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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 init iation 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
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scission were assessed: the carbomitrogen bond of an azobisdialkylnitrile (< 30 kcal
mol-1), the aulfur -sulfur bond of a disulfide (54 kcal mol 1), and the carbon-oxygen bond
of a benzylphenyl ether (52-54 kcal molt). 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 ofgemdichlorocyclopropane
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



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 (M ). The obtained Man was converted to the length (Lsn) using the
calculated force free length of each monomer. The relative mechanical strengths of these
topological molecules are nearly identical based on La, 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 copolym ers 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 M sn
measured was less than the M 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.



As an extended study of mechanical strength of different molecular top ologies,
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 'H NMR and by the color change of dithizone solution used to coordinate any
released zinc. No evidence for mechanical demetallation or knot scission was obtaned,
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 largescaleand economically viable production. * Generally,
however, repeated exposure to mechanical stresses such atading, bumping, pus hing,
or pulling of polymeric materials results in defectsthat eventually propagat e to the
point of failure by mechanically triggered molecular mechanisms, including the scission

of covalent bonds? 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 withi n the material, forming defects
and eventually propagating to the point of failure



In order to extend the useful lifetime of polymeric materials , there is growing
interest in the design and synthesis of polymers with properties such asdamage sensing,
sdf-healing, and self-reinforcing behavior.! 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 method s 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 Erying 4 and further
extended by Bell5 Ultimately, mechanically induced reactivity of molecule s can be
discussedin 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. 1 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 inlength between ground state and transition
state.

k(F) =A* exp(-[Ea-Fax]/keT) Equation 1
(8E =Ea-Fax)
In this equation 1, A is the Arrhenius pre -exponential factor, Ea is activation energy
without applied force, k sis Boltzmangz constant, T is the absolute temperature, anda is
a distancefrom ground state to transition state. T his equation assumes thata is
independent of force, and it is therefore an oversimpli fication,”? and it is only vali d for

simple bond-breaking along the reaction coordination of the system as a one
3



dimensional model. This model assumesthat external force does not affect the relative
position of the reactant and transition state, but simply lowers activation energy. That is,
ax 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 addressthis problem, Martinez 1°and Marx 212 developed full three-
dimensional force-coupled reaction coordinates that explicitly consider how reactant
and transition state config urations are modified under external force. First, Martinez et al.
explained ?force modified potentia | energy surface? using ab initio molecular dynamic s
that account for changes inbarrier heights and transition state geometries due to
external force (Equation 2).

V(X) = Vab inio (X) +Z; == F ([xfi* — x;[| — =% — =2|)) Equation 2

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

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

x is initial position of attachment points.



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) = Veo(x) ¢ FR(x) Equation 3

Here, VeoisUT 1T w! OUON. xpotenfd dnéd) butface as a function of all nuclear
Cartesian coordinates x, andR(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 issueg 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 lif etime of materials.
Developing new polymeric materials having properties like damage sensing, self -
healing, and self-reinforcing requires active moleculesby mechanical force. These stress
responsive small molecules are called?mechanophores?, and they undergo effective

reaction with force. The force on polymer chainsis coupled to the mechanophore
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embedded in the polymer midchain, and mechanophore s have recently been developed
to provide force redistribution 1316 force-induced color change!”!8 and the potential for
remending .*°

In the beginning, the field of mechanochemistry inves tigated selective scission of
weak chemical bonds in polymer chains such as peroxide 2 azo 2 metal-ligand bonds
incorporated in the middle of polymer backbone.?226 This researchdemonstrated the
mechanically selective scission of certain Pweak?- bonds. Moore et al?! reported selective
scissionat a single azo moiety embedded in polymer midchain in response to
mechanical force generated bypulsed 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-cycloaddition s (Figure 3b and 3c),22° although these studies have recently been
guestioned and, in many cases, retracted® The relative reactivities of various
cyclobutane mechanophoreshave also been reported(Figure 3d).3! Besides,
perfluorocyclobutane (PFCB) polymer is cleaved to trifluorovinyl ethers through 1,4 -
diradical s as intermediate under mechanical force, and the trifluorovinyl ether polymer
is thermally r emendable to PFCB polymer (Figure 3e).2® Finally, bis(adamantyl)-1,2-

dioxetane incorporated in the center of polymer is selectively broken by sufficient



mechanical forcesto generate an adamantanone product whosecarbonyl group occupies

an electronically excited state that subsequently luminesces (Figure 3f).32
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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, ¢) mechanical retro-1,3
cycloaddition to azide and alkyne by applied force, and cycloaddition using copper
catalyst, d) mechanical cleavage of dicyanocyclobutane affordi ng cyanoacrylate, €)
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.



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 onmeasuring mechanical strengths of various scissile mechanophores, using

pulsed ultrasound asthe 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 alcidate 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 molec ule affixed to the tip
of an AFM (atomic force microscope) and substrate is stretched under applied force so
that the rupture force of asingle bond can be obtainedby analyzing the force-extension
curve.®¥ Among studiesusing SMFS, extracting single molecule kinetic data from
variable loading ¢ rate studies provides a quantitative measurement of scission rate as a
function of applied force. 3¢ For example, mechanically activated ligand substitution
reactions demonstrated that ligand substitution of pyridine to DMSO from Pd pincer
complex could be accelerated byforce (Figure 4b).35 In addition , Fernandezet al.(Figure
4c) showed that reduction of disulfide with DTT was accelerated with increasing

mechanical force 3¢ Even though SMFS is used toquantify 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, sothat the

single molecule can be detached from the tip before obtaining quantitative information .
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Figure 4: Examples of SMFS experiments; a) basic figure showing concept of SMFS; b)
ligand substitution under mechanical force; c) reduction of disulfide with D TT 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 kineticsin the context of intramole cular 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 exchange?’is
weakly correlated with restoring force, in contrast to 10° fold acceleration of electrocyclic
C-C bond dissociation of cyclobutene using restoring force 3832 However, this technique
is limited by synthetic complexity, its applicabili ty to sufficiently small mechanophores

only, and the magnitude of force that can be generated (hundreds of pN). 3839

- HS(CH,),SH
LS\H HS HS(CH,),SH rs s, oy PR
x |

v X Y b : ned
‘ k> ' 7 nm) Ke .
Y T W
O i~ OO D~ O sn
9 Sh%

Figure 5: Measuring the kinetics of thiol/disulfide exchange using restoring force
caused by stiff E-stilbene. 37

Another technique for quantifying mechanoc hemistry has been developed by
Sheiko et al, 49 who showed that attractive interaction s between the side chains of
bottlebrush polymers and t he surface of a high surface energyliquid 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 bysteric 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. 4°

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, prob e
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 principle s of pulsed ultrasound are explained in detail.

1.3 Pulsed Ultrasou nd

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

11



500 MHz, but destructive ultrasound is between 20 kHz and 900 kHz .4 Sonochemistry

for mechanochemical purposesrequires the use of the latter.
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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 scissi on
of polymer chain at midpoint.

When a solution is subjected to ultrasound, sound waves passthrough the liquid.
The sound waves induce compression and rarefaction in the liquid, t he movement of
which leads to formation of cavitation bubbles. The cavitati on bubbles repeat

compression and rarefaction cycles during which the bubble s grow until the bubble size
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reachesa 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. 142 The point of scissionunder ultrasound is not random . When shear
force stretches the polymer chain, the maximum force is found at or near the midpo int of
the polymer. The scission, therefore,preferentially occursin the middle of the polymer
(Figure 7).435° 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,s! concentration,5! and the chemical structure of the
polymer. 2021

First, higher initial molecular weight induces rapid chain scission because the
rate coefficient for the chain scission increases 53 Especially, for polymer chain scission,
polymer molecular weight should be higher than limiting molecular weight (Mim) at
where degradation rate of polymer is rarely changed. It is difficult to experience chain
scission below Mim. Second, higher intensity induces a faster rate of chain scission, and
lower M im due to larger size of cavitation bubbles, increased bubble density,5455 and
higher shear force. Third, higher vapor pressures lead to decreased rate for the chain

scission because more solvent vapor enters cavitation bubble> This phenomenon
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induces cushioning effect on the bubble collapseleading to slower solvent flow and
lower shear forces. And fourth, increased temperature causes decreased rate of chain
scission. High temperature induces increased solventvapor pressure resulting in
cushioning effect on cavitation bubble collapse.t5t Fifth, higher concentration induces
lower rate of chain scission because increased viscosity makes it diffcult to form
cavitation bubbles.52 Finally, the scission rate of polymer chain including weak bonds is
faster than that of normal polymer chain. 2021

Pulsed ultrasound is broadly used for initial study regarding mechanochemistry
in polymeric materials s uch ascovalent bond breaking and mechanophore reactivity by
applied force because of easy operation using small material. Especially, ultrasonic
studies have contributed to researchto understand thermally ruled out reaction through
mechanical process.

Furthermore, t he 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 a ctivated 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 subjectedto pulsed ultrasound, gDCC ring opening can be monitored
by *H and 3C 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 bord can be quantified based on the ratio of gDCC ring
opening. Therefore, gDCC polymer can be used for probeto measure mechanical
strength of chemical bonds.

In Chapter 2, gDCC embedded in polymer was used as gaugeto measure relative
mechanical strengths of putatively weak bonds comparing to relative percentage of

gDCC ring opening monitored via!H 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)%57, To
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investigate relative mechanical strengths of weak bonds, carbon-nitrogen bond of an
azobisdialkylnitrile (24 -30 kcal mol?),38 the sulfur -sulfur bond of a dis ulfide (54 kcal mol-
1,52 and the carbon-oxygen bond of a benzylphenyl ether (52-54 kcal mol?) were used 506t
The relative mechanical strengths of these bonds areexplored in Chapter 2.

A catenane is a mechanically-interlocked mole cular architecture of two or more
macrocycles. These mechanicallyinterlocked rings cannot be separated without
breaking covalent bonds.®2 One of interesting properties of catenane is the ring
rotation. 6365 Catenanes thushave high degree of freedom and mobility. 667 Due to this
property of catenane, interest of polymer having mechanically interloc ked molecules has
been increasingto obtain novel properties caused by topology comparing to previous
polymers.¢8 Various kinds of synthetic methods for polymeric catenane have been
developed. The researchabout mechanical strengths of catenane, however, is rare. This
dissertation, therefore, describeshow the topology of catenane affects mechanical
strength of the bond in Chapter 3.

1,2,3Triazole is one of isomeric chemical compounds having molecular formula
C2oNsHsin five -membered ring.®0 1,2, 3 Triazole is usually synthesized through Huisgen -
1,3t dipolar cycloaddition with azide and alkyne.”®721 4-Disubstituted triazole s are
mainly synthesized via Copper Catalyzed Azide -Alkyne Cycloaddition ( CUAAC). 7379

1,5-Disubstituted triazole s, however, are typically synthesized via Ruthenium Catalyzed
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Azide -Alkyne Cycloaddition (RUAAC). 8081 A triazole is athermally stable functional
group % but previous researchsuggestedthat mechanical cydoreversion of tri azolesin
polymer sis possible 2829 On the other hand, another perspective suggestedthat polymer
chain next to a triazole is more easily ruptured than the triazole itself.8 The competition
between those proaesses in described in Gapter 4.

Trefoil knot is the simplest structure of knot. Studies onrelative bond strengths
of knots have already beendone.8384 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.8*8” Klein et
alg&% jnvestigated 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 calculation 8% put also interest of knot synthesis has beenincreasing in
organic synthesis. Hunter z group developed a template synthesis oftrefoil knot s
through folding and t hreading of trisbipyridine driven by zinc metal coordination to

make octahedral structure.o!
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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 ch emical 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! 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, sehhealing, and self-reinforcing materials. 189294 Scissile
mechanophores reported in recent years include the slective cleavageat a single azo
moiety in poly(ethyleneglycol) (PEG) to generate specific and reactive carbon-centered
radicals,?! retro-cycloadditions t o unveil latent reactivity, 3*including remending, ¢ 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 rare3340% Here, we employ
mechanical reactions of mechanophores embedded in polymers to compare the relative
Ol EIl EOPEEOQWUUUI O1 UT UwlOi wEwUT UDI U wiirbgerxborid UUOEE O a
of an azobisdialkylnitrile (24 -30 kcal mol?),58 the sulfur -sulfur bond of a disulfide (54
kcal mol1),5 and the carbon-oxygen bond of a benzylphenyl ether (52-54 kcal mol1).6061
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,
19



despite the effectively equivalent thermod ynamic strengths of the two bonds. The
geometry changes that accanpany 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 | equally contributed to perform this project.

2.2 Strategy for the Experiment

Our strategy is shown in Figure 9. The overarching idea isto exploit a
competition between the activation of non -scissile mechanophores (in this casegem
dichlorocyclopropanes (gDCCs))t 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.>42 The force peaks near the polymer midchain and decays with distance from the
peak.?¢ This leads to mechanically triggered ring opening of the gDCC mechanophores,
beginning in the center of the polymer and radi ating outward in a continuous string 97
until the bubble collapse ends or the chain breaks. By incorporating multiple, putatively
?2bl EOO0?2 wE OO E U udhdnOu@ isauiip la tom@iibndetween the two
mechanochemical processes of norscissilegDCC 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 tensiontrapped diradicals. % Here, we use the

20



extent of non-scissile mechanophore activation as a measure of the relative mechanical

strength of the weak bonds of interest.

Scnssnle weak bond
Non-scissile gDCC polymer

a ‘F ﬂ'“%’\/-

) ‘l‘
Mechanically activated gDCC

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 elong ational 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 th e 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 copolymer ization (ED-ROMP)93101
provides a gentle, robust, and facile methodology for embedding the necessary

functional ity in quantitative manner along the polymer backbone. Weak bonds (WBs)
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containing bis-alkenes were synthesized viamild N-(3-dimethylaminopropyl) -- z
ethylcarbodiimide hydrochloride (EDCI) and 4-(dimethylamino)pyridine (DMAP)
coupling reaction. Ring closing metathesis (RCM)92 of WB containing bisalkenes

afford ed the WB macrocydic 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 cyclooct ene (Figure
11).

HO OH
M + MOH

@] 0

EDCI/DMAP/DCM
RT/Argon

Grubbs Il catalyst
DCM/Reflux/Argon

Figure 10: Synthesis of WB macrocyclic monomer
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Pyridine
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Grubbs Il catalyst Grubbs-py
b
Cl_Cl
R e i ) oo
C C.
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W Grubbs-py / DCM / 3h %H\O A A OW
—— q
Macrocyclic
monomer Copolymer WB (mol%) | M, (kDa) —o
NN poly(NN-gDCC) 12 829 | C>rN\~N/I<C N
Ss poly(SS-gDCC) 12 98 /5\5/
BE poly(BE-gDCC) 1 101.7 /©/‘o©/
cc poly(CC-gDCC) | 3 | 2 12 103 A

Figure 11: (a) Synthesis of Grubbs -py.1% (b) General synthetic st rategy and naming
convention for random copolymers containing controlled content of weak bonds and
gDCC mechanophores.

Sincethe distribution of forces generated in pulsed ultrasound is a function of
polymer contour length, 6 all polymers were prepared in order to have similar contour
lengths (Table 2)as calculated with equations 1 and 2:

Le= [(%WB)*(Nss(WB)) + (1- %WB)*(Nss(gDCC))]*DP 1)
where DP = (Mn)/[(%WB)*(MW of WB) + (1 - %WB)(MW of gDCC)]  (2)
and Nbobis the number of atoms each monomer contibutes to the polymer backbone

when incorporated.
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Table 1: Number of atoms contributed to the polymer backbone ( Nuwn) and molecular
weight (MW) of each monomer used in the polymerization.

Nbpb MW (g/mol)
Macrocyclic NN 20 388.46
Macrocyclic SS 20 346.51
Macrocyclic BE 20 464.59
Macrocyclic CC 28 310.43
2DCC-cyclooctadiene 8 191.10

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

M, (kDa) %WB (molar) DP L, (# atoms)
Poly(NN-gDCC) 82.9 0.117 387.04 3640
Poly(SS-¢gDCC) 98 0.115 468.96 4400
Poly(BE-gDCC) 101.7 0.114 457.5 4286
Poly(CC-gDCC) 103 0.122 500.83 5230
Poly(gDCC) 99 - 518.05 4140

Polymerizations were performed for relatively long times (> 3 h) in order to
ensure crossmetathesis and thus the formation of nearly random copolymers. The

copolymers bear two ester bonds in each weak bondrepeating 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%, M = 112 kDa, PDI =
1.48) to afford hydroxyl -terminated polymer fragments (M » = 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 mon omers, the average run length of WBs is 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 runlength 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 eaclgDCC repeat and 144 Da are left at the end of
eachgDCC run from the methanolysis of the WB unit. The exp ected polydispersity of
the gDCC runs is (1 + 0.891) = 1.90n the other hand, with 12.2% WB incarporation,
assuming ablock distribution of monomers , expected MW is 92 kDa (SeeSection2.5.3.

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

o’ o @l
Poly(CC-gDCC), WB = 12.2 mol% Poly(CC-gDCC)-diol
M, = 112.2 kDa, Mw = 165.9 kDa, PDI = 1.48 M, = 1.6 kDa, M,, = 3.1 kDa, PDI = 2.01

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 r emove 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?; poly(SSgDCC),
sulfur -sulfur bond strength of ~52 kcal mol-%; and poly(BE-gDCC), carbon-oxygen bond
strength of 52-54 kcal mol. 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 atmo sphere, and the fraction of gDCC units that
as a function of the number-averaged molecular weight (M n) as determined by gel
permeation chromatography with multi -angle light scattering (GPC-MALS).
The effect of added WBs is ofen 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 openinT Ow, OWEUwWE wi UOEUDPOOwWOI wl
where SC =[In(M n0)- In(M n1)]/IN2) changes dramatically (Figure 13b). For convenience,
we report the competition between gDCC ring opening and chain scisUD OO wb O widi UOU wod
UT 1T wbOPUPEOWIDOXT wdU wi=® msiié poly(@ICE)Uitdrops

dramatically to 0.19, 0.14, and 0.14 for disulfide monomer contents of 11.5%, 21%, and
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other bond within monom er SS, is confirmed by sonicating the cantrol poly(CC -gDCC),

P T O Uilofd.78 is indistinguishable from that of poly( gDCC).
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Figure 13. (a) Polymer molecular weight in poly( gDCC) and poly(SS-gDCC) as a
function of disulfide cont ent and sonication time. (b) Fraction of ring opening of
gDCC mechanophores as function of scission cycle and disulfide content. Red lines

represent linear fitsto EEUE wx OPOUUWEOOUUUEDOI EwOT UOUT T wOT 1 v

The carbon-nitrogen bond in the azobisdialkyln itrile mechanophores exploited
previously by Moore and co -workers?2tis weaker still than the disulfide bond (24 -30 kcal
mol-1vs. 5254 kcal mol?), and so we expected its mechanical strength to be lower as well.
Consistt OUwpbP P UT wOT b UoidolNN -§DTE) WihA DB was found to be
0.06. The azobisdialkylnitriles are therefore not only highly efficient thermally triggered
initiators of free radical chemistry, but highly effici ent 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)%*
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By comparison, the relative strength of poly(BE-gDCC) was initially something
Ol wEwUUUx UP U bf méBdsunidh Bighér thanBhdtbipoly(SS-gDCC), despite
the fact that the homolytic bond dissociation energy of its carbon -oxygen bond (52-54
kcal mol?) is effectively identical to that in the disulfide units. In fact, this value is
are only modestly outside of experimental uncertainty (Figure 14). The benzylphenyl
ether unit therefore exhibits unexpectedly hi gh mechanical stability given its relative

modest thermodynamic st ability .

4 poly(CC-gDCC)
P v poly(gDCC)
0.4 - 4 poly(BE-gDCC)
" ® poly(SS-gDCC)
/ m  poly(NN-gDCC)
% 03- y ?
c AT
2 /A ]
g 02 o/ e
@ A /] *
e I
o )/ o
014/ o -
/ . -
L
y s
/ -
0.0
1 T T 1 T T

1 T
00 02 04 06 08 10 12 14 16 18
Scission cycle

Figure 14: Ring opening ( F) as a function of scission cycle (SC) in three putative weak
bond containing polymers and two control polymers. Red lines are | inear fits to t he

T NN

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 b ond 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 sp?to sp?, and the associated geometry changes
develop smoothly as the carbon-oxygen bond lengthens. As aresult, the length gained
across the metanophore as the GO 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 caupled nuclei that dictates mechanochemical coupling, and
such effects have been shown to have substantial im@ct on mechanophore activity.104105
As shown in Figure 15, the end-to-end distance of the benzylphenyl ether changes
almost insignificantly (0.035 A ) when the C-O bond is computationally stretched by 0.6
A, as opposed to a ditinct offset of 0.312 A calculated for the disulfide (seechapter 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 co upling were first
proposed by Boulatov1%¢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) a nd
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 A longer than
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The measuredFivalues 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 elong ational flow. For fully extended
polymer chains, the force distribution is parabolic (Figure 16) with a peak force (Foreax)
that corresponds to the average force necessary to break a covalent bond on the time
scale of the extension event. Thdraction of the polymer chain , F, that experiences a
force sufficient for ring opening ( Fopen) is then given by:

F = ((Foreak - Fopen)/Foreax)/2 ©)]

The relevant time scale for the extension is taken here to be 105s, and
extrapolating our previ ous force spectroscopy studieg%to that time scale gives Fopen =
2040 pN for the gemidichlorocyclopropanes. Setting F =Fi, the corresponding value of
Foreak 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®® The characteristic peak force for poly(BE-gDCC), in
comparison, is 3.4 nN. We regard these numbers as r@sonable estimates, but their
accuracy assumes that the polymer chains are fully stretched®” and that both activation
without scission (which would artificially increase F) and multiple scissions of a single
chain (which would art ificially 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 Fi 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 require s a higher force to
break on the ultrasound time scale than is required for gDCC ring opening, whereas the
azobisdialkyln itrile 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# forces of
between 2 and 3 nN might reasonably be expected to be involved in disulfide scission on

the microsecond time scale.

fm————— X — —Fopen (2042 pN)

Force distribution

0 < > 1
@,

gDCC position along polymer backbone

Figure 16. Theoretical force distribution along a polymer backbone under the
extensional flows gen erated by pulsed ultrasound. F wreak represents the average force
at which the polymer chain breaks. F open represents the force required for gDCC
activation on the characteristic time scale of the extensional flow field. The x -axis
range subsumed by the poi nts at which the graph crosses Fopen gives F.
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2.4 Conclusion

We have used nonscissie, 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 apolybutadiene -based backbone.The relative reactivity of the
two groups is consistent with their thermodynamic bond strengths, but benzylphenyl
ethers are much less mechanicallysuscepible than would be expected from a bond
strength that is effectively ident ical to that of the disulfide. As has been emphasized in
recent publications, 104106 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 manipulat ed 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 scissie mechanophores3! We see no reason that the approach should not be

applicable to any scissile process, solong® wUOT I w? Pl EQWEOOE>» wbOw@Ul UUD
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enough to withstand the forces necessary to open the nonscissile mechanophore

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

2.5 Syntheses, Calculation and Experimental details
Dry solvents werl WOEUEDOI E wi-azébBE 8 E O GKBDRQE UDEWEEDEKO
dithiodibutyric acid, sebacic acid, 4-penten-1-ol, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDCI), 4 -dimethylaminopyridine
(DMAP), Grubbs catalyst, 2 Generation (Grubbs Il 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, 08
gDCC-cyclooctadiene t° and Grubbs-py1%3were prepared according to procedures
published previously. Unless otherwise stated, all reagents were used without further
purification.
'H NMR spectrawere collected in CDCls on a 400 MHz Varian NMR. 3C NMR
were collected in CDCls on a 500 MHz Varian NMR. CDClsp® & wA 6 | tiyand Qwi OU w
77.16 ppm for 13C NMR) was used as an internal chemical shift reference. All chemical
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, #179911GP504504 (10A ) and #179911GF503 (16 A)) using
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stabilized THF (hon-UV, HPLC grade, 99.7+ %, stabilized with 250 ppm BHT) as mobile
phase at0.5mL min -t at room temperature. The flow rate was set using a Varian Prostar
Model 210 pump, and mol ecular 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% nass recovery based on known injection

concentration.
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2.5.1 Monomer syntheses

2.5.1.1Bis-alkene synthesis

Bis-alkene 1

HooC N NC></\ i NG
\/>< N COOH + WOH EDCI/DMAP/DCM WOMN:NMOM
CN 92% CN 0

Bis-alkene 1

Figure 17: Scheme depicting synthesis of bis-E OO1 Ol hw {adotis@G woyrdvaleric
acid) and 4-penten-1-ol

K OAzebis(4-cyanovaleric acid) (1.0 g, 3.6 mmol), 4penten-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 Na 2SQu. The organic
layer was concentered and a pale yellow oil was obtained. The crude product was
purified via silica gel column chromatograp hy (gradient elution, from DCM: hexane = 1:1
to DCM:MeOH = 100:1) to afford bis-alkene 1 as yellow oil (1.4 g, 92%).

IH NMR (CDCl 5, 400, ' & A wy wk 3=U1§.9y 40 F616 G1zu2 H), 4.98.07 (m, 4 H), 4.12
(tdd, J=6.7, 3.0, 1.4 Hz, 4 H), 2.32.55 (m, 8 H), 2.12 (dd,J= 12 Hz, 8Hz, 4H), 1.681.73
(m, 12H); 3C{*H} NMR (CDCl:0 whul k w71'3% B3W3PuL17.55, 115.39, 71.83, 64.56,
33.21, 29.98, 29.16, 27.67, 23. HRMS-ESI (n/2): calcd for C22H3N4O4 [M + H] *, 417.2496
found, 417.2473error: 5.5 ppm
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Figure 18 *H NMR spectrum (400 MHz, CDCI s) of bis-alkene 1
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Figure 19: 3C{tH} NMR spectrum (125MHz, CDCI 3) of bis-alkene 1
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Bis-alkene 2

HOW/\/\st/\/\WOH N - EDCI/DMAP/DCM /\/\/OWS—S/\/\[(O\/\/\
o} o] o

100% S
Bis-alkene 2

Figure 20: Scheme depicting synthesis of bis-alkene 2 I U O O wdithiOdibetyric acid
and 4-penten-1-ol

K GBithiodibutyric 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 wa s 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 Na 2SQs. 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%).
IH NMR (CDCl 5, 400, ' & A wy wk 3=A15.9y 40 616 G1zu2H), 4.95.03 (M, 4 H), 4.06
(t, J= 6.6 Hz, 4H), 2.68 (tJ= 7.1 Hz, 4H), 2.41 (tJ= 7.3 Hz, 4H), 2.09 (g,)= 7.8, 7.4 Hz,
4H), 1.99 (m, 4H), 1.70 (m, 4H)13C{tH} NMR (CDCI:0 whul k w172.91A18ndly 11523
63.91, 37.84, 32.62, 30.05, 27.80, 24 ABMS-ESI [(m/2): calcd for CisH300+&[M + H] *,

375.1658found, 375.1671 error: -3.5 ppm
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Figure 21: '"H NMR spectrum (400 MHz, CDClI s) of bis-alkene 2
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Figure 22 13C{*H} NMR spectrum (125MHz, CDCI s) of bis-alkene 2
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Bis-alkene 3

o) o

o NG EDCI/DMAP/DCM O N
OH OH — oo

o o 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),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 Na:SQu. The organic layer was concentrated and the
white solid obtained was subjected to silica gel column chromatograp hy (gradient
elution, from DCM: hexane = 1:1 to DCM) to affordbis-alkene 3 as a yellow oil (9.8g,
97.3%).
H NMR (CDCl 3, 400, ' & A wy wk 8=A1819y 10 F6(6 Gzu2H), 5.064.92 (m, 4H), 4.05
(t, J= 6.6 Hz, 4H), 2.26 (tJ)= 7.5 Hz, 4H), 2.122.07 (m, 4H), 1.741.55 (m, 8H), 1.28 (s, 8H);
BC{*H} NMR (CDCIsO whil k w, ' & Awy whuA { 63.64, 32.8603006 0P 278K 6 | K
24.96 HRMS-ESI (m/2): calcd for C20H3404[M + H] *, 339.2530found, 339.2528 error: 0.6

ppm
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Figure 24: 'H NMR spectrum (400 MHz, CDCI s) of bis-alkene 3
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Figure 25: 3C{tH} NMR spectrum (125MHz, CDCI s) of bis-alkene 3
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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, 9.9mmol), 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 nitro gen protection. After
reaction, the solution was washed with DI water four times, with brine once and dried
over Na=SQu. The organic layer was concentrated and the white solid obtained was
subjected to silica gd column chromatography (EtOAc: hexane = 1:8}o afford bis-alkene
4 as a white solid (2.4 g, 48.3%).
1H NMR (400 MHz, CDCI 5) d 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 =22.4Hz, 16 Hz, 2 Hz, 4H), 4.32 (dt,J= 15.5, 6.7 Hz, 4H), 2.05 (dt)= 16 Hz, 8 Hz, 4H),
1.77 (q,J =8 Hz, 4H), 1.40 (m, 13H);:3C{*H} NMR (125 MHz, CDCl s) d 166.26, 162.05,
141.34, 138.92, 131.60, 130.27, 129.91, 126.94, 123.49, 114.42, 114.35, 69334683,
33.69, 28.78, 28.74, 28.68, 25.92. HRNES| (m/2): calcd for CsiH40s [M + H] *, 493.2949;

found, 493.295] error: -0.4 ppm
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Figure 27:'H NMR spectrum (400 MHz, CDCI 5) of bis-alkene 4
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Figure 28 13C{*H} NMR spectrum (125MHz, CDCI s) of bis-alkene 4
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2.5.12 Macrocyclic monomer synthesis

Macrocyclic NN

=
i NG o.__0O
WOMNQNMOM __GubbsliboM 0
CN o 86% o
N CN
°N
CN

Bis-alkene 1 Macrocyclic NN

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

Bis-alkene 1 (760 mg, 1.82 mmol) was ésolved in anhydrous DCM (168 mL) and
the solution was bubbled by argon in the dark at RT for 30 min. Grubbs Il 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 ch romatography (gradient elution, from
hexane tohexan:EtOAc = 5:1). Macrocyclic NN was obtained as offwhite solid in 86%
yield (608 mg, E/Z ratio-ca.1:1 mol/maol).
IH NMR (CDCl 5, 400, ' & A w»490 GnA 2H), 4.453.90 (m, 4H), 2.782.24 (m, 8H), 2.28
1.95(m, 6H), 1.831.45 (m, 11H);33C{tH} NMR (CDCl:O whul k w, ' & A wy urbnshud huhuO whut
olefin), 129.44 ¢is-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. HRESI (M/2): calcd for C2oH 28N 404 [M + H] *,

389.2183found, 389.2187 error: -1.0 ppm
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Figure 30: 'H NMR spectrum (400 MHz, CDCI s) of macrocyclic NN
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Figure 31 B3C{tH} NMR spectrum (125MHz, CDCI s) of macrocyclic NN
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Macrocyclic SS

S
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Bis-alkene 2 Macrocyclic SS
Figure 32 Scheme depicting synthesis of macrocyclic SSvia RCM from bis-alkene 2
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 Il 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 mixtur e 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 palgellow oil (5.3 g, 41%,E/Z
ratio-ca.2:1 mol/mol).
1H NMR (CDCl 5, 400, ' & A w®51PR (mKIW), 4.11 (tJ= 6.0 Hz, 4H), 2.74 (tdJ= 7.8, 7.3,
4.0 Hz, 4H), 2.552.31 (m, 4H), 2.231.86 (m, 8H), 1.70 (ttJ= 8.0, 6.2 Hz, 4H)2C{:H}
NMR (CDCIsOwhul k w, ' & Awy whiA | tBadsolélin) a29l56(disfolefin) é8.856 huhuw g
63.75, 38.41, 38.36, 32.96, 32.90, 29.27, 28.38, 27.96, 24.77, 24.57 ,HRBMS-ESI (n/2):

calcd for CieH2604& [M + H] +, 347.134%found, 347.1336 error: 2.6 ppm
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Figure 33:'H NMR specrum (400 MHz, CDCI s) of macrocyclic SS
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Figure 34: 3C{tH} NMR spectrum (125MHz, CDCI s) of macrocyclic SS
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Macrocyclic CC

=
o M o
o Grubbs [I/DCM (@)
N OW —»620/
° (0]

O

Bis-alkene 3 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 Il 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).

'H NMR (CDCl 3, 400, ' & A wy wk=&.D Hiyuad)) 0% (t)J= 5.9 Hz, 4H), 2.29 (t)= 6.6
Hz, 4H), 2.09 (q,J= 6.3 Hz, 4H), 1.@-1.45 (m, 8H), 1.28 (s, 8H)C{H} NMR (CDCl s, 125
, " AAwywhuAt 6 Wk Owhit YE YA Ouwt + 6 KO WEK@/k):KacdiforNG | A Owl W

CisH3004 [M + H] *, 311.2217 found, 311.2219error: -0.6 ppm
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Figure 36: 'H NMR spectrum (400 MHz, CDCI s) of macrocyclic CC
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Figure 37: BC{*H} NMR spectrum (125MHz, CDCI s) of macrocyclic CC
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Macrocyclic BE
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Bis-alkene 4 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 Il (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 N 2 and then allowed to
cool to RT. Several drgos 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 affordmacrocyclic BE as a white solid (1.10 g, 26.0%/Z ratio-ca.2.6:1
mol/mol).
1H NMR (400 MHz, CDCI 3) d 8.00 (d,J= 8 Hz, 2H), 7.89 (d,J= 8 Hz, 2H), 7.39 (dJ= 8 Hz,
2H), 6.84 (d,J= 8 Hz, 2H), 5.425.31 (m, 4H), 4.35 (dtJ= 23.4, 5.7 Hz, 4H), 1.9 (brs, 4H),
1.67 (m, 5H), 1.381.29 (m, 14H);3C{2H} NMR (125 MHz, CDCl3) d 166.16, 161.11, 141.84,
131.45, 130.21fans-olefin), 130.05, 129.65djs-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, 2877/87226.78, 26.67, 26.47, 26.40. HRMS

ESI (m/2): calcd for C2oH360s [M + H] +, 465.2636 found , 465.2647 error: -2.4 ppm
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2.5.2 Polymer syntheses
Poly(NN -gDCC)

CI Cl

Cl Cl

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 (I 6 KwOT Owt 6+ ws OOOAWPEUWEEETI EwOOwbODUH
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 methan ol 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 offwhite solid (0.5 g, 77.4%). NN unit mol% (calculated based on'H NMR) = 11.7%;
Mn =82.9kDa, PDI = 154, dn/dc = 0122
1H NMR (400 MHz, CDCI 5) d 5.565.40 (br, 4H), 4.11 (tJ= 6.5 Hz, 1H), 2.732.34 (m, 2H),

2.30-1.85 (br, 9H), 1.761.68 (m, 3H), 1.581.41 (m, 12H).
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Figure 41: '"H NMR spectrum (400 MHz, CDClI s) of poly(NN -gDCC)

Poly(SS-gDCC)

Grubbs-py/DCM

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

macrocyclic SSand gDCC-cyclooctene
Macrocyclic SS (101.0 mg, 0.3 mmol) an@d)DCC-cyclooctene (400.0 mg, 2.1 mmol)

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

min. Grubbs-py (2.7 mg, 3.8 OOOAWPEUWEEETI EwUOwWDOPUPEUI wUT T wx
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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 ti mes. The copolymer was collected by filtration, dried
under high vacuum for 3 hours to remove the methanol. Poly(SS-gDCC) was obtained
as a offwhite solid (350.0 mg, 69.9%). SS unit mol% (calculated based oAH NMR) =
11.5%; Mh =97.9 kDa, PDI = 1.60, drdc = 0.11

IH NMR (400 MHz, CDClI 3) d 5.50:5.44 (br, 4H), 4.06 (tJ= 6.5 Hz, 1H), 2.70 (tJ= 7.1 Hz,

1H), 2.42 (t,J= 7.3 Hz, 1H), 2.2& 1.94 (m, 10H), 1.711.65 (m, 1H), 1.561.41 (br, 12H).

l
/ |
[ ]
f / |
_J S S S S
—r —r M= v e
o o — MM — N
™ S oo ® A
< — — = O —
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

f1 (ppm)

Figure 43 'H NMR spectrum (400 MHz, CDCI s) of poly( SS-gDCC)
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Poly(CC-gDCCQC)
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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) andgDCC-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-x & whud NwOT Owl 6t ws OOOAWPEUWEEE]I EwUOOwh O
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 offwhite solid (350.0 mg, 69.9%). CC unit mol% (calculated based ontH NMR) =
12.2%; Mh =1026 kDa, PDI = 1.53, dn/dc = 0.108
1H NMR (400 MHz, CDCl 3) d 5.665.21 (br, 4H), 4.273.64 (m, 1H), 2.481.84 (m, 9H), 1.83

1.33 (m, 15H), 1.26 (br, 2H).
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Figure 45.'H NMR spectrum (400 MHz, CDClI s) of poly( CC-gDCC)

Poly(BE-gDCC)

Grubbs-py/DCM

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) andgDCC-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 pmol) 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 pol ymer 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 offwhite solid (554 mg, 83 .5%). BE unit md% (calculated based on'H NMR) =
11.4%; Mh =101.7 kDa, PDI = 1.49, dn/dc = 0.B6

IH NMR (400 MHz, CDClI 3) d 8.03 (dd,J= 26.1, 8.2 Hz, 2H), 7.50 (dJ= 7.9 Hz, 1H), 6.98
(d, J= 8.5 Hz, 1H), 5.635.32 (m,9H), 5.18 (s, 1H), 4.464.20 (M, 2H), 2.541.86(m, 19H),

1.850.92 (m, 34H).
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Figure 47: '"H NMR spectrum (400 MHz, CDCI s) of poly(BE -gDCC)
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Poly(gDCC)
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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 umol) 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%). Mh =98.8 kDa,
PDI = 1.50, dn/dc = 0.12

1H NMR (400 MHz, CDCI 3) d 5.545.39 (m, 2H), 2.521.97 (m, 4H), 1.691.01 (m, 6H).
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Figure 49:'H NMR spectrum (400 MHz, CDCI s) 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 unit s 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 M » calculated for diblock random copolymer s. 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 (M n=112.1 kDa, My = 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 HCI (4 M) twice and DI water three times, removing the WB product (as confirmed
by *H NMR). The organic layer was dried over Na 2SQu. 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: M n= 1.6 kDa, Mv = 3.1 kDa and PDI = 2.01The Mnvalue is
much lower than Mn» = 915 kDa expected from a pure diblock copolymer, but in
excellent agreement with M = 1.9 kDa expected for a random copolymer (see below).
1H NMR (400 MHz, CDCI 3) d 5.545.39 (m, 14H), 3.673.64 (t,J= 6.4 Hz, 4H), 3.66 (s, 2H),

2.332.05 (m, 32H),1.681.39 (m, 46H).
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Figure 51: *H NMR spectrum (400 MHz, CDCI s) of poly( gDCC)-diol

2.5.32 MW calculations for random and block copolymer methanolysis

Calculations were done for copolymer A, containing 12.2 mol% CC units (M =
112.1kDa, Mw =165.9kDa and PDI = 148). In this calculation, M n,a is number-averaged
molecular weight of copolymer and M nmeon 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 arandom copolymer:
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o’ 724 glmol ST 79 4 gimol
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 averagerun length of
WBs is 1/(2:0.122) = 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 92* 191 + 144 = 1.9 kDa. Where 191 Da is
the mass of eachgDCC repeat and 144 Da are left at the end of eactyDCC 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:
0

%\/\,O\H/\/\/\/\)}\ N\ﬁ\/\y/\/% MeOH HOM\/\Y/\AL

o —_—

o] o I_I P
CI Cl

cl ¢l 72.1 g/mol
Block copolymer

Figure 53: Scheme depicting methanolysis of block copolymer

KMWCC + YMgDCC—:y:an:tene = Mn,A (Eq4j
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X 122
(X+Y) 100

(eq.5)

Moveon = Mpa — XMW + 721 (eq.6)

Note: 72.1 g/mol is the molecular weight of the residue segment from the WB units after

methanolysis. Mn,a was known as 112100Da. Thus Mnveon Was determined as 91529Da.

2.5.4 Sonication of Copolymers
2.5.4.1General sonication conditions and GPC -MALS analysis

Ultrasound experiments were performed in CHCI son 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 Sudick cell in an ice-water bath and degassedby nitrogen
bubbling for 30 min prior to sonication. Sonication was performed at 14.6 W/cn? while
maintaining a temperature of 6 -9 °C under nitrogen. T he sonication pulse sequence was
set to 1s on / 1s off.

Individual sonication experiments were perfo rmed 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 CDCls for NMR analysis. MWs

are reported as number-averaged molecular weight (M »).
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2.5.4.2 Determination of ring opening percentage
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Figure 54: Stacked H NMR spectra of the sonicated poly(CC -gDCC) copolymer in
chloroform.
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{Inty «(1— WB mols))

Ring Opening = (eq.7)

Intua and Intuerepresent the integrations of 2,3-dichloroalkene peaks at 5.8 ppm
(H») and 4.4 ppm (Hs). Intxs represents the integrations of the other alkene proton peaks
at about 5.45.5 ppm (Hc). WB mol% means the mole percentage of weak bond unit in

the copolymer.

2.5.4.3Chain scission cycle determ ination
Copolymer chain scission cycle is determined by the following equation:

In(Mp ;)-In(Mp, )

—— (eq.8)

Chain Scission Cycle (SC) =

In
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Mo represents the initial M » of copolymer; M nt represents the Mn of copolymer

sonicated for t min.

2.5.5 X-ray Crystallography

A colorless fibrou s 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 mMnCzoH 2sN 404, FW 388.46,
monoclinic, space group P 1 2/n 1,a= 11.9553(8) Ah=9.1522(6) A4 whuN & Whit hugphuhu X w @«
NYSOwé¢ & whiyt 6 ¥ NKOSH7R)RT s as,DA=ul)235 nGVed, T = 100(1) K =
0.707 mm?,13790 measured reflections, 4329[R(int) = 0.0546] independent reflections,
4329/ 0/ 274 Data / restraints / parametersi-(000)=832,R1=0.0116 wR2=0.3193R1=
0.0950 WR2 = 0.2842[I>2sigma(l)], Max. residual density 0.864 e.&, Max. and min.

transmission 1.474 and 0.948, and goodnessf-fit (F?) = 1.280.

- ]’ 7
4L =
7 e

Figure 55: Two views of the single crystal s tructure of macrocyclic NN.
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2.5.6 Analysis of the Force (F peak) at Rupture

Under pulsed ultrasound, t he force peaks near the polymer midchain and decays
with distance from the peak. Thus, force distribution of polymer chain is parabol ic
under ultrasound. The force for gDCC activation on the timescale of the ultrasound
experiment (k = 106s?) is 2042 pN (Fopen) by the cusp model. Thus, the max force that
corresponds to the observedFi can be calculated.
a. For Foreax of Poly(BE -gdcc)

If we assume the function of the parabolic graph (Figure 56) is y = ax(x1), we can

calculate? E? WEUwWUOOx 1 woOF:i(0.63) éof RolyBEgRCAuUUD OT w

Fbreak of poly(BE-gDCC)

R - N~ ~Fopen (2042 pN)

Force distribution

0 0.185 0.815 1
®,=0.63
gDCC position along polymer backbone

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

2042 = a*(0.185)*(@851), .-a = —13543

Foreak of Poly(BE -gdcc) = (-13543)*(05'1) = 3386 pN
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b. For F break of Poly(CC -gDCC)
As shown in Figure 57, we can alculatl w? E? wEUwWwUOOx 1 uRXD.78U1T 1 wl UE>

of Poly(CC-gDCC).

Fbreak of poly(CC-gDCC)

S — \———Fopen (2042 pN)

Force distribution

0 0.11 0.89 1
®,=0.78
gDCC position along polymer backbone

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

2042 = a*(0.11)*(0.11), .-a = —20858

Fbreak of Poly( cc-goce) = (-20858)*(0.3-1) = 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 moleculewas minimized . The C-O
and S-Sinternuclear distances were computationally stretched in increments of 0.1 A up
to an elongation of 0.6 A, and the overall length was calculated at each increment.

Table 3: Computationally determined end -to-end dist ance of benzylphenyl ether and
dimethyl disulfide as a function of constrained C  -O an S-S internuclear distance.

Benzylphenyl ether Disulfide

XBE LBF, AXBE ALBE Xss LSS AXSS ALSS

1.427 12.107 0 0 2.059 4.375 0 0

1.527 12.085 0.100 -0.022 2.159 4.421 0.100 0.046

1.628 12.09 0.201 -0.017 2.259 4.47 0.200 0.095

1.728 12.104 0.301 -0.003 2.359 4.521 0.300 0.146

1.828 12.1 0.401 -0.007 2.459 4.574 0.400 0.199

1.929 12.127 0.502 0.020 2.559 4.63 0.500 0.255

2.029 12.142 0.602 0.035 2.660 4.687 0.601 0.312
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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. * In 1940, this concept
was supported by Kauzmann and Eyring ,*who established activated-rate theories that
described how mechanical force could decrease the chemical activation energyfor
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 scissionhas led to the development of various mechanophores as
constructively reactive functional groups under forcesapplicable to damage sensing,
self-reinforcing, and self-healing .1618192131.3294 Moreover, over the past few decades,
interest in Pmechanical bondU 4 miolecules which are non-covalently interlocked , such
as rotaxanes and catenanes and their inclusion into polymer chain s%8110111 has been
increasing. These topological molecules can sufficiently affect physical properties of
polymers due to different architectural aspects including chain conformat ion and
interactions. Catenanes consist of two macrocycles that are mechanically connected and
which cannot be separated without covalent bond breaking. So far, several studiesof the
synthesis of catenanepolymer s,112117 gnd the mobility of catenanes in those polymer s 5667

have been carried out. To date, however, experimental measurements of the relative
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mechanical strength of topological molecules are rare '8 Here, we investigated the
relative mechanical strengths of topological molecules (TM) embedded in polymer chain
using analysis of molecular weight (Man) and length (La4n) of the polymers after 4 h of
pulsed sonication. We usedcatenane 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 Strate gy for the Experiment

Topological molecule gDCC polymer

)))14 hours
M, — g~

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) approache s Ma. The Man is used as gauge to
measure of the mechanical strength s of topological molecules.

As shown in Figure 58, our strategy exploits the molecular weight at which the
rate of chain scission islow under pulsed ultrasound. Polymer chain s arebroken more
rapidly for the polymers having higher molecular weight. As polymer approac hes lower

molecular weight, chain scission slows down considerably because it is dificult for
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shorter chains to achieve the required force.%5 Under our conditions, 4 h of sonication is
sufficient to reach fairly constant molecular weights, to which we refer as Man. The more
easily the weaker bonds break, the lower the Man. Thus, the Man is indicative of the
mechanical strengths of bonds that are incorporated into a polymer chain. Here, we
developed a method to measure Manto obtain relative mechanical strengths of each TM

by incorporating multiple topolo gical bonds along the main chain.

(el cl.cl

= CH,Cl, R.T, 3h

™ M,
Name of polymer @ (mol%) | (kDa)

}‘JJ\ /—@ MeN =
Poly(catenane-gDCC) 5.3 211.4
MeN

%MP
[s] o

M. _,N

e Me
Poly(cyclic-gDCC) y’vo{g:‘e e :}3"’»\( 4.8 158.9

/_i,

Me‘

M
Poly(linear-gDCC) NaValh 52 | 1424

Me
#0

Figure 59 General synthetic strategy and naming convention for random copolyme rs
containing controlled content of topological molecules embedded in ~ gDCC polymer
chain.

Ring closing metathesis(RCM)1°2of TM containing bisalkenes, which were
synthesized by procedures previously publis hed elsewhere *° afford ed the TM

embedded macrocyclic monomers asshown 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)9*101wijth gDCC-functionalized cyclooctene.As discussed in Chapter 2,
polymerizations were performed for relative ly long time s (>3 h) in order to ensure
crossmetathesis and thus the formation of nearly random copolymers.

Three polymers containing TM of interest were prepared (Figure 59):
poly( catenanegDCC), 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 12.5wt% BHT at 6-9 °C in an ice-water bath under nitrogen atm osphere.
Sonication experiment was performed for 4 h to obtain M an. Aliquots (0.4 mL/time) were
extracted at time intervals to see the change of molecular weight until the molecular
weight approaches Ma. Polymer molecular weight was characterized as a furction of
the number-averaged molecular weight (M n) as determined by gel permeation

chromatography with mu Iti-angle light scattering (GPC-MALS).

3.3 Results and Discussion

The Man asa function of TM incorporated in a polymer is shown in Figure 60.
After 4 h of sonication, each polymer containing TM approached M s between 28~30 kDa
(Table 4), Poly(catenane-gDCC) of 30.4 kDa, Poly(cyclicgDCC) of 27.8 kDa, Poly(linear-

gDCC) of 28.8 kDa, and Poly@DCC) of 28.3 kDa. The resultshows that Man of
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poly(catenane-gDCC) is little bit higher than M 4 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

Poly(gDCC) Poly(catenane-gDCC) Poly(cyclic-gDCC) Poly(linear-gDCC)

My, 4 (kDa) 28.3+0.6 30.4+0.4 27.8+£0.09 28.820.6
250
[ = Poly(gDCC)
° ® Poly(catenane-gDCC)
2004 a4 Poly(linear-gDCC)
v Poly(cyclic-gDCC)
__1504]
©
o
<
= 100 4
=
']
501
R » s
0 T T T T T
0 1 2 3 4

Sonication time (h)

Figure 60: Decrease of molecular weight at time intervals during sonication. After 4 h,
molecular weight of each polymer approaches M s between 28~30 kDa

Thus, we converted Man to the length (L an) for more accurate analysis of
mechanical strength of TM. The Lanh was obtained through calculation based on force free
monomer length. The monomer length was determined through C OGEF (constrained
geometry simulates external force) calculations.2° (SeeSection 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 C OGEF calculations; (b)
Decrease of molecular length at time intervals during sonication. After 4 h, molecular
length of each polymer ultimately approaches Lan between 1400~1500 A .

Figure 61b shows that the result of each polymer length at time point s of
sonication. After 4 h of sonication, Lan approaches 1400~1500 as about the same length;
poly(catenane-gDCC) of 1430A, poly(cyclic-gDCC) of 1425A, poly(linear -gDCC) of 1560

A, and poly(gDCC) of 1471A. The Lan of poly(linear -gDCC) is little bit longer than other
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polymers. We attributed the reasonto 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 asstrong as the corresponding linear analogs.

Finally, w e performed other experiments to verify whether M 4 can be affected
by concentration and molecular weight of starting polymer. At first, sonication
experiment was performed using poly(catenane-gDCC) having different concentration s
(0.8mg mL-, 1.6mg mL-1), and other conditions were consistently controlled. As a result,
M n of polymers having different concentration approached 29.8 kDa {Table 5, Figure 62).
This result indicates that M an is not affected by concentration.

Table 5: After 4 h of sonic ation, molecular weight poly(catenane-gDCC) by different
concentration s

Poly(catenane-gDCC) 1.6 mg/mL 0.8 mg/mL
WB (%) 4.8 4.8
My on (kDa) 165 165
My, an (kDa) 208 20.8
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Figure 62 Sonication experiment using poly(catenane -gDCC) by two different
concentrations; M an of 0.8 mg mL-*and 1.6 mg mL* approach nearly identical values .

Moreover, three kinds of poly(catenane-gDCC) having different molecular
weight (211.4 kDa, 165.4 kDa and 88.0 kDayere synthesized in order to observe
whether molecular weight of starting polymer influences M 4n. Sonication experiment
was performed using three polymers, and other conditions were consistently controlled .
As shown in Figure 63, the Man of 211.4 kDa, 165.4 kDa and 88.0 kDa polymer,
respectively approached nearly same values. This result also indicates that M an is not
affected by molecular weight of starting polymer . Therefore, Man can be usedas arobust
indicator of the relative mechanical strengths of molecules enbedded in polymer

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

Poly(catenane-gDCC), M, gy, (kDa) 211.4 165.4 §8.0
WB (%) 52 4.8 52
My, an (kDa) 30.4 208 204

220-

500" B 2114kDa
] 1654 kDa
180+ A 8830kDa
1604*
140 -
120
1004
80+
60
41)—_ B
204

M (kDa)

> om

. . , . .
0 1 2 3 4

Sonication time (h)

Figure 63. Sonication experiment using poly(catenane -gDCC) having different
starting molecular weight; M s of 211.4, 16.4 and 88.0 kDa approach nearly same
values.

3.4 Conclusion

In conclusion, we used Manof each polymer as method to measure mechanical
strength of TM. The M revealed that whereas catenane has norcovalently 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 becausethe Muan 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 tetra hydrofuran (THF) were obtained from Sigma -Aldrich
and puri fied with a Pure SolvTM solvent purification syste m. p-Xylylenediamine, N,N-
diisopropylethylamine (DIEA), sodium hydride, methyl iodide, triethylamine (TEA),
butylated hydroxytoluene (BHT) and Grubbs catalyst, 2¢ Generation (Grubbs Il
catalyst) were purchased from Sigma-Aldrich. PyBOP (benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate) was purchased from Ark Pharm,
Inc. Catenane-diol, 11°5-(undec-10-en-1-yloxy)isophthalic acid ,*2t gDCC-cyclooctene 109
and Grubbs-py%were prepared according to procedures published previously. Unless
otherwise stated, all reagents were used without further p urification.
All 'H NMR spectrawere collected in CDCls on a 400 MHz Varian NMR. All 13C
NMR spectrawere collected in CDCls on a 500 MHz Varian NMR. CDClz gy & wA 8 | + wx x Quw
for H, and 77.16 ppm for 3C NMR) was used as an internal chemical shift reference. All
ET1 OPEEOwWUT Pi UUWEUIT wi PYI OwbPinkzadsinget EWE OE WEOUx O
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doublet (d), triplet (t), quartet (q), pentet (p), multiplet (m), o r 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, #179911GP504504 (10A ) and #179911GF503 (16 A )) usng
stabilized THF (HPLC grade, 250 ppm BHT) as mobile phase at0.5mL min -t 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
(MA LS) 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
3.51.1 Bis-alkene synthesis

Cyclic dialkene

e} Yo o)

o} »—N A B

-OH — Me Me

/ ’_/;_}>_ /AN ‘f}' \‘) fe}
ol \ HoN = NH, Mel/DMSO P/ " /7
o=_/ - L T Me Me )
¢ = ) N N {
\ \ o PYBOP/DIEAIDMF THF/NaH VAN A S ,

o N

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 reacton flask. 5-(undec-10-en-1-yloxy)isophthalic
acid (2.0 g, 5.98 mmol) andp-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 yelbw 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) wer e added every five hours for three times.
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After reaction, the crude product was purified by silica gel chromatography

(DCM :Methanol = 1Q1) to afford cyclic dialkene asabrown solid (1.3 g, 24%).

!H NMR (CDCl 3,400, ' & Awn wA 8 | N wadhWm OodK 5. 78588 52N 4.93 (m,

4H), 4.71 (brs, 6H), 446 (brs, 2H), 3.99 (tJ= 3.99, 4H), 2.94 (s, 12H), 2.03 (H), 1.78 (p,

J=1.78, 4H), 1.281.44 (m, 2H) ;:*C{tH} NMR (CDCI:O0 whul k w170.67 ALGOR9, 1594

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, 25.99RMS-ESI (m/z): calcd for CssH 76N 4Os [M + H] *, 925.5843

found, 925.5845error, -0.2ppm

T T =< e T T TR

n < ~N O =T N (o] — N n

- o N eQamax N N ™ O

<t 0~ — — n < oV}
T T T T T T

3.0 .5

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

Figure 65 'H NMR spectrum (400 MHz, CDCI s) of cyclic dialkene
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Figure 66: BC{*H} NMR spectrum (125MHz, CDCI s) of cyclic dialkene
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Linear dialkene

g> P N N
0]
0 N
OH 0
d 3
o \
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HoN : NH, Mel, NaH

PyBOP/DIEA/DMF DMF

Linear dialkene

Figure 67: Scheme depicting synthesis of linear dial kene

3-(undec-10-en-1-yloxy)benzoic acid (4.0 g, 13.8 mmol) andp-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 min utes at room
temperature und er nitrogen atmosphere. Mel (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 threetimes, with
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saturated brine once and dried over Na:SQs. The organic layer was concentated 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 (CDCl 3, 400, ' & A w %6168 fnk 12H), 5.80 (ddtJ= 17.0, 10.0, 6.0 Hz, 2H),

5.104.82 (m, 4H), 4.73 (s, 2H), 4.51 (s, 2H), 3.97 0= 6.6 Hz, 2H), 3.88 (tJ= 6.6 Hz, 2H),

3.01 (s, 3H), 2.87 (s, 3H), 2.03 (d= 7.0 Hz, 4H), 1.74 (br, 4H), 1.511.13 (m,24H); *C{H}

NMR (CDClsO whul k wl72.24Kldbs6, 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, 26.131RMS-ESI (m/z): calcd for CssHesN204 [M + H] *, 709.4944; found,

709.4959, error-2.1 ppm

Figure 68 *H NMR spectrum (400 MHz, CDCI 5) of linear dialkene
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Catenane dialke ne
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Catenane-diol Catenane-dialkene

Figure 70: Scheme depicting synthesis of catenane dialkene

Catenane-diol (74.2 mg, 0.061 mmol), TEA (20 uL) and DMAP (2 mg, 0.016
mmol) wer e dissolved in anhydrous DCM (10 mL). The reaction mixture was purged
with high pure ar gon for 15 minutes. 10U OET E1 OOa OwET OOUDEIT wmpt hud A ws +
added. The reaction proceeded under argon at room temperature for 24 hours. After
reaction, reaction mixture was washed with 1 M HCI aqueous solution, H 20 and then
dried over Na :SQu. After solvent was removed, 100 mg white wax-like crude product
was obtained. The crude product was purified by silica gel chromat ography with
gradient elution ( gradient elution from DCM to DCM :Acetone = 16 to 5:1) to afford
catenane-dialkene as a white solid (86.5 mg ,91%)
IH NMR (CDCI:O WK Y Y w, ' & A w7.4Bym, 28) A7 iBr86 (yn| 2H), 4.915.02 (m,
4H), 4.59 (s,8H), 3.16 (s, PH), 2.96 (s, PH), 2.57 (t,J= 7.5 Hz, 4H),1.78 (p,J= 7.0 Hz, 6H),
1.751.54 (m,14H), 1.33 (s,28H), 0.92 (s,6H), 0.65 (s,6H); 1*C{*H} NMR (CDCl 3, 125 MHz)
n172.27,171.77,170.21, 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 CosH 124N 8012 [M + H] *, 1557.9411found, 1557.9432, error:1.3

ppm
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Figure 71:'H NMR spectrum (400 MHz, CDCI s) of catenane dialkene
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Figure 72 B3C{tH} NMR spectrum (125MHz, CDCI 3) of catenane dialkene
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3.51.2 Macrocyclic monomer synthesis

Cyclic-monomer
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Figure 73. Scheme depicting synthesis of cyclic monomer via RCM from cyclic
dialkene

Cyclic dialkene (618 mg, 0.67mmol) 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
min utes. Solvent was removed and the crude product was purified by silica gel column
chromatography (gradien t elution from EtOAC to DCM :Acetone= 3:2. Then, the crude
product was purified again usin g preparative TLC. Cyclic monomer was obtained as a
white solid (73 mg, 12%).
IH NMR (CDCl 3, 400, ' & AW286.77(br m, 14H), 5.31 (br, 2H), 457 (br, 8H), 3.98 (br,
4H), 3.17-2.56(br, 12H), 1.92-1.70(br m, 8H), 1.38-1.22 (m, 28H).; *C{H} NMR (CDCl s,

hul k w, '130A476y%59.20, 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, 2611, ARMS-ESI (m/z):

calcd for CseH72N 406 [M + H] *,897.5525 found, 897.5526, error: 0.Jopm.
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Figure 74: 'H NMR spectrum (400 MHz, CDCI s) of cyclic monomer
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Figure 75: 13C{tH} NMR spectrum (125MHz, CDCI 3) of cyclic monomer
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Figure 76: Scheme depicting synthesis of linear monomer via RCM from linear
dialkene

Linear dialkene (1.3 g, 1.8mmol) was dissolved in anhydrous DCM ( 1.5 L) and
the solution was bubbled by nitrogen at room temperature for 30 minutes. Grubbs Il
catalyst (223 mg, 15 mol%)was added. The reaction mixture was refluxed for 20hours
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
min utes. 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:]).
Linear monomer was obtained as alight brown sticky solid (651 mg, 53%).
1H NMR (CDCl 3, 400, ' & A wn®6WX Gnk 12H), 5.466.29 (m, 2H), 4.73 (s, 2H), 4.50 (s,
2H), 3.97 (t,J= 6.4 Hz, 2H), 382 (t,J= 6.4 Hz, 2H), 3.02 (s, 3H), 2.88 (s, 3H), 1.99 (m, 4H),
1.73 (br, 4H), 1.571.09 (m,24H); 3C{*H} NMR (CDCI:0 whul k wl72.18,A7046, 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, BRSES-ESI (m/z): calcd for

CsaHeoN 204 [M + H] *, 681.481; found, 681.4623¢rror: 1.2 ppm.
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Figure 77:'H NMR spectrum (400 MHz, CDCI s) of linear monomer
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Figure 78 BC{*H} NMR spectrum (125MHz, CDCI s) of linear monomer
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Figure 79: Scheme depicting synthesis of catenane monomer via RCM from catenane
dialkene

Catenane-dialkene (2.3 g, 1.47mmol) was dissolved in anhydrous DCM ( 2.5 L)
and the solution was bubbled by nitrogen at room temperature for 30 minutes. Grubbs Il
catalyst (184.8 mg, 15mol%) was added. The reaction mixture was refluxed for 20hours
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
min utes. Solvent was removed and the crude product was purified by silica gel column
chromatography (gradient elution from DCM to DCM :Acetone = 7:]). Catenane
monomer was obtained as apale yellow solid (1.6 g, 73%).
IH NMR (CDCl 3, 400, ' & A74%6.90(br, 23H), 5.32-5.37 (m,2H), 4.46 (s, 9H), 3.3 (s,
14H), 2.89 (s, 12H), 2.55 (t, J= 2.54Hz, 4H), 2.051.68 (m, 20H), 1.31 (brs, 28H), 0.94 (s,
6H), 0.65 (s, 6H); 2*C{tH} NMR (CDCl:O whul k w172.26 ALdL476, 168.94, 150.18, 143.92,

137.37, 135.93, 130.94, 130.37, 127.541,.88, 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, HRMEB-ESI (m/z): calcd for

Coz2H 120N 8012 [M + H] +, 1530.9098found, 1530.912error: -1.4 ppm
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Figure 80: 'H NMR spectrum (400 MHz, CDCI s) of catenane monomer

96



SO'PT
cece
6L'vC
8€'S¢C
vE8C
98°8¢
+6°8¢
60°6C
w6
26°0€
e V
TT'vE
vN.vMN
SS'pE
LS°LE
89°LE
9€'1S —

og1zr/
bSLTT—
LE0ET 7
ey
€6°SET \
LE°LET

26°EbT —
8T°05T

b6'89T
9L TLT~
ozesr

"

170 160 150 140 130 120 110 100 80 70 60 50 40 30 20 10
f1 (ppm)

180

Figure 81 3C{tH} NMR spectrum (125MHz, CDCI s) of catenane monomer
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3.5.2 Polymer Syntheses

Poly(cyclic -gDCC)

0, N/—Q—\Ni o
04<’;§:\ ' %370 cl ol
N/ — \N +
v s B ENe

\H‘t//

Cl. ¢l

0 ,—< :)—\ o]
N N—
rubbs-py
[ A 0 0.
DCM l;:}?V\A/\/\/ \N\/\/\/#r"
N N : n

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 4 L) of Grubbs-py (5.7mg) 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 int o 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 'H NMR) = 4.8; Mn =158.9kD a, PDI =1.57, dn/dc = 0115
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1H NMR (400 MHz, CDCI 24 w % 6608 (in,ia4H), 5.50 (mA2H), 4.73-4.49 (br, 8H), 4.01 (t,
J=6.8Hz, 4H), 2.96 (br, 12H), 216 (br, 84H), 2.00 (q,J= 6.8 Hz, 4H), 1.79 (tJ= 6.8 Hz,

4H), 1.80-1.30 (s, 54H)
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Figure 83 'H NMR spectrum (400 MHz, CDCI s) of poly(cyclic -gDCC)
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Figure 84: Scheme depicting synthesis of poly( linear -gDCC) via ED-ROMP
Linear monomer (33.4mg, 0.05 mmol) and gDCC-cyclooctene (155.5mg, 0.8

mmol) were dissolved in anhydrous DCM ( 0.6 mL). The solution was purged with argon
for 15 minutes. wU OO U U P O O w ok -Pyurd+mig)unDiCMi & thl) Bvasladded 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 solut ion was diluted in DCM and precipitated into methanol for 6times. The
copolymer was collected by filtration, dried under high vacuum for 3 hours to remove
the methanol. Polymer was obtained as a offwhite solid ( 127mg, 67.246). Linear

monomer unit mol% (c alculated based on'H NMR) = 5.2%; Mn =142kDa, PDI =1.59

dn/dc =0.117
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IH NMR (400 MHz, CDCI 3) % w A (®r} 4K)), 7.16(br, 2H), 6.98(br, 6H), 5.50(m, 38H), 4.74

(s, 2H), 4.52 (s, 2H), 3.98.88 (br, 4H), 3.02 (s, 3H), 2.88 (s, 3H), B6 (br, 76H), 1.99 (q,J=

6.8 Hz), 1.76 (br, 4H), 1.661.20(m, 142H)
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Figure 85 'H NMR spectrum (400 MHz, CDCI s) of poly( linear -gDCC)
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Figure 86: Scheme depicting synthesis of poly( catenane-gDCC) via ED-ROMP

Catenane monomer (112 mg, 0.07 mmol) andgDCC-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 4L) of Grubbs-py (5mg) 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 dilute d 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 basel on 'H NMR) = 5.3 %; Mn

=211.4kDa, PDI =1.51, dn/dc = 0.15B
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1H NMR (400 MHz, CDClI 3) % wA-8.98 (th, 22H), 5.50 (M38H), 4.60 (s, 8H), 3.16 (s, 12H),
2.97 (s, 12H), 2.57 (t) =8 Hz, 2H), 2.15 (br, 76H), 2.00 (q,)= 6.8 Hz, 4H),1.87 (br, 4H),

1.74 (p,J= 6.8 Hz, 6H), 1.621.16 (br, 142H), 0.92 (br, 6H), 0.64 (br, 6H)
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Figure 87:'"H NMR spectrum (400 MHz, CDCI s) of poly( catenane-gDCC)
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Figure 88: Scheme depicting synthesis of poly( gDCC) via ROMP

gDCC-cyclooctene (605.0 mg, 3.1 mmol) were dissolved in anhydrous DCM (30
mL). The solution was purged with nitrogen for 15 minutes. Grubbs-py (2.8 mg, 3.9
K 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 sto p
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 offwhite solid (480
mg, 80.0%). My =231kDa, PDI = 1.5, dn/dc = 0.12

IH NMR (400 MHz, CDCI 3) d 5.545.39 (m, 2H), 2.521.97 (m, 4H), 1.691.01 (m, 6H).
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Figure 89: 'H NMR spectrum (400 MHz, CDCI s) of poly( gDCC)

3.5.3 Sonication experiment

Ultrasound e xperiments 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-tin 15 mL of THF
with 12.5wt% BHT of polymer unless otherwise noted. The solution was transferred to a
3-necked Sudick cell in an ice-water bath and degassedby nitrogen bubbling for 30
min utes prior to sonication. Sonication was performed at 8.5W/cm2while maintaining a

temperature of 6-9 °C under nitrogen. T he sonication pulse sequence was setto 1son/1s

off.
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While performing sonication, 0. 4 mL aliquot s 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 (M n). After 4 hours of
sonication, the point at which the rate of chain scission is little changed is regardedas
limiting molecular weight (Mn.4n) of each polymer. Sonication was performed three times
per one kind of pol ymer under consistent condition. M » 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*X). 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 cisand transdimer

conformers.
Table 7: Monomer length obtained by C OGEF calculation
Trans gDCC Cis gDCC Average of Cyclic Linear Catenane
monomer monomenr gDC( monomer monomer monomer
monomer
9.651A 10.191 A 0021 A 43416 A 44.739A 55439 A
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