove all the weak bond units to 

afford poly(gDCC)diol (Figure 12). Thus, random copolymer structures were confirmed 

by the methanolysis of the esters in poly(CC-gDCC) (WB = 12.2%, Mn = 112 kDa, PDI = 

1.48) to afford hydroxyl-terminated polymer fragments (Mn = 1.9 kDa, PDI = 2.01). 

Calculations were done for copolymer containing 12.2 mol% CC units. Methanolysis 

occurred at every WB or run of WB units. With 12.2% WB incorporation, assuming a 

random distribution of monomers, the average run length of WBs is 1/(1-0.122) = 1.14.  

Thus, the effective ratio of gDCC:WB runs is 0.878:(0.122/1.14), and so the probability of 

one gDCC being followed by another is 0.891. The average run length of gDCC units is 

therefore 1/(1-0.891) = 9.2. The expected average MW is therefore 9.2 * 191 + 144 = 1.9 

kDa.  Where 191 Da is the mass of each gDCC repeat and 144 Da are left at the end of 

each gDCC run from the methanolysis of the WB unit. The expected polydispersity of 

the gDCC runs is (1 + 0.891) = 1.9. On the other hand, with 12.2% WB incorporation, 

assuming a block distribution of monomers, expected MW is 92 kDa (See Section 2.5.3). 

As described above, the comparison indicates that the copolymers are random. 

 

Figure 12: Methanolysis of copolymer to confirm random copolymer structure; the 

copolymers bear two ester bonds in each weak bond repeating unit, and methanolysis 

of the ester bonds in copolymers was performed to remove all the weak bond units to 

afford poly(gDCC-cyclooctadiene) diol 
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2.3 Results and Discussion 

Three polymers containing the weak bonds of interest were prepared (Figure 11): 

poly(NN-gDCC), carbon-nitrogen bond strength of 24-30 kcal mol-1; poly(SS-gDCC), 

sulfur-sulfur bond strength of ~52 kcal mol-1; and poly(BE-gDCC), carbon-oxygen bond 

strength of 52-54 kcal mol-1. In addition, we prepared the control polymer poly(CC-

gDCC), which contains no bonds that are expected to be substantially weaker than those 

in the gDCC-PB portion of the polymer. The polymers were subjected to pulsed 

ultrasound in chloroform containing 3 wt% BHT (butylated hydroxytoluene) at 6-9 °C in 

an ice-water bath under nitrogen atmosphere, and the fraction of gDCC units that 

underwent electrocyclic ring opening (Ф) as determined by 1H NMR was characterized 

as a function of the number-averaged molecular weight (Mn) as determined by gel 

permeation chromatography with multi-angle light scattering (GPC-MALS).  

The effect of added WBs is often dramatic, as seen by comparing four poly(SS-

gDCC) polymers with differing disulfide contents (0%, 11.5%, 21%, and 30%). As the 

disulfide content increases, the rate of molecular weight degradation increases modestly 

(Figure 13a), but the fraction of gDCC ring opening, Ф, as a function of scission cycle (SC, 

where SC = [ln(Mn,0)ln(Mn,t)]/ln2) changes dramatically (Figure 13b). For convenience, 

we report the competition between gDCC ring opening and chain scission in terms of Фi, 

the initial slope of the Ф vs. SC curve.  Whereas Фi = 0.78 for poly(gDCC), it drops 

dramatically to 0.19, 0.14, and 0.14 for disulfide monomer contents of 11.5%, 21%, and 
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30%, respectively. That the reduction in Фi is due to the disulfides, rather than some 

other bond within monomer SS, is confirmed by sonicating the control poly(CC-gDCC), 

whose Фi of 0.78 is indistinguishable from that of poly(gDCC).   

 

Figure 13: (a) Polymer molecular weight in poly(gDCC) and poly(SS-gDCC) as a 

function of disulfide content and sonication time. (b) Fraction of ring opening of 

gDCC mechanophores as function of scission cycle and disulfide content. Red lines 

represent linear fits to data points constrained through the origin; slope = Фi. 

The carbon-nitrogen bond in the azobisdialkylnitrile mechanophores exploited 

previously by Moore and co-workers21 is weaker still than the disulfide bond (24-30 kcal 

mol-1 vs. 52-54 kcal mol-1), and so we expected its mechanical strength to be lower as well.  

Consistent with this expectation, Фi of poly(NN-gDCC) with 11.7% WB was found to be 

0.06. The azobisdialkylnitriles are therefore not only highly efficient thermally triggered 

initiators of free radical chemistry, but highly efficient mechanochemically triggered 

initiators as well. In fact, the forces necessary for their activation in the ultrasound 

experiments are apparently comparable to those required to open the gDCC 

mechanophores themselves (~2 nN in this context; see below).104  
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By comparison, the relative strength of poly(BE-gDCC) was initially something 

of a surprise to us, as its Фi of 0.63 is much higher than that of poly(SS-gDCC), despite 

the fact that the homolytic bond dissociation energy of its carbon-oxygen bond (52-54 

kcal mol-1) is effectively identical to that in the disulfide units. In fact, this value is 

comparable to that of the control polymers, and the Ф vs. SC plots of the two polymers 

are only modestly outside of experimental uncertainty (Figure 14). The benzylphenyl 

ether unit therefore exhibits unexpectedly high mechanical stability given its relative 

modest thermodynamic stability. 

 

Figure 14: Ring opening () as a function of scission cycle (SC) in three putative weak 

bond containing polymers and two control polymers. Red lines are linear fits to the 

data constrained through the origin; slope = Фi. 

We attribute the relative lack of mechanochemical activity to poor 

mechanochemical coupling due at least in part to rehybridization during the bond 

dissociation. A primary factor contributing to the low bond strength is the differential 

resonance stabilization of the benzyl radical that is formed upon scission. The resonance 
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stabilization involves a formal rehybridization of the benzyl carbon atom upon which 

unpaired spin is concentrated, from sp3 to sp2, and the associated geometry changes 

develop smoothly as the carbon-oxygen bond lengthens. As a result, the length gained 

across the mechanophore as the C-O distance increases is partially offset by the 

contraction that results as the C(phenyl)-C(benzyl)-O bond angle decreases, from close 

to 109° towards 90°, in order to accommodate the rehybridization. It is the overall 

change in length across all coupled nuclei that dictates mechanochemical coupling, and 

such effects have been shown to have substantial impact on mechanophore activity.104,105 

As shown in Figure 15, the end-to-end distance of the benzylphenyl ether changes 

almost insignificantly (0.035 Å ) when the C-O bond is computationally stretched by 0.6 

Å , as opposed to a distinct offset of 0.312 Å  calculated for the disulfide (see chapter 2.5.8 

for computational details), and differences in coupling are observed across all bond 

extensions. The consequences of secondary structural changes, including those 

involving rehybridization, in the context of mechanochemical coupling were first 

proposed by Boulatov106 to account for a lack of force dependence observed in the 

nucleophilic exchange of disulfides embedded within highly strained macrocycles, to 

which the explanation offered here is quite similar. 
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Figure 15: (a) Calculated original geometries of dimethyl disulfide (left) and 

benzylphenyl ether (right). (b) Calculated geometries for the same molecules in which 

the S1-S2 (left) and C1-O1 (right) distances are constrained to be 0.6 Å  longer than 

their initial values. (c) Overlay of initial (blue) and constrained (red) geometries from 

(a) and (b), respectively. (d) Plot of change in overall length (L) as a function of 

change in central bond length (Δx). 
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The measured i values describe the amount of ring opening that accompanies a 

single bond scission, and they can be related to quantitative models of the force 

distribution along the polymer backbone during elongational flow.  For fully extended 

polymer chains, the force distribution is parabolic (Figure 16) with a peak force (Fbreak) 

that corresponds to the average force necessary to break a covalent bond on the time 

scale of the extension event. The fraction of the polymer chain, , that experiences a 

force sufficient for ring opening (Fopen) is then given by:                     

 = ((Fbreak - Fopen)/Fbreak)1/2                   (3) 

The relevant time scale for the extension is taken here to be 10-6 s, and 

extrapolating our previous force spectroscopy studies104 to that time scale gives Fopen = 

2040 pN for the gem-dichlorocyclopropanes. Setting  = i, the corresponding value of 

Fbreak for the poly(gDCC) and poly(CC-gDCC) backbones is 5.2 nN, as compared to 2.6 

nN required to break the carbon-carbon backbone of poly(acrylates) adsorbed on 

surfaces on the time scale of days.95 The characteristic peak force for poly(BE-gDCC), in 

comparison, is 3.4 nN. We regard these numbers as reasonable estimates, but their 

accuracy assumes that the polymer chains are fully stretched107 and that both activation 

without scission (which would artificially increase ) and multiple scissions of a single 

chain (which would artificially lower it) are rare events. We note in particular that 

multiple scissions of a single parent chain (and perhaps incomplete uncoiling) are 

increasingly likely for weaker bonds, and so the observed i values of poly(SS-gDCC) 
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and poly(NN-gDCC) likely underreport the true mechanical strength of those bonds.  

Nevertheless, it is clear that the disulfide bond in particular requires a higher force to 

break on the ultrasound time scale than is required for gDCC ring opening, whereas the 

azobisdialkylnitrile is probably comparable to gDCC ring opening. As forces of ~1.9 nN 

are required for disulfide bond scission to occur on the time scale of hours,40 forces of 

between 2 and 3 nN might reasonably be expected to be involved in disulfide scission on 

the microsecond time scale. 

 

Figure 16: Theoretical force distribution along a polymer backbone under the 

extensional flows generated by pulsed ultrasound. Fbreak represents the average force 

at which the polymer chain breaks. Fopen represents the force required for gDCC 

activation on the characteristic time scale of the extensional flow field. The x-axis 

range subsumed by the points at which the graph crosses Fopen gives . 

 

                                                                                                                                                                          

 



 

33 

2.4 Conclusion 

We have used non-scissile, multi-mechanophore polymers as a reporter of the 

relative mechanical strength of weak scissile bonds embedded within them. The 

competition between scissile and non-scissile processes reveals that azobisdialkylnitriles 

are activated at lower forces than are disulfides, although the latter are still much 

weaker than the rest of a polybutadiene-based backbone. The relative reactivity of the 

two groups is consistent with their thermodynamic bond strengths, but benzylphenyl 

ethers are much less mechanically susceptible than would be expected from a bond 

strength that is effectively identical to that of the disulfide. As has been emphasized in 

recent publications,104-106 the importance of considering geometry changes beyond those 

associated with the local motions of nuclei involved directly in bond making/breaking is 

seen to be a critical design element through which the mechanical and thermal stability 

of reagents might be manipulated independently. The methodology employed has 

advantages in that it is relatively simple to apply and generates data that should in the 

long term be amenable to quantitative treatments. Because the key results involve an 

internal competition, the approach might also require fewer experiments and be less 

susceptible to slight day-to-day variations, such as those due to changes in sonication 

power, than are extrapolated rate measurements that have been applied successfully to 

other scissile mechanophores.31 We see no reason that the approach should not be 

applicable to any scissile process, so long as the “weak bond” in question is both strong 
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enough to withstand the forces necessary to open the non-scissile mechanophore 

reporters and weak enough that it can be distinguished from the control. 

2.5 Syntheses, Calculation and Experimental details 

Dry solvents were obtained from VWR. 4,4′-azobis(4-cyanovaleric acid), 4,4′-

dithiodibutyric acid, sebacic acid,  4-penten-1-ol, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDCI), 4-dimethylaminopyridine 

(DMAP), Grubbs catalyst, 2nd Generation (Grubbs II catalyst), butylated hydroxytoluene 

(BHT) and tetrabutyl ammonium hydroxide (TBAOH) were purchased from Sigma-

Aldrich. 7-Octene-1-ol was purchased from TCI. 4-((4-carboxybenzyl)oxy)benzoic acid,108 

gDCC-cyclooctadiene,109 and Grubbs-py103 were prepared according to procedures 

published previously. Unless otherwise stated, all reagents were used without further 

purification. 

1H NMR spectra were collected in CDCl3 on a 400 MHz Varian NMR. 13C NMR 

were collected in CDCl3 on a 500 MHz Varian NMR. CDCl3 (δ= 7.26 ppm for 1H, and 

77.16 ppm for 13C NMR) was used as an internal chemical shift reference. All chemical 

shifts are given in ppm (δ) and coupling constants (J) in Hz as singlet (s), doublet (d), 

triplet (t), quartet (q), multiplet (m), or broad (br). Column (flash) chromatography was 

performed using Silicycle F60 (230-400 mesh) silica gel.  

Gel permeation chromatography (GPC) was performed on double columns 

(Agilent Technology PL gel, #179911GP-504504 (104 Å ) and #179911GP-503 (103 Å )) using 
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stabilized THF (non-UV, HPLC grade, 99.7+ %, stabilized with 250 ppm BHT) as mobile 

phase at 0.5 mL min-1 at room temperature. The flow rate was set using a Varian Prostar 

Model 210 pump, and molecular weights were calculated using an inline Wyatt Dawn 

EOS multi-angle light scattering (MALS) detector, and a Wyatt Optilab DSP 

Interferometric Refractometer (RI). The dn/dc values for each polymer were determined 

by inline measurement, assuming 100% mass recovery based on known injection 

concentration.  
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2.5.1 Monomer syntheses 

2.5.1.1 Bis-alkene synthesis 

 

Bis-alkene 1  

 

Figure 17: Scheme depicting synthesis of bis-alkene1 from 4,4′-azobis(4-cyanovaleric 

acid) and 4-penten-1-ol 

4,4′-Azobis(4-cyanovaleric acid) (1.0 g, 3.6 mmol), 4-penten-1-ol (1.2 g, 14.4 

mmol), EDCI (2.8 g, 14.4 mmol) and DMAP (1.76 g, 14.4 mmol) were dissolved in 

anhydrous DCM (12 mL). The clear solution was stirred for 24 hours in the dark at room 

temperature (RT) under argon protection. After reaction, the solution was washed with 

DI water four times, with saturated brine once, and then dried over Na2SO4. The organic 

layer was concentered and a pale yellow oil was obtained. The crude product was 

purified via silica gel column chromatography (gradient elution, from DCM:hexane = 1:1 

to DCM:MeOH = 100:1) to afford bis-alkene 1 as yellow oil (1.4 g, 92%).  

1H NMR (CDCl3, 400 MHz) δ 5.80 (ddt, J = 16.9, 10.2, 6.6 Hz, 2 H), 4.98-5.07 (m, 4 H), 4.12 

(tdd, J = 6.7, 3.0, 1.4 Hz, 4 H), 2.32-2.55 (m, 8 H), 2.12 (dd, J = 12 Hz, 8Hz, 4H), 1.68-1.73 

(m, 12H); 13C{1H} NMR (CDCl3, 125 MHz) δ 71.35, 137.30, 117.55, 115.39, 71.83, 64.56, 

33.21, 29.98, 29.16, 27.67, 23.74. HRMS-ESI (m/z): calcd for C22H32N4O4 [M + H]+, 417.2496; 

found, 417.2473, error: 5.5 ppm   
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Figure 18: 1H NMR spectrum (400 MHz, CDCl3) of bis-alkene1 

  

Figure 19: 13C{1H} NMR spectrum (125 MHz, CDCl3) of bis-alkene 1 
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Bis-alkene 2 

 

Figure 20: Scheme depicting synthesis of bis-alkene 2 from 4,4′-dithiodibutyric acid 

and 4-penten-1-ol 

4,4′-Dithiodibutyric acid (5.3 g, 21.0 mmol), 4-penten-1-ol (6.2 g, 72.0 mmol), 

EDCI (10.0 g, 52.1 mmol) and DMAP (6.4 g, 52.1 mmol) were dissolved in anhydrous 

DCM (40 mL). The resulting yellow solution was stirred for 24 hours at room 

temperature (RT) under argon protection. After reaction, the solution was washed with 

DI water four times, with saturated brine once and dried over Na2SO4. The organic layer 

was concentered and the pale yellow oil obtained was subjected to silica gel column 

chromatography (DCM) to afford bis-alkene 2 as a yellow oil in quantitative yield (7.8 g, 

100%).  

1H NMR (CDCl3, 400 MHz) δ 5.77 (ddt, J = 16.9, 10.2, 6.6 Hz, 2H), 4.95-5.03 (m, 4 H), 4.06 

(t, J = 6.6 Hz, 4H), 2.68 (t, J = 7.1 Hz, 4H), 2.41 (t, J = 7.3 Hz, 4H), 2.09 (q, J = 7.8, 7.4 Hz, 

4H), 1.99 (m, 4H), 1.70 (m, 4H); 13C{1H} NMR (CDCl3, 125 MHz) δ 172.91, 137.41, 115.32, 

63.91, 37.84, 32.62, 30.05, 27.80, 24.23. HRMS-ESI (m/z): calcd for C18H30O4S2 [M + H]+, 

375.1658; found, 375.1671. error: -3.5 ppm 
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Figure 21: 1H NMR spectrum (400 MHz, CDCl3) of bis-alkene 2 

 

Figure 22: 13C{1H} NMR spectrum (125 MHz, CDCl3) of bis-alkene 2 
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Bis-alkene 3 

 

Figure 23: Scheme depicting synthesis of bis-alkene 3 from sebacic acid and 4-penten-

1-ol 

Sebacic acid (6.0 g, 29.7 mmol), 4-penten-1-ol (10.2 g, 119.0 mmol), EDCI (11.6 g, 

59.4 mmol) and DMAP (6.6 g, 59.4 mmol) were dissolved in anhydrous DCM (60 mL). 

The mixture solution was stirred for 48 hours at room temperature (RT) under argon 

protection. After reaction, the solution was washed with DI water four times, with 

saturated brine once and dried over Na2SO4. The organic layer was concentrated and the 

white solid obtained was subjected to silica gel column chromatography (gradient 

elution, from DCM:hexane = 1:1 to DCM) to afford bis-alkene 3 as a yellow oil (9.8 g, 

97.3%).  

1H NMR (CDCl3, 400 MHz) δ 5.78 (ddt, J = 16.9, 10.2, 6.6 Hz, 2H), 5.06 – 4.92 (m, 4H), 4.05 

(t, J = 6.6 Hz, 4H), 2.26 (t, J = 7.5 Hz, 4H), 2.12-2.07 (m, 4H), 1.74-1.55 (m, 8H), 1.28 (s, 8H); 

13C{1H} NMR (CDCl3, 125 MHz) δ 173.86, 137.50, 115.24, 63.64, 34.33, 30.06, 29.08, 27.85, 

24.96. HRMS-ESI (m/z): calcd for C20H34O4 [M + H]+, 339.2530; found, 339.2528, error: 0.6 

ppm 
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Figure 24: 1H NMR spectrum (400 MHz, CDCl3) of bis-alkene 3 

 

Figure 25: 13C{1H} NMR spectrum (125 MHz, CDCl3) of bis-alkene 3 
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Bis-alkene 4 

 

Figure 26: Scheme depicting synthesis of bis-alkene 4 from 4-((4-

carboxybenzyl)oxy)benzoic acid and 7-octene-1-ol 

4-((4-carboxybenzyl)oxy)benzoic acid (2.7 g, 9.9 mmol),   7-octene-1-ol (4.5 mL, 

29.8 mmol),  EDCI (7.6 g, 39.8 mmol) and DMAP (1.2 g, 9.9 mmol) were dissolved in 

anhydrous DCM (160 mL) and N,N-dimethylformamide (160 mL). The mixture solution 

was stirred for 48 hours at room temperature (RT) under nitrogen protection. After 

reaction, the solution was washed with DI water four times, with brine once and dried 

over Na2SO4. The organic layer was concentrated and the white solid obtained was 

subjected to silica gel column chromatography (EtOAc:hexane = 1:8) to afford bis-alkene 

4 as a white solid (2.4 g, 48.3%).  

1H NMR (400 MHz, CDCl3)  8.07 (d, J = 8 Hz, 2H), 8.00 (d, J = 8 Hz, 2H), 7.51 (d, J = 8 Hz, 

2H), 6.99 (d, J = 8 Hz, 2H), 5.80 (ddt, J = 22.4 Hz, 16 Hz, 16 Hz, 2H), 5.18 (s, 2H), 5.02 (ddt, 

J = 22.4 Hz, 16 Hz, 2 Hz, 4H), 4.32 (dt, J = 15.5, 6.7 Hz, 4H), 2.05 (dt, J = 16 Hz, 8 Hz, 4H), 

1.77 (q, J = 8 Hz, 4H), 1.40 (m, 13H); 13C{1H} NMR (125 MHz, CDCl3)  166.26, 162.05, 

141.34, 138.92, 131.60, 130.27, 129.91, 126.94, 123.49, 114.42, 114.35, 69.38, 65.16, 64.83, 

33.69, 28.78, 28.74, 28.68, 25.92. HRMS-ESI (m/z): calcd for C31H40O5 [M + H]+, 493.2949; 

found, 493.2951, error: -0.4 ppm 
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Figure 27: 1H NMR spectrum (400 MHz, CDCl3) of bis-alkene 4 

 

Figure 28: 13C{1H} NMR spectrum (125 MHz, CDCl3) of bis-alkene 4 
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2.5.1.2 Macrocyclic monomer synthesis 

Macrocyclic NN 

 

Figure 29: Scheme depicting synthesis of macrocyclic NN via RCM from bis-alkene1 

Bis-alkene 1 (760 mg, 1.82 mmol) was dissolved in anhydrous DCM (168 mL) and 

the solution was bubbled by argon in the dark at RT for 30 min. Grubbs II catalyst (93 

mg, 6 mol%) was added and the resulting red solution was bubbled by argon for 

another 15 min in the dark at RT. The mixture was refluxed for 18 hours in the dark and 

then allowed to cool to RT. Several drops of ethyl vinyl ether were then added and the 

reaction mixture was stirred at RT for another 30 min. Solvent was removed and the 

crude product was purified by silica gel column chromatography (gradient elution, from 

hexane to hexan:EtOAc = 5:1). Macrocyclic NN was obtained as off-white solid in 86% 

yield (608 mg, E/Z ratio-ca.1:1 mol/mol).  

1H NMR (CDCl3, 400 MHz) δ 5.73-4.90 (m, 2H), 4.45-3.90 (m, 4H), 2.78-2.24 (m, 8H), 2.28-

1.95 (m, 6H), 1.83-1.45 (m, 11H); 13C{1H} NMR (CDCl3, 125 MHz) δ 171.11, 130.23 (trans-

olefin), 129.44 (cis-olefin), 117.36, 117.24, 72.54, 72.16, 65.02, 64.39, 33.20, 32.89, 30.07, 

29.33, 28.55, 27.90, 24.51, 24.13, 23.75. HRMS-ESI (m/z): calcd for C20H28N4O4 [M + H]+, 

389.2183; found, 389.2187, error: -1.0 ppm  
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Figure 30: 1H NMR spectrum (400 MHz, CDCl3) of macrocyclic NN 

 

Figure 31: 13C{1H} NMR spectrum (125 MHz, CDCl3) of macrocyclic NN 
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Macrocyclic SS 

 

Figure 32: Scheme depicting synthesis of macrocyclic SS via RCM from bis-alkene2 

Bis-alkene 2 (771.0 mg, 2.1 mmol) was dissolved in anhydrous DCM (200 mL) 

and the solution was bubbled by argon at RT for 30 min. Grubbs II catalyst (106 mg, 6 

mol%) was added and the resulting red solution was bubbled by argon for another 15 

min at RT. The reaction mixture was refluxed for 19 hours and then allowed to cool to 

RT. Several drops of ethyl vinyl ether were then added and the reaction mixture was 

stirred at RT for another 30 min. Solvent was removed and the crude product was 

purified by silica gel column chromatography (gradient elution, from Hexane to 

Hexane:EtOAc = 10:1). Macrocyclic SS was obtained as a pale-yellow oil (5.3 g, 41%, E/Z 

ratio-ca.2:1 mol/mol).  

1H NMR (CDCl3, 400 MHz) δ 5.49-5.29 (m, 2H), 4.11 (t, J = 6.0 Hz, 4H), 2.74 (td, J = 7.8, 7.3, 

4.0 Hz, 4H), 2.55-2.31 (m, 4H), 2.23-1.86 (m, 8H), 1.70 (tt, J = 8.0, 6.2 Hz, 4H); 13C{1H} 

NMR (CDCl3, 125 MHz) δ 172.85, 172.75, 130.11 (trans-olefin), 129.50 (cis-olefin), 63.85, 

63.75, 38.41, 38.36, 32.96, 32.90, 29.27, 28.38, 27.96, 24.77, 24.57, 23.75. HRMS-ESI (m/z): 

calcd for C16H26O4S2 [M + H]+, 347.1345; found, 347.1336, error: 2.6 ppm 



 

47 

 

Figure 33: 1H NMR spectrum (400 MHz, CDCl3) of macrocyclic SS 

 

Figure 34: 13C{1H} NMR spectrum (125 MHz, CDCl3) of macrocyclic SS 
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Macrocyclic CC 

 

Figure 35: Scheme depicting synthesis of macrocyclic CC via RCM from bis-alkene 3 

Bis-alkene 3 (10.3 g, 17.2 mmol) was dissolved in anhydrous DCM (280 mL) and 

the solution was bubbled by argon at RT for 30 min. Grubbs II catalyst (730 mg, 5 mol%) 

was added and the resulting red solution was bubbled by argon for another 30 min at 

RT. The reaction mixture was refluxed for 19 hours and then allowed to cool to RT. 

Several drops of ethyl vinyl ether were then added and the reaction mixture was stirred 

at RT for another 30 min. Solvent was removed and the crude product was purified by 

silica gel column chromatography (Hexan:EtOAc = 1:1). Macrocyclic CC was obtained as 

a white solid (3.2 g, 62%, E-isomer only).  

1H NMR (CDCl3, 400 MHz) δ 5.38 (t, J = 4.0 Hz, 2H), 4.07 (t, J = 5.9 Hz, 4H), 2.29 (t, J = 6.6 

Hz, 4H), 2.09 (q, J = 6.3 Hz, 4H), 1.82-1.45 (m, 8H), 1.28 (s, 8H); 13C{1H} NMR (CDCl3, 125 

MHz) δ 173.85, 130.07, 63.41, 34.24, 29.27, 28.69, 28.22, 24.97. HRMS-ESI (m/z): calcd for 

C18H30O4 [M + H]+, 311.2217; found, 311.2219, error: -0.6 ppm  
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Figure 36: 1H NMR spectrum (400 MHz, CDCl3) of macrocyclic CC 

 

Figure 37: 13C{1H} NMR spectrum (125 MHz, CDCl3) of macrocyclic CC 
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Macrocyclic BE 

 

Bis-alkene 4 (4.5 g, 9.14 mmol) was dissolved in anhydrous DCM (900 mL) under 

N2. The solution was bubbled by nitrogen at RT for 30 min. Grubbs II (390 mg, 5 mol%) 

was added, and then the resulting red solution was bubbled by nitrogen for another 30 

min at RT. The reaction mixture was refluxed for 18 hours under N2 and then allowed to 

cool to RT. Several drops of ethyl vinyl ether were then added and the reaction mixture 

was stirred at RT for another 30 min. Solvent was removed and the crude product was 

purified by silica gel column chromatography (gradient elution, EtOAc:hexane = from 

1:20 to 1:10) to afford macrocyclic BE as a white solid (1.10 g, 26.0%, E/Z ratio-ca.2.6:1 

mol/mol).  

1H NMR (400 MHz, CDCl3)  8.00 (d, J = 8 Hz, 2H), 7.89 (d, J = 8 Hz, 2H), 7.39 (d, J = 8 Hz, 

2H), 6.84 (d, J = 8 Hz, 2H), 5.42-5.31 (m, 4H), 4.35 (dt, J = 23.4, 5.7 Hz, 4H), 1.91 (brs, 4H), 

1.67 (m, 5H), 1.38-1.29 (m, 14H); 13C{1H} NMR (125 MHz, CDCl3)  166.16, 161.11, 141.84, 

131.45, 130.21(trans-olefin), 130.05, 129.65 (cis-olefin), 126.46, 123.40, 115.25, 69.04, 64.78, 

64.43, 32.39, 30.65, 30.01, 29.64, 29.23, 29.04, 28.74, 27.37, 26.78, 26.67, 26.47, 26.40. HRMS-

ESI (m/z): calcd for C29H36O5 [M + H]+, 465.2636; found, 465.2647, error: -2.4 ppm 
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Figure 38: 1H NMR spectrum (400 MHz, CDCl3) of macrocyclic BE 

 

Figure 39: 13C{1H}NMR spectrum (125 MHz, CDCl3) of macrocyclic BE 
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2.5.2 Polymer syntheses 

Poly(NN-gDCC) 

 

Figure 40: Scheme depicting synthesis of poly(NN-gDCC) via ED-ROMP using 

macrocyclic NN and gDCC-cyclooctene 

Macrocyclic NN (181.0 mg, 0.5 mmol) and gDCC-cyclooctene (500.0 mg, 2.6 

mmol) were dissolved in anhydrous DCM (2 mL). The solution was purged with argon 

for 15 min. Grubbs-py (2.4 mg, 3.3 μmol) was added to initiate the polymerization. After 

the reaction mixture was stirred at RT for 3 hours, several drops of ethyl vinyl ether 

were added to stop polymerization. The polymer solution was diluted in DCM and 

precipitated into methanol for 3 times. The copolymer was collected by filtration, dried 

under high vacuum for 3 hours to remove the methanol. Poly(NN-gDCC) was obtained 

as a off-white solid (0.5 g, 77.4%). NN unit mol% (calculated based on 1H NMR) = 11.7%; 

Mn =82.9 kDa, PDI = 1.54, dn/dc = 0.122 

1H NMR (400 MHz, CDCl3)  5.56-5.40 (br, 4H), 4.11 (t, J = 6.5 Hz, 1H), 2.73-2.34 (m, 2H), 

2.30-1.85 (br, 9H), 1.70-1.68 (m, 3H), 1.58-1.41 (m, 12H). 
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Figure 41: 1H NMR spectrum (400 MHz, CDCl3) of poly(NN-gDCC) 

 

Poly(SS-gDCC) 

 

Figure 42: Scheme depicting synthesis of poly(SS-gDCC) via ED-ROMP using 

macrocyclic SS and gDCC-cyclooctene 

Macrocyclic SS (101.0 mg, 0.3 mmol) and gDCC-cyclooctene (400.0 mg, 2.1 mmol) 

were dissolved in anhydrous DCM (2.3 mL). The solution was purged with argon for 15 

min. Grubbs-py (2.7 mg, 3.8 μmol) was added to initiate the polymerization. After the 
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reaction mixture was stirred at RT for 3 hours, several drops of ethyl vinyl ether were 

added to stop polymerization. The polymer solution was diluted in DCM and 

precipitated into methanol for 3 times. The copolymer was collected by filtration, dried 

under high vacuum for 3 hours to remove the methanol.  Poly(SS-gDCC) was obtained 

as a off-white solid (350.0 mg, 69.9%). SS unit mol% (calculated based on 1H NMR) = 

11.5%; Mn =97.9 kDa, PDI = 1.60, dn/dc = 0.11 

1H NMR (400 MHz, CDCl3)  5.50-5.44 (br, 4H), 4.06 (t, J = 6.5 Hz, 1H), 2.70 (t, J = 7.1 Hz, 

1H), 2.42 (t, J = 7.3 Hz, 1H), 2.27 – 1.94 (m, 10H), 1.71-1.65 (m, 1H), 1.56-1.41 (br, 12H). 

 

Figure 43: 1H NMR spectrum (400 MHz, CDCl3) of poly(SS-gDCC) 

 



 

55 

Poly(CC-gDCC) 

 

Figure 44: Scheme depicting synthesis of poly(CC-gDCC) via ED-ROMP using 

macrocyclic CC and gDCC-cyclooctene 

Macrocyclic CC (113.0 mg, 0.4 mmol) and gDCC-cyclooctene (513.0 mg, 2.7 

mmol) were dissolved in anhydrous DCM (2.8 mL). The solution was purged with argon 

for 15 min. Grubbs-py (1.9 mg, 2.6 μmol) was added to initiate the polymerization. After 

the reaction mixture was stirred at RT for 3 hours, several drops of ethyl vinyl ether 

were added to stop polymerization. The polymer solution was diluted in DCM and 

precipitated into methanol for 3 times. The copolymer was collected by filtration, dried 

under high vacuum for 3 hours to remove the methanol. Poly(CC-gDCC) was obtained 

as a off-white solid (350.0 mg, 69.9%). CC unit mol% (calculated based on 1H NMR) = 

12.2%; Mn =102.6 kDa, PDI = 1.53, dn/dc = 0.108  

1H NMR (400 MHz, CDCl3)  5.66-5.21 (br, 4H), 4.27-3.64 (m, 1H), 2.48-1.84 (m, 9H), 1.83-

1.33 (m, 15H), 1.26 (br, 2H). 
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Figure 45: 1H NMR spectrum (400 MHz, CDCl3) of poly(CC-gDCC) 

 

Poly(BE-gDCC) 

 

Figure 46: Scheme depicting synthesis of poly(BE-gDCC) via ED-ROMP using 

macrocyclic BE and gDCC-cyclooctene 

Macrocyclic BE (164.0 mg, 0.4 mmol) and gDCC-cyclooctene (500.0 mg, 2.6 

mmol) were dissolved in anhydrous DCM (3.0 mL). The solution was purged with argon 

for 15 min. Grubbs-py (1.5 mg, 2.1 µ mol) was added to initiate the polymerization. After 
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the reaction mixture was stirred at RT for 3 hours, several drops of ethyl vinyl ether 

were added to stop polymerization. The polymer solution was diluted in DCM and 

precipitated into methanol for 3 times. The copolymer was collected by filtration, dried 

under high vacuum for 3 hours to remove the methanol. Poly(BE-gDCC) was obtained 

as a off-white solid (554 mg, 83 .5%). BE unit mol% (calculated based on 1H NMR) = 

11.4%; Mn =101.7 kDa, PDI = 1.49, dn/dc = 0.136 

1H NMR (400 MHz, CDCl3)  8.03 (dd, J = 26.1, 8.2 Hz, 2H), 7.50 (d, J = 7.9 Hz, 1H), 6.98 

(d, J = 8.5 Hz, 1H), 5.63-5.32 (m, 9H), 5.18 (s, 1H), 4.40-4.20 (m, 2H), 2.54-1.86 (m, 19H), 

1.85-0.92 (m, 34H). 

 

Figure 47: 1H NMR spectrum (400 MHz, CDCl3) of poly(BE-gDCC) 
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Poly(gDCC) 

 

Figure 48: Scheme depicting synthesis of poly(gDCC) via ROMP using gDCC-

cyclooctene 

gDCC-cyclooctene (605.0 mg, 3.1 mmol) were dissolved in anhydrous DCM (3.0 

mL). The solution was purged with argon for 15 min. Grubbs-py (2.8 mg, 3.9 µ mol) was 

added to initiate the polymerization. After the reaction mixture was stirred at RT for 3 

hours, several drops of ethyl vinyl ether were added to stop polymerization. The 

polymer solution was diluted in DCM and precipitated into methanol for 3 times. The 

polymer was collected by filtration, dried under high vacuum for 3 hours to remove the 

methanol. Poly(gDCC) was obtained as a off-white solid (480 mg, 80.0%). Mn =98.8 kDa, 

PDI = 1.50, dn/dc = 0.12 

1H NMR (400 MHz, CDCl3)  5.54-5.39 (m, 2H), 2.52-1.97 (m, 4H), 1.69-1.01 (m, 6H). 
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Figure 49: 1H NMR spectrum (400 MHz, CDCl3) of poly(gDCC) 

 

2.5.3 Investigation of the Copolymer Structures: Block or Random?  

2.5.3.1 Methanolysis 

The copolymers bear two ester bonds in each weak bond repeating unit, and 

methanolysis of the ester bonds in copolymers was performed to remove all the weak 

bond units to afford poly(gDCC)-diol. After methanolysis, the weak bond 

dicarboxymethyls were extracted and the Mn of the remaining polymers was determined 

and compared with the theoretical Mn calculated for diblock random copolymers. As 

described below, the comparison indicates that the copolymers are random. 
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Figure 50: Scheme depicting methanolysis of copolymer A affording to poly(gDCC)-

diol 

Copolymer A containing 12.2 mol% CC units (Mn = 112.1 kDa, Mw = 165.9 kDa 

and PDI = 1.48) was prepared as described above. The copolymer was then 

methanolyzed as follows: copolymer A (225.0 mg, 0.266 mmol ester) was dissolved in 

DCM (70 mL). Tetrabutyl ammonium hydroxide (1 M in methanol, 6 mL) was added 

and the solution was stirred at RT for 18 hours. After reaction, the solution was washed 

with HCl (4 M) twice and DI water three times, removing the WB product (as confirmed 

by 1H NMR). The organic layer was dried over Na2SO4. After solvent was removed by 

rotary evaporation, a white solid was obtained and dried under high vacuum (222.2 mg, 

98.8% of theoretical yield for gDCC-diol oligomers). The GPC-MALS analysis of the 

resulting polymer indicated: Mn = 1.6 kDa, Mw = 3.1 kDa and PDI = 2.01. The Mn value is 

much lower than Mn = 91.5 kDa expected from a pure diblock copolymer, but in 

excellent agreement with Mn = 1.9 kDa expected for a random copolymer (see below). 

1H NMR (400 MHz, CDCl3)  5.54-5.39 (m, 14H), 3.67-3.64 (t, J = 6.4 Hz, 4H), 3.66 (s, 2H), 

2.33-2.05 (m, 32H), 1.68-1.39 (m, 46H). 
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Figure 51: 1H NMR spectrum (400 MHz, CDCl3) of poly(gDCC)-diol 

 

2.5.3.2 MW calculations for random and block copolymer methanolysis  

Calculations were done for copolymer A, containing 12.2 mol% CC units (Mn = 

112.1 kDa, Mw = 165.9 kDa and PDI = 1.48). In this calculation, Mn,A is number-averaged 

molecular weight of copolymer and Mn,MeOH is number-averaged molecular weight of 

methanolyzed polymer. Molecular weights for each monomer are found in Table 1, 

above. 
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a. For a random copolymer: 

 

Figure 52: Scheme depicting methanolysis of random copolymer 

 Methanolysis occurs at every WB or run of WB units.  With 12.2% WB 

incorporation, assuming a random distribution of monomers, the average run length of 

WBs is 1/(1-0.122) = 1.14.  Thus, the effective ratio of gDCC:WB runs is 0.878:(0.122/1.14), 

and so the probability of one gDCC being followed by another is 0.891. The average run 

length of gDCC units is therefore 1/(1-0.891) = 9.2.  

The expected average MW is therefore 9.2 * 191 + 144 = 1.9 kDa.  Where 191 Da is 

the mass of each gDCC repeat and 144 Da are left at the end of each gDCC run from the 

methanolysis of the WB unit.  

The expected polydispersity of the gDCC runs is (1 + 0.891) = 1.9. 

b. For a diblock copolymer: 

 

Figure 53: Scheme depicting methanolysis of block copolymer 
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Note: 72.1 g/mol is the molecular weight of the residue segment from the WB units after 

methanolysis. Mn, A was known as 112100 Da. Thus Mn,MeOH was determined as 91529 Da. 

 

2.5.4 Sonication of Copolymers 

2.5.4.1 General sonication conditions and GPC-MALS analysis 

Ultrasound experiments were performed in CHCl3 on a Vibracell Model VCX500 

operating at 20 kHz with a 13.1 mm replaceable titanium tip probe from Sonics and 

Materials. Solutions were prepared at a concentration of 2 mg/mL in 15 mL of 

chloroform with 3 wt% BHT of polymer unless otherwise noted. The solution was 

transferred to a 3-necked Suslick cell in an ice-water bath and degassed by nitrogen 

bubbling for 30 min prior to sonication. Sonication was performed at 14.6 W/cm2 while 

maintaining a temperature of 6-9 °C under nitrogen. The sonication pulse sequence was 

set to 1s on / 1s off. 

Individual sonication experiments were performed for each time point. The 

solution (1 mL) was filtered via filter syringe for GPC analysis. The remainder was 

concentrated under reduced pressure and dissolved in CDCl3 for NMR analysis. MWs 

are reported as number-averaged molecular weight (Mn).  
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2.5.4.2 Determination of ring opening percentage  

 

 

Figure 54: Stacked 1H NMR spectra of the sonicated poly(CC-gDCC) copolymer in 

chloroform. 

 

        (eq. 7) 

  IntHA and IntHB represent the integrations of 2,3-dichloroalkene peaks at 5.8 ppm 

(HA) and 4.4 ppm (HB). IntHB represents the integrations of the other alkene proton peaks 

at about 5.4-5.5 ppm (HC). WB mol% means the mole percentage of weak bond unit in 

the copolymer. 

2.5.4.3 Chain scission cycle determination 

Copolymer chain scission cycle is determined by the following equation: 

     (eq. 8) 
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Mn,0 represents the initial Mn of copolymer; Mn,t represents the Mn of copolymer 

sonicated for t min.  

2.5.5 X-ray Crystallography 

 A colorless fibrous plate of macrocyclic NN crystallized from pentane/acetone by 

employing vapor diffusion method. The single crystal obtained was analyzed by X-ray 

Crystallography and the single crystal structure is shown in Figure 56. Crystal data: 

Fibrous plate, colorless, crystal size = 0.374 x 0.1824 x 0.0092 mm3, C20H28N4O4, FW 388.46, 

monoclinic, space group P 1 21/n 1, a = 11.9553(8) Å , b = 9.1522(6) Å , c = 19.8161(11) Å, α = 

90°, β= 103.795(6)°, γ = 90°, V = 2105.7(2) Å 3, Z = 4,  Dc = 1.225 mg/m3, T = 100(1) K, µ  = 

0.707 mm-1,13790 measured reflections, 4329[R(int) = 0.0546] independent reflections, 

4329 / 0 / 274 Data / restraints / parameters, F(000) = 832, R1 = 0.0116, wR2 = 0.3193, R1 = 

0.0950, wR2 = 0.2842[I>2sigma(I)], Max. residual density 0.864 e.Å -3, Max. and min. 

transmission 1.474 and 0.948, and goodness-of-fit (F2) = 1.280. 

 

Figure 55: Two views of the single crystal structure of macrocyclic NN. 
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2.5.6 Analysis of the Force (Fbreak) at Rupture 

Under pulsed ultrasound, the force peaks near the polymer midchain and decays 

with distance from the peak. Thus, force distribution of polymer chain is parabolic 

under ultrasound. The force for gDCC activation on the timescale of the ultrasound 

experiment (k = 10-6 s-1) is 2042 pN (Fopen) by the cusp model. Thus, the max force that 

corresponds to the observed i can be calculated.  

a. For F break of Poly(BE-gDCC) 

If we assume the function of the parabolic graph (Figure 56) is y = ax(x-1), we can 

calculate “a” as slope of the graph using i (0.63) of Poly(BE-gDCC). 

 

Figure 56: Force distribution of Poly(BE-gDCC) backbone under ultrasound 

 

2042 = a*(0.185)*(0.185-1),   

Fbreak of Poly(BE-gDCC) = (-13543)*(0.52-1) = 3386 pN 
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b. For F break of Poly(CC-gDCC) 

As shown in Figure 57, we can calculate “a” as slope of the graph using i (0.78) 

of Poly(CC-gDCC).  

 

Figure 57: Force distribution of Poly(CC-gDCC) backbone under ultrasound 

 

2042 = a*(0.11)*(0.11-1),   

Fbreak of Poly(CC-gDCC) = (-20858)*(0.52-1) = 5214.5 pN 
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2.5.7 Computational Details 

The calculation was performed at MP2/6-31G* level using Spartan software. To 

calculate the overall extension associated with elongation of the C-O and S-S bonds, the 

internuclear distance associated with the weak bond was constrained and dihedral angle 

around weak bond was fixed as 180°. The rest of the molecule was minimized. The C-O 

and S-S internuclear distances were computationally stretched in increments of 0.1 Å  up 

to an elongation of 0.6 Å , and the overall length was calculated at each increment. 

Table 3: Computationally determined end-to-end distance of benzylphenyl ether and 

dimethyl disulfide as a function of constrained C-O an S-S internuclear distance. 
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3. Relative Mechanical Strengths of Topolgical 
Molecules in Sonochemical Polymer Mechanochemistry 

3.1 Introduction 

Mechanical forces induce chemical bond scission, which in turn ultimately affects 

fracture and failure of materials such as thermosetting polymers.1 In 1940, this concept 

was supported by Kauzmann and Eyring,4 who established activated-rate theories that 

described how mechanical force could decrease the chemical activation energy for 

homolytic bond scission. Therefore, understanding how mechanical force can affect 

material at atomistic level is considerably important and relevant to the molecular 

design of novel and advanced materials. In recent years, the desire to understand force-

induced bond scission has led to the development of various mechanophores as 

constructively reactive functional groups under forces applicable to damage sensing, 

self-reinforcing, and self-healing.16,18,19,21,31,32,94 Moreover, over the past few decades, 

interest in “mechanical bonds” – molecules which are non-covalently interlocked, such 

as rotaxanes and catenanes – and their inclusion into polymer chains68,110,111 has been 

increasing. These topological molecules can sufficiently affect physical properties of 

polymers due to different architectural aspects including chain conformation and 

interactions. Catenanes consist of two macrocycles that are mechanically connected and 

which cannot be separated without covalent bond breaking. So far, several studies of the 

synthesis of catenane polymers,112-117 and the mobility of catenanes in those polymers,66,67 

have been carried out. To date, however, experimental measurements of the relative 
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mechanical strength of topological molecules are rare.118 Here, we investigated the 

relative mechanical strengths of topological molecules (TM) embedded in polymer chain 

using analysis of molecular weight (M4h) and length (L4h) of the polymers after 4 h of 

pulsed sonication. We used catenane, linear and cyclic molecules having same chemical 

composition. Consequently, we found that whereas catenane has different architecture 

owing to non-covalently mechanical bonding, the mechanical strength of catenane is 

indistinguishable from that of the control polymers.  

3.2 Strategy for the Experiment 

 

Figure 58: Schematic illustration characterizing the mechanical strengths of TM under 

pulsed ultrasound; The strategy involves polymers including topological molecules 

(green ellipse). Under the elongational flow fields generated by pulsed ultrasound for 

4 h, the polymer chain (gray line) approaches M4h. The M4h is used as gauge to 

measure of the mechanical strengths of topological molecules. 

As shown in Figure 58, our strategy exploits the molecular weight at which the 

rate of chain scission is low under pulsed ultrasound. Polymer chains are broken more 

rapidly for the polymers having higher molecular weight. As polymer approaches lower 

molecular weight, chain scission slows down considerably because it is difficult for 
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shorter chains to achieve the required force.1,51 Under our conditions, 4 h of sonication is 

sufficient to reach fairly constant molecular weights, to which we refer as M4h. The more 

easily the weaker bonds break, the lower the M4h. Thus, the M4h is indicative of the 

mechanical strengths of bonds that are incorporated into a polymer chain. Here, we 

developed a method to measure M4h to obtain relative mechanical strengths of each TM 

by incorporating multiple topological bonds along the main chain.  

 

Figure 59: General synthetic strategy and naming convention for random copolymers 

containing controlled content of topological molecules embedded in gDCC polymer 

chain. 

Ring closing metathesis (RCM)102 of TM containing bisalkenes, which were 

synthesized by procedures previously published elsewhere,119 afforded the TM 

embedded macrocyclic monomers as shown in Figure 59. Random copolymers of gem-
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dichlorocyclopropane-polybutadiene (gDCC-PB) incorporating about 5 mol % of TM 

monomers were prepared via entropy-driven ring opening metathesis copolymerization 

(ED-ROMP)99-101 with gDCC-functionalized cyclooctene. As discussed in Chapter 2, 

polymerizations were performed for relatively long times (> 3 h) in order to ensure 

cross-metathesis and thus the formation of nearly random copolymers. 

Three polymers containing TM of interest were prepared (Figure 59): 

poly(catenane-gDCC), poly(cyclic-gDCC), and poly(linear-gDCC). In addition, 

poly(gDCC) was also prepared using only gDCC functionalized cyclooctene monomer 

for the control polymer. The polymers were subjected to pulsed ultrasound in THF 

containing 12.5 wt% BHT at 6-9 °C in an ice-water bath under nitrogen atmosphere. 

Sonication experiment was performed for 4 h to obtain M4h. Aliquots (0.4 mL/time) were 

extracted at time intervals to see the change of molecular weight until the molecular 

weight approaches M4h. Polymer molecular weight was characterized as a function of 

the number-averaged molecular weight (Mn) as determined by gel permeation 

chromatography with multi-angle light scattering (GPC-MALS).  

3.3 Results and Discussion 

The M4h as a function of TM incorporated in a polymer is shown in Figure 60.  

After 4 h of sonication, each polymer containing TM approached M4h between 28~30 kDa 

(Table 4); Poly(catenane-gDCC) of 30.4 kDa, Poly(cyclic-gDCC) of 27.8 kDa, Poly(linear-

gDCC) of 28.8 kDa, and Poly(gDCC) of 28.3 kDa.  The result shows that M4h of 
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poly(catenane-gDCC) is little bit higher than M4h of three other polymers because the 

molecular weight (MW) of catenane monomer is larger than MW of cyclic and linear 

monomers.  

Table 4: After 4 h of sonication, molecular weight of each polymer 

 

Figure 60: Decrease of molecular weight at time intervals during sonication. After 4 h, 

molecular weight of each polymer approaches M4h between 28~30 kDa. 

Thus, we converted M4h to the length (L4h) for more accurate analysis of 

mechanical strength of TM. The L4h was obtained through calculation based on force free 

monomer length. The monomer length was determined through COGEF (constrained 

geometry simulates external force) calculations.120 (See Section 3.5.4) The monomer 

length is between first carbon atom and before last carbon atom to exclude the carbon 

used for repeating unit (Figure 61a). 
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Figure 61: (a) Monomer length of TM and gDCC through COGEF calculations; (b) 

Decrease of molecular length at time intervals during sonication. After 4 h, molecular 

length of each polymer ultimately approaches L4h between 1400~1500 Å . 

Figure 61b shows that the result of each polymer length at time points of 

sonication. After 4 h of sonication, L4h approaches 1400~1500 Å  as about the same length; 

poly(catenane-gDCC) of 1430 Å , poly(cyclic-gDCC) of 1425 Å , poly(linear-gDCC) of 1560 

Å , and poly(gDCC) of 1471 Å . The L4h of poly(linear-gDCC) is little bit longer than other 
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polymers. We attributed the reason to experimental uncertainty. Therefore, this result 

indicates mechanical strengths of TM incorporated in gDCC polymer chain is nearly as 

same as mechanical strength of poly(gDCC) without TM. Interestingly, the catenane 

bond between two macrocycles is as strong as the corresponding linear analogs.  

Finally, we performed other experiments to verify whether M4h can be affected 

by concentration and molecular weight of starting polymer. At first, sonication 

experiment was performed using poly(catenane-gDCC) having different concentrations 

(0.8 mg mL-1, 1.6 mg mL-1), and other conditions were consistently controlled. As a result, 

M4h of polymers having different concentration approached 29.8 kDa (Table 5, Figure 62). 

This result indicates that M4h is not affected by concentration. 

Table 5: After 4 h of sonication, molecular weight poly(catenane-gDCC) by different 

concentrations 
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Figure 62: Sonication experiment using poly(catenane-gDCC) by two different 

concentrations; M4h of 0.8 mg mL-1 and 1.6 mg mL-1 approach nearly identical values. 

Moreover, three kinds of poly(catenane-gDCC) having different molecular 

weight (211.4 kDa, 165.4 kDa and 88.0 kDa) were synthesized in order to observe 

whether molecular weight of starting polymer influences M4h. Sonication experiment 

was performed using three polymers, and other conditions were consistently controlled. 

As shown in Figure 63, the M4h of 211.4 kDa, 165.4 kDa and 88.0 kDa polymer, 

respectively approached nearly same values. This result also indicates that M4h is not 

affected by molecular weight of starting polymer. Therefore, M4h can be used as a robust 

indicator of the relative mechanical strengths of molecules embedded in polymer 

backbone.  
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Table 6: After 4 h of sonication, molecular weight poly(catenane-gDCC) by different 

starting molecular weight 

 

 

Figure 63: Sonication experiment using poly(catenane-gDCC) having different 

starting molecular weight; M4h of 211.4, 165.4 and 88.0 kDa approach nearly same 

values. 

3.4 Conclusion 

In conclusion, we used M4h of each polymer as method to measure mechanical 

strength of TM. The M4h revealed that whereas catenane has non-covalently mechanical 

bond between two cyclic rings, the mechanical bond strength has nearly same bond 

strength with traditional covalent bond. As a result, although topology of catenane can 

affect physical properties of polymer caused by chain conformation and interaction 
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between two macrocycles, we found that mechanical bonding character of catenane does 

not affect bond strength. Moreover, the methodology employed is simple to employ as a 

measure of the relative mechanical strengths of various bonds. In particular, this method 

is efficient for quantitative treatment because the M4h is not affected by external 

conditions such as concentration and starting molecular weight. 

3.5 Syntheses, Calculation and Experimental Details 

Dry N,N-dimethylformamide (DMF) was obtained from VWR. Dry 

dichloromethane (DCM) and tetrahydrofuran (THF) were obtained from Sigma-Aldrich 

and purified with a Pure SolvTM solvent purification system. p-Xylylenediamine, N,N-

diisopropylethylamine (DIEA), sodium hydride, methyl iodide, triethylamine (TEA), 

butylated hydroxytoluene (BHT) and Grubbs catalyst, 2nd Generation (Grubbs II 

catalyst) were purchased from Sigma-Aldrich. PyBOP (benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate) was purchased from Ark Pharm, 

Inc. Catenane-diol,119 5-(undec-10-en-1-yloxy)isophthalic acid,121 gDCC-cyclooctene,109 

and Grubbs-py103 were prepared according to procedures published previously. Unless 

otherwise stated, all reagents were used without further purification. 

All  1H NMR spectra were collected in CDCl3 on a 400 MHz Varian NMR. All 13C 

NMR spectra were collected in CDCl3 on a 500 MHz Varian NMR. CDCl3 (δ= 7.26 ppm 

for 1H, and 77.16 ppm for 13C NMR) was used as an internal chemical shift reference. All 

chemical shifts are given in ppm (δ) and coupling constants (J) in Hz as singlet (s), 
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doublet (d), triplet (t), quartet (q), pentet (p), multiplet (m), or broad (br). Column (flash) 

chromatography was performed using Silicycle F60 (230-400 mesh) silica gel.  

Gel permeation chromatography (GPC) was performed on double columns 

(Agilent Technology PL gel, #179911GP-504504 (104 Å ) and #179911GP-503 (103 Å )) using 

stabilized THF (HPLC grade, 250 ppm BHT) as mobile phase at 0.5 mL min-1 at room 

temperature. The flow rate was set using a Varian Prostar Model 210 pump. Molecular 

weights were calculated using an inline Wyatt Dawn EOS multi-angle light scattering 

(MALS) detector, and a Wyatt Optilab DSP Interferometric Refractometer (RI). The 

dn/dc values for each polymer were determined by inline, assuming 100% mass 

recovery based on known injection mass. 
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3.5.1 Monomer Syntheses 

3.5.1.1 Bis-alkene synthesis 

Cyclic dialkene 

 

Figure 64: Scheme depicting synthesis of cyclic dialkene from 5-(undec-10-en-1-

yloxy)isophthalic acid 

 PyBOP (7.81 g, 15 mmol) and DIEA (24.9 mL, 144 mmol) were dissolved in 

anhydrous DMF (800 mL) in a 3 neck reaction flask. 5-(undec-10-en-1-yloxy)isophthalic 

acid (2.0 g, 5.98 mmol) and p-xylylenediamine (0.82 g, 5.98 mmol) were dissolved in 

anhydrous DMF (50 mL) respectively and they were added slowly (adding rate: 0.8 

mL/hour) into the reaction flask via syringe pump. After addition, the reaction mixture 

was stirred at room temperature for 72 hours. After reaction, DMF was removed and the 

crude product was dissolved in DCM. The DCM solution was precipitated into acetone. 

The precipitate was collected as a pale yellow solid (7.3 g) and the solid was used 

directly without any further purification. The solid was dissolved in THF (220 mL) and 

the solution was heated to 40 °C. NaH (60 wt% dispersion in mineral oil, 0.74 g, 31 

mmol) and methyl iodide (1.9 mL, 31 mmol) were added every five hours for three times. 
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After reaction, the crude product was purified by silica gel chromatography 

(DCM:Methanol = 10:1) to afford cyclic dialkene as a brown solid (1.3 g , 24%).  

1H NMR (CDCl3, 400 MHz) δ 7.29 (brs, 4H), 6.97-7.19 (m, 10H), 5.75-5.85 (m, 2H), 4.93 (m, 

4H), 4.71 (brs, 6H), 4.46 (brs, 2H), 3.99 (t, J = 3.99, 4H), 2.94 (s, 12H), 2.03 (m, 4H), 1.78 (p, 

J = 1.78, 4H), 1.28-1.44 (m, 24H);13C{1H} NMR (CDCl3, 125 MHz) δ 170.67, 159.89, 159.44,  

139.21, 137.99, 136.00, 128.16, 125.91, 116.88, 114.18, 76.91, 68.49, 54.76, 50.58, 37.57, 33.82, 

29.43, 29.13, 28.94, 25.99. HRMS-ESI (m/z): calcd for C58H76N4O6 [M + H]+, 925.5843; 

found, 925.5845, error, -0.2 ppm 

 

 

Figure 65: 1H NMR spectrum (400 MHz, CDCl3) of cyclic dialkene 
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Figure 66: 13C{1H} NMR spectrum (125 MHz, CDCl3) of cyclic dialkene 
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Linear dialkene 

 

Figure 67: Scheme depicting synthesis of linear dialkene 

3-(undec-10-en-1-yloxy)benzoic acid (4.0 g, 13.8 mmol) and p-xylylenediamine 

(0.94 g, 6.9 mmol) were added to the anhydrous DMF (1 L) solution of PyBOP (10.8 g, 

20.7 mmol) and DIEA (32.4 mL, 186 mmol). The reaction mixture was stirred for 48 

hours at room temperature under nitrogen atmosphere. The solvent of reaction mixture 

was evaporated by rotary evaporator. The residue was washed with acetone and filtered 

to afford cyclic dialkene as light brown solid (4.3 g). The solid was used directly without 

any further purification. The solid (1.2g) was dissolved in anhydrous DMF (71 mL). 

NaH (60 wt% dispersion in mineral oil, 460 mg) was added into the solution at room 

temperature and then the reaction mixture was stirred for 30 minutes at room 

temperature under nitrogen atmosphere. MeI (0.71 mL, 11.4 mmol) was added into the 

solution. The reaction mixture was stirred for 2 hours at r.t under nitrogen atmosphere. 

The solution was cooled to room temperature. The reaction was quenched by addition of 

water (5 mL). The solution was washed with DI water and ethyl acetate three times, with 
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saturated brine once and dried over Na2SO4. The organic layer was concentrated and the 

residue was purified by silica gel column chromatography (EtOAC:Hexane = 1:1) to 

afford linear dialkene as a white solid (1.1 g, 86%).  

1H NMR (CDCl3, 400 MHz) δ 7.52-6.69 (m, 12H), 5.80 (ddt, J = 17.0, 10.0, 6.0 Hz, 2H), 

5.10-4.82 (m, 4H), 4.73 (s, 2H), 4.51 (s, 2H), 3.97 (t, J = 6.6 Hz, 2H), 3.88 (t, J = 6.6 Hz, 2H), 

3.01 (s, 3H), 2.87 (s, 3H), 2.03 (q, J = 7.0 Hz, 4H), 1.74 (br, 4H), 1.51-1.13 (m, 24H); 13C{1H} 

NMR (CDCl3, 125 MHz) δ 172.24, 171.56, 159.29, 139.33, 137.45, 136.62, 129.61, 128.65, 

127.35, 119.03, 116.40, 114.25, 113.19, 68.25, 55.00, 50.60, 37.20, 33.93, 33.25, 29.54, 29.32, 

29.24, 29.05, 26.13. HRMS-ESI (m/z): calcd for C46H64N2O4 [M + H]+, 709.4944; found, 

709.4959, error: -2.1 ppm 

 

Figure 68: 1H NMR spectrum (400 MHz, CDCl3) of linear dialkene 
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Figure 69: 13C{1H} NMR spectrum (125 MHz, CDCl3) of linear dialkene 
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Catenane dialkene 

 

Figure 70: Scheme depicting synthesis of catenane dialkene 

Catenane-diol (74.2 mg, 0.061 mmol), TEA (20 µ L) and DMAP (2 mg, 0.016 

mmol) were dissolved in anhydrous DCM (10 mL). The reaction mixture was purged 

with high pure argon for 15 minutes. 10-undecenoyl chloride (31.7 μL, 0.14 mmol) was 

added. The reaction proceeded under argon at room temperature for 24 hours. After 

reaction, reaction mixture was washed with 1 M HCl aqueous solution, H2O and then 

dried over Na2SO4. After solvent was removed, 100 mg white wax-like crude product 

was obtained. The crude product was purified by silica gel chromatography with 

gradient elution (gradient elution from DCM to DCM:Acetone = 1:6 to 5:1) to afford  

catenane-dialkene as a white solid (86.5 mg , 91%) 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.02-7.43 (m, 22H), 5.77-5.85 (m, 2H), 4.91-5.02 (m, 

4H), 4.59 (s, 8H), 3.16 (s, 12H), 2.96 (s, 12H), 2.57 (t, J = 7.5 Hz, 4H), 1.78 (p, J = 7.0 Hz, 6H), 

1.75-1.54 (m, 14H), 1.33 (s, 28H), 0.92 (s, 6H), 0.65 (s, 6H); 13C{1H} NMR (CDCl3, 125 MHz) 

δ 172.27, 171.77, 170.21, 169.28, 150.37, 139.21, 137.51, 136.22, 130.88, 127.46, 122.69, 121.83, 

114.28, 51.34, 37.76, 37.67, 34.39, 34.06, 33.85, 29.35, 29.28, 29.13, 28.95, 28.39, 25.43, 24.86. . 
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HRMS-ESI (m/z): calcd for C94H124N8O12 [M + H]+, 1557.9411; found, 1557.9432, error: -1.3 

ppm 

 

 

Figure 71: 1H NMR spectrum (400 MHz, CDCl3) of catenane dialkene 
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Figure 72: 13C{1H} NMR spectrum (125 MHz, CDCl3) of catenane dialkene 
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3.5.1.2 Macrocyclic monomer synthesis 

Cyclic-monomer 

 

Figure 73: Scheme depicting synthesis of cyclic monomer via RCM from cyclic 

dialkene 

Cyclic dialkene (618 mg, 0.67 mmol) was dissolved in anhydrous DCM (1 L) and 

the solution was bubbled by nitrogen at room temperature for 30 minutes. Grubbs II 

catalyst (77.4 mg, 14 mol%) was added. The reaction mixture was refluxed for 20 hours 

and then allowed to cool to room temperature. Several drops of ethyl vinyl ether were 

then added and the reaction mixture was stirred at room temperature for another 30 

minutes. Solvent was removed and the crude product was purified by silica gel column 

chromatography (gradient elution from EtOAC to DCM:Acetone= 3:2). Then, the crude 

product was purified again using preparative TLC. Cyclic monomer was obtained as a 

white solid (73 mg, 12%).  

1H NMR (CDCl3, 400 MHz) δ 7.29-6.77 (br m, 14H), 5.31 (br, 2H), 4.57 (br, 8H), 3.98 (br, 

4H), 3.17-2.56 (br, 12H), 1.91-1.70 (br m, 8H), 1.38-1.22 (m, 28H).; 13C{1H} NMR (CDCl3, 

125 MHz) δ 170.76, 159.20, 137.04, 135.98, 130.30, 129.85, 128.29, 127.05, 114.73, 68.20, 
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54.63, 50.46, 35.53, 35.05, 32.40, 29.31, 26.94, 26.84, 26.29, 26.11, 25.77. HRMS-ESI (m/z): 

calcd for C56H72N4O6 [M + H]+,897.5525; found, 897.5526, error: 0.1 ppm. 

 

Figure 74: 1H NMR spectrum (400 MHz, CDCl3) of cyclic monomer 
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Figure 75: 13C{1H} NMR spectrum (125 MHz, CDCl3) of cyclic monomer 
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Linear-monomer 

 

Figure 76: Scheme depicting synthesis of linear monomer via RCM from linear 

dialkene 

Linear dialkene (1.3 g, 1.8 mmol) was dissolved in anhydrous DCM (1.5 L) and 

the solution was bubbled by nitrogen at room temperature for 30 minutes. Grubbs II 

catalyst (223 mg, 15 mol%) was added. The reaction mixture was refluxed for 20 hours 

and then allowed to cool to room temperature. Several drops of ethyl vinyl ether were 

then added and the reaction mixture was stirred at room temperature for another 30 

minutes. Solvent was removed and the crude product was purified by silica gel column 

chromatography (gradient elution from EtOAC:Hexane = 1:2 to EtOAC:Hexane = 1:1). 

Linear monomer was obtained as a light brown sticky solid (651 mg, 53%).  

1H NMR (CDCl3, 400 MHz) δ 7.56-6.77 (m, 12H), 5.40-5.29 (m, 2H), 4.73 (s, 2H), 4.50 (s, 

2H), 3.97 (t, J = 6.4 Hz, 2H), 3.82 (t, J = 6.4 Hz, 2H), 3.02 (s, 3H), 2.88 (s, 3H), 1.99 (m, 4H), 

1.73 (br, 4H), 1.57-1.09 (m, 24H); 13C{1H} NMR (CDCl3, 125 MHz) δ172.19, 171.46, 159.16, 

137.42, 136.28, 130.52, 130.01, 129.72, 128.66, 127.28, 118.94, 116.46, 116.11, 113.18, 112.40, 
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68.11, 54.95, 50.57, 37.17, 33.29, 32.42, 29.32, 28.62, 27.09, 25.95. HRMS-ESI (m/z): calcd for 

C44H60N2O4 [M + H]+, 681.4631; found, 681.4623, error: 1.2 ppm. 

 

 

Figure 77: 1H NMR spectrum (400 MHz, CDCl3) of linear monomer 
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Figure 78: 13C{1H} NMR spectrum (125 MHz, CDCl3) of linear monomer 
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Catenane-monomer 

 

Figure 79: Scheme depicting synthesis of catenane monomer via RCM from catenane 

dialkene 

Catenane-dialkene (2.3 g, 1.47 mmol) was dissolved in anhydrous DCM (2.5 L) 

and the solution was bubbled by nitrogen at room temperature for 30 minutes. Grubbs II 

catalyst (184.8 mg, 15 mol%) was added. The reaction mixture was refluxed for 20 hours 

and then allowed to cool to room temperature. Several drops of ethyl vinyl ether were 

then added and the reaction mixture was stirred at room temperature for another 30 

minutes. Solvent was removed and the crude product was purified by silica gel column 

chromatography (gradient elution from DCM to DCM:Acetone = 7:1). Catenane 

monomer was obtained as a pale yellow solid (1.6 g, 73%).  

1H NMR (CDCl3, 400 MHz) δ 7.49-6.90 (br, 23H), 5.32-5.37 (m, 2H), 4.46 (s, 9H), 3.23 (s, 

14H), 2.89 (s, 12H), 2.55 (t, J = 2.54 Hz, 4H), 2.05-1.68 (m, 20H), 1.31 (brs, 28H), 0.94 (s, 

6H), 0.65 (s, 6H).; 13C{1H} NMR (CDCl3, 125 MHz) δ 172.26, 171.76, 168.94, 150.18, 143.92, 

137.37, 135.93, 130.94, 130.37, 127.54, 121.86, 51.36, 37.68, 37.57, 34.55, 34.24, 34.11, 32.42, 
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30.92, 29.42, 29.09, 28.94, 28.86, 28.34, 25.38, 24.79, 22.32, 14.05. HRMS-ESI (m/z): calcd for 

C92H120N8O12 [M + H]+, 1530.9098; found, 1530.912, error: -1.4 ppm 

 

 

Figure 80: 1H NMR spectrum (400 MHz, CDCl3) of catenane monomer 
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Figure 81: 13C{1H} NMR spectrum (125 MHz, CDCl3) of catenane monomer 
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3.5.2 Polymer Syntheses 

Poly(cyclic-gDCC) 

 

Figure 82: Scheme depicting synthesis of poly(cyclic-gDCC) via ED-ROMP 

Cyclic monomer (28 mg, 0.03mmol) and gDCC-cyclooctene (100 mg, 0.5 mmol) 

were dissolved in anhydrous DCM (0.4 mL). The solution was purged with nitrogen for 

15 minutes. A solution (20 μL) of Grubbs-py (5.7 mg) in DCM (0.5 mL) was added to 

initiate the polymerization. After the reaction mixture was stirred at room temperature 

for 3 hours, several drops of ethyl vinyl ether were added to stop polymerization. The 

polymer solution was diluted in DCM and precipitated into methanol for 6 times. The 

copolymer was collected by filtration, dried under high vacuum for 3 hours to remove 

the methanol. Polymer was obtained as a off-white solid (70 mg, 55%). Cyclic monomer 

unit mol% (calculated based on 1H NMR) = 4.8; Mn =158.9 kDa, PDI = 1.57, dn/dc = 0.115 



 

99 

1H NMR (400 MHz, CDCl3) δ 7.31-6.98 (m, 14H), 5.50 (m, 42H), 4.73-4.49 (br, 8H), 4.01 (t, 

J = 6.8 Hz, 4H), 2.96 (br, 12H), 2.16 (br, 84H), 2.00 (q, J = 6.8 Hz, 4H), 1.79 (t, J = 6.8 Hz, 

4H), 1.80-1.30 (s, 154H)  

 

 

Figure 83: 1H NMR spectrum (400 MHz, CDCl3) of poly(cyclic-gDCC) 
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Poly(linear-gDCC) 

 

 

Figure 84: Scheme depicting synthesis of poly(linear-gDCC) via ED-ROMP 

Linear monomer (33.4 mg, 0.05 mmol) and gDCC-cyclooctene (155.5 mg, 0.8 

mmol) were dissolved in anhydrous DCM (0.6 mL). The solution was purged with argon 

for 15 minutes. A solution (50 μL) of Grubbs-py (4.4 mg) in DCM (1 mL) was added to 

initiate the polymerization. After the reaction mixture was stirred at room temperature 

for 3 hours, several drops of ethyl vinyl ether were added to stop polymerization. The 

polymer solution was diluted in DCM and precipitated into methanol for 6 times. The 

copolymer was collected by filtration, dried under high vacuum for 3 hours to remove 

the methanol. Polymer was obtained as a off-white solid (127 mg, 67.2%). Linear 

monomer unit mol% (calculated based on 1H NMR) = 5.2 %; Mn =142 kDa, PDI = 1.59, 

dn/dc = 0.117 
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1H NMR (400 MHz, CDCl3) δ 7.34 (br, 4H), 7.16 (br, 2H), 6.98 (br, 6H), 5.50 (m, 38H), 4.74 

(s, 2H), 4.52 (s, 2H), 3.97-3.88 (br, 4H), 3.02 (s, 3H), 2.88 (s, 3H), 2.16 (br, 76H), 1.99 (q, J = 

6.8 Hz), 1.76 (br, 4H), 1.60-1.20 (m, 142H)  

 

Figure 85: 1H NMR spectrum (400 MHz, CDCl3) of poly(linear-gDCC) 
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Poly(catenane-gDCC) 

 

Figure 86: Scheme depicting synthesis of poly(catenane-gDCC) via ED-ROMP 

Catenane monomer (112 mg, 0.07 mmol) and gDCC-cyclooctene (204 mg, 1.07 

mmol) were dissolved in anhydrous DCM (1 mL). The solution was purged with 

nitrogen for 15 minutes. A solution (80 μL)  of Grubbs-py (5 mg) in DCM (0.5 mL) was 

added to initiate the polymerization. After the reaction mixture was stirred at room 

temperature for 3 hours, several drops of ethyl vinyl ether were added to stop 

polymerization. The polymer solution was diluted in DCM and precipitated into 

methanol for 6 times. The copolymer was collected by filtration, dried under high 

vacuum for 3 hours to remove the methanol. Polymer was obtained as a off-white solid 

(199 mg, 62.3%). Linear monomer unit mol% (calculated based on 1H NMR) = 5.3 %; Mn 

=211.4 kDa, PDI = 1.51, dn/dc = 0.115 



 

103 

1H NMR (400 MHz, CDCl3) δ 7.48-6.93 (m, 22H), 5.50 (m, 38H), 4.60 (s, 8H), 3.16 (s, 12H), 

2.97 (s, 12H), 2.57 (t, J = 8 Hz, 2H), 2.15 (br, 76H), 2.00 (q, J = 6.8 Hz, 4H), 1.87 (br, 4H), 

1.74 (p, J = 6.8 Hz, 6H), 1.62-1.16 (br, 142H), 0.92 (br, 6H), 0.64 (br, 6H)  

 

 

Figure 87: 1H NMR spectrum (400 MHz, CDCl3) of poly(catenane-gDCC) 
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Poly(gDCC) 

 

Figure 88: Scheme depicting synthesis of poly(gDCC) via ROMP 

gDCC-cyclooctene (605.0 mg, 3.1 mmol) were dissolved in anhydrous DCM (3.0 

mL). The solution was purged with nitrogen for 15 minutes. Grubbs-py (2.8 mg, 3.9 

µ mol) was added to initiate the polymerization. After the reaction mixture was stirred at 

room temperature for 3 hours, several drops of ethyl vinyl ether were added to stop 

polymerization. The polymer solution was diluted in DCM and precipitated into 

methanol for 3 times. The polymer was collected by filtration, dried under high vacuum 

for 3 hours to remove the methanol. Poly(gDCC) was obtained as a off-white solid (480 

mg, 80.0%). Mn =231 kDa, PDI = 1.56, dn/dc = 0.12 

1H NMR (400 MHz, CDCl3)  5.54-5.39 (m, 2H), 2.52-1.97 (m, 4H), 1.69-1.01 (m, 6H). 
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Figure 89: 1H NMR spectrum (400 MHz, CDCl3) of poly(gDCC) 

 

3.5.3 Sonication experiment 

Ultrasound experiments were performed in THF on a Vibracell Model VCX500 

operating at 20 kHz with a 13.1 mm replaceable titanium tip probe from Sonics and 

Materials. Solutions were prepared at a concentration of 1.6 mg mL-1 in 15 mL of THF 

with 12.5 wt% BHT of polymer unless otherwise noted. The solution was transferred to a 

3-necked Suslick cell in an ice-water bath and degassed by nitrogen bubbling for 30 

minutes prior to sonication. Sonication was performed at 8.5 W/cm2 while maintaining a 

temperature of 6-9 °C under nitrogen. The sonication pulse sequence was set to 1s on / 1s 

off.  
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While performing sonication, 0.4 mL aliquots of the solution were extracted at 

each time point. The solution (0.4 mL) was filtered via filter syringe for GPC analysis. 

MWs are reported as number-averaged molecular weight (Mn). After 4 hours of 

sonication, the point at which the rate of chain scission is little changed is regarded as 

limiting molecular weight (Mn,4h) of each polymer. Sonication was performed three times 

per one kind of polymer under consistent condition. Mn of each polymer is reported as 

average value obtained from three results.  

3.5.4 COGEF Calculation for Monomer Unit Length 

Elongated monomer unit of end to end was relaxed to conformer of ground state 

using DFT calculation to obtain energy at each level. Quadratic fit of the energy vs. 

distance was obtained (y=Intercept + B1*X + B2*X2). The derivative of distance vs. energy 

function provided force free monomer length. The monomer length is between first 

carbon atom and before last carbon atom to exclude the carbon used for repeating unit. 

Length of gDCC monomer was calculated by average value using cis and trans dimer 

conformers.  

Table 7: Monomer length obtained by COGEF calculation 
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Figure 90: Force−distance curves of monomer ground state; (a) cis-gDCC dimer ground 

state, (b) trans-gDCC dimer ground state, (c) cyclic monomer ground state, (d) linear 

monomer ground state, (e) catenane monomer ground state 
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3.5.5 Calculation of Limiting Length (L4h) 

The limiting lengths of polymer containing linear, cyclic and catenane were 

calculated with equation (1), (2) and (3). 

Length of TM monomer-gDCC  

= (TM monomer length * WB (%)) + (gDCC monomer length * (1-WB(%))                        (1) 

TM monomer-gDCC MW  

= (Macrocycle MW * WB(%)) + (gDCC monomer MW * (1-WB(%))                                    (2) 

Polymer limiting length  

= (Polymer limiting Mn / TM monomer-gDCC MW) * Monomer length                          (3) 

 

Table 8: Molecular weight of macrocyclic monomers 
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Table 9: %WB, MW of TM monomer-gDCC and calculated contour length of TM 

monomer-gDCC 

 

Table 10: L4h of each polymer 
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4. Mechanical Strengths of Triazole in Sonochemical 
Polymer Mechanochemistry 

4.1 Introduction 

 Over the last decades, azide-alkyne Huisgen cycloaddition,70 one of the family of 

so-called “click reactions,” has been broadly applied to various fields such as organic 

synthesis,122 polymer functionalization123,124 and coupling reaction in biological 

systems,125-127 because the triazole functional group formed is thermally stable and 

chemically inert.69 However, recently the mechanical 1,3-dipolar-cycloreversion of 

triazole was investigated.28,29 The validity of mechanically activated cycloreversion is 

currently a controversial issue, and other studies of mechanical cycloreversion of triazole 

reach different conclusions. Uggerud et al.82 demonstrated that both bond scission of 

chain in polymeric triazoles and ring opening are facilitated by stretching under 

mechanical force via density functional theory calculations. In particular, for F < 1.0 nN 

below, ring opening is preferential, whereas for F > 1.0 nN, -cleavage of polymeric 

chain is favorable. Furthermore, Hartke group explained that they cannot determine 

whether mechanically activated cycloreversion of triazole is induced or bond rupture 

next to triazole is induced through atomic force microscopy (AFM) of a PEG that 

includes a triazole macrocycle, and constrained geometries simulate external force 

(COGEF).128   Herein, we investigated whether triazole is an active weak bond via 

cycloreversion or polymer chain scission next to triazole is caused under pulsed 

ultrasound through comparing to relative molecular weight after 4h of sonication (M4h) 
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using gem-dichlorocyclopropane-polybutadiene (poly(gDCC)) including either triazoles 

or indole as a control molecule. The results showed that each polymer reached similar 

M4h, and each M4h is even lower than that of poly(gDCC). This means that polymer chain 

scission next to a triazole or indole is more preferred compared to cycloreversion of 

triazole under ultrasound.  

4.2 Strategy for the Experiment 

Our strategy is shown in Figure 91. Poly(gDCC) containing 1,4-triazole, 1,5-

triazole and indole for control experiment was subjected to ultrasound for 4 h to 

approach M4h. Obtained M4h was used to infer the relative mechanical strengths of 

regioisomers of triazoles, as well as poly(gDCC) containing indole was used to 

investigate what kind of factors between ring opening of triazole and polymer chain 

scission next of triazole contribute to  M4h of poly(gDCC) containing triazole.   
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Figure 91: Schematic illustration characterizing the mechanical strengths of triazoles 

and indole under pulsed ultrasound; The polymers including triazoles and indole 

(yellow pentagon) were subjected to pulsed ultrasound for 4 h. The polymer chains 

approaches M4h. The M4h is used as gauge to measure the mechanical strengths of 

triazoles and indole.  

In order to conduct this experiment, as shown in Figure 92, 1,4-triazole and 1,5-

triaozle was synthesized through cycloaddition using CuI and [Cp*(PPh3)2RuCl], 

respectively based on previously published reference.29,74,78,80,81 Diol functionalized 

triazole was substituted into alkene through mild N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDCI) and 4-(dimethylamino)pyridine (DMAP) 

coupling reaction. Ring closing metathesis (RCM)102 of triazoles containing bisalkenes 

afforded the triazole macrocyclic monomers.  
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Figure 92: Scheme depicting synthesis of 1,4 and 1,5-disubstituted-1,2,3-triazole from 

2-azidoethanol. a) 3-Butyn-1-ol, CuI, CH3CN, r.t, 48 h. b) 3-Butyn-1-ol, Cp*(PPh3)2RuCl, 

THF, 65 oC, 15 h. c) 5-Hexenoic acid, EDCI, DMAP, CH2Cl2, r.t, 48 h. d) Grubbs 2nd 

generation catalyst, CH2Cl2, reflux, 15 h. 

Moreover, disubstituted-indole macrocyclic monomer was synthesized from 

commercially available tryptophol for a control molecule having same attachment point 

with 1,2,3-triazole in polymer (Figure 93).  
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Figure 93: Scheme depicting synthesis of indole macrocycle. 

Random copolymers of poly(gDCC) incorporating 11-13 mol % triazole and 

indole moieties were prepared via ED-ROMP99-101 using macrocycles including triazoles 

and indole moieties and gDCC-cyclooctene (Figure 94). Polymerizations were performed 

for 3 hours in order to ensure cross-metathesis. Random copolymer structure 

synthesized via this method was already confirmed in investigation of relative strengths 

of weak bonds (Chapter 2). Synthesized polymers were purified through preparative gel 

permeation chromatography (prep-GPC) for more accurate analysis of M4h as excluding 

tailing generated by oligomers or low molecular weight parts.  
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Figure 94: General synthetic strategy and naming convention for random copolymers 

containing controlled content of regioisomers of triazole and indole in gDCC polymer 

chain. 

4.3 Results and Discussion 

Three polymers were subjected to pulsed ultrasound in THF containing 30 wt% 

BHT at 6-9 oC in an ice-water bath under nitrogen atmosphere for 4h. Some aliquots (0.4 

mL/ time) were extracted from sonicated solution at time intervals to monitor the change 

of molecular weight until the molecular weight approaches M4h.  Polymer molecular 

weight was determined as a function of the number-averaged molecular weight (Mn) by 

gel permeation chromatography with multi-angle light scattering (GPC-MALS). 
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As shown in Figure 95, poly(1,4-T-gDCC), poly(1,5-T-gDCC), and poly(indole-

gDCC) approached M4h after 4h of sonication. The M4h of each polymer was comparable; 

25.1 kDa for poly(1,4-T-gDCC), 24.4 kDa for poly(1,5-T-gDCC), and of 24. 3 kDa for 

poly(indole-gDCC). 

 

Figure 95: Decrease of molecular weight in terms of sonication time. After 4h of 

sonication, molecular weight of poly(1,4-T-gDCC), poly(1,5-T-gDCC), poly(indole-

gDCC), and poly(gDCC) approaches M4h.  

This result indicates that cycloreversion of 1,4-triazole and 1,5-triazole rarely 

happen under pulsed ultrasound. The reason can be explained as follows. If 

cycloreversion of triazoles occurs, M4h of triazole should be lower than that of 

poly(indole-gDCC) as control and non-scissile molecule. However, the M4h of polymers 
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having triazoles and indole moieties has similar values. In here, interesting aspect is that 

the M4h of poly(indole-gDCC) is lower than that of poly(gDCC). According to study on 

relative mechanical strengths of topological molecules (Chapter 3), the M4h of 

poly(gDCC) is about 28 kDa. The difference of M4h between poly(gDCC) and 

poly(indole-gDCC) can support that polymer chain scission next of indoles is 

preferential. This result, therefore, can explain that not cycloreversion but polymer chain 

scission next of triazoles is facilitated under pulsed ultrasound.  Moreover, we cannot 

conclude a difference in bond scission efficiency between poly(1,4-T-gDCC) and 

poly(1,5-T-gDCC), because the ~0.7 kDa difference in M4h between poly(1,4-T-gDCC) and 

poly(1,5-T-gDCC) is within the measurement uncertainty of the experiment.  

4.4 Conclusion 

We have used M4h of polymer including triazoles and indole moieties to 

investigate whether triazole is mechanically activated leading to cycloreversion or 

polymer chain scission occurs next of traizole or indole moieties. The result supports 

that mechanical cycloreversion of triazoles rarely happens. The polymer chain next of 

triazole moieties is rather mechanically susceptible based on M4h of poly(indole-gDCC) 

which is lower M4h than poly(gDCC). However, it is still ambiguous to explain exactly 

certain parts of polymer chain can be ruptured by only M4h values. Nevertheless, this 

characterization of M4h is easy and robust method to understand relative mechanical 

strength of chemical bonds.   
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4.5 Syntheses, Calculation and Experimental Details 

Dry dichloromethane (DCM) and tetrahydrofuran (THF) were obtained from 

Sigma-Aldrich and purified with a Pure SolvTM solvent purification system. Tryptophol, 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI), 4-

dimetylaminopyridine (DMAP), Grubbs catalyst 2nd generation (Grubbs II catalyst), and 

butylated hydroxytoluene (BHT)  were purchased from Sigma-Aldrich. 1,4-dihydrox-

1,2,3-triazole, 1,5-dihydroxy-1,2,3-triazole,29 gem-dichlorocyclooctene (gDCC),109 Grubbs-

py103 were prepared according to literature procedures. Unless otherwise stated, all 

reagents were used without further purification. 

All 1H spectra were collected in CDCl3 on a 400 MHz Varian NMR. All 13C spectra 

were collected in CDCl3 on a 500 MHz Varian NMR. CDCl3 (δ= 7.26 ppm for 1H, and 

77.16 ppm for 13C NMR) was used as an internal chemical shift reference. All chemical 

shifts are given in ppm (δ) and coupling constants (J) in Hz as singlet (s), doublet (d), 

triplet (t), quartet (q), pentet (p), multiplet (m), or broad (br). Column (flash) 

chromatography was performed using Silicycle F60 (230-400 mesh) silica gel.  

Gel permeation chromatography (GPC) was performed on double columns 

(Agilent Technology PL gel, #179911GP-504504 (104 Å ) and #179911GP-503 (103 Å )) using 

stabilized THF (HPLC grade, 250 ppm BHT) as mobile phase at 0.5 mL min-1 at room 

temperature. The flow rate was set using a Varian Prostar Model 210 pump. Molecular 

weights were calculated using an inline Wyatt Dawn EOS multi-angle light scattering 
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(MALS) detector, and a Wyatt Optilab DSP Interferometric Refractometer (RI). The 

dn/dc values for each polymer were determined by inline, assuming 100% mass 

recovery based on known injection mass. 

Preparatory gel permeation chromatography (prep-GPC) was performed on two 

inline columns (Ultratyragel, #0074103471GG 104 Å , #0040103471GG 105 Å ) using 

inhibitor-free THF at room temperature. The flow rate was set using a Varian Prostar 

Model 210 pump. A Waters 2414 RI detector was used to detect polymer elution. 

4.5.1 Monomer Syntheses 

4.5.1.1 Bis-alkene synthesis 

Bis-alkene-1,4-triazole 

 

Figure 96: Scheme depicting synthesis of bis-alkene-1,4-triazole 

1,4-dihydrox-1,2,3-triazole (2.9 g, 18.5 mmol), 5-hexenoic acid (6.6 mL, 55.4 

mmol) and CH2Cl2 (234 mL) were added under N2. EDCI (14 g, 73.8 mmol) and DMAP 

(2.3 g, 18.5 mmol) were added to the solution. The mixture was stirred at room 

temperature (RT) under N2 for 48 h. The mixture was concentrated under reduced 

pressure, and then the residue was washed with CH2Cl2 (100 mL) and water (100 mL) 

three times. Organic layers were collected, dried with MgSO4 and filtered. The solution 

was concentrated in vacuo. The residue was purified by silica gel chromatography 
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(gradient elution, from DCM to DCM:MeOH = 10:1) to afford bis-alkene-1,4-triazole as 

colorless oil (4.68 g, 72.6%). 

1H NMR (400 MHz, CDCl3) δ 7.40 (s, 1H), 5.75 (ddt, J = 16.8 Hz, 8.4 Hz, 7.2 Hz,  2H), 5.02 

(dd, J = 16.8 Hz, 1.6 Hz,  2H), 4.98 (dd, J = 8.4 Hz, 1.6 Hz, 2H), 4.59 (t, J = 4Hz, 2H), 4.46 (t, 

J = 4Hz, 2H), 4.35 (t, J = 4 Hz, 2H), 3.07 (t, J = 4Hz, 2H), 2.32 (t.d, J= 7.2 Hz, 4 Hz, 4H), 2.07 

(td, J = 7.2 Hz, 7.2 Hz, 4H), 1.71 (tt, J = 7.2 Hz, 7.2 Hz,  4H); 13C{1H} NMR (125 MHz, 

CDCl3) δ 172.98, 172.54, 143.92, 137.30, 137.12, 121.85, 115.22, 115.08, 62.68, 62.00, 48.69, 

33.09, 32.83, 32.66, 32.57, 25.19, 23.65, 23.48. HRMS-ESI (m/z): calcd for C18H27N3O4 [M + 

H]+, 350.2080; found, 350.2078 , error: 0.6 ppm 

 

Figure 97: 1H NMR spectrum (400 MHz, CDCl3) of bis-alkene-1,4-triazole 
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Figure 98: 13C{1H} NMR spectrum (125 MHz, CDCl3) of bis-alkene-1,4-triazole 

 

Bis-alkene-1,5-triazole 

 

Figure 99: Scheme depicting synthesis of bis-alkene-1,5-triazole 

1,5-dihydrox-1,2,3-triazole (1.05 g, 6.68 mmol), 2 (2.4 mL, 20.0 mmol), CH2Cl2 (85 

mL) was added under N2. EDCI (5.1 g, 26.7 mmol) and DMAP (0.8 g, 6.68 mmol) were 

added to the solution. The mixture was stirred at room temperature (RT) under N2 for 48 
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h. The mixture was concentrated under reduced pressure, the residue was washed with 

CH2Cl2 (100 mL) and water (100 mL) three times. Organic layers were collected, dried 

with MgSO4 and filtered. The solution was concentrated under reduced pressure. The 

residue was purified by silica gel chromatography (gradient elution, from DCM to 

DCM:MeOH = 10:1) to afford bis-alkene-1,5-triazole as yellow oil (2.20 g, 94.2%). 

1H NMR (400 MHz, CDCl3) δ 7.53 (s, 1H), 5.74 (ddt, J = 16.8 Hz, 8.4 Hz, 7.2 Hz,  2H), 5.03 

(dd, J = 16.8 Hz, 1.6 Hz,  2H), 4.98 (dd, J = 8.4 Hz, 1.6 Hz, 2H), 4.54 (t, J = 4Hz, 2H), 4.49 (t, 

J = 4 Hz, 2H), 4.33 (t, J = 4 Hz, 2H), 3.04 (t, J = 4 Hz, 2H), 2.31 (td, J= 7.2 Hz, 4 Hz, 4H), 2.05 

(td, J = 7.2 Hz, 7.2 Hz, 4H), 1.71 (tt, J = 7.2 Hz, 7.2 Hz,  4H); 13C{1H} NMR (125 MHz, 

CDCl3) δ 173.11, 172.83, 137.34, 133.91, 132.51, 115.47, 62.29, 61.58, 46.39, 33.19, 33.03, 

32.86, 32.80, 23.79, 23.68, 22.81; HRMS-ESI (m/z): calcd for C18H27N3O4 [M + H]+, 350.2080; 

found, 350.2073, error: 2.0 ppm  
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Figure 100: 1H NMR spectrum (400 MHz, CDCl3) of bis-alkene-1,5-triaozle 

 

Figure 101: 13C{1H} NMR spectrum (125 MHz, CDCl3) of bis-alkene-1,5-triazole 
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2,2'-(1H-indole-1,3-diyl)diethanol 

 

Figure 102: Scheme depicting synthesis of 2,2'-(1H-indole-1,3-diyl)diethanol 

A solution of 2-(1H-Indol-3-yl)ethanol (3g, 18.6 mmol) in DMSO (20 mL) was 

dropwise added to a suspension of KOH (4.2 g, 74.4 mmol) in DMF (18 mL) at room 

temperature (R.T). The mixture was stirred for 1 h at R.T under N2. 2-Bromoethanol (1.7 

mL, 23.3 mmol) was slowly added to the reaction mixture. The reaction mixture was 

stirred at R.T for 20 h under N2. The reaction was quenched by addition of H2O. The 

mixture was extracted with DCM (100 mL) and water (100 mL) three times, dried over 

Na2SO4 and concentrated under reduced pressure. The residue was purified by silica gel 

chromatography (gradient elution, from Ethyl Acetate:Hexane = 2:1 to Ethyl Acetate) to 

afford 2,2'-(1H-indole-1,3-diyl)diethanol as white solid (1.5 g, 39.2%). 

1H NMR (400 MHz, CDCl3) δ 7.61 (dt, J = 8.0, 1.1 Hz, 1H), 7.35 (d, J = 8.2 Hz, 1H), 7.23 (tt, 

J = 8.2, 1.4 Hz, 1H), 7.13 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.04 (s, 1H), 4.28 - 3.91 (m, 4H), 3.87 

(t, J = 6.4 Hz, 2H), 3.00 (t, J = 6.4 Hz, 2H) ); 13C{1H} NMR (125 MHz, CDCl3) δ 136.60, 

128.18, 127.06, 121.90, 119.20, 111.20, 109.55, 62.53, 61.73, 48.67, 28.57; HRMS-ESI (m/z): 

calcd for C12H15NO2  [M + H]+, 206.1181; found, 206.1176, error: 2.4 ppm  
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Figure 103: 1H NMR spectrum (400 MHz, CDCl3) of 2,2'-(1H-indole-1,3diyl)diethanol 

 

Figure 104: 13C{1H} NMR spectrum (125 MHz, CDCl3) of 2,2'-(1H-indole-1,3-

diyl)diethanol 
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Bis-alkene-indole 

 

Figure 105: Scheme depicting synthesis of bis-alkene-indole 

2,2'-(1H-indole-1,3-diyl)diethanol (0.77 g, 3.73 mmol), 5-hexenoic acid (1.2 mL, 

9.33 mmol), CH2Cl2 (50 mL) was added under N2. EDCI (2.9 g, 14.93 mmol) and DMAP 

(0.45 g, 3.73 mmol) were added to the solution. The mixture was stirred at room 

temperature (R.T) under N2 for 48 h. The mixture was concentrated under reduced 

pressure, the residue was washed with CH2Cl2 (100 mL) and water (100 mL) three times. 

Organic layers were collected, dried with MgSO4 and filtered. The solution was 

concentrated under reduced pressure. The residue was purified by silica gel 

chromatography (gradient elution, from Ethyl Acetate:Hexane = 1:2 to Ethyl 

Acetate:Hexane = 1:1) to afford bis-alkene-indole as yellow oil (1.24 g, 83.6%). 

1H NMR (400 MHz, CDCl3) ) δ 7.62 (dt, J = 7.9, 0.9 Hz, 1H), 7.33 (dt, J = 8.2, 0.9 Hz, 1H), 

7.23 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.12 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 6.95 (t, J = 0.8 Hz, 

1H), 5.86 – 5.64 (m, 2H), 5.11 – 4.88 (m, 4H), 4.44 – 4.24 (m, 6H), 3.08 (td, J = 7.5, 0.8 Hz, 

2H), 2.33 (t, J = 7.5 Hz, 2H), 2.27 (t, J = 7.5 Hz, 2H), 2.12 – 2.05 (q, J = 7.5 Hz, 2H), 2.02 (q, J 

= 7.5 Hz, 2H), 1.78 – 1.69 (p, J = 7.5 Hz, 2H), 1.69 – 1.61 (p, J = 7.5 Hz, 2H); 13C{1H} NMR 
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(125 MHz, CDCl3) δ 173.61, 173.24, 137.76, 137.56, 136.48, 128.13, 125.83, 121.96, 119.27, 

115.46, 111.40, 109.27, 64.49, 63.02, 44.84, 33.66, 33.36, 33.09, 24.80, 24.10, 23.87; HRMS-

ESI (m/z): calcd for C24H31NO4  [M + H]+, 398.2331; found, 398.2325, error: 1.5 ppm  

 

Figure 106: 1H NMR spectrum (400 MHz, CDCl3) of bis-alkene-indole 



 

129 

 

Figure 107: 13C{1H} NMR spectrum (125 MHz, CDCl3) of bis-alkene-indole 

 

4.5.1.2 Macrocyclic monomer Synthesis 

Macrocyclic 1,4-triazole 

 

Figure 108: Scheme depicting synthesis of macrocyclic 1,4-triazole via RCM 

In a round bottom flask equipped with reflux condenser, bis-alkene-1,4-triazole 

(2.5 g, 7.16 mmol) and CH2Cl2 (700 mL) were added. The solution was degassed by N2 
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bubbling for 30 min. Grubbs II (304 mg, 0.36 mmol) was added to the solution, and then 

the solution was stirred for 15 h at reflux under N2. After the solution was cooled to 

room temperature, ethyl vinyl ether (3 mL) was added to the solution, and the solution 

was stirred for 30 min. The solution was concentrated in vacuo, and the residue was 

purified by silica gel chromatography (gradient elution, from Ethyl acetate:Hexane = 1:1  

to DCM:MeOH = 10:1) to afford macrocyclic-1,4-triazole as light brown solid (1.3 g, 58%). 

1H NMR (400 MHz, CDCl3) δ 7.48-7.44 (s, 1H), 5.38-5.30 (m, 2H; cis:trans = 3:7), 4.60 (t, 

2H, J = 4Hz), 4.46 (t, 2H, J = 4 Hz), 4.36 (t, 2H, J = 4 Hz), 3.10 (t, 2H, J = 4Hz), 2.42-2.31 (q, 

4H, J = 8 Hz), 2.09 (br s, 4H), 1.72 (br s, 4H); 13C{1H} NMR (125 MHz, CDCl3) δ  173.45, 

172.98, 145.21, 131.28, 130.90, 130.24, 129.81, 122.88, 77.16, 63.03, 62.79, 49.39, 32.84, 32.65, 

31.46, 26.40, 26.33, 25.78, 24.04, 23.67, 23.55; HRMS-ESI (m/z): calcd for C16H23N3O4 [M + 

H]+, 322.1767; found, 322.1768, error: -0.3 ppm 
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Figure 109: 1H NMR spectrum (400 MHz, CDCl3) of macrocyclic 1,4-triazole 

 

Figure 110: 13C{1H} NMR spectrum (125 MHz, CDCl3) of macrocyclic 1,4-triazole 
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Macrocyclic 1,5-triazole 

 

Figure 111: Scheme depicting synthesis of macrocyclic 1,5-triazole via RCM 

In a round bottom flask equipped with reflux condenser, bis-alkene-1,5-triazole 

(3.2 g, 9.28 mmol) and CH2Cl2 (1 L) were added under N2. The solution was degassed by 

N2 bubbling for 30 min. Grubbs II (473 mg, 0.56 mmol) was added, and then the solution 

was stirred for 15 h at reflux under N2. The reaction mixture was cooled to room 

temperature, and a few drops of ethyl vinyl ether were added to the solution, and the 

solution was stirred for 30 min. The reaction mixture was concentrated in vacuo. The 

residue was purified by silica gel chromatograph (gradient eluent from DCM to 

DCM:MeOH = 10:1), and then recrystallized with hexane to afford macrocyclic-1,5-

triazole as white solid (1.7 g, 57%). 

1H NMR (400 MHz, CDCl3) δ  7.57-7.48 (s, 1H, cis:trans = 1:2), 5.42-5.18 (m, 2H), 4.61-4.46 

(m, 4H), 4.43-4.30 (m, 2H), 3.11-2.96(m, 2H), 2.35-2.22 (m, 4H), 2.14-1.97 (m, 4H), 1.77-

1.62 (m, 4H); 13C{1H} NMR (125 MHz, CDCl3) δ 173.47, 173.33, 172.98, 172.91, 134.64, 

134.12, 132.39, 132.03, 130.76, 130.47, 130.06, 129.72, 63.18, 61.53, 61.28, 46.54, 33.41, 32.83, 
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32.26, 31.62, 26.60, 25.73, 24.46, 23.94, 23.87, 23.18, 22.97; HRMS-ESI (m/z): calcd for 

C16H23N3O4 [M + H]+, 322.1767 found, 322.1760, error: 2.2 ppm 

 

Figure 112: 1H NMR spectrum (400 MHz, CDCl3) of macrocyclic 1,5-triazole 
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Figure 113: 13C{1H} NMR spectrum (125 MHz, CDCl3) of macrocyclic 1,5-triazole 

 

Macrocyclic indole 

 

Figure 114: Scheme depicting synthesis of macrocyclic indole via RCM 

In a round bottom flask equipped with reflux condenser, bis-alkene-indole (1.2 g, 3.02 

mmol) and CH2Cl2 (320 mL) were added under N2. The solution was degassed by N2 
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bubbling for 30 min. Grubbs II (154 mg, 0.18 mmol) was added, and then the solution 

was stirred for 15 h at reflux under N2. The reaction mixture was cooled to room 

temperature, and a few drops of ethyl vinyl ether was added to the solution, and the 

solution was stirred for 30 min. The reaction mixture was concentrated in vacuo and the 

residue was purified by silica gel chromatograph (Ethyl Acetate:Hexane = 1:3) to afford 

macrocyclic-indole as white solid (0.68 g, 61.1%). 

1H NMR (400 MHz, CDCl3) δ 7.57 (dt, J = 7.6, 1.5 Hz, 1H), 7.28 (d, J = 7.8 Hz, 1H), 7.25 – 

7.19 (t, J = 7.8 Hz, 1H), 7.14 – 7.11 (t, J = 7.8 Hz, 1H), 7.03 (s, 1H), 5.36 – 5.08 (m, 2H), 4.48 

– 4.23 (m, 7H), 3.07 (t, J = 5.4 Hz, 2H), 2.24 (ddt, J = 10.8, 6.1, 3.0 Hz, 4H), 2.04 (ddt, J = 9.7, 

6.9, 3.6 Hz, 4H), 1.70 (dtd, J = 12.9, 8.1, 7.1, 4.3 Hz, 5H). 13C{1H} NMR (125 MHz, CDCl3) δ 

173.99, 173.57, 135.96, 131.15, 130.91, 130.20, 129.90, 128.14, 126.76, 121.88, 119.24, 118.95, 

111.90, 108.98, 63.81, 63.19, 45.25, 33.71, 33.42, 33.09, 32.88, 31.65, 24.69, 23.76, 23.56; 

HRMS-ESI (m/z): calcd for C22H27NO4 [M + H]+, 370.2018  found, 370.2013, error: 1.3 ppm 
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Figure 115: 1H NMR spectrum (400 MHz, CDCl3) of macrocyclic indole 

  

Figure 116: 13C{1H} NMR spectrum (125 MHz, CDCl3) of macrocyclic indole 
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4.5.2 Polymer Syntheses 

Poly(1,4-triazole-gDCC) 

 

Figure 117: Scheme depicting synthesis of poly(1,4-triazole-gDCC) via ED-ROMP 

Macrocyclic 1,4-triazole (68 mg, 0.21 mmol) and gDCC-cyclooctene (205 mg, 1.07 

mmol) were dissolved in anhydrous DCM (1 mL). The solution was purged with argon 

for 15 min. A solution (200 μL) of Grubbs-py (5 mg) in DCM (1 mL) was added to 

initiate the polymerization. After the reaction mixture was stirred at RT for 3 hours, 

several drops of ethyl vinyl ether were added to stop polymerization. The polymer 

solution was diluted in DCM and precipitated into methanol for 3 times. The copolymer 

was collected by filtration, dried under high vacuum for 3 hours to remove the methanol. 

Poly(1,4-triazole-gDCC) was obtained as a off-white solid (186 mg, 68%). The polymer 

was purified by prep GPC. 1,4-triazole unit mol% (calculated based on 1H NMR) = 13%; 

Mn = 163.4 kDa, PDI = 1.33, dn/dc = 0.111 

1H NMR (400 MHz, CDCl3)  7.42 (s, 1H), 5.50-5.43 (m, 16H), 4.60 (t, J = 6 Hz, 2H), 4.46 (t, 

J = 6.8 Hz, 2H), 4.35 (t, J = 6.8 Hz, 2H), 3.08 (t, J = 6.8 Hz, 2H), 2.31-2.01 (m, 40H), 1.68-1.51 

(m, 52H)    
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Figure 118: 1H NMR spectrum (400 MHz, CDCl3) of poly(1,4-triazole-gDCC) 

 

Poly(1,5-triazole-gDCC) 

 

Figure 119: Scheme depicting synthesis of poly(1,5-triazole-gDCC) via ED-ROMP 

Macrocyclic 1,5-triazole (68 mg, 0.21 mmol) and gDCC-cyclooctene (205 mg, 1.07 

mmol) were dissolved in anhydrous DCM (0.5 mL). The solution was purged with argon 

for 15 min. A solution (100 μL) of Grubbs-py (6 mg) in DCM (1 mL) was added to 
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initiate the polymerization. After the reaction mixture was stirred at RT for 3 hours, 

several drops of ethyl vinyl ether were added to stop polymerization. The polymer 

solution was diluted in DCM and precipitated into methanol for 3 times. The copolymer 

was collected by filtration, dried under high vacuum for 3 hours to remove the methanol. 

Poly(1,5-triazole-gDCC) was obtained as a off-white solid  (173 mg, 63%). The polymer 

was purified by prep GPC. 1,5-triazole unit mol% (calculated based on 1H NMR) = 11%; 

Mn = 110.4 kDa, PDI = 1.25, dn/dc = 0.113  

1H NMR (400 MHz, CDCl3)  7.53 (s, 1H), 5.55-5.42 (m, 18H), 4.56 (t, J = 6.4 Hz, 2H), 4.49 

(t, J = 6.4 Hz, 2H), 4.33 (t, J = 6.4, 2H), 3.04 (t, J = 6.4 Hz, 2H), 2.31-2.00 (m, 44H), 1.66-1.49 

(m, 58H) 

 

Figure 120: 1H NMR spectrum (400 MHz, CDCl3) of poly(1,5-triazole-gDCC) 
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Poly(indole-gDCC) 

 

Figure 121: Scheme depicting synthesis of poly(indole-gDCC) via ED-ROMP 

Macrocyclic indole (76.4 mg, 0.21 mmol) and gDCC-cyclooctene (200 mg, 1.05 

mmol) were dissolved in anhydrous DCM (0.5 mL). The solution was purged with argon 

for 15 min. A solution (100 μL) of Grubbs-py (6 mg) in DCM (1 mL) was added to 

initiate the polymerization. After the reaction mixture was stirred at RT for 3 hours, 

several drops of ethyl vinyl ether were added to stop polymerization. The polymer 

solution was diluted in DCM and precipitated into methanol for 5 times. The copolymer 

was collected by filtration, dried under high vacuum for 3 hours to remove the methanol. 

Poly(indole-gDCC) was obtained as a off-white solid (182 mg, 66%). Indole unit mol% 

(calculated based on 1H NMR) = 13.9 %; Mn = 189.4 kDa, PDI = 1.44, dn/dc = 0.126  

1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 7.9 Hz, 1H), 7.33 (d, J = 8.3 Hz, 1H), 7.22 (t, J = 

7.7 Hz, 1H), 7.12 (t, J = 7.5 Hz, 1H), 6.94 (s, 1H), 5.66 – 5.32 (m, 14H), 4.34 (q, J = 7.2 Hz, 

6H), 3.07 (t, J = 7.4 Hz, 2H), 2.39 – 1.85 (m, 36H), 1.81 – 1.10 (m, 46H). 
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Figure 122: 1H NMR spectrum (400 MHz, CDCl3) of poly(indole-gDCC) 

 

4.5.3 MW after 4 hours (M4h) of Sonication 

Ultrasound experiments were performed in THF on a Vibracell Model VCX500 

operating at 20 kHz with a 13.1 mm replaceable titanium tip probe from Sonics and 

Materials. Solutions were prepared at a concentration of 0.7 mg mL-1 in 15 mL of 

chloroform with 30 wt% BHT of polymer unless otherwise noted. The solution was 

transferred to a 3-necked Suslick cell in an ice-water bath and degassed by nitrogen 

bubbling for 30 min prior to sonication. Sonication was performed at 8.5 W/cm2 while 
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maintaining a temperature of 6-9 °C under nitrogen. The sonication pulse sequence was 

set to 1s on / 1s off.  

While performing sonication, 0.4 mL aliquots of the solution were extracted at 

each time point. The solution (0.4 mL) was filtered via filter syringe for GPC analysis. 

MWs are reported as number-averaged molecular weight. After 4 hours of sonication, 

the point in which the rate of chain scission is little changed is regarded as limiting 

molecular weight of each polymer. Sonication was performed three times per one kind 

of polymer under consistent condition. Mn of each polymer is reported as average value 

obtained from three results.  
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Figure 123: GPC traces of sonicated poly(1,4-T-gDCC) at time intervals. As sonication 

time increases, gap of retention time decreases because poly(1,4-T-gDCC) approaches 

M4h ; Red line shows starting polymer (163.6 kDa). Blue line shows sonicated polymer 

(51.4 kDa) for 30min. Green line shows sonicated polymer (31.4 kDa) for 2h. Pink line 

shows sonicated polymer (27.3 kDa) for 3h. Brown line shows sonicated polymer (25.1 

kDa) for 4h. 

Table 11: Change of Mn at time intervals poly(1,4-T-gDCC) under pulsed ultrasound 

Time (h) 
Poly(1,4-T-gDCC) 

WB(%) Mn(kDa) PDI 

0 

13 

163.6 1.33 

0.5 51.4 1.31 

2 31.4 1.28 

3 27.3 1.25 

4 25.1 1.27 
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Figure 124: GPC traces of sonicated poly(1,5-T-gDCC) at time intervals. As sonication 

time increases, gap of retention time decreases because poly(1,5-T-gDCC) approaches 

M4h ; Red line shows starting polymer (110.4 kDa). Blue line shows sonicated polymer 

(47.9 kDa) for 30min. Green line shows sonicated polymer (31.4 kDa) for 2h. Pink line 

shows sonicated polymer (26.4 kDa) for 3h. Brown line shows sonicated polymer (24.4 

kDa) for 4h. 

 

Table 12: Change of Mn at time intervals poly(1,5-T-gDCC) under pulsed ultrasound 

Time (h) 
Poly(1,5-T-gDCC) 

WB(%) Mn (kDa) PDI 

0 

11 

110.4 1.25 

0.5 47.9 1.25 

2 31.4 1.20 

3 26.4 1.22 

4 24.4 1.22 
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Figure 125: GPC traces of sonicated poly(indole-gDCC) at time intervals. As 

sonication time increases, gap of retention time decreases because poly(indole-gDCC) 

approaches M4h ; Red line shows starting polymer (189.4 kDa). Blue line shows 

sonicated polymer (46.6 kDa) for 36min. Green line shows sonicated polymer (27.9 

kDa) for 2h. Pink line shows sonicated polymer (25.3 kDa) for 3h. Brown line shows 

sonicated polymer (24.3 kDa) for 4h. 

 

Table 13: Change of Mn at time intervals poly(indole-gDCC) under pulsed ultrasound 

Time (h) 
Poly(indole-gDCC) 

WB(%) Mn (kDa) PDI 

0 

13.9 

189.4 1.44 

0.6 46.6 1.23 

2 27.9 1.26 

3 25.3 1.21 

4 24.3 1.20 
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5. Sonochemistry of Polymeric Trefoil Knots 

5.1 Introduction 

Knots generally have been observed in DNA or in long polymers during 

crystallization.129-132 The presence of knots in a polymer chain affects physical properties 

such as crystallinity, elasticity, tensile strength, and rheological properties.85,133-139  

Knots are topologically complex structures, and they can be categorized by their 

configuration.136 As the simplest knot, a trefoil knot is constructed by a self-threading 

loop of a single chain.132,136 A number of studies have used a molecular “trefoil knot” in 

polymer chain to investigate its influence on the properties of materials and biology 

molecules such as DNA. Among the relevant properties of molecular knots, the ultimate 

strength of a knot in polymer chain was investigated.97,102,149-151 In particular, the Klein 

group88,89 showed with first-principles molecular dynamic calculations that the presence 

of knots in polyethylene induces a weak point at the entrance and exit point of a knot 

subjected to tensile loading. Moreover, according to studies related to topological 

deformation, mobility,87,138,140-143 and unknotting144-150 phenomena, knots are mobile and 

undergo thermal diffusion by “self-reptation” of the knots in the polymer chain. In long 

polymer chains, open knots are spontaneously untied based on properties of mobility 

and diffusion in the absence of stretching force. According to Li et al.149, however, if 

mechanical pulling force is applied to a polymer chain that possesses slipknots, the 

slipknots are transformed into tightened trefoil knots.  
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Organic chemists also have been interested in the synthesis of knot molecules.151-

156 The Hunter research group91 developed a templated synthesis of trefoil knot with 

folding and threading of trisbipyridine ligands by coordinating zinc to form octahedral 

complex structure. Their synthesis is exploited here in the context of trefoil knot 

containing polymers. 

These studies for understanding knot properties, however, usually were 

conducted using computational calculations,88,89,147,148,150,157,158 optical tweezers159 or atomic 

force microscopy (AFM) using protein.158 Here, we extended the studies describes in 

previous chapters to the sonochemistry of polymeric trefoil knots using the zinc-

templated trefoil knot developed by Hunter. In particular, this study was conducted to 

verify whether zinc in the trefoil knot can be demetallated by tightening of the knot due 

to polymer stretching when a polymer including the trefoil knot is subjected to pulsed 

ultrasound.  

5.2 Experimental Strategy  

Figure 127 shows the strategy for this study. The trefoil knot was randomly 

incorporated in polybutadiene containing epoxy groups (epoxy-PB) or gem-

dichlorocyclopropane (poly(gDCC)). The polymer was subjected to ultrasound for ~ 1h  

2h. The sonicated polymer was characterized by 1H NMR to confirm whether zinc 

demetallation by knot tightening occurs, as well as the solution was titrated to examine 

demetallated zinc via solution color change by reaction between zinc and dithizone. 
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Figure 126: Schematic illustration characterizing demetallation of zinc from trefoil 

knot embedded in polymer under pulsed ultrasound; Polymer including trefoil knot 

was subjected to pulsed ultrasound allowing tightening knot. Based on the 

assumption on that zinc can be demetallated by tightening knot, demetallated zinc 

was examined via color change of solution by reaction between zinc and dithizone. 

Following Hunter, a closed trefoil knot (trefoil knot A) was synthesized.91 ED-

ROMP (Figure 128) was performed for 3 h using the closed trefoil knot and 9-

oxabicyclo[6.1.0]non-4-ene or gDCC-cyclooctene, allowing the trefoil knot to be 

incorporated in epoxy-PB (Polymer 1, Mn = 66.5 kDa, knot= 0.3 mol%) or poly(gDCC) 

(Polymer 2, Mn = 57.2 kDa, knot = 1.3 mol%). The embedded ratio of trefoil knot was 

relatively lower than the ratio of weak bonds, catenane and triazole in polymer.  
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Figure 127: Scheme depicting ED-ROMP using trefoil knots; a) Polymer 1 was 

synthesized using trefoil knot A and 9-oxabicyclo[6.1.0]non-4-ene. b) Polymer 2 was 

synthesized using trefoil knot A and gDCC-cyclooctene.  

 Polymer 1 was used for sonication experiments and examination of subsequent 

zinc release by coordination to dithizone.  Polymer 2 was used for sonication experiment 

and demetallation experiment using Li2S. Although different polymer backbones were 

used, the result of sonication experiment are not affected by the kinds of polymer chains, 

as evidenced by the fact that 1H NMR does not show any differences except for ring 

opening of gDCC in polymer 2 after sonication experiment using polymers 1 and 2.    

5.3 Results and Discussion 

Polymer 1 and polymer 2 were subjected to pulsed ultrasound in inhibitor free-

THF for 1  2 h.  The sonicated solutions were characterized by 1H NMR. As shown in 

Figure 128, 1H NMR of sonicated polymer 1 (Figure 128 a) and 2 (Figure 128 b) did not 

show any change such as unknotting and demetallation of zinc.  
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Figure 128: Comparison of 1H NMR between starting polymer and sonicated polymer; 

a) 1H NMR of polymer 1 (Mn = 66.5 kDa) and sonicated polymer 1 for 1h (Mn = 23.6 

kDa) showing no change of NMR peaks of knot between 6.0  8.5 ppm. b) 1H NMR of 

polymer 2 (Mn = 57.2 kDa) and sonicated polymer 2 for 2h (Mn = 24.1 kDa) showing no 

change of NMR peaks of knot between 6.0 – 8.5 ppm. 

In order to obtain more accurate data on demetallation of zinc, zinc screening 

(Figure 126) was performed using sonicated polymer 1 and dithizone. It is because 

embedded ratio of trefoil knot was basically too low so that it would be difficult to find 

out any change via 1H NMR. Dithizone is frequently used to examine zinc. The color of 
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dithizone solution is green, and it is switched to purple or red when exposed to zinc ions, 

due to reaction between dithizone and zinc. To examine zinc using dithizone, adjusting 

pH 4.5 to 5.5 is recommended for exclusive reaction of zinc and dithizone.160,161 In our 

system, however, this acidic condition induced protonated the basic pyridine ligands, 

inhibiting their coordinating to zinc (Figure 141). Thus, zinc screening was performed 

without acidic condition by adding only dithizone solution into sonicated (Figure 129), 

and unsonicated polymer 1 (Figure 130). Surprisingly, no color change was observed in 

sonicated polymer 1, whereas color of polymer 1 was rather changed to light red.  
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Figure 129: Comparison of 1H NMR between sonicated polymer 1, and mixture of 

sonicated polymer 1 and dithizone solution; After addition of dithizone (3.29 g) into 

sonicated polymer 1 in CDCl3, there were no changes in color or 1H NMR spectrum. 
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Figure 130: Comparison of 1H NMR between polymer 1, and mixture of polymer 1 and 

dithizone solution; After addition of dithizone (3.29 g) into sonicated polymer 1 in 

CDCl3, there was no change in 1H NMR spectrum, whereas color was changed to light 

red. 

  Then, additionally, the removal of zinc from polymeric trefoil knot was 

performed to investigate how absence of zinc affects knot embedded in polymer. 

Demetallation experiment91 using Li2S and polymer 2 (Mn = 139.5 kDa, knot = 0.6 mol%) 

was performed as observing 1H NMR at time intervals. Figure 131 showed that pyridine 

and benzene protons of knot were turned into protons of ligand. It indicates that 

unknotting in polymer 2 occurred during short period after Li2S was added. It is difficult 

to obtain accurate time for unknotting after removal of zinc from trefoil knot, because ~2 
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min was required to take 1 H NMR after adding Li2S into the polymer solution. However, 

no evidence for remaining knots was observed after that time. 

 

Figure 131: Schematic illustration showing unknotting through 1H NMR at time 

intervals after addition of Li2S into polymer 2 solution. 

 Therefore, to prevent unknotting even though zinc is removed from trefoil knot, 

stoppers (e.g. dendron) were needed randomly in polymer chain including trefoil knots. 

In order to explore this experiment, dendron functionalized cyclooctene synthesized 

through divergent growth approach,162 and trefoil knot B were polymerized via ED-

ROMP for 3 h allowing polymer 3 (Mn = 45.4 kDa , knot= 6.3 mol%) (Figure 132).  
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Figure 132: Scheme depicting synthesis of G2-dendron and trefoil knot embedded 

polymer via ED-ROMP. 

In here, trefoil knot B was used because it has relatively higher incorporation 

ratio (~6 mol%) in polymer comparing to that of trefoil knot A (0.3~0.6 mol%). After 

synthesis of polymer including dendron (G2) and trefoil knot, demetallation was 

performed using Li2S (Figure 133). However, analysis of the associated 1H NMR spectra 

indicates that the trefoil knot was still unknotted.  



 

156 

 

Figure 133: Schematic illustration showing unknotting in 1H NMR at time intervals 

after addition of Li2S into polymer 3 solution. 

This means that the size of G2-dendron is not large enough to prevent unknotting. 

Therefore, bigger stopper than G2 is required to prevent unknotting of polymeric trefoil 

knot in absence of zinc.   

5.4 Conclusion  

As a study on how a zinc-coordinated trefoil behaves under sonochemistry, 

sonication experiments were performed using polymeric trefoil knot coordinated with 
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zinc. After sonication experiment, the sonicated polymer was analyzed through 1H NMR 

and zinc examination using dithizone. In 1H NMR spectra, we observed no difference 

before and after sonication. Moreover, released zinc from trefoil knot was not detected 

by a dithizone colorimetric assay. When zinc was directly removed from polymeric 

trefoil knot using Li2S, the trefoil knot was untied in < 2 min, based on observation of 1H 

NMR. Therefore, no change of 1H NMR after sonication experiment using polymeric 

trefoil knot coordinated with zinc indicates that zinc did not slip out from polymeric 

trefoil knot polymer under pulsed ultrasound. This result means that trefoil knot 

coordinated with zinc in polymer chain is not tightened very well, even though polymer 

is stretched under ultrasound. That is, zinc does not enable weakening of trefoil knot by 

tightening under pulsed ultrasound.  

5.5 Syntheses and Experimental Details 

Dry dichloromethane (DCM) and tetrahydrofuran (THF) were obtained from 

Sigma-Aldrich and purified with a Pure SolvTM solvent purification system. CHCl3 was 

purchased from VWR, extracted with aqueous solution including very small amount of 

NaOH and Na2S2O3, and then distilled.163 Dithizone, 9-oxabicyclo[6.1.0]non-4-ene, 

lithium sulfide (Li2S), sodium thiosulfate (Na2S2O3), sodium hydroxide (NaOH), , acetate 

buffer solution (pH 4.6) were purchased from Sigma-Aldrich. Trefoil knot A and B,91 

gDCC-cyclooctadiene,109 Grubbs-py103, and G2-cyclooctene162 were prepared according to 
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procedures published previously. Unless otherwise stated, all reagents were used 

without further purification. 

All 1H NMR spectra were collected in CDCl3 on a 400 MHz Varian NMR. CDCl3 

(δ= 7.26 ppm for 1H) was used as an internal chemical shift reference. For demetallation 

experiment with Li2S, CD2Cl2 (δ= 5.32 ppm for 1H) was used as an internal chemical shift 

reference.  All chemical shifts are given in ppm (δ) and coupling constants (J) in Hz as 

singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), or broad (br).  

Gel permeation chromatography (GPC) was performed on double columns 

(Agilent Technology PL gel, #179911GP-504504 (104 Å ) and #179911GP-503 (103 Å )) using 

stabilized THF (HPLC grade, stabilized with 250 ppm BHT) as mobile phase at 0.5 mL 

min-1 at room temperature. The flow rate was set using a Varian Prostar Model 210 

pump, and molecular weights were calculated using an inline Wyatt Dawn EOS multi-

angle light scattering (MALS) detector, and a Wyatt Optilab DSP Interferometric 

Refractometer (RI). The dn/dc values for each polymer were determined by inline, 

assuming 100% mass recovery based on known injection mass.  
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5.5.1 Polymer Syntheses 

5.5.1.1 Polymer 1 

 

Figure 134: Scheme depicting synthesis of polymer 1 using trefoil knot A and 9-

oxabicyclo[6.1.0]non-4-ene via ED-ROMP 

Trefoil knot A (41.4 mg, 0.02 mmol) and 9-oxabicyclo[6.1.0]non-4-ene (144 mg, 

1.16 mmol) were dissolved in anhydrous DCM (0.3 mL). A solution (100 μL) of Grubbs-

py (2 mg) in DCM (1.0 mL) was added to initiate the polymerization. After the reaction 

mixture was stirred at R.T for 3 hours, several drops of ethyl vinyl ether were added to 

stop polymerization and stirred for 30 min at R.T. The polymer solution was diluted in 

DCM and precipitated into methanol for 3 times. The copolymer was collected by 

filtration, dried under high vacuum for 3 hours to remove the methanol. Polymer was 

obtained as a brown solid (67 mg, 36.1%). Trefoil knot A unit mol% (calculated based on 

1
H NMR) = o.3 %; Mn = 66.5 kDa, PDI = 1.64, dn/dc = 0.08 

1
H NMR (400 MHz, CDCl3) δ 8.14 (d, J = 9.6 Hz, 2H), 7.83-7.78 (m, 8H), 7.45-7.29 (m, 

12H), 6.87 (d, J = 9.6 Hz, 4H), 6.80 (d, J = 8.4 Hz, 4H), 6.64 (d, J = 8.4 Hz, 4H), 6.45 (d, J = 

8.8 Hz, 4H), 5.86 (d, J = 8.4 Hz, 4H), 5.72-5.08 (m, 704 H), 4.55 (d, J = 6.4 Hz, 2H), 4.43 (d, J 

= 5.6 Hz, 4H), 3.74-3.60 (m, 8H), 3.39 (m, 2H), 3.16-2.53 (m, 714H), 2.47-1.92 (m, 1418H), 

1.90-1.36 (m, 1428H) 
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Figure 135: 1H NMR spectrum (400 MHz, CDCl3) of polymer 1 

5.5.1.2 Polymer 2 

 

Figure 136: Scheme depicting synthesis of polymer 2 using trefoil knot A and gDCC-

cyclooctene via ED-ROMP 

Trefoil knot A (39 mg, 0.02 mmol) and gDCC-cyclooctene (105 mg, 0.55 mmol) 

were dissolved in anhydrous DCM (0.2 mL). A solution (100 μL) of Grubbs-py (3 mg) in 
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DCM (1.0 mL) was added to initiate the polymerization. After the reaction mixture was 

stirred at R.T for 3 hours, several drops of ethyl vinyl ether were added to stop 

polymerization and stirred for 30 min at R.T. The polymer solution was diluted in DCM 

and precipitated into methanol for 3 times. The copolymer was collected by filtration, 

dried under high vacuum for 3 hours to remove the methanol. Polymer was obtained as 

a brown solid (70 mg, 48.6%). Trefoil knot A unit mol% (calculated based on 1H NMR) = 

1.3 %; Mn =57.2 kDa, PDI = 1.62, dn/dc = 0.10 

1H NMR (400 MHz, CDCl3) δ 8.13 (br, 2H), 7.88-7.67 (m, 8H), 7.51-7.30 (m, 12H), 6.88 (d, J 

= 8.8. Hz, 4H), 6.81 (d, J = 9.2 Hz, 4H), 6.65 (d, J = 9.2 Hz, 4H), 6.47 (d, J = 6.4 Hz, 4H), 

5.91-5.71 (m, 4 H), 5.69-5.19 (m, 157H), 4.58 (d, J = 6.8 Hz, 2H), 4.44 (d, J = 5.6 Hz, 4H), 

3.76-3.55 (m, 8H), 3.39 (m, 2H), 3.19-2.80 (m, 4H), 2.80-2.58 (m, 8H), 2.55-2.43 (m, 2H), 

2.40-1.81 (m, 324H), 1.64-1.30 (m, 491H) 
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Figure 137: 1H NMR spectrum (400 MHz, CDCl3) of polymer 2 
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5.5.1.3 Polymer 3 

 

Figure 138: Scheme depicting synthesis of polymer 3 using trefoil knot B and G2-

cyclooctene via ED-ROMP 

Trefoil knot B (18.2 mg, 0.009 mmol) and G2-cyclooctene (100 mg, 0.18 mmol) 

were dissolved in anhydrous DCM (0.4mL). A solution (100 μL) of Grubbs-py (5.4 mg) 

in DCM (1.0 mL) was added to initiate the polymerization. After the reaction mixture 

was stirred at R.T for 3 hours, several drops of ethyl vinyl ether were added to stop 

polymerization and stirred for 30 min at R.T. The polymer solution was diluted in DCM 

and precipitated into methanol for 3 times. The copolymer was collected by filtration, 

dried under high vacuum for 3 hours to remove the methanol. Polymer was obtained as 
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a brown solid (31 mg, 26.2%). Trefoil knot B unit mol% (calculated based on 1H NMR) = 

6.3 %; Mn =45.4 kDa, PDI = 1.71, dn/dc = 0.074 

1H NMR (400 MHz, CDCl3) δ 8.17 (br, 2H), 7.96-7.62 (m, 8H), 7.46-7.29 (m, 11H), 7.21 (br, 

1H), 6.87-6.76  (m, 8H), 6.64 (d, J = 8.8 Hz, 4H), 6.47 (m, 4H), 5.89 (m, 2H), 5.43 (m, 2H), 

5.35 (br, 32 H), 4.92 (br, 16H), 4.34 (m, 64H), 4.16 (s, 32H), 4.13 (s, 32H), 3.90 (t, J = 5.6 Hz, 

4H), 3.63 (s, 32H), 3.60 (s, 32H), 3.57 (m, 1H), 3.50 (m, 1H), 3.45-3.28 (m, 2H), 3.24-3.04 (m, 

2H), 3.02-2.85 (m, 2H), 2.81-2.55 (m, 12H), 2.52-2.30 (m, 8H), 2.27-2.13 (m, 2H), 2.07-1.81 

(br, 70H), 1.81-1.70 (m, 6H), 1.67-1.49 (br, 168H), 1.41 (br, 106H), 1.35 (s, 128H), 1.27 (br, 

60H), 1.15 (s, 96H) 

 

Figure 139: 1H NMR spectrum (400 MHz, CDCl3) of polymer 3 
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5.5.2 Sonication Experiment 

Ultrasound experiments were performed in THF (inhibitor free) on a Vibracell 

Model VCX500 operating at 20 kHz with a 13.1 mm replaceable titanium tip probe from 

Sonics and Materials. Solutions were prepared at a concentration of 1 mg mL-1 in 15 mL 

of THF of polymer unless otherwise noted. The solution was transferred to a 3-necked 

Suslick cell in an ice-water bath and degassed by nitrogen bubbling for 30 min prior to 

sonication. Sonication was performed at 14.6 W/cm2 while maintaining a temperature of 

6-9 °C under nitrogen. The sonication pulse sequence was set to 1s on and 1s off. 

The solution (1 mL) was filtered via filter syringe for GPC analysis. The 

remainder was concentrated under reduced pressure and dissolved in CDCl3 for NMR 

analysis. MWs are reported as number-averaged molecular weight (Mn).  

5.5.3. Examination of Zinc in Sonicated Polymer160,161 

5.5.3.1. Using Dthizone Solution in Acetate Buffer and Aqueous Na2S2O3 Solution 

Dithizone (5 mg) was dissolved in CHCl3 (30 mL). The dithizone stock solution (1 

mL) was diluted until total volume approached 5.42 mL using CHCl3. Na2S2O3 (2.5 g) 

was dissolved in DI water (10 mL).    

Sonicated polymer 1 solution was concentrated under reduced pressure, and the 

sonicated polymer 1 (~11 mg) was redissolved in CHCl3 (0.7 mL). Acetate buffer solution 

(0.25 mL) and aqueous Na2S2O3 solution (0.25 mL) were added into the polymer solution. 

The diluted dithizone solution (0.6 mL, dithizone amount = 3.4 g) was added, and the 
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mixture was extracted vigorously. The solution stayed until organic and water layers 

were separated. The organic layer was concentrated. The residue was dissolved in 

CDCl3 to take 1H NMR (Figure 140). 

As control experiment, the polymer 1 (~11 mg) was dissolved in CHCl3 (0.7 mL). 

Acetate buffer solution (0.25 mL) and aqueous Na2S2O3 solution (0.25 mL) were added 

into the polymer solution. The diluted dithizone (0.6 mL, dithizone amount = 3.4 g) 

was added, and the mixture was extracted vigorously. The solution stayed until organic 

and water layers were separated. The organic layer was concentrated. The residue was 

dissolved in CDCl3 to take 1H NMR. The result showed same phenomena with Figure 

140. 

As shown in Figure 140, color was changed to purple whereas original sonicated 

polymer solution color was yellow, as well as 1H NMR indicated unknotting. These 

results indicate that acidic condition significantly affected basic pyridine ligands 

forming trefoil knot. That is, zinc could be released from trefoil knot affected by acidic 

condition. The released zinc induced color change by dithizone, and unknotting.  
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Figure 140: Comparison of 1H NMR among sonicated polymer 1, organic layer after 

extraction with dithizone and sonicated polymer 1 in pH 4.5-5.0, and trisbipyridine 

ligand before knotting; After extraction with dithizone solution and sonicated 

polymer 1 in pH 4.55.0, acidic condition allowed demetallation of zinc and 

unknotting based on matching with 1H NMR of ligand between 6 – 9 ppm. After 

extraction, the color of organic layer was changed to purple due to the reaction of zinc 

and dithizone. 

5.5.3.2. Using only Dthizone Solution  

Dithizone (5 mg) was dissolved in CHCl3 (30 mL). The dithizone stock solution (1 

mL) was diluted until total volume approached 5.42 mL using CDCl3. 

Sonicated polymer 1 solution was concentrated under reduced pressure and the 

sonicated polymer 1(~14 mg) was redissolved in CDCl3 (0.6 mL). The diluted dithizone 
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(0.58 mL, dithizone amount = 3.3 g) was added, and the mixture was shacked 

vigorously. The solution was observed directly via 1H NMR (Figure 129). 

As control experiment, polymer 1 (~ 14 mg) was dissolved in CDCl3 (0.6 mL). The 

diluted dithizone (0.58 mL, dithizone amount = 3.3 g) was added, and the mixture was 

shacked vigorously. The solution was observed directly via 1H NMR (Figure 130). 

5.5.4 Demetallation of Polymeric Trefoil Knot91 

5.5.4.1. Demetallation of Polymer 2 

 Polymer 2 (11.1 mg, Mn = 139.5 kDa, knot = 0.6 mol%) was dissolved in CD2Cl2 

(0.96 mL). CD3OD (0.2 mL) and D2O (0.06 mL) were added into the solution. Li2S (1.6 

mg) was added into the solution. The solution was vigorously shacked, and then 

demetallation was observed by 1H NMR at time intervals (Figure 131).     

5.5.4.2. Demetallation of Polymer 3 

Polymer 3 (6.4 mg, Mn = 45.4 kDa, knot = 6.3 mol%) was dissolved in CD2Cl2 (0.6 

mL). CD3OD (0.1 mL) and D2O (0.03 mL) were added into the solution. Li2S (0.8 mg) was 

added into the solution. The solution was vigorously shacked, and then demetallation 

was observed by 1H NMR at time intervals (Figure 133).    
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6. Conclusion 

This dissertation described mechanical strengths of various chemical bonds via 

sonochemical polymer. In the mechanochemistry, the interest of characterizing bond 

scission under force has been increasing to develop novel materials having functions of 

self-healing, damage sensing, and force reinforcing. Based on these backgrounds, studies 

in this dissertation mainly contribute to development of methodology to measure 

mechanical strengths of chemical bonds under pulsed ultrasound. As the measurement 

method, competition between scissile and non-scissile (gDCC) bonds was used under 

pulsed ultrasound. Under applied force, electrocyclic ring opening of gDCC provided 

good tool for the measurement of bond strength based on relative ratio of gDCC ring 

opening of polymers including the various kinds of chemical bonds. Moreover, as an 

another tool to measure mechanical strengths of chemical bonds, the weaker chemical 

bonds were incorporated into polymer chains, then the lower M4h was approached. The 

concept of M4h allowed to measure mechanical strengths of chemical bonds under 

pulsed ultrasound more easily and conveniently. 

In Chapter 2, mechanical strengths of putatively weak bonds were investigated 

using non-scissile mechanochemical reaction of gDCC as gauge of the force required for 

chain scission. In here, weak scissile bonds which have lower thermal bond dissociation 

energy than that of carbon-carbon bond were used; the carbon-nitrogen bond of an 

azobisdialkylnitrile (< 30 kcal mol-1), the sulfur-sulfur bond of a disulfide (54 kcal mol-1), 



 

170 

and the carbon-oxygen bond of a benzylphenyl ether (52-54 kcal mol-1). To develop 

polymer including weak bonds, macrocyclic rings having weak bond moieties were 

synthesized via RCM. Then ED-ROMP was successfully performed using gDCC-

cyclooctene and weak bond incorporated macrocyclic ring to allow random copolymers 

including gDCC and weak bonds (11~12 mol%). The random copolymer structure was 

ascertained by methanolysis induced by ester groups in poly(CC-gDCC) (Mn = 112 kDa, 

PDI = 1.48) to afford hydroxyl-terminated polymer fragments (Mn = 1.6 kDa, PDI = 2.01). 

Theses random copolymers were subjected to pulsed ultrasound at time intervals. 

Relative gDCC ring opening () and scission cycle (SC) obtained from each sonicated 

polymer solutions were analyzed via 1H NMR and GPC. Based on these results, ring 

opening () and SC were correlated linearly. Consequently, the relative mechanical 

strengths of the three week bonds was azobisdialylnitrile (weakest) < disulfide < 

benzylphenyl ether. More interestingly, the mechanical strengths of C-O bond in 

benzylphenyl ether was greater than that of the thermodynamically equivalent disulfide. 

It is because poor mechanochemical coupling was induced by the rehybridization 

during C-O bond scission. Moreover, the measured I values can be related to 

quantitative models of the force distribution along the polymer backbone during 

elongational flow by considering time scale for the extension (10-6 s). The corresponding 

value of Fbreak for poly(gDCC) backbone is 5.2 nN, as well as Fbreak for poly(BE-gDCC) is 

3.4 nN.     
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In Chapter 3, relative mechanical strength of catenane molecule as a topological 

molecule affecting physical properties of polymer was measured using M4h under 

pulsed ultrasound. In order to obtain relative mechanical strengths of catenane, linear 

and cyclic molecules having same chemical compositions with catenane were used for 

control experiment. As mentioned in Chapter 2, each molecule was incorporated in 

macrocyclic ring through RCM. Then ED-ROMP was performed using macrocyclic ring 

and gDCC-cyclooctene to afford random copolymers including topological molecules (~ 

5 mol%) and gDCC. The random copolymers were subjected to pulsed ultrasound for 4 

h to approach M4h. The M4h of each polymer including linear, cyclic and catenane 

molecules approached between 28~ 30 kDa. To remove huge molecular weight effect 

caused by catenane, unit length of each monomer was obtained via COGEF calculation. 

The M4h was converted to L4h using monomer length. The L4h of each polymer 

approached 1400-1500 Å  as almost same length indicating that mechanical strengths of 

linear, cyclic, and catenane are almost same. Moreover, M4h was measured under 

different concentrations and starting polymer having different Mn using poly(catenane-

gDCC). The results showed same M4h regardless of concentrations and molecular weight 

of starting polymer. Therefore, this study demonstrated that the mechanical strength of 

catenane is as strong as that of carbon-carbon bond whereas catenane is non-covalently 

mechanical bond between two macrocycles. 
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In Chapter 4, mechanical strength of triazoles which are thermally stable and 

chemically inert was measured using M4h under pulsed ultrasound. For control molecule, 

indole was used having disubstituted alkyl chains at same positions (nitrogen and 

alkene carbon) with triazole. These triazoles and indole were incorporated in 

macrocycles via RCM allowing random copolymers through ED-ROMP. The random 

copolymers were subjected to pulsed ultrasound until the polymers approach M4h as 

gauge of mechanical strength of triazole and indole. The M4h of polymers including 

triazoles and indole was approached to 24~25 kDa as nearly same values. In here, a 

noteworthy was that M4h of poly(indole-gDCC) is lower than that of poly(gDCC). This 

result supports that mechanical cycloreversion of triazoles rarely happens. The polymer 

chain next to triazole moieties is rather mechanically susceptible. 

In Chapter 5, polymeric trefoil knot synthesized by trisbipyridine folding around 

zinc was investigated on demetallation of zinc caused by tightening knot under pulsed 

ultrasound. Based on previous studies, polymer chain is stretched, and knot is tightened 

under applied force. Thus, our hypothesis on that zinc can be demetallated by tightening 

knot was formulated. In order to verify this hypothesis, zinc-templated trefoil knot was 

embedded in polymer chain, as well as the polymer including the trefoil knot was 

subject to pulsed ultrasound. The sonicated solution was analyzed via 1H NMR and 

solution color change by reaction between dithizone and zinc. However, there were no 

changes in color and in 1H NMR. On the other hand, removal of zinc from polymeric 
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trefoil knot allowed unknotting in a moment based on analysis of 1H NMR. Therefore, 

the results indicated that zinc did not slip out from knot under pulsed ultrasound based 

on no changes in 1H NMR and color between before and after sonication. This result is 

feasible that zinc template can prevent knot tightening and subsequent weakening and 

scission. 
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