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ABSTRACT
Crosslinking in polymer networks leads to intrinsic structural inhomogeneities that result in brittle
materials. Replacing fixed covalent crosslinks with mobile ones results in mechanically
interlocked polymers (MIPs) such as slide-ring networks (SRNs), where polymer chains threaded
through rings form interlocked crosslinks that act as frequency-dependent pulleys to relax internal
stresses, leading to tougher, more robust materials. SRNs are typically made by crosslinking rings
on different polyrotaxanes, interlocked architectures comprised of a polymer chain threaded with
rings and capped with stoppers to prevent dethreading, to form figure-of-eight crosslinks and an
uncontrolled amount of singly-threaded (uncrosslinked) rings. MIP networks containing doubly-
threaded rings are less explored because of the difficulty of synthesizing rings big enough to thread
two polymer chains and the challenges in preventing slippage of the larger rings. This work
explores different click chemistries to develop a new way to access doubly-threaded SRNs from a
simple mixture of tetra-functional pseudo[3]rotaxane (P3R) crosslinker, difunctional monomer,
and large stoppers to keep rings in the network. Ditopic rings comprised of two 2,6-bis(N-alkyl-
benzimidazolyl)pyridine (BIP) ligands were threaded with two BIP threads using metal-templating
to access the doubly-threaded P3R complex. SRNs were synthesized by incorporating the P3R
crosslinker into a catalyst-free nitrile-oxide/alkyne click polymerization of PEG-based networks
with varying amounts of interlocked crosslinks, where covalent crosslinks act as stoppers to
prevent slippage of the rings. Studies on their mechanical properties show that metal ions fix the
rings in the network, leading to similar behavior as the covalent PEG gels. Removal of the metal
ion frees the rings resulting in a high-frequency transition attributed to the additional relaxation of
polymer chains through the doubly-threaded rings at longer timescales. After remetallation, this

transition disappears, and SRNs show similar trends as the original metallated network, proving
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ring sliding can be turned off in the network by adding metal ions. The synthetic design of these
doubly-threaded MIPs allows for systematic control over the number and type of rings, and other
components and polymers, that can be added to the click polymerization. The versatility of the
macrocycle synthesis used in this work provides a basis for controlling the rings’ size,
conformation, and valency to tune MIP material properties. To this end, monotopic rings were
synthesized to assemble pseudo[2]rotaxanes that polymerize under catalyst-free conditions. The
resulting pseudopolyrotaxanes can be incorporated into the network synthesis to form doubly-
threaded SRNs embedded with singly-threaded rings. This straightforward, catalyst-free click
approach is a promising platform for understanding the complex structure-property relationships

in doubly-threaded MIPs.
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1 Introduction: Material Properties and Applications of Mechanically Interlocked

Polymers

! This chapter was adapted from: Hart, L. F.; Hertzog, J. E.; Rauscher, P. M.; Rawe, B. W.;
Tranquilli, M. M.; Rowan, S. J. Material Properties and Applications of Mechanically Interlocked
Polymers. Nature Reviews Materials. 2021, 6 (6), 508-530.

11 Introduction

A key feature that controls the properties of a polymeric material is its architecture. Beyond
the conventional linear polymer, architectures such as branched, cyclic, bottlebrush, star, and block
co-polymers have expanded the property profile of polymeric materials and offered opportunities
for polymer research and applications. Recently, the polymer field has seen the emergence of a
new class of polymer architecture: mechanically interlocked polymers (MIPs), which are polymers
that include a mechanical bond. MIPs present an attractive frontier in polymer science, as the
presence of the mechanical bond allows for unprecedented degrees of motion within the polymer
architecture. Conceptually, there are many ways the mechanical bond can be incorporated into
polymer architectures (Figure 1.1), and these unique and varied structures can enable property
profiles that have never been seen before.

The most common MIP is based on the rotaxane architecture: a ring (macrocycle) threaded
onto a dumbbell-like component (Figure 1.1a) where the ring can slide back and forth along the
dumbbell component but is prevented from dethreading by the presence of bulky stoppers. A
polymeric analogy to this would be the main-chain polyrotaxane (Figure 1.1b), in which the ring(s)
are trapped on the polymer backbone and can undergo a similar sliding motion over a much longer
distance. Thus, by expanding or limiting the range of the rings’ sliding motion (for example, by

controlling the length of the polymer backbone or the number of rings on it), the properties of the



polyrotaxane can be tuned. Another important class of MIPs is slide-ring materials (SRMs), which
are polymer networks where the crosslink itself is a rotaxane moiety. The term slide-ring gels,
SRGs, is also commonly used to describe these materials, particularly if the network is swollen
with a solvent. The most common of these systems contain figure-of-eight crosslinks (Figure 1.1c),

and the resulting MIP networks have mobile junctions that can slide freely along the polymer
a [2]Rotaxane b Main-chain Polyrotaxane

iy ~—A0
>

¢ Slide-Ring Material (SRM)

rotation
limited
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Figure 1.1. Mechanically interlocked molecules and polymers. a) Schematic of a [2]rotaxane,
demonstrating the translational motion of a free ring along the dumbbell component. b) In a main-
chain polyrotaxane, the m rings can exhibit translational motions similar to their small molecule
counterparts but potentially over longer distances, depending on, for example, the number of rings.
c) Interchain crosslinking of a main-chain polyrotaxane through the rings yields a slide-ring
material with mobile figure-of-eight crosslinks (orange). d) The expansion and contraction
motions of a polymeric [c2]daisy chain. e) A [2]catenane is capable of rotation, elongation, and
twisting motions that can be expanded to n times in a poly[n]catenane, a polymer consisting only
of n interlocked rings.



backbone. The final class of polyrotaxanes is the “daisy-chain” architectures, which feature
interlocked monomeric units composed of two of the key polyrotaxane elements (the ring and
thread) covalently bound together; the simplest form of this structure is the dimeric cyclic
[c2]daisy chain (Figure 1.1d).

The other main class of MIPs is mechanically interlocked rings, or catenanes (such as a
[2]catenane, Figure 1.1e). This chain-link structure can be incorporated into a polymer in many
ways: as monomeric subunits (poly[2]catenane), pendant moieties, or even composing the entirety
of the polymer (polymeric [2]catenane, Olympic gel, poly[n]catenane (Figure 1.1€)). Mechanically
bonded rings do not allow for the long-range translational motion present in the polyrotaxanes;
however, the components of a catenane possess several unusual degrees of freedom, such as
elongation, twisting, and rotating motions (Figure 1.1e).

Although MIP synthesis remains a challenge, developments have been made over the years
that have allowed access to a range of MIPs?~ and other classes of interlocked polymers, such as

pseudopolyrotaxanes or knot-based materials,®® that will not be discussed herein.

1.2 Rotaxanes

A mechanical bond occurs when two (or more) molecular components are constrained in
space without being covalently bonded together and cannot disassemble unless there is enough
energy to break covalent bonds (Figure 1.1). The mechanical linkage within these interlocked
molecules gives rise to unusually high mobility and degrees of freedom while maintaining a
permanent spatial association between the components.®>*2 Perhaps the most versatile of these
molecules is the rotaxane: a ring (macrocycle) threaded onto a dumbbell-like component, where

the ring can slide back and forth along the linear molecule but is prevented from dethreading by



the presence of bulky stoppers (Figure 1.1a). These pulley-like architectures can be incorporated
into polymeric systems as part of a polymer backbone or side-chain (polyrotaxanes) or as movable
crosslinks in polymer networks (slide-ring gels).

1.2.1 Early Synthesis of Rotaxanes

In 1967, the first reported rotaxane was synthesized through a multi-step reaction process.
A solution of stopper and thread was passed over a resin coated in carbon-based macrocycles 70
times, ultimately forming the desired product in a 6% yield.'® Although statistical methods were
able to show that interlocked molecules are experimentally feasible, such methodologies led to
poor yields and inhibited the progression of rotaxane chemistry. Since the 1960s, chemists have
moved on from statistical methods to take advantage of self-assembly and molecular recognition
techniques. Supramolecular interactions have been investigated to facilitate the assembly and
threading of various organic fragments into interlocked architectures, such as hydrogen bonding,
donor-acceptor, n-n stacking, and metal-ligand coordination, to name a few.4%/

In 1983, Jean-Pierre Sauvage published the first successful synthesis of a [2]catenane
(composed of two interlocking rings) using transition metal templating, revolutionizing access to
mechanically interlocked molecules.'® To use as a metal template, Sauvage incorporated a ligand
molecule into the architecture of his macrocycle, allowing another ligand to assemble into a
stabilized tetrahedron geometry with the ring around a copper(l) species. Intra-ligand cyclization
of this pseudo[2]rotaxane, rotaxane lacking stoppers, results in a ring-closed [2]catenane species,
which can undergo free ring rotation post-demetallation.¢181° End-capping the thread with bulky
stopper groups converts the pseudo[2]rotaxane into the corresponding interlocked rotaxane
species.?’ In 2017, a new methodology was developed in which the rotaxane was synthesized

through the aminolysis of a phenolic pseudo-crown ether and a bulky stopper unit. This highly



selective synthesis yielded the corresponding rotaxane quantitatively ca. 100%.% In this way,
metal-ligand templating synthesis changed how chemists viewed interlocked molecules and
inspired them to develop new synthetic routes. Rotaxanes can now be accessed in 100% yield, a
remarkable improvement from the original 6%.2%1"15

1.2.2 Accessing Multiply-Threaded Rotaxanes

Increasing the number of interlocked components in the rotaxane molecule is also possible,
wherein several rings encircle the same thread, or two (or more) dumbbell molecules share the
same ring cavity. Recent advances in synthesizing higher-order rotaxanes have inspired chemists
to synthesize a library of unique rotaxane architectures (Figure 1.2a).??> Additional rings can be
added to a rotaxane in myriad ways, by introducing additional recognition sites and/or lengthening
the thread component or building a molecular pump.?®24 In this way, precise [n]rotaxane oligomers
have been prepared, and threading rings onto a polymeric backbone gives rise to main-chain
polyrotaxanes, which will be discussed in more detail later.

Multiply-threaded [n]rotaxanes are synthetically more challenging. The formation of the
desired mechanical bond competes with the destabilization of the multicomponent system due to
steric overcrowding.? The size of each rotaxane component is also crucial for isolating interlocked
products. The macrocycle must be big enough to fit the desired number of threads through its
cavity, and the stoppers sufficiently bulky to prevent ring slippage. Passive template approaches
for assembling multiply-threaded rotaxanes that have been developed include “clipping” an acyclic
ligand around the template site of dumbbell components and the covalent capture of a
pseudo[3]rotaxane through a “stoppering” reaction. Furthermore, multivalent interactions between
DNA strands have been shown to form doubly-threaded [3]rotaxanes by hybridizing a DNA ring

with two DNA dumbbells.26:27
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Figure 1.2. Multiply-threaded rotaxanes. a) Various higher-order rotaxane architectures containing
more than one ring and/or axle. b) Iron(I)-templated synthesis of [3]rotaxanes by passing two
threads through the same (41-atom) ring to form an octahedral metal center that can be stoppered
using Cu-catalyzed azide-alkyne Huisgen cycloaddition (CUAAC) and demetallated to afford the
[3]rotaxane 1.1 (ti2 ~200 hours at 298K). c) Active template Glaser coupling of [3]rotaxane 1.2
formed via second oxidative coupling of diyne half-dumbbells mediated by the pseudo[2]rotaxane-
Cu complex. d) Doubly alkynyl pyrene-threaded [4]rotaxane 1.3 showing yellow-green emission.
e) Leigh’s active metal-template forms triply-threaded [4]rotaxanes 1.4 using a 37- or 38-atom
ring. Adapted from Ref. 22 with permission from Royal Society of Chemistry, Ref. 28 with
permission from American Chemical Society.

HOLC.

Doubly-threaded [3]rotaxanes have been previously synthesized by metal-template-driven
methods by Sauvage, utilizing a single octahedral coordination complex between two threads and
a monovalent ring (Figure 1.2b).?® A bidentate ligand in the macrocycle and each thread
component gather around a transition metal ion to form a pseudo[3]rotaxane. This complex is
stoppered via Cu-catalyzed azide-alkyne Huisgen cycloaddition (CUAAC) and demetallated in the
presence of a base to afford the doubly-threaded interlocked product 1.1. Saito et al. used an active
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template Glaser coupling method to make [3]rotaxanes 1.2 from the oxidative dimerization of an
alkyne-terminated half-dumbbell mediated by the ring-Cu complex (Figure 1.2c).2° A combination
of active and passive metal template methods was also used to prepare [3]rotaxanes from the
reaction of [2]rotaxanes (synthesized via copper-mediated oxidative coupling of alkyne) with
metal and another ligand, which was stoppered and demetallated to afford a [3]rotaxane containing
two different dumbbells.30:3!

The large hydrophobic cavity of y-CD was used to access doubly-threaded [4]rotaxanes by
stoppering 2:2 inclusion complexes formed from a Sonogashira reaction between y-CD and pyrene
in water (Figure 1.2d).3? The [4]rotaxane 1.3 showed strong circulatory polarized luminescence
(CPL) with yellow-green emission attributable to the spatially restricted pyrene; changing the inner
fluorescence core from pyrene to perylene resulted in a [4]rotaxane that showed orange emission.
Leigh et al. developed an active metal-templating strategy accessing triply-threaded [4]rotaxanes
using Ni-catalyzed homocoupling of alkyl bromines, wherein the transition metal center gathers
two reactive half dumbbells inside of the macrocycle and also mediates covalent bond formation
(Figure 1.2e).34 After the dumbbell molecule forms, the metal returns to its original state, and this
catalytic cycle repeats to interlock a second or third dumbbell. A 35-atom ring allows two axles to
fit through the cavity to form the [3]rotaxane. Increasing ring size to 37- and 38 atoms provided
enough room to thread three axles, resulting in the triply-threaded [4]rotaxane 1.4.

From a design standpoint, the most exciting feature of the rotaxane is the ease at which its
molecular components can be designed to control ring sliding. Playing with the number of threaded
rings and dumbbell molecules are ways to tune the molecular dynamics of rotaxanes; thus, using
them as topological crosslinks in a polymer network should affect material properties.

Polyrotaxanes and slide-ring materials containing singly-threaded macrocycles on polymer chains



have been studied extensively; however, networks containing two polymer chains through a single

ring are rare because they are synthetically challenging.

1.3  Polyrotaxane Materials

Rotaxane moieties can be incorporated into macromolecules in a variety of ways (Figure
1.3a). The resulting architectures include main-chain polyrotaxanes (in which the polymer
backbone is part of the rotaxane moiety, either as the thread or ring component (Figure 1.3a, left)),
side-chain polyrotaxanes (Figure 1.3a, center), and polyrotaxanes in which the mechanical bond
is incorporated into the polymer backbone, such as the poly[2]rotaxanes (top right) and
poly[3]rotaxanes (Figure 1.3a, bottom right). Although these architectures have been
synthesized,%% the main-chain polyrotaxanes have provided the most insight into how an
interlocked architecture impacts material properties.

1.3.1 Main-Chain Polyrotaxanes

As in traditional polymers, the chemistry and structure of the backbone play a role in the
behavior of polyrotaxanes. However, their properties are also impacted by the ring(s) and
stopper(s) and the interactions between these interlocked components. These relationships have
been most extensively characterized in main-chain polyrotaxanes (Figure 1.3a, left).

The first report of a main-chain polyrotaxane was by Harrison and Harrison in 1967,
however, the field did not gain traction until 1992 when Wenz reported the threading of
poly(iminooligomethylene)s through a-cyclodextrin (a-CD) rings®’ and Harada reported the
threading of poly(ethylene glycol) (PEG) through o-CDs.® The PEG and o-CD

pseudopolyrotaxane assembly is highly efficient and driven by a combination of hydrophobic
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Figure 1.3. Polyrotaxanes. a) A selection of polyrotaxane architectures that includes main-chain
polyrotaxanes (left), side-chain polyrotaxanes (center), poly[2]rotaxanes (or daisy chains) (top
right), and poly[3]rotaxanes (bottom right). b) Polyrotaxanes are often synthesized using
cyclodextrin (top left), which is commercially available in three ring sizes, a, 3, and y, where n =
1, 2, or 3 anhydroglucopyranoside units. A main-chain polyrotaxane composed of poly(ethylene
glycol) (PEG) threaded through a-cyclodextrin (a-CD) (1.5) (top right). Partial
hydroxypropylation of a-CD is used to access the PEG-based polyrotaxane, 1.6 (middle row).
Partial methoxyethylation of a-CD is used to access the PEG-based polyrotaxane, 1.7 (bottom
row). ¢) Chemical structure of the ammonium-containing polyvalerolactone-based polyrotaxane
1.8 with dibenzo[24]crown-8 and the related amine-protected polyrotaxane 1.9 with schematics
highlighting their crystallization behavior. d) Cartoons showing the CD distribution in 1.10, its
proposed self-assembly and the temperature-sweep dynamic mechanical analysis (DMA) data of
a 1.10 film (left), and cartoons showing the CD distribution in 1.11, its proposed self-assembly
and the temperature-sweep dynamic mechanical analysis (DMA) data of a 1.11 film (right).

interactions (between the polymer chain and the hydrophobic pocket of the CD) and hydrogen
bonding between adjacent CDs.®® The polyrotaxane 1.5 is formed when a stoppering reaction
“traps” the a-CD rings on the polymer backbone (Figure 1.3b, top).* In addition to ease of
synthesis, CDs are commonly used in polyrotaxanes because they are commercially available in

three sizes that vary in the number of a-D-glucopyranoside units (Figure 1.3b, a-CD (n=1), p-CD
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(n=2) and y-CD (n=3)). As such, CD-based polyrotaxanes are the most studied, producing valuable
insights into polyrotaxane structure-property relationships.

In 1.5, the a-CD rings play a significant role in the properties of the material: hydrogen
bonding between the rings favors their aggregation on the polymer backbone resulting in semi-
crystalline materials, limiting ring mobility along the polymer backbone.** However, these
hydrogen bonds can be disrupted, either by introducing a hydrogen-bond competing solvent or
through partial hydroxypropylation or methoxyethylation of the CD rings, resulting in more
soluble amorphous polyrotaxanes (1.6 and 1.7) (Figure 1.3b) with enhanced ring translational
mobility (Figure 1.1b).4**2 Studies have focused on how this mobility and the resulting material
properties are affected by parameters such as ring-backbone interactions, ring—ring interactions,
polymer concentration, and ring coverage (calculated either as the number of rings per repeat unit
or the percent coverage of the backbone by the rings).**4

The mobility and placement of the rings are controlled, in part, by the inherent interactions
between the ring and polymer backbone. For instance, the energy barrier resulting from attractive
interactions between the CD and PEG backbone in 1.5 leads to slower diffusion of the a-CD along
the PEG backbone compared to unthreaded (free) CD.* Furthermore, the presence of the rings
impacts the polymer backbone by, for example, decreasing the flexibility of the polymer with
increasing ring coverage leading to stiffer polyrotaxanes.>>*® The effect of the ring—backbone
interactions has been studied in polyrotaxanes with rings other than CD, for instance, crown ethers.
Early examples of polyrotaxanes based on crown ethers include those reported by Gibson, in which
the stopper groups are incorporated into the polymer backbone.**%® These polyrotaxanes were
synthesized by copolymerizing an alkyl diol monomer and a bulky diol monomer with either diacid

chloride monomers (forming polyesters) or diisocyanate monomers (forming polyurethanes) in the
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presence of a high concentration of [30]crown-10 rings. The sliding mobilities of the crown ethers
in the resulting polyrotaxanes vary based on the differing backbone chemistries. In the polyester-
based polyrotaxane, the crown ether rings move freely between the stoppers and appear as a range
of broad signals in the 'H nuclear magnetic resonance (NMR) spectrum. In contrast, the
polyurethane-based polyrotaxanes exhibit hydrogen-bonding between the ring and the polymer
backbone NH groups (in CDCls), which restricts ring mobility, as demonstrated by the methylene
groups of the crown ethers appearing as a single peak in the NMR spectrum. In a hydrogen-bond
competing solvent (for example, ds-dimethyl sulfoxide (DMSO)), the hydrogen bonding is
“switched off,” increasing ring mobility and resulting in the methylenes showing up as a broad
range of peaks in the *H NMR spectrum, similar to systems with no hydrogen bonding present.

This difference in ring mobility is also seen in the solid state properties of similar crown
ether-based polyester and polyurethane polyrotaxanes.*®>*%55€ The polyester polyrotaxanes
exhibit two melting-to-crystallization transitions (as determined by differential scanning
calorimetry (DSC)), suggesting that the rings are mobile enough to phase separate and allow the
rings and polymer chains to crystallize separately. In contrast, hydrogen-bonding in the
polyurethanes results in a single-phase material that only exhibits one glass transition temperature
(To).

The effect of ring mobility on the solid-state properties of a polyrotaxane can even be
observed with just a single mobile ring present. For example, Takata and coworkers®’ synthesized
macromolecular [2]rotaxanes using poly(d-valerolactone) (PVL) with a single secondary
ammonium binding site on the thread component (Mx ca. 2,300 gmol™) and [24]crown-8 as the
ring (1.8, Figure 1.3c, top). The secondary ammonium site interacts favorably with the crown ether

ring limiting its motion and allowing crystallization of the PVL segment in 1.8. However, if the
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secondary amine is acetylated (1.9), the hydrogen bonding between the ring and thread is
“switched off,” increasing ring mobility and disrupting crystallization resulting in an amorphous
material (Figure 1.3c, bottom).%’

In addition to ring mobility, how the rings are distributed along the polymer backbone can
affect the solid-state properties. For example, Ito and coworkers®® studied a poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO—PPO—PEQO) triblock main-chain
polyrotaxane with either fully-functionalized hydroxypropyl-a-CDs (100% HP-o-CDs, 1.10) or
trimethylsilyl-functionalized hydroxypropyl-a-CDs (100% TMS-a-CDs, 1.11) as the ring
components. In 1.10, the a-CDs preferentially reside on the inner PPO block because of the more
favorable hydrophobic interactions with PPO than PEO (Figure 1.3d, left).%° In contrast, the TMS-
a-CDs in 1.11 reside on the PEO end-blocks to shield the polar PEO segments from the
hydrophobic TMS-a-CD outer wall (Figure 1.3d, right).>” In both polymers, the CDs form
crystalline domains; however, the different positioning of the CDs along the polymer backbone
results in drastically different mechanical properties. In 1.10, the concentration of the CDs on the
central PPO block results in discrete crystalline assemblies, resulting in fluid-like behavior above
Tg, as shown by dynamic mechanical analysis (DMA) (Figure 1.3d, left). In 1.11, the CDs are
concentrated on the outer PEO blocks so that the crystalline CD domains are bridged by polymer
chains, resulting in an elastic plateau even above T4 (Figure 1.3d, right).

CD-crystallization in polyrotaxanes has also been used by Ke and coworkers to obtain 3D-
printed cubic wood-pile lattices.®>2 In these materials, obtained from the chemical photo-
crosslinking of main-chain pseudopolyrotaxanes, the a-CDs hydrogen-bond into tubular arrays
which form hexagonal crystalline domains that function as physical crosslinking sites.®5! Varying

pH (Figure 1.4a, top) or solvent type (Figure 1.4a, bottom) can disrupt (or reform) these physical
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Figure 1.4. Main-chain polyrotaxane properties and behavior. a) Cartoon showing the effect of pH
(top) or solvent change (bottom) on the aggregation of threaded cyclodextrins (CDs) in a
photocrosslinked polyrotaxane. b) Temperature dependence of tensile storage modulus (E’), loss
modulus (E”), and loss tangent (tan o) of a-CD (46% methoxylated) glass (top left) and 1.7
polyrotaxane glass (poly(ethylene oxide) backbone, 25% ring coverage, 46% methoxylated a-CD
rings)) (top right). Cartoon showing the vitrification of CD rings in 1.7, highlighting the
poly(ethylene glycol) (PEG) chain mobility above Tqprec (bottom). ¢) Scheme showing how the
structure of a polyrotaxane glass (1.6 and 1.7) changes during stress below the glass transition
temperature Tg: homogenous CD distribution before stress (left), fragmentation of CD framework
(center), stress-induced translational motion of the threaded PEG chains (bottom right) and
microscopic phase separation of backbone PEG chains and CD framework (right). d) Cartoon
highlighting the difference in multivalent binding of the more mobile ligands on polyrotaxane
rings (left) versus them directly conjugated to a polymer backbone (right). Yellow ligands indicate
successful ligand-receptor binding. e) Cartoon image of folded structure of 1.12 with blue
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(Figure 1.4 Continued.) cyclobis(paraquat-p-phenylene) (CBPQT) rings and red 1,5-
dioxynaphthalene backbone polymer (top). Cartoon showing breaking of n-stacking between the
CBPQT rings and naphthalene backbone in the foldamer during a single-molecule atomic force
microscopy experiment (bottom). f) Cartoon showing the stepwise addition of CBPQT rings (up
to 10) onto a PEG backbone using chain-end redox-active molecular pumps.

crosslinks leading to a decrease (or increase) in moduli allowing access to shape memory
properties. Such shape-memory behavior combined with the lattice structure allows the material
to actuate in a controlled manner, exemplified by lifting a coin upon the reformation of the
crystalline CD-domains. Related work using methylated CDs' lower critical solution temperature
(LCST) behavior showed similar actuation behavior upon temperature cycling.®

All the films discussed so far were investigated above T4 (which allows movement of both
polymer chains and rings). Still, polyrotaxanes may also have interesting properties in the glassy
regime below Tg. Unfortunately, the rings in CD-based polyrotaxanes crystallize rather than
vitrify; however, crystallization can be inhibited by partial functionalization of the CD rings
allowing access to polyrotaxane glasses. For example, glassy polyrotaxane 1.7 consists of a PEO
backbone (Mn 20,000 gmol™) threaded through partially 2-methoxyethylated a-CD (46% hydroxy
groups reacted and a CD to repeat unit ratio of 1:8 (25% coverage)). As the CDs comprise ca. 80
wt.% of the material, there is a Tq at ca. 8 °C, comparable to the neat 2-methoxyethylated a-CDs
(Figure 1.4b, top left). However, 1.7 also exhibits a secondary relaxation (subrelaxation) at ca.
—30°C (Figure 1.4b, top right), close to the T4 of PEO (ca. —35 °C). Raising the temperature above
this secondary relaxation reduces the modulus to about a third of its value at —100°C.*? This
subrelaxation is linked to the interlocked architecture and is consistent with the PEG backbone
sliding through the glassy CD framework (Figure 1.4b, bottom). As a result, these polyrotaxane
glasses can be extremely ductile because the polymer chains slide through the rings at points of

high stress allowing material deformation and resulting in enhanced toughness (Figure 1.4c).5®
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Further research showed similar effects in 1.6 and demonstrated that the properties of both 1.6 and
1.7 could be tuned by changing either the amount of chemically-modified hydroxy groups on the
CD or the ring coverage. For instance, less “fragile” glass-formers with reduced Tq and less
cooperative dynamics were obtained by increasing the chemical modification of the CDs, which
mitigates ring—ring interactions,® while increased CD coverage results in an additional relaxation
slightly above T, attributed to correlated motions of neighboring CDs on the polyrotaxane
backbone.®®

The encapsulation of a polymer by rings results in reduced interpolymer chain interactions.
This effect has been used to synthesize polyrotaxanes that can act a molecular wires.®® Conjugated
polymers have long been candidates for developing molecular-scale wires; unfortunately, strong
interchain interactions make it difficult to isolate single polymers, and the conformational entropy
of the polymer disfavors extended, straight chain configurations, limiting conjugation within the
backbone.®” Sheathing of a conjugated polymer with rings drastically improves its overall rigidity
and “insulates” the threaded polymer chain. A number of conducting polymers have been
investigated in such polyrotaxanes,%® including poly(phenylenevinylene),®® polyfluorene,™
poly(paraphenylene),’* poly(diphenylenevinylene),”? and, polythiophene.”® The most common
ring component in these polyrotaxanes is CD, but other rings such as cyclophanes™ and
cucurbiturils™ have been reported. Most studies on conjugated polyrotaxanes are focused on their
optical properties. For example, CD-based conjugated polyrotaxanes exhibit sharper UV-Vis
spectra, blue-shifted emission spectra, and higher quantum vyields relative to their unthreaded
conjugated polymer counterparts.”®8 In these systems, the rings separate the polymer chains,
preventing aggregation (and quenching) and leading to longer life-time excited states. In addition,

threaded rings cause increases in the persistence length of the backbone, stretching the polymer
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out and resulting in more extended, near-planar conformations, important for enhancing the
conjugation along the backbone.®”"®"" For example, poly(4,4’-diphenylenevinylene)
polyrotaxanes with varying 3-CD ring coverage (between 0% and 82%) showed an increase in the
electroluminescence quantum efficiency and solid-state photoluminescence with increasing
coverage.’® Ring size is also an important feature in these polyrotaxanes; systems with larger rings
(for example, y-CD vs. a-CD) exhibit greater fluorescence quenching by methylviologen in
aqueous solution.”® It was suggested that these larger rings have greater mobility along the
polyrotaxane backbone, allowing larger aggregate formation. Preliminary investigations into the
electrical behavior of these polyrotaxanes have shown that their conductivity can be orders of
magnitude higher than the unthreaded conjugated backbone,® although investigations in this area
are primarily focused on pseudopolyrotaxanes.®8? None-the-less, such pseudopolyrotaxane
studies have shown that the hole mobility along a threaded poly(phenylene ethynylene) backbone
can be similar to amorphous silicon, highlighting the potential of these MIPs as well-insulated
organic semiconductors.8384

Main-chain CD-polyrotaxanes have also been investigated as functional biomaterials,35-%
aided by the US FDA approving the components of 1.5 (a-CD and PEG) for drug use.®! For
example, controlled release of drugs covalently attached to the CD rings can occur with selective
removal of the stopper groups.®-8 CDs functionalized with cationic groups can form complexes
with anionic nucleic acids, either DNA or RNA, for gene delivery. Owing to the mobility of the
positively-charged CD rings, these polyrotaxane/nucleic acid complexes are much stronger than
comparable systems comprising linear cationic polymers and nucleic acids.®>% Upon entering the
cell, the stopper groups can be selectively removed, resulting in decomplexation and subsequent

delivery of the nucleic acid payload.%-8
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Ring mobility in polyrotaxanes has also been used to enhance the biological targeting of
synthetic systems. In nature, multi-valency is commonly used to enhance the molecular
recognition of weak ligand-receptor interactions,® however, this typically requires the binding
sites to be precisely arranged in space. When ligands are attached to the polyrotaxane rings, the
ring mobility (both translational and rotational) allows them to arrange themselves to optimize the
multivalent interactions.®®**® Such polyrotaxanes exhibit faster and more efficient multivalent
binding to receptor proteins than ligands tethered to standard covalent polymers (Figure 1.4d).%5%

Building on the previously mentioned ability of MIMs to act as switches and machines®’*8
main-chain polyrotaxane architectures have also attracted attention as polymer-based switches and
machines.®1% For instance, Stoddart and coworkers developed polyrotaxane “foldamers” capable
of concerted motion at the macromolecular scale.'%-1% These polyrotaxanes (1.12) use n-stacking
interactions between a cyclobis(paraquat-p-phenylene) (CBPQT*") rings and a 1,5-
dioxynaphthalene backbone polymer (Figure 1.4e) to fold in a specific manner, which results in a
conformation that is ca. 15% shorter and 92% wider than the free backbone.® Single-molecule
force spectroscopy was used to observe the transition between folded and unfolded states under
applied force and showed 1.12 could exert forces of up to 50 pN (under a load of 150 pN) during
folding (Figure 1.4e).1%4 Furthermore, n-stacking rupture events during extension can be observed
with dynamic force spectroscopy confirming the folded structure.’%® These measurements also
implied a rapid reformation of the folded structure because the interlocked structure prevents the
disassembly of the components.

Strides towards accessing polyrotaxanes machines have been made by Stoddart and
coworkers through synthesizing a high-energy polyrotaxane through successive controlled

pumping of CBPQT** rings onto a polymeric chain (Figure 1.4f).1%-1%8 Each chain-end contains a
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viologen unit sandwiched between a pyridinium group (that acts as a Coulombic barrier) and an
isopropy! group (acting as a steric speed bump).1%-1% Rings can be added to the polyrotaxane by
reducing the viologen units and CBPQT** ring allowing threading of the ring onto the viologen,
driven by the formation of a trisradical tricationic association complex. Reoxidation then forces
the ring over the isopropyl speed bump because of Coulombic repulsions, resulting in a stable
polyrotaxane. This ring-addition ratchet mechanism can be repeated to drive the controlled
pumping of between 2 and 10 rings onto the polymer backbone, resulting in highly-charged, high-

energy systems with the potential to perform work.

1.4  Slide-Ring Materials (SRMs)

Crosslinking a polymeric material gives rise to an enhanced property profile that includes
higher modulus and elasticity, solvent resistance, lower rates of creep, and improved temperature
stability relative to its uncrosslinked counterpart.1®® Although crosslinking is commonly achieved
through chemical or physical interactions, mechanical bonds can also be realized. For instance,
crosslinking polyrotaxanes by covalently linking their rings results in the formation of slide-ring
materials (SRMs) (also referred to as slide-ring networks, SRNs).*? As the polymer chains are not
fixed by permanent covalent bonds, the interlocked crosslinking site can slide along the polymer
backbone akin to a pulley (Figure 1.5a); a process that can dramatically affect material properties.
In chemical gels, fixed (covalent) crosslinks are not distributed evenly throughout the material,
and upon deformation, the shorter strands can rupture, leading to mechanical failure (Figure 1.5b,
left). However, mobile interlocked crosslinks allow polymer chains to slide through the network

like a pulley system, allowing dissipation of stresses in a cooperative manner (Figure 1.5b, right).
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Figure 1.5. “Pulley effect” in figure-of-eight slide-ring materials. a) Visualization of the pulley
effect that has been used to describe the mobile, slide-ring crosslinks (orange) of slide-ring
materials (SRMs). b) The effects of strain on a fixed crosslinked network (left), where short
network strands tend to rupture under strain, and a SRM (right), where the pulley effect allows for
the dissipation of stress as polymer chains slide through the crosslinked rings in a cooperative
manner, akin to a pulley system. ¢) Synthesis of a SRM (1.13) via interchain ring crosslinking of
hydroxy groups on the a cyclodextrins (a-CDs) (pink) in 1.5 with cyanuric chloride, resulting in
figure-of-eight crosslinks (orange) and residual, uncrosslinked a-CDs (pink). d) Schematic
comparing the idealized tensile properties of figure-of-eight SRMs and conventional polymer
networks with fixed crosslinks. e) Oscillatory compression rheology of 1.13 shows three plateaus:
a glassy plateau (green), a rubber elasticity plateau (pink), and a high-temperature, low-frequency
plateau (orange), referred to as sliding elasticity, wherein chain sliding and ring sliding occur
simultaneously, a process that is not possible in covalent fixed-crosslinked networks.
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Such interlocked networks have been broadly classified as slide-ring materials (SRMs) (or slide-
ring networks, SRNs), and the mobility of their crosslinks imbues them with new property profiles.
1.4.1 Molecular Processes in SRMs

The first and most studied class of SRMs incorporates interlocked crosslinks by covalently
bonding rings from different polyrotaxanes, yielding “figure-of-eight” topological crosslinks. The
quintessential example of a slide-ring material, 1.13, can be prepared by crosslinking the a-CD
rings on 1.5 (Figure 1.5¢).'% Importantly, this synthetic protocol results in both figure-of-eight
crosslinks and residual uncrosslinked rings in the polymer network; the latter also plays a role in
the properties of these SRMs. Such polymer networks exhibit an impressive property profile; for
example, 1.13 can absorb 24,000 times its mass in water and extend to 24 times in length without
hysteresis.!1**1* The interlocked crosslinking architecture also influences the mechanical
properties,%” exemplified by the stress-strain behavior (Figure 1.5d). Although fixed-crosslink
networks reveal the typical “S”-shaped curves, SRMs have a “J”-shaped profile with lower elastic
(Young’s) modulus and much greater strain-at-break. Other properties, such as fracture
behavior!'4 and strain recovery,®’ are also affected, as discussed later.

In the past two decades, there have been substantial investigations into the molecular
processes and structure-property relationships of these topological materials.!*>*® The elasticity
of conventional polymer networks arises from the conformational entropy of polymer segments
between fixed crosslinks. Although this conformational entropy also plays a role in SRMs, two
additional molecular mechanisms are at work: first, crosslink mobility, and second, configurational
entropy of the uncrosslinked rings (if present). These mechanisms are unique to SRMs and, in
combination with traditional network elasticity, lead to their exceptional properties. Although this

section focuses on figure-of-eight SRMs that contain solvent (namely, slide-ring gels, SRGs) the

20



concepts apply to SRMs with different crosslink architectures (to be discussed later) with or
without solvent.

Let us first consider the impact of crosslink mobility on the behavior of polymer networks.
If crosslinks in polymer networks are fixed, they are constrained to a specific point on the polymer
chains. However, in SRMs, these constraints are lifted because the crosslinks are free to slide along
the backbone; from a thermodynamic perspective, the removal of any constraint always allows the
system to relax to a state of lower free energy. In SRMs, this leads to a lower elastic (Young’s)
modulus. The concept of mobile crosslinks originated in the study of rubber elasticity and trapped
entanglements, which are formed by the concatenation of network loops during the crosslinking
process.'?%12" The point of contact between the two loops acts as a sort of crosslink whose position
is not fixed, similar to the figure-of-eight crosslinks in SRMs. Thus, a number of slip-link models
were developed to explain the nonlinear elasticity of rubbers.'?°'?” Some authors even used a
doubly-threaded [3]rotaxane model to illustrate these concepts.*?#!% The sliding junction model
introduced by 1to*?®12° s conceptually similar to some of these theories: the free energy is
minimized with respect to the distribution of monomers among several chains, leading to a lower
Young’s modulus than networks with fixed crosslinks. Furthermore, the lack of hysteresis in most
SRMs is a consequence of the reversibility of the sliding motion of the rings.

Mechanical testing highlights the dramatic effect that a slide-ring crosslink can have on the
properties of a polymer network. Small-amplitude oscillatory compression rheology*® on SRGs
of 1.13 in DMSO revealed a time-dependent stress relaxation modulus with two distinct plateaus
at low frequencies: the first was attributed to the typical rubbery modulus, but the second (lower)
plateau is not observed in networks with fixed crosslinks (Figure 1.5e). These features have also

been observed in step strain experiments on similar SRMs.®*! The rubbery plateau implies a
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molecular weight between crosslinks, Mc, and the relaxation time, z, associated with the transition
between the two regimes scales as 7 ~ Mc3.2% This dependence is the same as that predicted by
reptation theory, which describes the sliding motion of a polymer chain,*®? and, as a result, the
researchers associated this “sliding transition” with the sliding of the polymer chains through the
ring crosslinks, accounting for the lower equilibrium modulus of figure-of-eight SRMs relative to
fixed-crosslinked networks. However, the analogy with reptation theory may not be appropriate
because there is no continuous confining tube in SRMs, and the timescale for the diffusion of
tension along entangled chains actually scales as Mc2.*2 Thus, further study is required to clarify
the dynamic processes responsible for the sliding transition. Nevertheless, it seems likely that ring
sliding is responsible for the phenomenon in some fashion.

Molecular simulations have also investigated the impact of mobile crosslinks on material
properties.'?%133-135 These efforts demonstrate that the reduced modulus of SRMs is intimately
related to the distance available for crosslink sliding, with greater freedom leading to softer
materials.*?>13 Other in silico experiments have shown that SRMs exhibit excellent surface
adsorption because the stretchable networks can readily deform to maximize surface contact.!
Further simulations showed that SRMs can rapidly absorb nanoparticles with diameters much
larger than the network mesh size because the mobile crosslinks allow for efficient expansion of
the network.**®

Given that mobility of crosslinks is a key factor in the properties of SRMs, the effective
range of sliding strongly influences the behavior, as suggested by the simulation studies discussed
above. This range can be widened by increasing the molecular weight of the axis polymer, which
results in improved fracture energy. However, increasing the crosslink density appears to mitigate

some of these effects. For instance, SANS and SAXS experiments have shown that SRGs remain
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isotropic upon uniaxial deformation up to considerable strains and are homogeneous even at large
extensions, in contrast to networks with fixed crosslinks.!t3136-138 However, the structural
inhomogeneities typical of these fixed networks emerge when the ring-sliding range is suppressed,
either by increasing the crosslink density 3% or using a solvent that favors ring aggregation.**3

The picture of SRMs discussed so far is incomplete; it does not explain why the second
(low frequency) plateau modulus has a finite, non-zero value. It also fails to address the unusually
weak dependence of modulus, E, on crosslink density, v, which seems to scale as E ~ %2 rather
than E ~ ' as expected for fixed-crosslinked networks,* and is sometimes even non-
monotonic.**® Furthermore, in the simple picture illustrated above, SRGs at swelling equilibrium
should display the same modulus as fixed-crosslinked gels. This observation was first made by de
Gennes,**! who argued that the additional degrees of freedom afforded by mobile crosslinks would
be entirely used to swell the gel further rather than lower the modulus upon deformation. As a
result, SRGs at equilibrium should be as stiff as fixed-crosslinked gels of comparable swelling and
density of elastic strands. The discrepancy between this theoretical model and experimental results
might be explained by the presence of uncrosslinked rings in experimental SRGs (pink rings, 1.13).

The free rings along the polymer backbone possess translational entropy that can affect
crosslink mobility. In particular, rings on a polyrotaxane backbone can be modeled as hard
particles confined to 1D space. In this system, analogous to the Tonks gas in statistical
mechanics,'#? the configurational entropy of the rings gives rise to a pressure, which resists the
motion of the crosslinks as this reduces the contour length available to the molecules. The
connection to polyrotaxanes was made by Sevick and Williams,*3 who found that the presence of
rings along the backbone (and the associated pressure) resists the sliding motion of the polymer

chain through a fixed ring below a critical force, analogous to yield stress behavior.'4148 In the
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context of SRMs, the translational entropy of the uncrosslinked rings resists the sliding motion of
the ring crosslinks, causing additional contributions to the elasticity, called <:sliding-
elasticity,”130:149

Ito and coworkers have attempted to explain various properties of SRMs in qualitative
terms by applying the concepts of sliding elasticity. For instance, they propose that the finite
storage modulus of SRMs at long times cannot be understood purely in terms of crosslink mobility
and that the resistance to crosslink sliding caused by the uncrosslinked rings may furnish an
explanation for this effect.’*®1%° Young’s modulus can also depend non-monotonically on
crosslink density, increasing for small amounts of crosslinks and then decreasing at larger
loadings; a model combining sliding crosslinks with the entropic effects of uncrosslinked rings can
reproduce such an effect.’* Ito and coworkers have also observed significant strain hardening
upon compression of 1.13 (in DMSO), with the modulus transitioning from one constant value at
low strains to another, higher-value at intermediate strains.'® The initial (smaller) and intermediate
(larger) moduli agree quantitatively with the two plateaus observed in rheological measurements
(Figure 1.5e). If these regimes do indeed reflect polymer and sliding elasticity, then one may
conclude that the entropy of the rings dominates at small deformations and the entropy of the
chains becomes more important at larger strains.

Despite the progress described above, the details of how ring entropy affects SRM
mechanical properties are still unclear. Mobile rings on polyrotaxanes lead to yield stress
behavior, both in theory'*> and simulation,** but SRMs show no such effects. Moreover, if the
low-frequency plateau in the viscoelastic data (Figure 1.5e) is associated with crosslink sliding,
then the average force on each network strand must be greater than the yield force. However, the

expected yield force appears quite large compared to the stresses observed in linear viscoelasticity
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measurements.®*%145 In general, it is unclear how the microscopic properties of polyrotaxanes with
mobile rings connect to the macroscopic properties of SRMs. Molecular simulations of model
systems, such as those by Miiller et al.,*>® may prove useful in resolving these questions.

1.4.2 Structure-Property Relationships in SRMs

As discussed above, the mobility of the figure-of-eight rings in SRM 1.13 influences its
material properties. However, various factors impact this mobility, including the distance available
for ring-sliding, crosslink density, ring size, and ring-thread interactions. As such, understanding
the complex relationship between these factors is essential for creating a structure-property profile
of these intriguing materials.

The ring coverage of a polyrotaxane is defined as the percent of the polymer backbone
covered by the rings. Reducing the coverage increases the sliding distance between rings, therefore
increasing crosslink mobility. This relationship was demonstrated by studying the mechanical
properties of two related SRGs (1.14) with different ring coverages (2%: 1.14-02, Figure 1.6a top,
and 25%: 1.14-25, Figure 1.6a bottom) but similar degrees of crosslinking.'*® The 25 wt.% 1.14-
02 hydrogel exhibited excellent extensibility (up to 1,600%) and was capable of reaching over 1.1
MPa stress-at-break while, for comparison, fixed-crosslinked gels with similar elasticity usually
exhibited < 10 KPa stress-at-break. Fatigue performance of 1.14-02 was determined via successive
cyclic tensile tests, which showed that stretching the material to seven times its original length
(extension ratio, A = 7) for 100 cycles resulted in stress-strain curves that nearly overlap (Figure

1.6b left). Additionally, loading-unloading cyclic tensile tests on 1.14-02 showed almost no
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Figure 1.6. Structure-property relationships in SRMs. a) Schematic of the figure-of-eight 1.14-02
and 1.14-25 hydrogels that consist of PEG backbones and partially functionalized HP-a-CD, with
similar crosslink density but different ring coverage: 2% (top) and 25% (bottom). b) Successive
cyclic tensile tests (extension ratio, I, = 7 for 100 cycles) on 1.14-02 (25 wt% hydrogel) showed
minimal hysteresis (left) and loading-unloading cyclic tensile tests onthe same material at
different strains with the residual strain after each cycle revealing little-to-no hysteresis at lower
extensions, and small residual strain during the fourth cycle (1200% strain, A = 12, right). )
Fracture tensile properties of notched 16 wt% hydrogel samples of 1.14-02 and 1.14-25; the critical
strain of crack propagation of 1.14-02 is three times that of 1.14-25 (left) and polarized-light
images of notched samples of the same material mapping localized stresses throughout the material
(warmer colors represent greater stress); a highly blunted notched region is observed in 1.14-02 in
addition to a smaller area of high stress (red) relative to 1.14-25 (right). d) Intermolecular
crosslinking of chemically identical polyrotaxanes (for example, 1.5) yields slide-ring materials
that contain “loops” and “tubes” as a result of unintended intramolecular crosslinking, as shown
in 1.13 (left). Complimentary functionalities (azide (orange) and alkyne (green)) on the PR a-CDs
of 1.15-05a; and 1.15-05aik prevent intramolecular reactions during crosslinking forming 1.16-05
(center). Correlation between modulus, E, and crosslink density, v, for 1.16-25 (E a v*5, red data
points) showing an apparent deviation from rubber elasticity theory (E a v), blue data points
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correspond to 1.16-05 (right). e) PR ring mobility can be influenced by ring size (i.e., a-CD vs. y-
CD) and/or thread thickness (e.g., via different alkyl substituents on the thread) as a consequence
of a change in molecular friction along the PR backbone. Adapted from Ref. 116 with permission
from American Chemical Society.

hysteresis during the first 3 cycles at low extension, and only 3% residual strain during the 4™
cycle (A = 12, Figure 1.6b right).

The SRGs of different ring coverage were compared with the 16 wt.% hydrogels. Tensile
studies showed that the lower coverage 1.14-02 exhibited vastly superior strain and stress-at-break
relative to the higher coverage 1.14-25 (1,250% strain, 125kPa stress vs. 110% strain, 50kPa stress,
respectively). A similar effect has been observed in SRGs (with DMSO solvent) prepared from
related polyrotaxanes'® as well as slide-ring hydrogels** and non-figure-of-eight SRGs.1>? These
observations are consistent with the larger number of uncrosslinked rings limiting mobility and
resulting in inferior mechanical properties.

Reducing ring coverage on polyrotaxane chains within SRMs also improves their fracture
toughness. Notched samples of 1.14-02 (16 wt.%) had a critical strain of crack propagation three
times that of 1.14-25 (Figure 1.6c, left), although both samples showed better fracture toughness
than an equivalent fixed-crosslinked gel.1**52 Plane polarized-light images (Figure 1.6c, right) of
these stretched materials showed remarkable differences in the stress relaxation mechanism; 1.14-
02 appears to undergo homogenous distribution of stresses throughout the material, whereas a
butterfly-shaped pattern is observed in 1.14-25, consistent with the heterogeneous distribution of
stress. Furthermore, crack propagation occurred 40 times slower in the lower coverage SRMs. >
From a molecular perspective, these observations are consistent with lower ring coverage allowing
greater freedom of movement of the slide-ring crosslinks and, therefore, more efficient stress

relaxation.
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The number (or density) of sliding crosslinks will also impact the range of ring motion
along polymer chains. Increasing the covalent crosslink density in fixed-crosslinked networks
leads to a higher modulus, reduced strain-at-break, lower toughness, and lower swelling. The same
qualitative trends are typically observed in SRMs when the sliding-crosslink density increases.
However, the situation is more complicated because there are two forms of entropic elasticity:
namely, from polymer chains and ring-sliding. As a result, SRMs do not exhibit a linear
relationship between crosslink density and elastic modulus, as is expected for fixed-crosslinked
networks. How the SRM mechanical properties are affected by changing the crosslink density can
depend on the ring coverage of their polyrotaxane precursors. For example, SRMs with higher ring
coverage (~25%) can show non-monotonic changes in elastic modulus as the crosslinking density
varies, first increasing at small densities (up to about 1.0-1.5%) and then decreasing at higher
values.' %! However, this behavior is not observed in all circumstances, suggesting a more
complex relationship.*® Such non-monotonic behavior is generally not seen in low-coverage
figure-of-eight SRMs or other SRM architectures.®>%¢ Other factors, such as microphase
separation, can also complicate the relationship between modulus and crosslink density.*>” One
feature observed in most SRMs is that Young’s modulus scales slowly with crosslink density,
having an exponent well below unity, in contrast to the linear scaling of networks with fixed
crosslinks. This weak dependence suggests that chain entropy does not contribute as strongly to
the elasticity of SRMs as ring entropy.

Understanding network elasticity can be difficult, even in fixed-crosslinked networks,
because defects, such as loops and dangling ends, must be accounted for. SRMs present additional
challenges because intramolecular reactions between CD rings on the same polyrotaxane chain

can form “tubes”%%%° (as in 1.13, Figure 1.6d, left), which increase polymer segment stiffness
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and, therefore, modulus. These confounding factors make it difficult to build a comprehensive
understanding of the relationship between crosslink density and mechanical response. Ito and

coworkers!!®

addressed some of these issues by crosslinking alkyne- and azide-functionalized
polyrotaxanes (1.15aik and 1.15az) to form slide-ring material 1.16 (Figure 1.6d, center), thereby
eliminating tube formation. This approach also reduces loop-formation because single-chain loops
are not possible.!® Furthermore, the resulting triazole crosslinks can be detected by UV
spectroscopy, providing an accurate estimate of crosslink density.

The modulus of these specially-designed SRGs (in DMSO) exhibited a very weak
dependence on crosslink density, E o v%° (Figure 6d right, red data points, c.f. E a v* for fixed-
crosslinked networks). As discussed above, the relationship between modulus and crosslink
density is also affected by ring coverage; for instance, 1.16-05 made from 5% coverage
polyrotaxanes (1.15-05az and 1.15-05aik) exhibit a lower modulus than 1.16-25, although the
dependence on crosslink density appears to be stronger (Figure 1.6d right, blue data points).
However, the range of synthetically accessible crosslink densities for 1.16-05 is narrow, so the
precise relationship between E and v for lower-coverage SRMs is not fully established at this time.

Molecular dynamics simulations have shown that increasing ring size in polyrotaxanes can
lead to faster ring diffusion (or reduced friction) along the backbone (Figure 1.6e).%® As a result,
the size of the ring component is expected to have a significant impact on the dynamical properties
of SRMs. While SRGs have been synthesized and studied with various ring sizes (for example,
0-CD compared with y-CD),!*® solvent effects complicate the results and make them difficult to
interpret. Taking a different approach, Takata and coworkers'® investigated this concept using

non-figure-of-eight rotaxane-crosslinked networks. Rather than change the diameter of the rings,

they altered the width of the thread by using a polyrotaxane backbone with different alkyl
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substituents. Although the thicker-thread SRMs have the same strain-at-break as those with
thinner threads, their fracture stress (and energy) are actually larger. This suggests that greater
force is required to pull the rings along thicker backbones, consistent with the idea that the
“friction” associated with ring-sliding increases for thicker threads, smaller rings, or a combination
of both.

1.4.3 SRM Architectures Beyond the Figure-of-Eight

As discussed at the end of the previous section, researchers have investigated SRM
architectures beyond the original figure-of-eight gels. In this prior example, multiple
polymerizable groups are installed on the polyrotaxane rings or stoppers, which allows the
polyrotaxanes to act as crosslinkers for copolymerization or direct reaction with other
polymers.1°2161-164 This approach has been used to synthesize SRMs with both covalent and sliding
crosslinks,162165166 5o that material properties can be tuned smoothly between the fully-topological
and fully-covalent limits.

An alternative SRM architecture can be prepared by grafting polymer chains onto the rings
of a polyrotaxane and crosslinking through the chain-ends.!*® It is possible to introduce new
chemistries and tailor material properties by varying the polymers used as grafting chains. For
example, polyrotaxane 1.6'° grafted with polycaprolactone (PCL) (1.17, Figure 1.7a) is
commercially available and can be used as a crosslinker to form SRM 1.18 upon the reaction of
the grafted polymer chain ends with other monomers. Because of its excellent stress recovery, a
highly-crosslinked, low-Tq SRM 1.18 has been commercialized as a UV-curable, scratch-resistant
coating for automobiles and electronic devices.!®” When a scratching force is applied to these
SRMs, the rings can slide away and then recover when the force is released, resulting in physical

self-healing of the scratch (Figure 1.7b).
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Figure 1.7. Engineering SRMs for targeted applications. a) Grafting of polycaprolactone (PCL)
from the CDs of 1.6 yields the PCL-grafted polyrotaxane (1.17) with hydroxyl chain ends (red)
that can be crosslinked with a diisocyanate (dibutyltin dilaurate (cat.)) to access 1.18. b) Cartoon
showing deformation of a conventional coating and a slide-ring coating; the latter exhibits physical
healing. ¢) Graphical representation of the proposed stress dissipation mechanism in a silicon
anode layered with 1.19 (which comprises 1.6 and poly(acrylic acid) (PAA)) during the
charge/discharge cycles of a Li-ion battery.d) PNIPAM-grafted, carboxylated-CD PRs
with alkyne (purple, 1.20ak) and azide (orange, 1.20az) chain-ends that crosslink (yellow) to
form 1.21 with varying amounts of dangling PNIPAM chain-ends (left). Temperature-induced
deswelling kinetics of 1.21 with 39% (red) and 46% (blue) dangling PNIPAM chains vs. a
conventional PNIPAM hydrogel (crosslinked with N,N’-methylene-bis-acrylamide, black) upon
raising the temperature from 20°C to 40°C, i.e., above the LCST (swelling ratio: d/d2o°c, where d
= gel diameter at a certain temperature, and d2o-c is the diameter at 20°C in water). Adapted from
Ref. 167 with permission from John Wiley and Sons, and Ref. 188 with permission from American
Chemical Society.

Using either of these strategies, sliding crosslinks have been incorporated in
polylactones,'°6:1%8 polylactides,*>’ acrylates, 6% polyurethanes,*’® to name a few. Adding sliding
crosslinks generally leads to lower (or similar) elastic modulus, higher extensibility, improved

toughness, and greater swelling relative to comparable materials with fixed crosslinks.
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Furthermore, the effects of changing ring coverage, crosslink density, and ring size discussed in
the previous sections typically remain valid in these materials. However, some of these systems
do not possess uncrosslinked rings like the figure-of-eight systems, so the “sliding-elasticity”
described above is not always relevant.

1.4.4 Engineering SRMs toward Applications

Polyrotaxanes based on CD and PEG are commercially available,*®” leading to increased
studies aimed at engineering SRMs toward applications. The discussion below highlights areas in
which SRMs have attracted attention. However, the potential of SRMs goes beyond these areas,
reaching fields as diverse as vibration- and sound-proof insulation materials,*®” ion transport,'’*
and icephobicity*’?,

As discussed above SRMs have allowed access to coatings that self-heal a scratch and this
resiliency has made SRMs useful in other applications. For example, in Li-ion batteries with
polymer-bound Si particle anodes, the particles experience large volume changes during charge-
discharge cycles, leading to particle degradation and limited battery lifetime.”37* Stress from the
volume changes can be mitigated with the use of an SRM as the anode binder (Figure 1.7c). For
example, SRM 1.19 is prepared by the reaction of 1.6 (5 wt%) with a conventional polymer binder,
polyacrylic acid (PAA), substantially improving the mechanical properties. As a result, the use of
1.19 as a binder for the anode yielded a 91% capacity retention after 150 cycles. In contrast, the
anode with a more standard PAA binder attained only 48% of its original capacity after 50 cycles.
The interlocked crosslinks were proposed to slide and equalize stress to cushion the silicon
microparticles during charge-discharge cycles.

Dynamic covalent chemistry!” has been introduced into SRMs to provide an additional

mechanism for healing. For instance, boronic acid and diol moieties have been attached to CD
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rings to access interlocked dynamic polyrotaxane crosslinkers.!’® This combination of sliding
crosslinks and dynamic bonds makes SRMs capable of self-healing with greater efficiency than
non-sliding dynamic covalent networks, making them excellent candidates for scratch-resistant
coatings. Similarly, combining sliding crosslinks with carboxyl-Fe** coordination yields tough
and highly recoverable metallosupramolecular hydrogels.*”’

Stimuli-responsive hydrogels have garnered interest in several fields, including drug
delivery, biosensing, and artificial muscles.!’®8 Sliding-crosslinks hold great promise for
improving the properties of existing stimuli-responsive hydrogels, particularly those that undergo
large or rapid volume changes that cause stress concentrations in fixed-crosslinked networks. For
example, a-CDs functionalized with photoresponsive azobenzene moieties provide access to
SRMs with large photoinduced swelling-deswelling.'®* The sliding crosslinks distribute stresses
evenly throughout the network, leading to more robust materials with longer lifetimes.

Polymers with an LCST are commonly used in stimuli-responsive hydrogel research, with
poly(N-isopropylacrylamide) (PNIPAM) being the most widely studied.'® However, these fixed-
crosslink hydrogels often become brittle or lose transparency upon repeated swelling and
deswelling. As such, it is not surprising that polyrotaxanes have been incorporated into PNIPAM
networks'®18 and other polyacylamides'®®7 to improve toughness, swelling capacity, optical
properties, and material lifetime. In general, the better-performing materials used polyrotaxane 1.6
crosslinkers with carboxylated rings where the ionic groups enhance water solubility and uptake.

Building on such studies, it has been shown that the shrinking rate of PNIPAM-based
SRMs can be tuned by varying the amount of “dangling chains” attached to the CD rings. In
particular, Takeota and coworkers® prepared polyrotaxanes in which alkyne or azide end-capped

PNIPAM chain-grafts were present on rings of carboxylated polyrotaxane 1.6 (1.20aix and 1.20az,
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Figure 1.7d, left)). Subsequent crosslinking of 1.20ak and 1.20a; via click reaction yields SRM
1.21, where the ratio of crosslinked to dangling chains was controlled by varying the reaction time.
Increasing the number of dangling chains from 39% to 46% increased the equilibrium swelling
ratio and accelerated the shrinking rate (Figure 1.7d, right). It was suggested that the ring mobility
allows the thermoresponsive dangling ends to distribute themselves evenly throughout the
network, improving the material response.
1.45 SRM Resins

Highly crosslinked, high-Tg resins are the oldest synthetic commercial polymers produced
and are still commonly used today as structural, impact-resistant, or adhesive materials.
Unfortunately, these materials are often brittle, trading toughness for high modulus. However,
incorporating slide-ring crosslinks into the materials can improve both modulus and toughness.
For example, Seo and coworkers*® incorporated polyrotaxane 1.5 into a commonly-used epoxy
resin. Here the a-CD hydroxy groups act as nucleophiles during the curing reaction, resulting in a
material that has both covalent and sliding crosslinks. Given that each a-CD possesses 18 hydroxy
groups, the resulting SRMs have a higher crosslinking density than the original material, which
leads to greater stiffness and tensile strength. However, despite the stiffness of the surrounding
matrix, the PEG chains of the polyrotaxane are still able to slide through the CDs, allowing the
material to relieve internal stresses.’®® Such polymer chain mobility has also been observed in
polyrotaxane glasses*, leading to greater strains-at-break and toughness.

The mechanical properties of SRM resins can be tuned by controlling the amount of
topological crosslinking by modifying the a-CDs in 1.5. For instance, tertiary amines installed on
the polyrotaxanes accelerate resin formation while limiting the number of hydroxyl groups

available for crosslinking. As a result, the crosslink density increases when an average of one

34



tertiary amine per CD is used but decreases when a CD with an average of four tertiary amines per
CD is used.'® All SRM resins showed improved toughness compared to the fixed-crosslinked
epoxy, and this toughness increased concomitantly with crosslink density and stiffness, in contrast
to conventional resins and unlike the lightly-crosslinked, low-Tq SRMs discussed above. Similar
enhancements in toughness can be achieved by incorporating polyrotaxane 1.5 as a crosslinker
into other high Tg resins,%2-1% in addition to improvements in adhesive strength.'®® In each case,
the higher extensibility of the materials is attributed to the additional mobility of the slide-ring
crosslinks in the network.

1.4.6 SRMs Containing [3]Rotaxane Crosslinks

Notably, an ever-expanding library of distinct SRM architectures is developing that
continues to investigate how topological crosslinking enhances material properties. For example,
oligomacrocycles and dumbbells can assemble SRMs to create recyclable or degradable
materials.611%-29 Flyorescent, vinyl-based polymers have been made by crosslinking stimuli-
degradable [3]rotaxane moieties 1.22 where upon heat, slippage of the dumbbell molecule causes
decrosslinking of the network.2°2%2 Fluorescence intensity monitors the dissociation process,
where the blue fluorescence of the rotaxane crosslinked polymer 1.23 changes to green when the
axel leaves the crosslinking moiety (Figure 1.8a).

Takata and coworkers recently extended investigations into crosslink mobility in slide-ring
gels by exploiting different rotaxane architectures as crosslinks in PEG- and vinyl-based
networks.1%1% Supramolecular crosslinkers 1.24, comprised of y-CD doubly-threaded with
terminal-bulky PEG- or poly(THF)-based macromonomers, were used as crosslinkers to make
SRMs 1.25 (Figure 1.8b). Increasing the length of the axis polymer was shown to provide higher

degrees of flexibility and, therefore, an improvement in the elongation of such networks because
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Figure 1.8. SRMs containing [3]rotaxane crosslinks. a) Size-complementary [3]rotaxane
crosslinker 1.22 used to synthesize stimuli-degradable rotaxane networks (1.23) via radical
polymerization; decrosslinking the network by heating changes fluorescence from blue to green as
the axle is removed from the crosslink. b) Synthesis of rotaxane networks via radical
polymerization of N,N-dimethyl acrylamide (DMAAm) with vinylic supramolecular crosslinkers
1.24 from y-CD threaded with two terminal-bulky macromonomers (TBMs). Longer poly(THF)
chains in TBM provide higher degrees of flexibility and mechanical properties in SRM 1.25 than
shorter p(THF) chains. c) Double metal coordination on a macrocyclic dinuclear Pd(I1) complex
(1.26, top) used as a [3]rotaxane crosslink in the co-polymerization of vinyl pyridine (VP) with 4-
tert-butylstyrene (middle) or n-butyl acrylate (BA, bottom) to make 1.27-VP-tBu-St and 1.27-BA
comprised of doubly-threaded rotaxane crosslinks. Adapted from Ref. 201 and Ref. 205 with
permission from John Wiley and Sons, and Ref. 203 from Elsevier.

the rings have a longer distance to slide. This study shows that the movable region of a polymer

chain at the crosslink points strongly influences mechanical properties.
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The key to forming the doubly-threaded architecture mentioned above comes from
designing a stable inclusion complex that can also undergo polymerization. Expanding on this
concept, Takata also showed that a macrocyclic dinuclear palladium complex 1.26 could be used
as a crosslinker in the polymerization of vinyl pyridine to form doubly-threaded SRMs (Figure
1.8¢, top).2%® A copolymer was required to stabilize the PVP network; styrene was not bulky
enough to prevent dethreading of the doubly-threaded ring, but tert-butyl styrene and butyl acrylate
both provided insoluble materials (1.27-VP-tBu-St and 1.27-BA, Figure 1.8c, bottom).
Mechanical properties were not reported for these doubly-threaded SR materials because of the

difficulty in preparing the appropriate films required for tensile testing.

1.5  Conclusions

While MIPs may have initially been targeted as an intriguing synthetic challenge or for
their aesthetic appeal, studies have shown that these polymers offer unique property profiles,
potentially providing advantages in many applications. Their utility is, perhaps, most clearly
demonstrated through polyrotaxane-based materials such as SRMs; the facile, scalable, and
inexpensive synthesis of 1.5, for example, has propelled the research beyond chemistry and into
materials engineering. Over the past two decades, researchers have established relationships
between structure and mechanical properties for such materials (at least at a qualitative level),
while continued advances in material preparation and molecular simulations promise to improve
our understanding further. As a result, these materials have already been applied toward (and in
some cases even commercialized in) several technologies, such as Li-ion batteries and anti-scratch

coatings.
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New synthetic strategies are required to expand the library of interlocked architectures and
synthesize these new MIPs in quantities large enough for detailed material characterization, both
of which are significant challenges. While CD-based MIPs have provided access to a wealth of
exciting and valuable materials, a greater diversity of MIP ring components would dramatically
expand the materials design space. As discussed, the crosslink density, the number and size of the
rings, and interactions between the ring and polymer all influence the figure-of-eight crosslink
mobility. The potential of these gels is limited; current systems rely on the interaction between
polyethylene glycol and a-cyclodextrin rings to form polyrotaxanes, so other polymers and
macrocycles with different sizes and conformations cannot be incorporated into the crosslinked
network (1.13, Figure 1.9a). Furthermore, intermolecular crosslinking between polyrotaxane
chains results in an uncontrollable, inhomogeneous density distribution of uncrosslinked rings

between figure-of-eight crosslinks.

a) Ito’s Singly-Threaded b) This work: Designing Slide-Ring Gels with
Figure-of-Eight Slide-Ring Gels Doubly-Threaded [3]Rotaxane Crosslinks
uncrosslinked rings uncrosslinked rings
/ ™\
doubly-
threaded
1.28 crosslinks 1.29

Figure 1.9. Crosslinking through doubly-threaded rings. a) Traditional slide-ring gel topology
(1.13, synthesized by Ito) comprised of singly-threaded figure-of-eight crosslinking sites (orange)
with an uneven distribution of uncrosslinked rings (pink). b) This dissertation aims to develop a
new type of ring crosslink based on the doubly-threaded [3]rotaxane topology (red) and design a
system to control the number and valency of threaded rings in 1.28 and 1.29.

Ito’s SRGs comprise only singly-threaded rings that prevent polymer chains from
interacting as they slide through figure-of-eight crosslinks. This dissertation discusses the

chemistry and components required for developing a new crosslink topology based on the doubly-
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threaded [3]rotaxane topology to form fully interlocked doubly-threaded slide-ring gels 1.28 and
1.29 (Figure 1.9b). Chapter 2 explores the mobility of doubly-threaded rings along PEG chains
through the design and synthesis of slide-ring polycatenane networks (SR-PCNSs), a new type of
MIP architecture, through mechanical analysis. Chapter 3 focuses on characterizing the poroelastic
and viscoelastic relaxations of SR-PCNs in different solvents. Singly-threaded rings and
polyrotaxane polymerizations are developed in Chapter 4 using nitrile-oxide/alkyne cycloaddition
(NOAC) as a model system for adding uncrosslinked rings into doubly-threaded SR-PCNs and
MIPs such as 1.29. Chapters 5 and 6 explore the assembly and stoppering of pseudo[3]rotaxanes
from new ditopic rings under different maleimide click conditions that will be used to functionalize
new MIP and dynamic networks. The synthesis and characterization discussed in this dissertation
lead to Chapter 7, which demonstrates how NOAC polymerization can be used to develop
polycatenane networks and fully interlocked doubly-threaded slide-ring
materials 1.28 and 1.29 with control over the number (and valency) of threaded rings in the

network.
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2 Doubly-Threaded Slide-Ring Polycatenane Networks
* This chapter was adapted from: Hart, L. F.; Lenart, W. R.; Hertzog, J. E.; Oh, J.; Turner, W. R.; Dennis,
J. M.; Rowan, S. J. Doubly-Threaded Slide-Ring Polycatenane Networks. [Accepted.]
2.1 Introduction

The mobility and subsequent relaxations of polymer chains between crosslinks in networks often
dictate many of the material’s properties, such as modulus, elasticity, creep rate, stress relaxation, and
impact mitigation.'® However, kinetic limitations during network formation introduce topological
defects, such as loops and dangling ends, reducing the number of elastically effective chains and
producing a weaker and softer material. In addition, inhomogeneous distributions of covalent crosslinks
lead to stress localization and brittle behavior (Figure 2.1a).2* Over the years, many different approaches
have been taken to improve the mechanical behavior and energy dissipation of polymer networks and
gels.>>® A structural approach to this is a double-network gel (a class of interpenetrating networks),’

a) Covalent Polymer b) Slide-Ring <) Poly[2]catenane d) Slide-Ring Polycatenane
Networks Networks (SRNs) Networks (PCNs) Networks (SR-PCNs)

Covalent Crosslinks: Figure-of-Eight Crosslinks: Catenane Crosslinks: Ditopic Crosslinks:
Fixed (No Rings) Singly-Threaded Rings Interlocked Rings Doubly-Threaded Rings

Figure 2.1. Schematics of covalent and selected mechanically interlocked polymer (MIP) networks. a)
Fixed crosslinking in covalent polymer network leads to an inhomogeneous distribution of covalent
crosslinks (purple), where the shortest chains break under deformation. b) A slide-ring network (SRN)
comprised of figure-of-eight crosslinks (orange rings) and singly-threaded rings (pink) that can slide along
polymer chains (arrows) but cannot dethread in the presence of stoppers (green). ¢) A polycatenane
network (PCN) with [2]catenane crosslinks that impart mobility elements, such as elongation, rotation,
and twisting (arrows) to the networks. d) Slide-ring polycatenane networks (SR-PCNs) consisting of
doubly-threaded rings (red) embedded into covalent gels. The catenated crosslink, comprised of the red
ring and the (highlighted) blue chains in the network, can rotate, twist and slide along chains (arrows)
between covalent crosslinks.
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which exhibits impressive enhancements in mechanical properties. It has been shown that the toughening
mechanism in such gels relies on the different properties of the two or more networks that are partially
interlocked on a molecular scale but not covalently bonded.

Interpenetrating networks are one class of mechanically interlocked polymers (MIPs),® which
consist of non-covalently bonded components held together by mechanical bonds. Another class of MIPs
is the slide-ring network (SRN), a subset of polyrotaxane® materials where polymer threaded rings are the
crosslinking units within the polymer network. One method of accessing SRNs is by covalently
crosslinking the rings on polyrotaxanes to form mobile figure-of-eight crosslinks (Figure 2.1b).%* The
sliding motion of the rings along the polymer chain allows these mobile crosslinks to adjust during applied
loads, which can result in a range of interesting mechanical properties that include improved ductility and
fracture behavior,’®*® frequency-dependent relaxations,'**> isotropic chain deformation during
elongation,'® and suppressed stretch-induced swelling.?’ The most studied class of such materials are
cyclodextrin (CD)-based SRNs, and these materials have been explored in applications such as vibration-
and sound- dampening insulation,?! superabsorbent materials,?? elastic binders for Li-ion battery anodes,?
coatings for anti- fouling applications,?*?> and a wide selection of self-healing?-2° and stimuli-responsive
systems. 3032

Polycatenane networks (PCNs),3*-3" polymers that contain interlocked rings, are a less developed
class of MIP networks that utilize mechanical bonding between two or more interlocked rings
(macrocycles) within the polymer architecture.® The presence of elastically active concatenated rings in
elastomers without covalent crosslinks®® provides the basis for an elastic response, suggesting that
incorporating cyclic components can influence material properties through the motion of interlocked rings
in the network. Figure 2.1c is a schematic of a poly[2]catenane network in which the crosslinking unit is

a [2]catenane (two interlocked rings) moiety.*%3” The presence of these [2]catenane crosslinks imbues the
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networks with increased mobility derived from the elongation, rotation, and twisting (arrows, Figure 2.1c)
of the interlocked rings. As with the SRNs, the mobility elements introduced by the nature of the
interlocked architecture impact the properties of the network. For example, controlling the mobility of the
interlocked crosslinks in the poly[2]catenane networks through metallation/demetallation®” or
intercomponent hydrogen bonding® leads to mechanically adaptive networks that can reversibly switch
between rigid and flexible states.

Of course, SRNs and PCNs have very different types of mobility elements. The most apparent
difference between the two is the translational motion of the ring along the polymer backbone in the SRNs
(the magnitude of which depends on the total length of the polymer chain and the number of rings threaded
onto the polymer).®° Combining elements of these two types of networks within a single crosslink moiety
produces a new class of MIP, called here a slide-ring polycatenane network (SR-PCN, Figure 2.1d), where
catenane crosslinks can slide along the network backbone as well as rotate, and twist. Furthermore,
changing the crosslink topology should influence the coupled network relaxations between ring mobility
and chain diffusion,*® and potentially impact other properties such as solvent transport through the
network during deformation.

MIP networks that only contain doubly-threaded rings are less explored as synthetic access to such
materials is not well developed.*! Early studies of SRNs with doubly-threaded rotaxane moieties as the
crosslinker leveraged y-CD as the ring, but the cavity size of CDs and the solvent interactions that drive
complex formation limit the variety of polymers available as the threading component.*>* Previous
attempts with template-directed assembly of doubly-threaded rings have shown low quality gels form
when the rings remain bound to the chain and ring dethreading limits practical utility. Rather than inserting
a stopper after polymerization to prevent dethreading, this work shows doubly-threaded rings are

maintained in a network by incorporating a tetrafunctional pseudo[3]rotaxane (P3R) crosslinker into the
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synthesis of a crosslinked PEG-based network. This is achieved by copolymerizing the tetrafunctional
P3R with a tetrafunctional PEG-based crosslinker and appropriate ditopic monomer to yield a gel with
large catenated crosslinks, where one ring component is the doubly-threaded ring, and the other ring
components are formed by the polymer network (blue chains in Figure 2.1d). The incorporation of rings
introduces a new frequency dependent relaxation into the PEG gel, while also drastically increasing the

rate of poroelastic draining.

2.2 Results and Discussion
2.2.1 Synthesis of Slide-Ring Polycatenane Networks (SR-PCNs)

In targeting the SR-PCNs, a doubly-threaded pseudo[3]rotaxane (P3R) moiety that is stable under
the network reaction conditions is required. Metal ion templating is a common route to interlocked
molecules, and many different ligand and metal ion combinations have been used to form interlocked
compounds under different reaction conditions.***’ Recently, the terdentate 2,6-bis(N-alkyl-
benzimidazolyl)pyridine (Bip)*®*° ligand and its derivatives have been used to build doubly-threaded
mechanically interlocked compounds, such as poly[n]catenanes®*->? and [3]rotaxanes.>® Building on this
prior work, the Bip-containing ditopic macrocycle 2.1 and bis-alkyne thread component 2.2 were
synthesized from their corresponding bis-phenolic Bip derivatives*®*° via Williamson ether synthesis (see
Experimental). The ditopic macrocycle incorporates two Bip ligands joined by rigid naphthalene linkers
that prevent both ligands in the ring from binding to the same Zn?* ion.>® As such, the most
thermodynamically favorable way for these ligands to form 2:1 Bip:metal complexes is by forming the
doubly-threaded P3R complex (2.1:2.22:Zn(11)2, Figure 2.2a). A solution of Zn(NTf»). is titrated into a
2:1 mixture of the ditopic macrocycle 2.1 and bis-alkyne thread 2.2 and monitored via *H-NMR to achieve

the stoichiometry required for the P3R formation (see Experimental). The template-directed assembly of
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2.1:2.2,:Zn(II), Prepolymer
+ Monomer

b) Metallated SR-PCN 2.8,y Demetallated SR-PCN 2.8y ,yp

Dilute Base
Solution
_—
Removes
Zn?%* jons

Figure 2.2. a) The two-step reaction of tetra-alkyne pseudo[3]rotaxane crosslinker 2.1:2.22:Zn(11)2
(Y = 0 — 30 mol%) with nitrile-oxide monomer 2.5 and a 4-arm PEG-Alkyne 2.6 (X =100 — Y
mol%) to yield the metallated gels (2.8x/vym) with varying amounts of fixed and metallated ring
crosslinks. b) Treating 2.8x/vym with a dilute solution of base (tetrabutylammonium hydroxide,
TBAOH) removes Zn?* ions from the network, causing an observable change in color under visible
and 365 nm UV light (6so20m and 6so/20p pictured, 5Smm scale bar).

the desired P3R complex was confirmed by the downfield shift of the aromatic Bip protons on 2.1
and 2.2 in the NMR spectrum after adding two equivalents of Zn?* (see Experimental).

With the P3R complex as a suitable doubly-threaded crosslinking moiety, the next step was
to find reaction conditions that minimized its dethreading during network formation while
maximizing the incorporation of macrocycle 2.1 into the network. The catalyst-free nitrile-
oxide/alkyne click®-58 reaction was chosen as the network-forming reaction because it should
allow access to the SR-PCN gels by simply mixing the components in solution. This click reaction
has been shown by Takata to be useful in the synthesis of low molecular weight rotaxanes,>°°
main-chain poly[2]rotaxanes, and poly[3]rotaxanes.®* Reaction of the tetra-alkyne end-capped 4-
arm poly(ethylene glycol) (4-arm PEG-Alkyne) (2.6, Ma = 5 kg mol™?) and the difunctional nitrile-

oxide monomer®? 2.5 yields the covalent gel 2.7¢6 with a high gel fraction (GF, determined
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gravimetrically, Equation 2.1, see Experimental)®® of >96% (number subscript refers to the GF of
the covalent gel) confirming the overall suitability of the nitrile-oxide/alkyne click reaction. A
series of SR-PCNs that vary in the amount of catenane crosslinks was accessed by reacting the
difunctional nitrile-oxide monomer 2.5 with different ratios of the P3R crosslinker
(2.1:2.22:Zn(11)2) and 2.6 (keeping the [nitrile-oxide]:[alkyne] ratio 1:1) (Figure 2.2a).

A two-step, one-pot reaction was utilized to access the SR-PCNs (Figure 2.2a, and
Experimental). The P3R crosslinker (2.1:2.22:Zn(11)2) was initially reacted with a large excess of
a difunctional nitrile-oxide monomer 2.5 for four hours (the total amount of 2.5 is kept constant
regardless of P3R crosslinker content) before sufficient 4-arm PEG-Alkyne crosslinker (2.6) was
added to balance the stoichiometric ratio between alkyne and nitrile-oxide. The resulting SR-PCNs
(2.8x/v) were prepared with varying amounts of P3R crosslinker, where X and Y are the molar
percentage of 2.6 and 2.1:2.22:Zn(l1)2 crosslinkers used in the network synthesis, respectively.
The gels were washed by heating in chloroform (~5 mL/mg of dry sample) for 4 hours to remove
any low molecular weight components. After washing, the metallated SR-PCNs (2.8x/ym) (Figure
2.2b) have a light yellow color, and exhibit a yellow fluorescence under 365 nm UV light
originating from the Bip/Zn?* complexes® and qualitatively confirms the successful incorporation
of P3R crosslinker into the network. Base treatment of the metallated SR-PCNs, utilizing a dilute
solution of tetrabutylammonium hydroxide (TBAOH), is accompanied by a shift in the UV-Vis
spectra (see Experimental) and as a change in the color of the material under visible and UV light
(Figure 2.2b). The demetallated gels (2.8x/vp) were washed repeatedly to ensure the complete
extraction of metal salts and any soluble fractions (including rings) not connected to the network

structure.
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Controlling the monomer composition in this reaction provided a series of SR-PCNs
(2.890110, 2.8s0120, 2.870130) with an increasing number of doubly-threaded rings (Y = 0 — 30 mol%;
Figure 2.3a). Quantitative NMR (QNMR) studies were (see Experimental) used to determine the
amount of macrocycle (MC) retained in the network by measuring the number (moles) of MC in
the demetallated soluble fractions. Perhaps not surprisingly, the total amount of free macrocycle
2.1 obtained in the soluble fraction, Xmc (mol) calculated from Equation 2.3 (see Experimental),

increases with the amount of P3R crosslinker used in the synthesis (Figure 2.3b, red circles).

a)
Covalent Gel: 2.7 Demetallated SR-PCN Series (2.8y,yp): Y = 0 — 30 mol%
increasing number of rings
b)  30x10° 9 ]
® Metallated, X, . 30 — Ideal
E 2.5 B Demetallated, Xyc somer % 1 @ Actual
6 ><_ @ Total, Xy,c 00 ﬁ
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Percent P3R in Feed Percent P3R in Feed

Figure 2.3. a) Schematic of a covalent gel (2.7cr) and demetallated SR-PCNs (2.8x/vp) with an
increasing number of doubly-threaded rings (Y = 0 — 30 mol%). b) The average number (moles)
of macrocycle (MC) in the metallated (Xmc,met, diamonds; 2.890r10m green, 2.8so20m blue, 2.870/30m
dark red) and demetallated (Xmc,demet, SQuares; 2.8¢0r100 light green, 2.8so200 light blue, 2.870130p
pink) soluble fractions determined from qNMR experiments and Equation 2.3. The total number
of MC in the soluble fraction (Xmc,totar) IS plotted in red (circles). ¢) The percent of MC crosslinks
in the network, calculated from Equation 2.7, plotted against the percent of total crosslinker in the
feed that is P3R (100 x [2.1:2.22:Zn(11)2]/([2.1:2.22:Zn(11)2] + [2.6])) content. The ideal percent
of MC crosslinks (solid red line), assuming 100% incorporation based on the crosslinker feed ratio,
is plotted for comparison.
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However, importantly for this study, the percent of MC (2.1) crosslinks that remain in the SR-PCN
(calculated from Equation 2.7, see Experimental) increases with the increasing fraction of P3R
crosslinker used in the polymerization (Figure 2.3c).

The successful incorporation of the rings is further confirmed by thermal gravimetric
analysis (TGA) studies of the dry demetallated SR-PCNSs, which show an increase in residual mass
as the amount of macrocycle 2.1 is increased in the synthesis (see Experimental), consistent with
increased incorporation of more aromatic rings in these networks. Furthermore, Differential
Scanning Calorimetry (DSC) thermograms of both the metallated and demetallated (dry) SR-PCNs
reveal a reduction in the PEG crystallinity as the relative amount of 4-arm PEG-alkyne crosslinker
is reduced with the addition of more P3R crosslinker (Table 2.3, see Experimental).

It is important to note that the introduction of the P3R crosslinker into the synthesis results
in a drop in the overall SR-PCN gel fraction (GF, wt%, Equation 2.1) based on the weight of the
(dry) demetallated SR-PCN after washing and the original weight of the (dry) metallated SR-PCN
after gelation (see Experimental). Therefore, in addition to the covalent gel 2.7¢6 (with a GF of
96%) two covalent networks (2.7cr) were prepared at different reaction times which resulted in
gel fractions of 86% (2.7ss, 24 hrs), and 74% (2.774, 12 hrs) to provide GFs similar to 2.8x/vm and
2.8x/vp for better comparison (see Experimental). Swelling studies show that the average weight-
based swelling ratios for 2.8x/ym and 2.8x/vo (Equation 2.10, see Experimental)®* in N-methyl-2-
pyrrolidone (NMP) are relatively similar to the covalent control 2.774. Therefore, all gels were
swollen to approximately the same extent over 24 hrs before mechanical testing.

2.2.2 Relationship between Macrocycle Content and SR-PCN Mechanical Properties
With a series of SR-PCNs in hand, the next goal was to explore the influence of the ring

crosslinks on the gels' mechanical properties. The metallated gels were included in this
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investigation to determine if replacing a covalent crosslink with a ring crosslink influences the
material properties while in the bound state, and to help separate and aid the comparison of the
demetallated SR-PCNs to covalent controls. To this end, compressive stress relaxation
experiments were carried out on the NMP swollen SR-PCNs (2.890/10m, 2.8s0/20m, 2.870130m) and
the two covalent networks with comparable GF (2.7ss, 2.774). The long relaxation time of the
swollen covalent gels, measured under compression, generally corresponds to the poroelastic
relaxation of the solvent draining from the network.®>" The rate of this draining is related to the
viscosity of the fluid and the average mesh size of the network, defined as the linear distance
between two adjacent crosslinks.®8®° Generally, in a system with fixed crosslinks, there is a
distribution of mesh sizes that dictates fluid draining, and the corresponding distribution of

relaxation times can be described with a stretched exponential function (Equation 2.11):°

E(t)/E, = exp (— (f)ﬁ) 2.11)
where E(t) is the modulus at time t, Eo is the initial modulus at time zero, E(t=0)/Eo = 1 after
normalization, 7 is the relaxation time, and f (0 < £ < 1) is the stretching parameter that captures a
distribution in relaxation time (Table 2.4, see Experimental). In both the covalent controls 2.7cr
and metallated SR-PCNs 2.8x/vm, the stretched exponential fits well (dashed lines, Figure 2.4a),
indicating that a single relaxation distribution governs the poroelastic relaxation process in these
gels. By normalizing the relaxation time (taken when E(t) = 1/e) of the catenated gels to covalent
controls of equivalent GF (see Experimental), it is possible to estimate the contribution of the MC
content to this relaxation time. Incorporating the metallated ring crosslinks substantially decreases
the relaxation time relative to the equivalent covalent gel of similar GF, increasing solvent

draining.
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Figure 2.4. a) Overlay of the normalized stress relaxation moduli, E(t)/Eo, for the metallated SR-
PCNs (2.890/10m green, 2.8sor2om blue, 2.870/30m red) swollen in NMP (including the covalent
controls: 2.7s6 dark purple, 2.774 light purple). b) E(t)/Eo overlay for the demetallated SR-PCNs
(2.890110D light green, 2.8so0r200 light blue, 2.870/300 pink), highlighting the failure of the stretched
exponential (Equation 2.11, dashed lines) to capture the changes in relaxation behavior. The
dashed line at E(t)=1/e determined the relaxation time, z (s). ¢) Comparison of z (on a log scale)
for all gels (bars) shows a significant decrease in estimated z for 2.8x/vp irrespective of the decrease
in GF (symbols, calculated from Equation 2.1).

After demetallating these three SR-PCNs with base, to yield 2.890/100, 2.8s0200 and
2.870130D, there is a substantial decrease in the long relaxation time of the gels, with a decrease of
about an order of magnitude for the gels with the highest MC content (Figure 2.4b and 2.4c). The
relaxation times of the SR-PCNs, when normalized by the relaxation time of a covalent gel with

equivalent GF (see Experimental), are much smaller than one, indicating there are other
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contributions to the decrease in relaxation time beyond GF. A possible explanation for this effect
is that the average mesh size is increasing as the rings can slide to accommodate the stress on the
network, facilitating faster flow of the solvent. Another indication of the ring crosslink mobility in
the network is the failure of a single stretched exponential to fully capture the poroelastic relaxation
time. While a single stretched exponential function can capture a single relaxation event with a
distribution of times, the dynamic nature of the mesh size distributions and the mobility of the
rings themselves likely impact the poroelastic relaxation times, suggesting convolution of
relaxation phenomena in the network. Previous quasi-elastic’* and inelastic’? neutron scattering
studies on CD-SRNs suggest that when the rings are well dispersed, the timescale for ring sliding
is slow and on the order of the poroelastic relaxation seen in this system. An additive model (see
Experimental) might be expected to fit if the measurement of these relaxations do not interact,
usually when the relaxation timescale is significantly different. Using this model, leaving the
relaxation times unbound and the stretching parameters bound between 0 and 1, gives a better fit
to the experimental data, however, it still fails to accurately capture the behavior of the curve
(Equation 2.12, see Experimental). If the relaxation events interact (e.g. through energy transfer)
then a product model could better capture the relaxation times.” The simplest way to model this
interaction would be the product of the two exponential decays from the same initial stress
(Equation 2.13, see Experimental). This fit was performed with the same parameter bounds as the
additive model (see Experimental) but also failed to capture the stress relaxation of the of PC-
SRNs. The interaction of ring sliding with poroelastic draining is clearly more complex than these
three simple models can account for.

To further probe the properties of these SR-PCNs, small-amplitude oscillatory

compression (SAOC) studies were performed to explore the frequency-dependent mechanical
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response as well as the faster relaxation process. Figure 2.5 summarizes the frequency dependence
of the storage modulus E' and tan 6 of metallated and demetallated SR-PCNs swollen in NMP (see
Experimental for loss modulus E”). The storage moduli of the covalent control and metallated
samples display minimal frequency dependence above 1 rad/s. While below this frequency, typical
poroelastic behavior is observed wherein the modulus decreases with frequency because of solvent

draining from the network’ (Figure 2.5a).
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Figure 2.5. Small-amplitude oscillatory compression (SAOC) frequency sweeps for a) covalent
(2.7s6, dark purple; 2.774, light purple), and metallated (diamonds) SR-PCNSs (2.890/10m, green;
2.8s0120m, blue; 2.87030m, red), and b) demetallated (squares) SR-PCNs (2.890n100, light green;
2.8s0/200, light blue; 2.870/30p, pink) swollen in NMP. ¢) Tan 6 vs. angular frequency for covalent
and demetallated NMP gels. Samples were preloaded with 0.025 N to ensure uniform contact
between the sample and plates. Frequency sweeps were performed from 1000 rad/s to 0.01 rad/s
with a strain amplitude of 1%.
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Demetallation resulted an additional higher-frequency relaxation observed as an increase
in storage modulus with frequency (Figure 2.5b) and peak in the tan & (Figures 2.5¢ and
Experimental). Using the frequency at the peak intensity of the tan d, a characteristic relaxation
time of 50 and 16 ms was estimated for the 2.890/100 and 2.8s0r20p, respectively. While the peak of
the tan 6 for the 2.870/300 is beyond the limits of the instrument, the onset of a relaxation is observed
at the higher frequencies and suggests this sample would continue the trend of a decreasing
characteristic relaxation time. Rationalized as a change in network mobility, this faster relaxation
occurs as mobile ring crosslinks replace the covalent crosslinks. Interestingly, as this ring
relaxation is traversed from low to high frequencies, the sliding appears to become restrained and
behaves similarly to an entrapped entanglement resulting in a higher concentration of elastically
effective chains in the network and a higher modulus than the covalent control of similar GF.”™
Similar to the stress relaxation studies, as the ring content increases a number of complex catenated
structures can form and contribute to the relaxation behavior in convoluted ways. Harnessing the
variety of relaxations available in SR-PCNs could prove valuable in a range of advanced

applications, such as impact mitigation.

2.3 Conclusions

Catalyst-free NOAC polymerization of a tetra-alkyne pseudo[3]rotaxane and a tetra-alkyne
covalent crosslinker with a difunctional nitrile-oxide monomer can be used to synthesize slide-
ring polycatenane networks (SR-PCNs) with varying amounts of interlocked and covalent
crosslinks. Incorporating metallated ring crosslinks into a PEG gel hastens the slow poroelastic
relaxation behavior seen in the stress relaxation studies. At higher strain rates, the metallated gel

behaves similarly to the covalent controls, indicating that the metallated rings act as fixed
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crosslinks at fast timescales. Demetallation frees the catenated rings to move in the system
providing new avenues of mechanical relaxation showing similar behavior to a glass transition in
the storage modulus and tan &, while the time for poroelastic draining rapidly decreases.
Copolymerization of doubly-threaded pseudo[3]rotaxanes and covalent crosslinkers offers a
simple way to include complex catenane moieties into a network structure and provides a platform

for deeper investigations of the structure-property relationships in these SR-PCNs.

71



2.4  Experimental
2.4.1 Materials and Methods

All chemicals were purchased from Sigma-Aldrich and used without further purification
unless otherwise mentioned. Benzophenone imine was purchased from Oakwood Chemical. Zinc
di[bis(trifluoromethylsulfonyl)imide] was purchased from Strem Chemicals and stored in a
nitrogen desiccator. Sodium hydride, dry powder, and thymol standard for quantitative NMR
TraceCERT® were purchased from Sigma-Aldrich and stored in a nitrogen desiccator. 4-arm
PEG-Alkyne (2.6, Mn = 5.3 kgmol™) was purchased from Creative PEGWorks. Difunctional
nitrile-oxide monomer 25,5 2 6-bisbenzimidazolylpyridine ligands,**> and  2,6-
bis(bromomethyl)naphthalene’® were prepared following literature procedures. Solvents for
chromatography were purchased from Fisher Scientific. Deuterated solvents and nitromethane
were purchased from ACROS Organics. Tetrahydrofuran (THF) was dried over sodium and
benzophenone. Dichloromethane was distilled over calcium hydride. Dimethylformamide (DMF)
was dried with activated 4A molecular sieves. All synthesized components were stored in a freezer
at -8°C before use.

Room Temperature Nuclear Magnetic Resonance Spectroscopy (NMR) was performed
using a Bruker Ascend AVANCE III 500 MHz spectrometer, a Bruker AVANCE II+ 500 MHz
spectrometer, or a Bruker DRX 400 MHz spectrometer at the University of Chicago Chemistry
Department's NMR Facility. "H NMR spectra were referenced to the residual protonated solvent

signal, and '*C NMR spectra were referenced to the deuterated solvent carbon resonance signal.

Matrix-Assisted Laser Desorption/lonization Mass Spectrometry (MALDI-TOF MS) was
performed on a Bruker Ultraflextreme MALDI-TOF-TOF spectrometer at the University of

Chicago Mass Spectrometry Facility in linear (or reflectance) mode using dithranol or trans-2-[3-
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(4-tert-butylphenyl)-2-methyl-2-propenylideneJmalononitrile (DCTB) as matrix and silver

trifluoroacetate as ionizer (or no ionizer).

UV-Vis Spectrometry was measured using a Shimadzu UV-3600 Plus UV-Vis-NIR
spectrophotometer and a 1 cm width quartz cuvette. Gels were cut into squares (~1mm/lmm) and

placed onto quartz glass slide.

Thermogravimetric Analysis (TGA) was performed using a TA Instruments Discovery
Thermogravimetric Analyzer in the Soft Matter Characterization Facility at the University of
Chicago. Samples were tested under a nitrogen atmosphere using platinum pans. Tests were

conducted using a ramp of 10°C/min from 30°C to 700°C.

Differential Scanning Calorimetry (DSC) was performed using a TA Instruments
Discovery 2500 Differential Scanning Calorimeter in the Soft Matter Characterization Facility at
the University of Chicago. Dried gel samples were prepared in aluminum Tzero pans from TA
Instruments and were sealed. Typical test conditions involved a heat-cool-heat procedure (200°C/-

90°C/200°C) run at 10°C/min with a 5 min isotherm between each ramp.

Compressive Stress Relaxation was performed using a TA Instruments RSA GS2 with the
25 mm compression plate geometry operating in compression. Gel samples (swollen in NMP) were

cut using a die punch of 16 mm, and an instantaneous strain of 7% was applied.

Small Amplitude Oscillatory Compression (SAOC) Rheology was performed using a TA
Instruments RSA GS2 with the 25 mm compression plate geometry. Gel samples (swollen in
NMP) were cut using a die punch of 16 mm and preloaded with 0.025 N to ensure uniform contact
between the sample and plates. Frequency sweeps were performed from 1000 rad/s to 0.01 rad/s

with a strain amplitude of 1%.
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2.4.2 Synthetic Procedures

2.4.2.1 Synthesis of ditopic macrocycle 2.1.

R e S A

N —
=N Br. O =N N B
7N\
— N A
N N =
5eq. Cs,CO;3 N=
=N 5eq. KZCO3

e T T e e

70°C, Ar, 4 5 Days
N-hexyl Bip 21
A 3-neck 1 L round bottom flask was charged with Cs>COs (3.18 g, 9.77 mmol), K2COs (1.35 g,

9.77 mmol), and KI (catalytic amount) under an Ar atmosphere. Dry DMF (450 mL) was injected,
and the mixture was heated to 70°C and stirred while a DMF (330 mL) solution of N-hexyl Bip®®
(1.0 g, 1.95 mmol) and 2,6-bis(bromomethyl)naphthalene (0.61, 1.95 mmol)’® was added dropwise
(at an approximate rate of one drop every 20 s) over 4 d. After complete addition of components,
the final concentration of the reaction was 2.5 mM. The reaction was allowed to stir at 70°C for
one more day, after which the reaction mixture was cooled to room temperature and the solvent
was removed under vacuum. The residue was dissolved in CHCIs, and the insoluble material (salts)
was removed by filtration. The filtrate was collected, and the solvent removed under vacuum. The
resulting material was purified using column chromatography (TEA treated silica gel,
chloroform/methanol gradient as eluent) followed by recrystallization (chloroform/methanol
mixture) to yield white crystals of 2.1 in 33% yield by mass. *H NMR (500 MHz, CDCls) § 8.08
(d, J = 7.9 Hz, 4H, B), 7.83 — 7.75 (m, 6H, A+C), 7.71 (d, J = 8.5 Hz, 4H, H), 7.50 (dd, J = 8.5,
1.6 Hz, 4H, 1), 7.20 — 7.13 (m, 8H, G+D), 6.97 (dd, J = 8.9, 2.3 Hz, 4H, E), 5.44 (s, 8H, F), 4.45
(t,J =7.5Hz, 8H,J), 1.54 (p, J = 7.2 Hz, 8H, K), 0.97 — 0.85 (m, 24H, L+M+N), 0.53 — 0.47 (m,

12H, 0). *C NMR (101 MHz, CDCls) § 154.50, 150.16, 149.83, 143.29, 137.70, 135.43, 132.90,
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131.19, 128.48, 125.67, 125.23, 125.00, 114.89, 110.72, 104.82, 70.46, 44.84, 31.14, 30.02, 26.30,

22.38, 13.74. MALDI-TOF MS: 1329.1 ([M]+H").
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Figure 2.6. 'H-NMR (400 MHz, 25°C, CDCls) of ditopic ring 2.1.
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Figure 2.7. MALDI-TOF MS (Dithranol, no salt) of ditopic ring 2.1.
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2.4.2.2 Synthesis of bis-alkyne thread 2.2.

J L
G O/H\/\///
OH F I K
O E
1
N
g Yy
‘\N’/‘/ 5 eq. 6-chloro-1-hexyne N N
=N 5 eq. K,CO3, Kl (cat.) B_
\7 N A \ /N
4 Dry DMF, 100mM N
=N 70°C, Ar, 48 Hrs N
N‘\‘\ ~
_J O
‘ OH O\/\/\\\
N-ethyl Bip 2.2

N-Ethyl Bip>® (2.0 g, 3.91 mmol), KoCOs (2.7 g, 19.5 mmol), and KI (catalytic amount) were
added to a 100 mL round bottom flask under an Ar atmosphere. Dry DMF (39 mL) and 6-chloro-
1-hexyne (2.37 mL, 19.5mmol.) were injected into the flask, and the reaction stirred at 70°C for
48 hours. After this time the reaction mixture was cooled to room temperature and then precipitated
dropwise into cold deionized water (~300 mL). The white solid was collected by vacuum filtration
and subsequently recrystallized in a mixture of chloroform and methanol to yield the desired thread
2.2 in 95% yield by mass. H NMR (400 MHz, CDCls) & 8.36 (d, J = 7.9 Hz, 2H, B), 8.12 — 7.99
(m, 3H, A+C), 7.65 — 7.48 (m, 8H, E+F+D), 7.05 — 6.97 (m, 4H, G), 4.83 (g, J = 7.2 Hz, 4H, M),
4.06 (t, J = 6.2 Hz, 4H, H), 2.31 (td, J = 7.0, 2.6 Hz, 4H, 1), 2.02 — 1.90 (m, 6H, K+L), 1.82 - 1.71
(m, 4H, J), 1.40 (t, J = 7.2 Hz, 6H, N). 13C NMR (101 MHz, CDCl3) § 158.46, 150.46, 150.07,
143.60, 138.24, 136.36, 135.24, 134.31, 128.48, 125.80, 123.28, 118.17, 114.97, 110.45, 84.22,

68.79, 67.50, 40.05, 28.43, 25.18, 18.28, 15.60. MALDI-TOF MS: 712.30 ([M]+H").
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Figure 2.8. H-NMR (400 MHz, 25°C, CDCls) of bis-alkyne Bip 2.2.
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2.4.2.3 Zn(1l) assembly of Pseudo[3]rotaxane (P3R) crosslinker 2.1:2.22:Zn(l1)2
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Macrocycle 2.1 (0.0500 g, 0.0377 mmol) was dissolved in 1.0 mL CDCIs. Thread 2.2 (0.0536 g,
0.0753 mmol) was dissolved in 500 uL CDCl3 and titrated into the solution of 2.1 until an exact
2:1 (2.2:2.1) ratio was formed (done by monitoring both the N-CH» peaks on the alkyl groups of
the Bip ligands). Zn(NTfz2)> (0.0471 g, 0.0753 mmol) was dissolved in 500 pL of 4:1
CDCIl3:CD3CN and was added until no free (unbound) Bip peaks appeared at ~2 equivalents of
Zn(NTf),. The complete disappearance of the doublets at 8.09 and 8.37 ppm (and the
corresponding growth of the peaks at 8.78 and 8.58 ppm) indicates that all Bip ligands are bound
with Zn?" ions in a 2:1 Bip:metal ratio. The resulting pseudo[3]rotaxane solution was dried under

vacuum to obtain a yellow powder that was stored in the freezer at -8°C before use.

78



% Increasing

2.1:2.2,:Zn(1I), Zn(N"sz)z
C 8

2.0 eq metal A

ool LT L
18 quﬂmeﬂ—qq—JM

1.2 eq metal l w
0.7 eq metal " “M
C
o (( BB : Mo
2.1 2.2 JL

95 90 85 80 75 7.0 65 60 55 50 45 4.0
f1 (ppm)
Figure 2.10. Partial H-NMR overlay (500 MHz, 25°C, Solvent: 0, 5.25, 9, 12, 15% d3-MeCN in
CDCls increasing upwards) of metal addition to form 2.1:2.22:Zn(l11)2.
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Figure 2.11. Partial *H-NMR overlay (500 MHz, 25°C) of a) 2.1:2.22:Zn(11)2 (15% ds-MeCN in
CDCls), b) 2:1 mixture of 2.2:2.1 (CDCls), ¢) 2.2 (CDCls) and d) 2.1 (CDCls).

2.4.2.4 Synthesis of difunctional nitrile-oxide monomer 2.5

D cC "
CH3N02 | A "‘ ¥
NH ——— — PAR K
O reflux, 3 days O NO, G
2.3

1,1-Diphenylnitroethene (2.3) was first prepared according to a literature procedure.>®”’

Benzophenone imine (29.12 g, 34.64 mL, 160.68 mmol) and nitromethane (39.04 g, 34.64 mL,
639.51 mmol) were added to an oven-dried round bottom flask equipped with two condensers
under argon. The reaction was slowly heated to 100°C and the colorless solution refluxed for 3
days (behind blast shields). The resulting yellow/orange solution was cooled to room temperature

and excess nitro methane was removed under vacuum. The yellow/orange oil was recrystallized

80



(x2) in hexanes and ethyl acetate, revealing large golden-yellow crystals of 2.3 in 96% vyield (35
g) by mass. *H NMR (500 MHz, CDCls) § 7.48 — 7.41 (m, 5H, A+E+C), 7.39 (m, 2H, D), 7.30 —

7.27 (m, 2H, F), 7.25 - 7.22 (m, 2H, B).
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Figure 2.12. *H-NMR (500 MHz, 25°C, CDCls) of 1,1- diphenylnitroethene 2.3.
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The difunctional nitro compound 2.4 was synthesized as previously reported by Takata and
coworkers.®? All glassware was dried in the oven at 130°C overnight and then flame-dried under
vacuum before use. Triethylene glycol was dried with magnesium sulfate and filtered before use.
Sodium hydride powder (2.59 g, 107.9 mmol) was weighed out and added immediately to a
schlenk flask under argon. Anhydrous THF (10 mL) was injected, and the flask was placed in a
0°C ice bath to stir. A solution of triethylene glycol (3.0 g, 20.0 mmol) in anhydrous THF (15 mL)
was added dropwise. After one hour, the ice bath was removed, and the reaction mixture was
stirred for one more hour at room temperature. A solution of 1,1-diphenylnitroethene®® 2.3 (13.5

g, 59.9 mmol) in 10 mL anhydrous THF was then added dropwise at room temperature. After 18
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hours, the reaction was cooled to 0°C with an ice bath and then quenched with acetic acid. The

mixture was diluted with DCM and washed three times with 1.0 M HCI and brine. The organic

layer was collected, dried over magnesium sulfate, and the solvent was removed under vacuum.

The resulting material was purified using column chromatography (silica gel, hexanes to ethyl

acetate gradient) to yield 2.4 as a pale-yellow oil in 94% yield by mass. *H NMR (500 MHz,

CDCls) § 7.32 — 7.22 (m, 20H, D+E+F), 5.30 (s, 4H, G), 3.70 (t, J = 5.4 Hz, 4H, C), 3.64 (s, 4H,

A), 3.50 (t, J = 5.4 Hz, 4H, B). *°C NMR (101 MHz, CDCls) § 141.31, 128.54, 128.18, 126.89,

81.81, 80.16, 70.83, 70.21,

(IMI+Ag").
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Figure 2.13. *H-NMR (500 MHz, 25°C, CDCls) of nitro monomer 2.4.
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Figure 2.14. MALDI-TOF MS (DCTB: trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile, sodium trifluoroacetate) of nitro monomer 2.4.

F
E
O O 4 eq. 4-chlorophenyl isocyanate O O

D
NO, 6 eq. TEA 0@ _ c
O\/\O/\/O\/\O HO-N=C O\/\O/\A/O\B/\O CEN@Oe

Dry DCM
O RT, Ar, 2 h O

24 2.5

O,N

The nitrile-oxide monomer 2.5 was synthesized as previously reported by Takata and coworkers.®2
The difunctional nitro compound 2.4 (2.0 g, 3.33 mmol) and 4-chlorophenyl isocyanate (2.05 g,
13.3 mmol) were added to a round bottom flask under an argon atmosphere. Dry DCM (11.1 mL)
and triethylamine (2.78 mL, 2.02 g, 20.0 mmol) were injected, and a white precipitate formed
within the first minute. After stirring at room temperature for 2 hours, the reaction solution was
filtered to remove the 1,3-bis(4-chlorophenyl)urea byproduct, and the filtrate was dried under
vacuum. The remaining residue was dissolved in chloroform and filtered (x2). The filtrate was
collected, and the solvent was removed under vacuum, leaving behind a yellow solid that was
purified using column chromatography (silica gel, hexanes to ethyl acetate gradient) to yield

nitrile-oxide 2.5 as a colorless oil in 45% yield by mass. *H NMR (500 MHz, CDCls) § 7.46 — 7.39
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(m, 8H, D), 7.36 — 7.29 (m, 12H, E+F), 3.75 (t, J = 4.2 Hz, 4H, C), 3.68 (s, 4H, A), 3.63 (t, J = 4.2

Hz, 4H, B). MALDI-TOF MS: 698.09 ([M]+Cs"), 812.33 ((M]+DCTB).
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Figure 2.15. *H-NMR (500 MHz, 25°C, CDCls) of nitrile-oxide monomer 2.5.
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2.4.2.5 Doubly-Threaded Slide-Ring Polycatenane Network (SR-PCN) Synthesis

2.4.2.5.1 Nitrile-Oxide/Alkyne Cycloaddition (NOAC) Polymerization
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Figure 2.17. Polymerization of doubly-threaded SR-PCN series 2.8x/ym with varying amounts of
2.1:2.22:Zn(11)2 (npzr mol, Y mol%) and 4 (npec mol, X mol%), and demetallation with a dilute
solution of tetrabutylammonium hydroxide (TBAOH) to 2.8x/vp.

P3R crosslinker 2.1:2.22:Zn(11)2 (nesr mol, see Table 2.1) and nitrile-oxide monomer®? 2.5 (0.010
g, 0.0177 mmol) were dissolved in 95:5 CHCI3:MeCN (~250 L) and added to a glass shell vial
with a stir bar and capped. The solution was left to stir at room temperature for 4 hours. The small
amount of acetonitrile helps solubilize the metal complex and allows the final crosslinking reaction
to occur at a higher concentration (50mM vs. 25mM required for pure chloroform). During the
first step, the difunctional nitrile-oxide 2.5 reacts with some of the terminal alkynes on
2.1:2.22:Zn(11)2 to form isoxazole prepolymers/oligomers in the presence of the excess monomer.
The 4-arm PEG-alkyne 2.6 (M, = 5.3 kgmol™, npec mol, see Table 2.1) was dissolved in 95:5
CHCI3:MeCN (~100 pL) then added to the vial. A viscous solution formed within minutes; the stir

bar was removed, and then the vial was capped and left to gel at room temperature for ~48 hours.
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A disposable smartSpatula® was used to transfer the metallated gels (2.8x/vm) to Teflon
dishes to dry overnight, and then the crude masses of the metallated gels were recorded. The gel
samples were swollen in N-methyl-2-pyrrolidone (NMP) and cut using a die punch of 16 mm to
make samples for mechanical testing.

Covalent gels with different GF (2.7cr) were made by reacting 2.5 and 2.6 at different
reaction times which resulted in gel fractions of 96% (2.79s, 48 hrs), 86% (2.7ss, 24 hrs), and 74%
(2.774, 12 hrs).

Table 2.1. Composition of covalent 2.7cr and doubly-threaded SR-PCN series 2.8x/ym

Covalent/ Nitrile-oxide
P3R 2.1:2.22:Zn(11)2 4-arm PEG 2.6
SR-PCN monomer 2.5
2.796 0.010 g, 1.8E-05 mol 0 0.047 g, 8.86E-06 mol
2.890/10m 0.010 g, 1.8E-05 mol 0.0035 g, 8.86E-07 mol | 0.042 g, 7.97E-06 mol
2.8s0120m 0.010 g, 1.8E-05 mol 0.0071 g, 1.77E-06 mol | 0.038 g, 7.08E-06 mol
2.87030m 0.010 g, 1.8E-05 mol 0.011 g, 2.66E-06 mol 0.033 g, 6.20E-06 mol

To remove low molecular weight components from the crude samples and calculate the gel
fraction (GF), the metallated samples were submerged in a large beaker full of ~200 mL of
chloroform at 48°C on a hot plate. A watch glass was placed on top of the beaker, and the gels
were left heating for 4 hours to extract low molecular weight components into the soluble fraction.
The extracted metallated soluble fractions were dried under high vacuum for gNMR analysis. The
swollen metallated gels were dried slowly overnight at room temperature, and the gels were
considered dry after measuring a consistent mass over three days. The mass of each dry, washed

(metallated) sample was used to calculate the GF from Equation 2.1 (Figure 2.22, diamonds):®*
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GF (wt %) = —drywashed o 10 2.1)

Mdry,crude

Where mg;y cruqe 1S the weight of the crude (metallated) dried network after gelation. The

washed metallated SR-PCNs (2.8x/vm, Figure 2.2b) exhibited a yellow fluorescence under 365 nm
UV light on account of the Bip/Zn?* complexes® and qualitatively confirms the successful
incorporation of P3R moieties into the network.
2.4.2.5.2 Demetallation

To demetallate, the washed, metallated SR-PCNs (2.8x/ym) were submerged in 35 mL of
chloroform and 5 mL of methanol in a Teflon dish. 10 pL of tetrabutylammonium hydroxide
solution (1M in MeOH) was added dropwise to demetallate the rings, resulting in a rapid color
change from yellow to light blue under 365 nm UV light, the fluorescence color of the free ligand,
consistent with the decomplexation/demetallation of the gels. After 20 minutes, the demetallated
SR-PCNs (2.8x/vp) were transferred to a second Teflon dish containing 40 mL of 50/50
chloroform/methanol for 2-3 hours, changing the solvent every 30 minutes (for a total of 6 different
washes). Then the gels were submerged in a large beaker full of ~200 mL of chloroform at 48°C
on a hot plate. A watch glass was placed on top of the beaker, and the gels were left heating for 4
hours to ensure the complete extraction of any residual soluble fractions of the network. The
soluble fractions (from the 50/50 chloroform/methanol washes and the 100% chloroform washes)
were combined and dried under vacuum, then dissolved in 10 mL of DCM. The samples were
washed with 20 mL of deionized water (x3) and dried under vacuum for gNMR analysis. The
demetallated gels dried slowly overnight at room temperature, and then the mass of each dry,
washed (demetallated) sample was used to calculate the GF from Equation 2.1. TGA confirmed
that the samples were fully dried (Figure 2.20). The weight of the crude (metallated) dried network

after polymerization was corrected to account for the loss in metal and counterion (Zn(NTf2).)
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mass during demetallation (Figure 2.22, squares); the weight of Zn(NTf2) in each metallated SR-
PCN was calculated from Xucmet, and then subtracted from the mass of the crude (metallated)
network.

2.4.3 Doubly-Threaded SR-PCN Characterization

2.4.3.1 UV-Vis Spectrometry
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Figure 2.18. UV-Vis spectra of the metallated and demetallated (utilizing a dilute solution of
tetrabutylammonium hydroxide (TBAOH)) SR-PCN (2.890110). Gels were swollen in ethyl
benzoate, cut into squares (~1mm/1mm), and placed onto a quartz glass slide for the measurement.

2.4.3.2 Quantitative NMR

The final number of rings incorporated within the network after demetallation was
determined from the molar ratio of a reference molecule (thymol), with a known structure and
mass, to the macrocycle (MC 2.1) in the metallated and demetallated soluble fractions. The
relationship between the number (moles) of MC in the soluble fraction and thymol is related to the

integral of the diagnostic proton peak and the number of protons contributing to the peak, Equation

2.2:

C __ Nthymol
c - Xthymol X (2-2)
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where Xyc is the number of moles of MC in the soluble fraction, Xuymor is the number of moles of
thymol (known), I is the integrated area of the diagnostic proton peak, and N is the number of
protons contributing to the peak. Xiymor is known, the integrals are measured via quantitative 'H-
NMR (gNMR), and N corresponding to those integrals are known. The doublet on the macrocycle
pyridine ring (N=4) at 8.08 ppm was used as the diagnostic signal for the soluble fractions. Thymol
was chosen for its diagnostic singlet (N=1) at 6.58 ppm that does not overlap with any other signals

in the soluble fractions (Figure 2.19).

Rearranging Equation 2.2 and incorporating the relationship between moles and mass
(Xthymot = Winymot/MWinymor) provides a simple relationship between the mass of the standard

and the moles of MC in the soluble fraction, Equation 2.3:

XMC — l( Imc )X Wthymol (23)

4 \Ithymot) ~ MW ihymot

The average number (moles) of macrocycle (Xamc) present in each metallated and
demetallated soluble fractions of three SR-PCN series is listed in Table 2.2 and plotted in Figure
2.3b. The metallated soluble fraction from washing the crude metallated gels, and the demetallated
soluble fraction from washing the demetallated gels were used to calculate Xu/c in each sol, i.e.,
Xwmc,merand Xyc aemer. Demetallating the metallated soluble fractions provided cleaner NMR spectra
with more reliable MC integrations. To do this the metallated soluble fractions were dissolved in
3 mL of DCM, and 3 pL. of TBAOH solution (1M in MeOH) was added to each sample. Each
soluble fraction was washed with 15 mL of DI water and then the organic layer was dried under
high vacuum. Each (metallated and demetallated) soluble fraction was dissolved in 600 pL of
CDCl3 and added to an NMR tube. An external standard was used to prevent molecular interactions

with the soluble fractions. A thymol standard for quantitative NMR 7raceCERT® (0.00050 g,
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150.22 g/mol) was dissolved in 200 uL of CDCIs to make the reference solution that was added to
a Wilmad® coaxial insert. The same coaxial insert was added to each NMR tube containing the
(metallated or demetallated) soluble fraction and the outside of the insert was wiped with isopropyl
alcohol between samples to prevent contamination. The soluble fractions from three SR-PCN

series were used to calculate the average /¢ for each X/Y. The integral of the thymol singlet (N=1)
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Figure 2.19. Partial *H-NMR overlay (500 MHz, 25°C, CDCIs) of a) the metallated soluble
fractions (after demetallation to remove metal ions) and b) the demetallated soluble fractions of a
SR-PCN series 2.8x/y containing thymol as an external gNMR standard. The integrals of the
doublet at 8.08 ppm (B, red) for MC 2.1 (N=4), Imc, and the singlet at 6.58 ppm (A, green) for
thymol (N=1), lnymol, Were used to calculate the moles of macrocycle 2.1 (Xmc) in each soluble
fraction, i.e., Xmc,met and Xmc,demet. The doublet at 8.37 ppm (B, blue) corresponds to the pyridine
ring on thread 2.2 (N=4 for 2 eq of 2.2). The doublets for 2.1 (red B) and 2.2 (blue B) integrate 1:1
(as in Figure 2.10 before metallation); therefore, the integration of 2.2 was used to verify lvc at
8.08 ppm. All spectra were referenced to the thymol singlet at 6.58 ppm.
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at 6.58 ppm was set to lnymor =1, and the average integrals of the MC doublet (N=4) at 8.08 ppm

(Imc) for each soluble fraction are listed in Table 2.2.

The total number (moles) of rings that were washed out of the network (Xwmc,total) IS
determined by adding Xmc soi in the metallated (i.e., Xmc,met) and demetallated (i.e., Xmc,met) Soluble

fractions, Equation 2.4:

XMC,total = XMC,met + XMC,demet (2.4)
The total percentage of MC lost from the network was calculated using Xwmc total and the

total number of rings added to the polymerization as P3R crosslinker (np3r), Equation 2.5:

Total percent MC lost = ZMCtotal y 100 (2.5)

np3R

The percent of MC lost during demetallation was determined from Xmc,met and Xwmc demet

using Equation 2.6:

Percent MC lost during demetallation = _Xmedemet 10 (2.6)
Np3r—XMCmet

To better understand the sample, a number percent of possible MC crosslinks is calculated
using Equation 2.7, plotted in Figure 2.3c, to provide a sense of how the sample compares to an
ideal MC content, which assumes 100% incorporation based on the crosslinker feed ratio (plotted

as a solid red line in Figure 2.3c for comparison).

. n -X
Percent MC Crosslinks = ——23% —Mctotal 10 2.7)
np3r—XMc total tPEG

where npeg is the total number (moles) of 4-arm PEG-Alkyne crosslinker (2.6) added to the

polymerization.
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Table 2.2. Quantitative NMR experiment parameters

1P3R NPEG XMcC met Xmc demet | XMC total
SR-PCN |MC,met |MC,demet
(mol) (mol) (mol) (mol) (mol)
2.890110 8.86E-07 | 7.97E-06 0.26 0.45 2.06E-07 | 3.85E-07 | 5.91E-07
2.880/20 1.77E-06 | 7.08E-06 0.40 1.13 3.13E-07 | 9.51E-07 | 1.26E-06
2.87030 2.66E-06 | 6.20E-06 0.85 1.37 6.62E-07 | 1.16E-06 | 1.82E-06

2.4.3.3 Thermal Characterization

Changing the crosslinking topology by altering X/Y also influences the network's thermal
transitions and thermal stability in the dry (unswollen) state. Thermal properties (Table 2.3) of the
dry, SR-PCNs were extracted from the TGA curves in Figure 2.20 and the DSC thermograms in
Figure 2.21. Glass transition temperature T4 was determined from the half-height midpoint of the
thermal transition during the second heating cycle. The melting and crystallization temperatures
Tmand T¢ (°C) were determined from the peak maxima obtained during the second heating/cooling

cycle, and the enthalpies of fusion AHy (J/g) (defined as the melting enthalpy per gram) and

crystallization AH,. were calculated from the peak areas. The final plateau of the TGA curve
determined the residual mass percentage for each sample.
The degree of crystallinity (DC) for the dry, demetallated SR-PCNs was calculated from

AHp using Equation 2.8:

DC (%) = i%; X 100 2.8)

where AH is the enthalpy of fusion per gram of PEG in the network and AH}9 is the enthalpy of

fusion of perfectly crystalline poly(ethylene oxide) that is calculated from T, using Equation 2.9:78

AHP = 178.6 + 0.629 T, —2.93 X 1073 T,2 (2.9)
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Figure 2.20. Thermogravimetric analysis (TGA) curves for dried covalent 2.796 and demetallated

SR-PCNs 2.890100 (light green), 2.8so20p (light blue), 2.870300 (pink), MC 2.1 (red), thread 2.2
(blue), and 2:1 stoichiometric mixture of 2.2:2.1 (dark purple) (ramp rate = 10°C/min).
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Figure 2.21. Differential scanning calorimetry (DSC) curves during a) cooling and b) second
heating for the dried covalent 2.7¢6 (black) and SR-PCNSs: 2.89010m (green), 2.8sozom (blue),

2.870130m (red), 2.89011200 (light green), 2.8sor200 (light blue), and 2.870130p (pink), (exotherm up, ramp
rate = 10°C/min, curves offset for ease of viewing).
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Table 2.3. Thermal properties of dried covalent 2.796 and SR-PCNSs 2.8x/v

Covalent/ T, T AHj DC T, AH, Residual
SRPON | Q) | (O) | g | oA | (O | @y | o
(from TGA)
2.796 -48 26 61 32 6 54 5
2.890/10M -41 25 o4 28 -7 ol -
2.890/10D -52 25 53 28 0 47 9
2.880r20m -46 23 53 27 -29 35 -
2.880/20D -46 24 51 26 -3 44 12
2.870/30m -53 23 51 27 -30 18 -
2.870/30D -50 24 50 26 -4 43 18

2.4.3.4 Gel Fraction (GF)
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Figure 2.22. Gel fractions (GFs) for the covalent controls, 2.7cF: 2.796 (96%, black circle), 2.7ss
(86%, dark purple circle), 2.774 (74%, light purple circle), and SR-PCNSs, 2.8x/v: 2.890/10m (89.6%,
green diamond), 2.8901100 (87.3%, light green square), 2.8so20m (88.1%, blue diamond), 2.8s0/200
(82.6%, light blue square), 2.870/30m (80.8%, red diamond), and 2.870/300 (71.7%, pink square),
calculated from Equation 2.1.
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2.4.3.5 Swelling Ratio (wt%)

A sieve filtration method was employed to ensure repeatable, reproducible measurement
of N-methyl-2-pyrrolidone (NMP) swelling, achieved via fast and complete removal of excess
fluid from the gel on a wire mesh sieve using vacuum filtration.’”® The mass of a 316 stainless steel
wire sieve (250 x 250 mesh size, 0.0024" opening size) was recorded as Wi. The metallated (or
demetallated) gels were placed in a vacuum oven overnight at ~25°C, and their dry masses were
recorded as Wo. The gels were then submerged in 15 mL of solvent for 24 hours at room
temperature to allow gels to reach their swelling equilibrium. The swollen gels were poured onto
the wire sieve under vacuum to remove excess solvent from the gel (and sieve), and the mass of
the sieve with the gel on it was recorded as W-. The average of three weight measurements W» was
calculated for each sample (and multiple samples for each X/Y) and used to calculate the swelling

ratio, Equation 2.10:

Swelling Ratio (wt%) = =2 x 100 (2.10)

0

Dry Swollen

Figure 2.23. Pictures of 2.8s0200 dry (left) and swollen in NMP (right), 5mm scale bar.
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Figure 2.24. Weight-based swelling ratios calculated from Equation 2.10 for the SR-PCNs
2.89010m (dark green), 2.8901100 (light green), 2.8so020m (blue), 2.8s0r200 (light blue), 2.870/30m (red),
and 2.870/300 (pink) and the two covalent gels with comparable GF, 2.7ss (dark purple) and 2.774
(light purple). All samples were swollen in NMP for at least 24 hours at ~20°C. The average
swelling ratios for the metallated (~1823 wt%, yellow) and demetallated (~1836 wt%, light blue)
SR-PCNs are indicated by the dashed lines, showing similar swelling with the lower GF control
2.774 (~1812 wit%).

2.4.3.6 Compressive Stress Relaxation
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Figure 2.25. Normalized poroelastic relaxation times for SR-PCNs: 2.89010m (dark green
diamond), 2.890100 (light green square), 2.8so20m (blue diamond), 2.8s0200 (light blue square),
2.870130m (red diamond), and 2.87o130p (pink square). The normalized poroelastic relaxation time is
calculated by dividing the SR-PCN relaxation time by the relaxation time of the covalent gel with
equivalent gel fraction (Table 2.4): SR-PCN 2.890/10m, 2.890/100, and 2.8so20m Were normalized by
2.786 and 2.8s0/200, 2.870/30m, and 2.870/300 were normalized by 2.774.

96



The additive model (Equation 2.12) and product model (Equation 2.13) used to fit the stress

relaxation data assumes both relax from the same initial stress:

E(0)/Eo = exp (- (£)") + e (- (2)) (212)

E(t)/E, = [ exp (— (%)ﬁ)] x [exp (— (é)/g)] (2.13)

a) 14 ] 1 ]
8: S
6
4 Decreasing
1 Gel Fraction
S
W
~ 2]
e
W
0.1 n
8] 27 - 8 — 2.849/100
6] -f36 [ 61 - - - Fit (Equation 2.11)
. 2.7, i o Fit (Equation 2.12)
Fit (Equation2.11) | 7| ... Fit (Equation 2.13)
T IIIIIII LI IIIIIII LI ) ||||||| LI R L LI} IIIIIII T IIIIIII T III]III T T TTT
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10 10 10 10 10 10’ 10 _10° 10’ 10°
time (s) time (s)

8] — 284,500 R X f]—2s
61 - - - Fit (Equation 2.11)

70/30D

1 = - - Fit (Equation 2.11)

-
[
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. .
Fit (Equation 2.12) ‘; [ 1 - Fit(Equation 2.12) v,
o Fit (Equation 2.13) % i M Fit (Equation 2.13) B
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Figure 2.26. Normalized compressive stress relaxation responses (solid lines) for the a) covalent
2.7s6 (dark purple) and 2.774 (light purple), and demetallated SR-PCNSs: b) 2.890100 (light green),
c) 2.8s0r20p (light blue), and d) 2.870300 (pink) gels swollen in NMP with fits from Equation 2.11
(long dashed lines), Equation 2.12 (dots), Equation 2.13 (short dashed lines).
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Table 2.4. Stress relaxation parameters for covalent 2.7cr and SR-PCN 2.8x/vm and 2.8x/vp gels
swollen in NMP.

Covalent/

SR-PCN e d
2.7s6 37710 0.484
2.774 8887 0.549

2.890/10M 4400 0.621

2.890/10p 2334 0.485

2.880120m 4235 0.564

2.850/20p 436 0.758

2.87030m 1545 0.555

2.870/30p 436 0.892
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2.4.3.7 SAOC Rheology

a)

Modulus E' ®, E" © (Pa)

)

Modulus E' ®, E" © (Pa)

Figure 2.27. Small-amplitude oscillatory compression (SAOC) frequency sweeps showing E’
(filled) and E” (open) for: a) 2.7s6 (dark purple) and 2.774 (light purple), b) 2.89010m (dark green)
and 2.890110p (light green), ¢) 2.8s0120m (blue) and 2.8s0r200 (light blue), and d) 2.87030m (red) and
2.870300 (pink) SR-PCN gels swollen in NMP. Samples were preloaded with 0.025 N to ensure
uniform contact between the sample and plates. Frequency sweeps were performed from 1000
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Figure 2.28. Tan 6 vs. angular frequency for covalent (2.7ss, dark purple circles; 2.774, light purple
circles) and metallated SR-PCNs (2.890110m, green diamonds; 2.8so20m, blue diamonds; 2.870/30m,
red diamonds) swollen in NMP. Samples were preloaded with 0.025 N to ensure uniform contact
between the sample and plates. Frequency sweeps were performed from 1000 rad/s to 0.01 rad/s
with a strain amplitude of 1%.
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3 Improving Structural Understanding of Relaxations in Doubly-Threaded Slide-Ring
Polycatenane Networks
3.1 Introduction

Copolymerization of doubly-threaded pseudo[3]rotaxanes and covalent crosslinkers in
Chapter 2 presented a simple way to include complex catenane moieties into a network structure,
providing a platform for deeper investigations of the structure-property relationships in these SR-
PCNs. SR-PCNs contain two primary molecular structures — the chain and the ring — where the
diffusion of doubly-threaded rings influences the conformation and mesh size of the network.
Connections between polymer chains dictate the conformational changes that result in viscoelastic
relaxations. These relaxations are influenced by the flexibility and molecular weight of the chains,
which can be systematically controlled in the SR-PCN system by adding different monomers into
the click polymerization. Furthermore, pseudo[3]rotaxanes (P3Rs) can be assembled from
different types of rings to determine how the ring's size, flexibility, and solubility influence the
conformation of chains between crosslinks.

Determining how the doubly-threaded crosslink behaves in this system and what variables
interact with that behavior is the first step to unlocking the potential of these SR-PCNs as a major
platform for studying interlocked systems. Crosslinking topology influences the coupled network
relaxations between ring mobility and chain diffusion® during deformation and is frequency-
dependent. Ring diffusion, by the nature of the chain, is on a longer length scale than the local
segmental relaxations of the polymer chain. Therefore, ring diffusion along the chain will always
be limited by the relaxation time of the polymer chain unless the chain is very stiff (i.e., high
persistence length). Rheology experiments on CD/PEG-based SRNs swollen in DMSO?® reveal a

second modulus plateau at a low frequency with a pronounced tan(6) peak that marks the (sliding)
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transition between two different viscoelastic regimes. The second-order relaxation dynamics of
the glass transition are related to the reptation model with a relaxation time, ¢ = /2, and the sliding
transition has a similar molecular weight dependence and influence on the modulus. The rate-
determining process for the relaxation is the reptation-like local diffusion of partial chains through
the crosslink, where the sliding motion produces a change in the distribution of partial strand
lengths between mobile crosslinks.

Swelling solvents that favor ring aggregation suppress ring sliding, leading to similar
structural inhomogeneities typical of covalently crosslinked systems.”® Fixed crosslinks restrain
polymer chains in typical networks, preventing these inhomogeneities from being resolved.
However, the lack of constraining covalent crosslinks in SRNs allows for faster, facile network
relaxations when rings become mobile. SRNs show viscoelastic behavior highly dependent on the
swelling solvent because of the different inter- and intramolecular interactions between CD rings
and the type of solvent.> For example, the long o-CD transient tubes formed by intramolecular
hydrogen bonds increase the persistence length of the sliding chains in DMSO (Figure 3.1a). This
increased stiffness leads to limited mobility of the SRN in DMSO vs. the same SRN in water.
However, higher modulus values are observed for SRNs in water due to the high number of
intermolecular physical bonds in water that form chemical (permanent) and physical (transient)
crosslinks between CDs (Figure 3.1b). The overall shape of the storage modulus (E’, Figure 3.1¢)
curve is similar for SRNs in DMSO and water: the effective relaxation of PEG chains through a-
CD figure-of-eight crosslinks is possible at low frequencies, and at higher frequencies, these
relaxations slow down due to the presence of CD tubes that increase the persistence length of the
polymer chains, leading to a higher modulus plateau.? In contrast, the shape of the loss modulus

(E”) curve depends on the solvent: the more elastic behavior of the chains in DMSO leads to
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Figure 3.1. Effect of DMSO and water on CD-based SRN viscoelasticity.> a) SRN in DMSO with
permanent CD tubes due to intramolecular reaction during crosslinking (red) and the transient CD
tubes that form in DMSO. b) SRN in water with topological chemical (red) and physical (blue)
crosslinking points between rings on different polyrotaxanes. ¢) Change in viscoelastic properties
(E’ triangles, E” squares for SRN in water (filled points) and DMSO (open points). d) Tan & for
DMSO (triangles) and water (squares) SRNs. Adapted from Ref. 5 with permission from John
Wiley and Sons.

variations in E” at low frequencies, whereas E” plateaus in water. The swelling solvent changes
the effective network chains' length and rigidity, leading to higher relaxation times in DMSO than
in water (Figure 3.1d). The shift in tan & results from the higher persistence length of the network
strands in DMSO and their persistence in time compared to those in water.®

The co-inclusion of solvent in ring cavities can also influence gel mechanics.® The figure-
of-eight topology is one type of ring crosslink; polymer chains can also come together inside a
single ring cavity where the friction and repulsion between two chains contribute to the mechanics
and rate of ring sliding. Though y-CD rings are large enough to thread two polymer chains, the co-

inclusion of solvent is known to occur in the extra cavity of a complex between y-CD and a thin
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polymer, leading SRNs with larger y-CD figure-of-eights to show relaxation times five times
slower than those with smaller (a-CD) rings.®

The mechanical deformation of swollen networks involves two molecular processes of
energy dissipation and time-dependent behavior: the conformational change of the polymer chains
and the mass transport of solvent through the network, known as poroelasticity.’® As discussed
above, viscoelastic dissipation is related to the network relaxation and reconfiguration of polymer
chains. Poroelastic energy dissipation originates from the frictional interactions between the
solvent and solid structure due to fluid pressurization and viscous drag through the porous matrix.
At lower frequencies, covalent gels show a distinct relaxation as solvent molecules migrate out of
the gel matrix. When a covalent gel is subject to constant strain, the stress relaxes as solvent
migrates out of the gel, so the network undergoes elastic deformation.'! Polymer gels can absorb
(and expel) a large amount of solvent, resulting in volume deformation that contributes to network
relaxations. The specifics of this relaxation depend on the mechanics of the polymer chains in the
network and how the swelling solvent interacts with those chains.'®*® Furthermore, the specific
nature of the relaxation will be influenced by how the measurement is performed and the
limitations of that measurement. The test conditions, material, process conditions, etc., all
determine whether the viscoelastic or poroelastic response (or both) might be dominant.4

As discussed in Chapter 2, the existence of a second independent relaxation (likely
attributed to ring sliding) capable of interacting with the poroelastic relaxation observed under
compressive strain may account for the inability of a single stretched exponential to capture SR-
PCN behavior. Generally, polymer gels with high liquid content exhibit poroviscoelastic behavior,
and the network relaxations attributed to ring sliding will undoubtedly impact solvent migration in

SRNs. The gel structure, particularly the mesh size of the percolating covalent network that
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changes with ring sliding, likely drives the solvent transport in the SR-PCNs. This hypothesis
warrants further investigation into the frequency response of SR-PCNs using different techniques
to decouple poroviscoelastic relaxations and achieve a better structural understanding of the SR-
PCN system under deformation.

Previous studies on the rheological properties of gels'**® focus on measuring the modulus

16-19 cavitation rheology,?° particle-tracking

and complex modulus of gels by compression testing,
microrheology,?*?? and indentation,?®=333%% to name a few (Figure 3.2).%* Hydrated, compliant

specimens can be difficult to grip for tensile or compressive mechanical testing, making

method Advantage disadvantage

* Modulus and Poisson’s ratio ¢ Difficult to clamp sample

can be measured. Sample requires uniform cross-
Simple geometry for analysis section.

Only applicable to relatively stiff gels
(modulus > 100kPa)

Local property cannot be measured.
For transport measurements, sample

Tensile test

> 5 Modulus, Poisson’s ratio and
Compression

i diffusivity can be measured needs to be small to reduce
¢ Simple geometry for analysis measurement time.
* Local property cannot be measured
* Modulus, Poisson’s ratio and ¢ Only applicable to stuff gels (modulus
Beam bending diffusivity can be measured = MPa)
* Boundary value problem 1s * Local property cannot be measured
simple
Shear ¢ Shear modulus can be * Not possible to measure transport
measured properties
* Modulus can be measured ¢ Only instantaneous modulus 1s
Cavitation * Sot:up and handling ace m'easufet"l
simple ¢ Diffusivity cannot be measured
* Local property can be
measured
Microbead * Modulus can be measured . On.ly.used fq uncross-lj.nk.ed polymer
healagy * Viscoelasticity can be solutions or lightly cross-linked gels
: charactenized (modulus<100 Pa).
¢ Data interpretation 1s difficult
* Modulus can be measured * Equipment is expensive
Nano-scale * Viscoelasticity can be * Contact point is hard to detect
indentation characterized
* Local property can be
measured
* Modulus, Poisson’s ratio and  * Viscoelasticity cannot be
Macro-scale diffusivity can be measured characterized
indentation ¢ Simple experimental set-up * Large sample is required ( >5mm)
¢ Minimum specimen
preparation
Giliag * Diffusivity can be measured ¢ For small samp!es, tracing of v
Lot fluorescent particles may be required
* Local property cannot be measured
* Modulus cannot be measured.
Transport ¢ Daffusivity can be measured. ¢ Very difficult measurement
through * Local property cannot be measured
membrane * Modulus cannot be measured

*_Specific transport model is required

Figure 3.2. Advantages and disadvantages of existing techniques for studying the mechanical
properties of polymer gels.?® Adapted from Ref. 23 with permission from Springer Nature.
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probe-based testing more ideal. The difficulty in synthesizing ditopic macrocycles on a larger scale
requires synthesizing multiple batches and arduous purification. Nanoindentation requires minimal
sample and preparation, overcoming the challenges of making hydrogels into regular specimen
geometries that require large amounts of sample.?42

The combination of interlocked and fixed crosslinks results in a unique mesh structure in
SR-PCNs that warrants further investigation. This chapter explores the nature and timescale of the
relaxations in SR-PCNs and whether and how they may interact. The same SR-PCN materials
from Chapter 2 (i.e., 2.890/10, 2.880120, 2.870/30) Were swollen in different solvents to look for changes
in stress relaxation and frequency-dependent behavior using bulk DMA. This knowledge will lay
the groundwork for developing hypotheses of structure-property relationships in SR-PCNs that

would require studying local inhomogeneities in the network structure using indentation

techniques.

3.2 Results and Discussion

Metallated SR-PCNs 2.8x/vm and demetallated 2.8x/vp synthesized in Chapter 2 from P3R
2.1:2.22:Zn(I1)2 (Y mol%) nitrile-oxide monomer 2.5 and tetra-PEG 2.6 (5.3 kg mol! X mol%),
were used for the following studies (see Experimental). The covalent gel 2.7cr (gel fraction, GF =
80 wt%, Equation 2.1) was made by reacting 2.5 and 2.6 for 18 hours. The gels were swollen in
three high boiling point solvents for mechanical testing to limit solvent evaporation: N-methyl-2-
pyrrolidone (NMP) (2.8x;,ym-NMP and 2.8x/yp-NMP), dimethyl sulfoxide (DMSO) (2.8x/ym-

DMSO and 2.8x/;yp-DMSO), and deionized water (2.8x/ym-H20 and 2.8x/vyp- H20).
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3.2.1 Swelling

The swelling ratio describes how polymer chains interact with the solvent and is one of the
most significant properties of polymer gels.'*® When a polymer is dissolved in a good solvent, it
will swell more, and in a poor solvent will swell less, with the molecular weight between crosslinks
acting as the upper limit. The swelling ratio of polymer gels is typically reported as a weight ratio
(Equation 2.10), and a sieve-filtration method?’ (see Experimental) can be used to ensure accurate
and repeatable swelling measurements.

Metallated SR-PCNSs (i.e., 2.890110m, 2.8s020m, 2.870130m) and the covalent control 2.7s0 were
submerged in deionized water and N-methyl-2-pyrrolidone (NMP) for 48 hours at room
temperature to allow gels to swell to equilibrium before recording masses to calculate their weight-
based swelling ratio (wt%). The SR-PCN gels were demetallated (2.890/10p, 2.880/200, 2.870/300) and
then swollen in water, NMP, and DMSO to determine the swelling ratio, as described in the
Experimental section.

Swelling studies show that the average weight-based swelling ratios for 2.7s0, 2.8x/ym and
2.8x/vo (Figure 3.3)%® in NMP (green) and water (pink) are consistent across all X/Y with the
percolating covalent network dominating the swelling behavior in SR-PCNs. SR-PCNs appear to
swell as much as the covalent PEG controls, although higher swelling ratios were calculated for
the NMP gels. The limiting factor is likely the contour length measured along fixed crosslinks
from one surface to another, which does not change much with the varying network topology (i.e.,
XIY). 2.8xiym-NMP and 2.8x/vo-NMP have the highest weight-based swelling ratio because the

molar mass of NMP (99.13 g/mol) is higher than water (18.02 g/mol) and DMSO (78.13 g/mol).
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Figure 3.3. SR-PCN swelling in NMP (2.8x/ym-NMP and 2.8x/yo-NMP), DI water (2.8x/ym-H20
and 2.8x/vp-H20), and DMSO (2.8x/ym-DMSO and 2.8x/yp-DMSO). a) Demetallated SR-PCNs
swelling in water (pink), NMP (green), and DMSO (blue). b) Comparison with the metallated
samples (dashed bars) reveals similar swelling as the demetallated gels.

SR-PCNs 2.8s020m-NMP appear homogeneous and fluoresce yellow-green under 365 nm
UV light regardless of the amount of P3R in the network (Figure 3.4a shows 2.8s020m-NMP as an
example). However, the 2.8x/ym-H20 gels are less transparent in water and fluoresce a stronger
yellow color under UV, likely due to solubility and aggregation of the P3R, or metal and
counterion, in poor solvents such as water. The polarity of the solvent and whether the solvent is

protic or aprotic influences the color of the metal-ligand complex. When the demetallated SR-PCN

a) Metallated SR-PCNs b) Demetallated SR-PCNs
NMP Deionized water

Dry Chloroform  DI-water DMSO

@ | O

!

o | @
.d'
UV X B

Figure 3.4. a) Pictures of metallated SR-PCNs in NMP (15mm diameter) and DI water (13-15mm
diameters). The metallated gels appear more opaque in water than NMP, with slight differences
for each SR-PCN composition. The 80/20 sample is the most noticeable, appearing more yellow
under 365 nm light, with inhomogeneities likely due to the precipitation of metal and counterion
(i.e., Zn(NTf2)2) in water. b) Pictures of a demetallated SR-PCN and covalent network: dry and
swollen in chloroform, DI water, and DMSO.

80/20 Met. 90/10 Met. 80/20 Met. 70/30 Met.
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is swollen in different solvents (Figure 3.4b), the color changes based on the solubility of the
macrocycle in the network, appearing colorless in the best solvent (chloroform) and yellow in the
worst solvent (DI water). In contrast, the swollen covalent network appears colorless in all
solvents.

Indentation experiments on SR-PCN gels with different metals and counterions (e.g.,
Fe(NTf2)2vs. Zn(NTf2)2vs. ZnCl,) should provide insight into how the strength of the metal-ligand
complex affects polymer chain and mobility of different solvents in the gel. For example, changing
to a stronger metal-ligand bond using Fe(ll) would decrease network mobility compared to the
more labile Zn(ll) system. Improving the solubility of the counterion by using ZnCl2 should
decrease network inhomogeneity caused by P3R aggregation.

Due to the inhomogeneity of these metallated gels, indentation experiments would allow
for localized probing of the system to determine complex moduli and relaxation times at specific
locations. Nanoindentation techniques are commonly used to quantify solvent transport and tune
the poroelastic response in polymer gels using a combination of stress relaxation and dynamic
mechanical analysis (DMA).2%313841 A variety of tip sizes would need to be tested to extract
relaxation modes from the poroelastic behavior, and this will be discussed in more detail in the
nanoindentation section.

3.2.2 Stress Relaxation

As discussed in the previous chapter, the demetallated SR-PCNs 2.8x/ypo-NMP relax faster
than the stretched exponential model for relaxation (Equation 2.11)3 predicts (Figure 3.5a). While
this function can capture a distribution of relaxation times around a single primary relaxation, it

fails when multiple distinct relaxation modes contribute to the stress relaxation, resulting in a
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Figure 3.5. Normalized compressive stress relaxation response of metallated (2.89010m, green;
2.8s0120m, blue; 2.870130m, red) and demetallated (2.890/100, light green; 2.8sor200, light blue; 2.870130m,
pink) SR-PCNs swollen in a) NMP (i.e., 2.8x/v-NMP) data with fits from Chapter 2) and b) DI
water (2.8x/v-H20). ¢) Comparison between 2.8x/vm-H20 show different trends in relaxation than
2.8xiym-NMP. d) Comparison between 2.8x/vp swollen in different solvents show the fastest
relaxation for 2.8xyp-DMSO vs. 2.8xiyp-H20; however, the fastest relaxation is observed in
2.8xiyo-NMP. An instantaneous strain of 7% was applied to gel samples swollen in NMP, DI
water, or DMSO ~20°C.

multimodal distribution. In contrast, the covalent (2.7s0-NMP) and metallated (2.8xym-NMP)
networks assembled from Zn(NTf). follow the fitted exponential function, with faster relaxations
occurring for gels with the higher ring content. The difference in relaxation time is also attributed
to the variation in the PEG network structure resulting from the decrease in gel fraction (GF,
Equation 2.1) as P3R is added to the polymerization, which also decreases the amount of PEG in

the network and, therefore, the molecular weight between crosslinks.'>% This suggests the rings
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metallated with Zn(Il) effectively act as fixed crosslinks, causing metallated SRNs to behave
similarly to covalent networks when swollen in NMP. Demetallation frees the rings, maintaining
the relaxation properties of the covalent gel while adding another distinct relaxation mode due to
ring mobility.

In the covalent gel 2.7s0-NMP and metallated (with Zn(I1)) SR-PCNs (2.8x/ym-NMP), the
stretched exponential fits well, indicating the crosslinks are fixed over the time scale of the solvent
draining. However, the stress relaxation response of SR-PCNs swollen in water (2.8x/ym-H20)
does not follow the same trend, likely indicating a slower relaxation process (Figure 3.5b).
Incorporating metallated (with Zn(NTf.)2) crosslinks decreases the relaxation time of NMP gels
by about half relative to the equivalent covalent gel of similar GF. While it is clear the
incorporation of metallated rings increases solvent draining, the specific cause is uncertain. It is
likely related to specific features of the defects in the network or how the specific solvent interacts
with the P3R; for example, the slower relaxations for SR-PCNs in water likely result from poor
solubility of the metallated P3R crosslink and the bistriflimide (NTf.) counterions.

After treating the SR-PCNs with base (see Experimental), there is a substantial decrease in
the relaxation time of the demetallated 2.8x/yo-NMP gels, with a decrease of about an order of
magnitude for the gels with the higher ring content. While some of this change can be accounted
for by the decrease in gel fraction, as discussed in the previous chapter, comparing it to the covalent
controls shows that gel fraction cannot entirely account for this phenomenon. A possible
explanation for this effect is that the average mesh size is increasing as the rings can slide to
accommodate the stress on the network, facilitating the faster flow of the solvent. Small angle
neutron and X-ray scattering (SANS and SAXS) can measure this and will be discussed in Chapter

7. The slower relaxations in 2.8x/vp-H20 and 2.8xypo-DMSO (Figure 3.5d) could also directly
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result from swelling or ring aggregation. Compared to water or DMSO, an enhanced swelling ratio
is observed for the NMP gels, and the expanded network could facilitate faster and more facile
solvent transport.

Poroelastic Relaxation Indentation (PR1)?>%® would be a more suitable technique for
probing SR-PCN relaxation times in different solvents as it measures the diffusivity of a polymer
gel at a particular solvent concentration. This technique will require a large range of indentation
tips sizes and a confocal microscope to watch the contact area during the experiment, and will be
discussed in a later section.

3.2.3 Small-Amplitude Oscillatory Compression (SAOC) DMA

The demetallated SR-PCN 2.890/100 Was remetallated to see if the ring mobility can be
switched off. Therefore, 2.890100 Was submerged in an aqueous solution of Zn(NTf2). (1.76E-4
M) for 48 hours, resulting in the remetallated gel 2.890110r. The storage and loss moduli frequency
dependence of 2.890/10D (light blue, Figure 3.6a) swollen in DI water shows a transition at 10 rad/s.
A prominent peak in the phase angle & corresponds to this transition (Figure 3.6b). After

remetallation, 2.890110r (yellow, Figure 3.6a) stays in the rubbery transition even at low frequency,
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Figure 3.6. a) Small-amplitude oscillatory compression (SAOC) frequency sweeps for
demetallated SR-PCN 2.890100 (light blue) and the remetallated SR-PCN 2.890110r (yellow)
swollen in DI water. b) Phase angle & vs. angular frequency for 2.8901100 (light blue) and 2.890/10r
(yellow) swollen in DI water. Samples were preloaded with 0.025 N to ensure uniform contact
between the sample and plates. Frequency sweeps were performed from 1000 rad/s to 0.05 rad/s
with a strain amplitude of 1%.
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and there is no longer a peak in the phase angle & (Figure 3.6b). The metallated SR-PCN is likely
softer than the original metallated sample (after polymerization) because of the rings that fall off
dangling ends during the first demetallation process (Figure 3.6c¢). This remetallation experiment
proves that ring sliding can be turned off in the network by adding metal ions.

Demetallated SR-PCNs swollen in DMSO (2.8x/vo-DMSO) were compared to the
frequency response of the same gels in NMP (2.8xiyp-NMP). Figure 3.7 shows the frequency
dependence of the storage modulus E' and the loss modulus E™ of SR-PCNs swollen in DMSO
with those in NMP. The storage moduli of the covalent control 2.7s0-NMP and metallated samples
2.8xiym-NMP display minimal angular frequency dependence above 1 rad/s with typical
poroelastic behavior below this frequency. 2* The frequency response of the covalent 2.7s-NMP
and 2.7s0-DMSO (Figure 3.7a) shows stiffer gels in NMP than in DMSO. After demetallation, the
higher frequency relaxation in DMSO (Figure 3.7a) and the peaks in the phase angle (Figure 3.7b)
occur at a similar angular frequency as 2.8x/ypo-NMP (Figure 3.7c). The phase angle peak intensity

and frequency increase with the amount of P3R crosslinks, where the increasing peak height
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Figure 3.7. Small-amplitude oscillatory compression (SAOC) frequency sweeps for a) covalent
(2.780-DMSO, purple) and demetallated SR-PCNs in DMSO (2.8x/yp-DMSO), and b) the phase
angle d evolution observed in the 2.8x/yp-DMSO gel series. ¢) Comparison of 6 for 2.8x/yo-NMP
(open diamonds) and 2.8x/yp-DMSO (filled diamonds). Samples were preloaded with 0.025 N to
ensure uniform contact between the sample and plates. Frequency sweeps were performed from
1000 rad/s to 0.01 rad/s with a strain amplitude of 1%.
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suggests more energy dissipation at that frequency. As previous work has shown,?™ the effective
molecular weight between the mobile crosslinks decreases when the number of rings on a chain
increases. This molecular weight dictates the relaxation time of the chain moving through the ring.
At higher frequencies, polymer chains can no longer slide through rings and behave more like
trapped entanglements, resulting in more elastically effective chains in the network and a higher
modulus.® Chains can slide through rings at lower frequencies to relax stress, resulting in fewer
elastically effective chains and a lower modulus.

Demetallated SR-PCNs exhibit higher weight-based swelling ratios in NMP than DMSO,
which could account for the higher moduli at high frequency and the lower moduli at low
frequency. The solvent's viscosity also plays a role in solvent flow through the network. The more
drastic drop in the viscoelastic relaxation (and the presence of a poroelastic relaxation) in NMP is
likely a result of the more expanded polymer chains that would facilitate solvent transport through
the network.

The frequency response of the covalent 2.7s0-NMP and 2.7s-DMSO (Figure 3.8a) shows
stiffer gels in NMP than in DMSO. SR-PCN 2.8x/vo-NMP gels show limited poroelastic response
at low frequency during the timescale of this experiment (Figures 3.8b-d). Poroelastic relaxation
indentation and dynamic micro-indentation tests®’ with different probe radii would help decouple
the poroelastic and viscoelastic responses in these SR-PCN systems, which may or may not occur

at the same timescale in different solvents.
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Figure 3.8. Small-amplitude oscillatory compression (SAOC) frequency sweeps in NMP (circles)
and DMSO (triangles) for a) covalent 2.7s0 (purple), b) 2.8901100 (light green), ¢) 2.8so200 (light
blue), and d) 2.870/300 (pink). Samples were preloaded with 0.025 N to ensure uniform contact
between the sample and plates. Frequency sweeps were performed from 1000 rad/s to 0.01 rad/s
with a strain amplitude of 1%.

It is worth noting that shear rheology was also explored for these SR-PCNs. Shear
measurements on 2.8x/,yo-DMSO (Figure 3.9a) revealed a decrease in the storage modulus (G’)
and a slight increase in loss behavior (G”) with the addition of rings. However, the sandblasted

upper plate geometry could not prevent slippage at higher frequencies (> 50 Hz) during the

experiment, which is also seen in the phase angle (Figure 3.9b).
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Figure 3.9. Shear rheology on 2.730-DMSO (purple), 2.890100-DMSO (light green), and 2.870/300-
DMSO (pink) swollen at ~20°C showing slippage at high-frequency a) in the storage and loss
moduli, and b) phase angle. Discovery Hybrid Rheometer, 0.5 N axial force, 1% strain amplitude,
Peltier plate with solvent trap, 20mm sandblasted upper plate.

While testing the gels in DMSO, there were problems with the material crystallizing as the
DMSO solvent left the gel during the experiment, which hampers the investigation of ring sliding.
3.2.4 Nanoindentation

Nanoindenting allows for mechanical testing of the dried SR-PCNs that are too small and
irregular for bulk mechanical testing and serves as a good starting point for basic troubleshooting
on the nanoindenter before moving on to the swollen samples. Preliminary nanoindentation was
performed using an FT-104 Femto-Indenter from FemtoTools (see Experimental). Dry gels were
cut into strips and superglued (cyanoacrylate) directly onto the surface of a 30 mm diameter
aluminum puck supplied by FemtoTools for testing (Figure 3.10a). Sample prep is critical for
accurate data acquisition because inconsistent sample thickness and roughness can increase the
probability of encountering the experimental challenges shown in Figure 3.10b.%® Variations in
sample roughness increase the risk of running the tip into the sample laterally when trying to take

many measurements.
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Figure 3.10. Investigating nanoindentation techniques and sample preparation. a) Dry gel samples
were cut using a razor blade and superglued with cyanoacrylate to an aluminum sample puck (30
mm diameter). b) Load-displacement behavior of common indentation challenges: surface
roughness, contaminated tip, adhesion, false engagement, and substrate effects are the most
common.®8 ¢) Preparation of indentation samples by dropping the gel mixture (directly after adding
the covalent crosslink 2.6) onto a coated glass slide to crosslink directly onto the glass surface. d)
Snapshots of covalent 2.7go (colorless) and metallated SR-PCN 2.870130m (yellow) under the Femto-
Indenter microscope (20x lens) after indentation. The white boxes show the indentation marks left
by the Berkovich tip. Adapted from Ref. 38 with permission from Elsevier.

Preparing gel samples directly onto glass slides (Figure 3.10c, see Experimental) resulted
in the desired thin, more consistent sample height than the gel samples prepared in vials, which
provided better focus under the microscope. Figure 3.10d shows the covalent 2.7s0 (colorless) and
metallated SR-PCN 2.87030m (yellow) under the Femto-Indenter microscope (20x lens) after
indentation with the Berkovich tip. Indentation marks are visible on the surface of SR-PCN
2.870130m (White boxes) but not the covalent 2.7so.

Even though sample preparation was improved, there were issues during data collection
related to surface roughness and other challenges, including adhesion and substrate effects.
Improvements in sample preparation will further limit these defects for reliable data collection.

Circular glass slides with the same 30mm diameter as the sample puck should guarantee a more
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consistent glue settling between the glass slide and the aluminum surface. Storing the slides in a
desiccator during crosslinking will better prevent solvent evaporation during gelation, which can
lead to surface roughness. After troubleshooting sample preparation and troubleshooting simple
indentation techniques with the Berkovich tip on the dry SR-PCNs, the samples can be swollen in
different solvents to compare the nanoindentation DMA results with those from the bulk DMA
experiments. Testing wet samples via indentation requires supergluing (cyanoacrylate) the glass
slide (with the samples adhered to the surface) to a low-wall Pyrex petri dish that is then glued to
the aluminum sample puck. The petri dish allows a small amount of solvent to be added to keep
gels submerged during testing, which will be the key to investigating relaxations in the SR-PCNS
swollen in different solvents.
3.2.4.1 Proposed Studies

Nanoindentation may yield higher absolute moduli values than bulk DMA testing because
it probes a smaller volume with a different constraint; however, the technigque captures the same
trends in mechanical behavior with frequency. There is good agreement between nanoindentation
and rheometry for stiffer samples, but these values are typically higher for compliant samples
because when a sample is locally compressed, it pushes against the other molecules in the bulk.?*-
26 In the bulk measurement, the sample can bulge out into the air, resulting in a change in the
Poisson’s ratio of the gel. However, the nanoindentation loss factor is independent of the contact
area because the loss and storage moduli rely similarly on the contact area. A potential
experimental factor in overestimating elastic modulus values is the indentation depth relative to
the gel layer thickness; there is a trend toward decreasing modulus values with increasing

indentation depth for thinner gels.
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Poroelastic Relaxation Indentation (PRI) experiments measure the diffusivity of a polymer
gel at a particular solvent concentration after it reaches chemical equilibrium with the environment
(Figure 3.11a).23%33 Before indentation, the gel (typically disk-shaped) takes up the solvent and
swells to equilibrium. Compressing the gel at a fixed displacement (6) causes the solvent to migrate
in the gel so that the force (F) on the indenter decreases as a function of time until the gel reaches

a new state of equilibrium.® This results in a relaxation in load (P) that is characterized by a

relaxation time (t) (Figure 3.11b)
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Figure 3.11. Poroelastic relaxation indentation (PRI) testing of polymer gels. a) A spherical probe
encounters the gel surface, and the volume directly beneath the probe represents the region where
solvent migration occurs. The interface between the probe and gel, and the gel and substrate, are
considered frictionless. The poroelastic relaxation process is associated with the fluid phase
transport out of the region as defined by the contact area (ma?).3® b) The poroelastic force is a
function of the indentation rate and is space-dependent because it is a function of the size of the
contact area between the indenter and gel. c) In viscoelasticity, polymer molecules move relative
to the network over short-range motion. In poroelasticity, solvent molecules move relative to the
network over a long-range motion. d) Dynamic micro-indentation decouples the viscoelastic and
poroelastic time responses by performing dynamic testing with different contact radii.>” Adapted
from Ref. 33 with permission from Royal Society of Chemistry and Ref. 37 with permission from

Elsevier.
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Indentation of poroelastic gels at a high strain rate or frequency can generate resistive
forces that are functions (linear or nonlinear) of strain rate or frequency of indentation and size of
the contact between the indenter and gel.** The crosslinked polymer network of the gel resists
strains, resulting in the viscoelastic response. The shear viscosity and the shear modulus are
independent of the contact radius, and their ratio determines the viscoelastic time scale. At the
same time, applied strain pushes the mobile molecules of the solvents of the gel (fluid phase)
through the porous, crosslinked network (solid phase) (Figure 3.11c). The energy loss incurred in
moving the fluid through the solid phase results in the poroelastic (also called bi-phasic) response.
Dynamic micro-indentation tests®” on hydrated cartilage measured the dynamic modulus and phase
shift at different contact radii. The phase shift at small radii was governed by poroelasticity, while
the phase shift at large radii was dominantly governed by intrinsic viscoelasticity (Figure 3.11d).
Because the poroelastic peak frequency is inversely proportional to the square of the contact radius,
the effects of the two mechanisms can be uncoupled by performing dynamic testing at different

contact radii.

3.3 Conclusions

Utilizing a metal-template approach for rotaxane synthesis has allowed us to design a route
to access doubly-threaded interlocked materials. The SR-PCN synthesis is highly adaptable in
controlling the number and type of ring (and polymer) components added to the crosslinking
reaction. The ability to control every handle in the system makes this system an infinitely better
platform for the general study of SRNs. In contrast, Ito’s SRN synthesis affords limited control
over the number of crosslinked and uncrosslinked rings in the network. Although these studies use

a tetra-PEG 2.6 and triethylene glycol-based monomer 2.5, the SR-PCN backbone can be changed
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by incorporating different monomers into the NOAC click polymerization. The molecular weight
of the polymer chains, ring size, and the number of doubly-threaded and singly-threaded rings are
all design parameters that will influence the flow of solvent and poroelastic draining in these SR-
PCNs. Future nanoindentation studies on SR-PCNs in different solvents would provide a way to
probe the network locally without worrying about solvent expelling from the gel, like in bulk DMA
testing. The whole suite of testing can be done without handling or changing the sample in any

way, as required for the bulk DMA experiments.
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3.4  Experimental
3.4.1 Materials and Methods

All chemicals were purchased from Sigma-Aldrich and used without further purification
unless otherwise mentioned. Benzophenone imine was purchased from Oakwood Chemical. Zinc
di[bis(trifluoromethylsulfonyl)imide] was purchased from Strem Chemicals and stored in a
nitrogen desiccator. Sodium hydride, dry powder, was purchased from Sigma-Aldrich and stored
in a nitrogen desiccator. 4-arm PEG-Alkyne (5.0 kg/mol) was purchased from Creative
PEGWorks. Solvents for chromatography were purchased from Fisher-Scientific. Deuterated
solvents and nitromethane were purchased from ACROS Organics. Nitrile-oxide monomer 2.5%
and 2,6-bisbenzimidazolylpyridine ligands®® were prepared following literature procedures.
Tetrahydrofuran (THF) was dried over sodium and benzophenone. Dichloromethane was distilled
over calcium hydride before use. Dimethylformamide (DMF) was dried with activated 4A
molecular sieves before use. All synthesized components were stored in a freezer at -8°C before
use.

Compressive Stress Relaxation was performed using a TA Instruments RSA GS2 with the
25 mm compression plate geometry operating in compression. Gel samples (swollen in NMP,
DMSO, or DI water) were cut using a die punch of 16 mm, and an instantaneous strain of 7% was
applied.

Small Amplitude Oscillatory Compression (SAOC) Rheology was performed using a TA
Instruments RSA GS2 with the 25 mm compression plate geometry. Gel samples (swollen in NMP,
DMSO, or DI water) were cut using a die punch of 16 mm and preloaded with 0.025 N to ensure
uniform contact between the sample and plates. Frequency sweeps were performed from 1000

rad/s to 0.01 rad/s with a strain amplitude of 1%.
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Shear Rheology was performed using a Discovery Hybrid Rheometer with the Peltier plate
and solvent trap using the 20 mm sandblasted upper plate. Samples were cut using a die punch of

20 mm. A 0.5 N axial force and 1% strain amplitude were applied.

3.4.2 Synthesis of SR-PCNs 2.8x/ymand 2.8x/vp

The polymerization procedure from Chapter 2 was used to create the SR-PCNs used in this
Chapter: P3R 1:22:Zn(11)2 (Y mol, Table 2.1) and nitrile-oxide 2.5 (0.010 g, 0.0177 mmol) were
dissolved in 95:5 CHCI3:MeCN (~250 pL) and added to a glass shell vial with a stir bar and
capped. The solution was left to stir at room temperature for 4 hours. During the first step, the
ditopic nitrile-oxide monomer 2.5 (2.0 eq) reacts with terminal alkynes on 2.1:2.22:Zn(ll)2, (Y
mol) to form isoxazole prepolymers/oligomers in the presence of the excess monomer (Figure

3.15, top). The covalent gel 2.7 was made by reacting 2.5 and 2.6.
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Figure 3.12. NOAC polymerization of metallated SR-PCNs 2.8x/vm (top) and demetallation with
a dilute solution of tetrabutylammonium hydroxide (TBAOH) to the demetallated SR-PCNSs
2.8x/vp (bottom).
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The 4-arm PEG-Alkyne 2.6 (Mn = 5 kgmol™, X mol) was dissolved in 95:5 CHCl3:MeCN
(~100 pL) then added to the vial. A viscous solution formed within minutes; the stir bar was
removed, and then the vial was capped and left to gel at room temperature for ~48 hours. The gels
dried in a fume hood overnight. The covalent gel 2.7 and the metallated SR-PCNs 2.8x/ym were
washed by submerged in a large beaker full of ~200 mL of chloroform at 48°C on a hot plate. A
watch glass was placed on top of the beaker, and the gels were left heating for 4 hours to ensure
the complete extraction of lower molecular weight components (including unreacted P3R and
prepolymers) into the soluble fraction.
3.4.3 Demetallation Procedure

To demetallate, the washed, metallated SR-PCNs 2.8x/vm were submerged in 35 mL of
chloroform and 5 mL of methanol in a Teflon dish. 10 pL of tetrabutylammonium hydroxide
solution (1M in MeOH) was added dropwise to demetallate the rings (Figure 3.15, bottom). After
20 minutes, the SR-PCNs were transferred to a second Teflon dish containing 40 mL of 50/50
chloroform/methanol for 2-3 hours, changing the solvent every 30 minutes. Then the gels were
submerged in a large beaker full of ~200 mL of chloroform at 48°C on a hot plate. A watch glass
was placed on top of the beaker, and the gels were left heating for 4 hours to ensure the complete
extraction of metal, salts, and any soluble fractions of the network.
3.4.4 Swelling Tests

Metallated SR-PCNSs (i.e., 2.890110m, 2.8s020m, 2.870130m) and the covalent control 2.796 were
submerged in deionized water and N-methyl-2-pyrrolidone (NMP) for 48 hours at room
temperature to allow gels to swell to equilibrium before recording masses to calculate their weight-
based swelling ratio (wt%). The SR-PCN gels were demetallated (2.890/10p, 2.880200, 2.870/300) and

then swollen in water, NMP, and DMSO to determine the swelling ratio, as described below.
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A sieve filtration method was employed to ensure repeatable, reproducible measurement
of swelling, achieved via fast and complete removal of excess fluid from the gel on a wire mesh
sieve using vacuum filtration.?” The mass of a 316 stainless steel wire sieve (250 x 250 mesh size,
0.0024" opening size) was recorded as W1. The metallated (or demetallated) gels were placed in a
vacuum oven overnight at ~25°C, and their dry masses were recorded as Wo. The gels were then
submerged in 15 mL of solvent for 48 hours at room temperature to allow gels to reach their
swelling equilibrium. The swollen gels were poured onto the wire sieve under vacuum to remove
excess solvent from the gel (and sieve), and the mass of the sieve with the gel on it was recorded
as Wa. The average of three weight measurements W was calculated for each sample (and multiple
samples for each X/Y) and used to calculate the swelling ratio from Equation 2.10:

We—W1—Wo

Wo
" X 100% (2.10)

0

Swelling Ratio (Wt%) =

which is based on the weight of the dry gel (Wo) and that of a wire mesh (W3).
3.4.5 Nanoindentation

Preliminary nanoindentation was performed using an FT-104 Femto-Indenter from
FemtoTools, a brand-new instrument of the Materials Research Science and Engineering Center
(MRSEC) at the University of Chicago. Preparing gel samples in vials leads to thicker samples
with varying surface heights and roughness on the dried surface, and gluing the sample strips to
the aluminum can lead to worsening effects. No cryo-microtome is available at the University of
Chicago, which would help achieve reliable sample thickness with smooth surfaces. However,
changing the SR-PCN sample preparation did provide more consistent samples. Gelation was
performed by dropping the SR-PCN gel mixture (directly after adding the covalent crosslink) onto
an alkyne-functionalized glass slide to fix it directly to the surface. Glass slides were dipped into

a solution of nitric acid and washed with deionized water, then dried at room temperature under

132



nitrogen. The surface was treated with a drop of O-(propargyl)-N-(triethoxysilylpropyl) carbamate
(OPTC) and left to react for ~2 hours. A second glass slide was coated with a drop of Teflon
solution (from Dr. Joe Dennis) and put into the oven for 20 minutes at 90°C. This second glass
slide was placed on top of the drops, which helped ensure a smoother sample surface after
crosslinking and placed in a petri dish with a small chloroform bath to prevent solvent evaporation
during gelation (~48 hours) (Figure 3.11c). The top slide was removed, and the bottom slide with
the samples was left to dry at room temperature. The bottom slide was glued onto the aluminum

sample puck with cyanoacrylate for indentation testing.
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4 Optimizing Nitrile-Oxide/Alkyne Cycloaddition (NAOC) Polymerization of Main-
Chain Polyrotaxanes
4.1  Introduction

Singly-threaded [2]rotaxanes have been synthesized in the literature via metal-templating
using triaryl stopper groups.>? It has been shown that it is important to match the size of the ring
with the size of the stopper groups. For example, a 33-membered phenanthroline ring was found
to form a stable [2]rotaxane at 60°C in chloroform-d with tris(biphenyl)methyl stopper moieties
(Figure 4.1). However, a slight increase in ring size from 33 to 37 atoms resulted in a dissociation
of the rotaxane at 60°C in a process that has been termed slippage, and the 41-atom ring resulted
in no interlocked product. Increasing the temperature (e.g., 130°C in 1,1,2,2,-tetrachloroethane-
d2) results in faster slippage of the rotaxanes. Adding substituents (R) to the biphenyl moiety
provided a series of different stopper sizes to probe the dissociation of the [2]rotaxane further. The
half-life of the original tris(biphenyl)methyl stoppered rotaxane (R = H) was less than 30 minutes,
however adding ethyl to the biphenyls slowed the half-life to 1.1 hours. Attaching cyclohexyl

moieties to the stopper slowed [2]rotaxane dissociation to 35 hours.®

Pseudo[2]Rotaxane Phenanthroline [2]Rotaxane
BN (A ) f\rc‘cﬂ»,ow Ring Size Stopper “R” Rotaxane Yield Half-life (130°C)
P 33(n=6) H 62% <05h
NA 37 (n=28) H 34% Unstable at 60°C
_— S
4 41 (n=10) H Not isolated
19 & 4
- L 45 (n=12) H Not isolated
A 33 Et 60% 20% dissoc. after 240h
. 37 Et 64% 1.1h
N
Assemble L 41 Et Not isolated -
= é ﬁ 33 Cy 51% No dissoc. after 240h
< 2. Remove 37 cy 54% 35h
Pseudo metal al c Not isolated
[2]Rotaxane Y otisolate

Figure 4.1. Synthesis of [2]rotaxanes through metal-ligand binding and the relationship between
the size of the stopper and ring components that affect the interlocked rotaxane’s stability. Adapted
from Ref. 3 with permission from American Chemical Society.
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The Nitrile-Oxide/Alkyne Cycloaddition (NAOC) stoppering chemistry has been utilized
by Takata to synthesize [2]rotaxanes* and [2]catenanes® by reacting a variety of
pseudo[2]rotaxanes with nitrile-oxide moieties to generate chemically stable isoxazoline,
isoxazole, and oxadiazole units in the absence of any catalyst. The pseudo[2]rotaxanes were
assembled from dibenzo-24-crown-8-ether (DB24C8) and sec-ammonium salt axle molecules that
possess alkene, alkyne, or nitrile terminal groups which react with nitrile-oxide.
Benzohydroxamoyl chloride moieties can form nitrile-oxide moieties in situ; however, this process
requires a catalyst such as triethylamine, silver triflate, or 4A mol sieves that limits interlocked
yield. Employing a stable nitrile-oxide end-capping agent provided rotaxane yields of up to 97%
without requiring a catalyst. Increasing the reaction temperature resulted in faster reaction times
but a decrease in yield on account on the entropy-driven dissociation of the pseudorotaxane.*

The reactivity of the terminal group on the pseudo[2]rotaxane affects the bond formation

with the nitrile-oxide stopper. Adding a phenyl extension between the ring complex and terminal
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Figure 4.2. a) Optimizing NOAC stoppering of [2]rotaxanes by extending an alkyne group away
from the pseudorotaxane complex to limit steric hindrance and produce chemically stable
isoxazole linkages.* b) Click annulation of a pseudo[2]rotaxane to a [2]catenane with stable nitrile-
oxide monomer.® ¢) NOAC click polymerization of poly[2]- and poly[3]rotaxanes from ditopic
acetylene [2]- and [3]rotaxanes and (in situ or stable) ditopic nitrile N-oxide monomers.® Adapted
from Refs. 4, 5, and 6 with permission from American Chemical Society.
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alkyne (or alkene) increased rotaxane yield from 78% to 98% (Figure 4.2a). The stability of the
cycloadduct also influences the interlocked yield. Isoxazoles and isoxazolines form stable carbon-
carbon bonds between pseudorotaxanes and stoppers; however, the basicity of the oxadiazoles
formed from terminal nitriles causes decomposition of the pseudorotaxanes, accounting for the
lower 24% yield.

The double end-capping reaction of two terminal alkynes on a similar complex formed
[2]rotaxanes with nitrile-oxide stoppers in high (86%) yield. A click annulation reaction of the
same pseudo[2]rotaxane with a homoditopic nitrile-oxide generated [2]catenanes under more
dilute conditions.®> A central gem-dialkyl group induces steric hindrance that favors ring closure
and intramolecular reactions, making this particular homoditopic nitrile-oxide attractive for ring-
closing polycatenane materials (Figure 4.2b). Various interlocked architectures, including main-
chain poly[2]-and poly[3]rotaxanes,® have been accessed using NAOC click chemistry,
highlighting its ability to assemble topologically intricate materials from complex monomers
without side reactions (Figure 4.2c). NAOC click is a high-yielding reaction, multi-arm star
polymers have been reported with conversions over 99%,” making it ideal for accessing enough
material to investigate the unique properties and functions resulting from the nature of the
mechanical bond.

This chapter explores the use of the catalyst-free nitrile-oxide/alkyne cycloaddition
(NOAC) in the synthesis of [2]rotaxanes by reacting a metal-coordinated bis-alkyne

pseudo[2]rotaxane (P2R) and a nitrile-oxide-containing stopper group (Figure 4.3).
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Figure 4.3. Pseudo[2]rotaxane metal-template assembly from a bis-alkyne thread and 36-atom
monotopic ring, and NOAC stoppering with a stable nitrile-oxide triaryl stopper group to form the
[2]rotaxane after demetallation.

Following the [2]rotaxane proof-of-concept studies, the same stoppering conditions were
exploited for the NOAC polymerization of main-chain polyrotaxanes with the nitrile-oxide
monomer (2.5) used to develop SR-PCNs in Chapter 2. The work detailed in this chapter will guide
current and future Rowan Group members in synthesizing new SR-PCN architectures using

stoppers (instead of covalent crosslinks used in Chapter 2) to keep rings threaded in the network.

4.2  Results and Discussion
4.2.1 Design of [2]Rotaxane Components

A ligand-based [2]rotaxane system optimized the reaction between alkyne-terminated
thread components with a nitrile-oxide stopper. The diagnostic *H-NMR singlet for a terminal
alkyne and the singlet on the corresponding isoxazole cycloadduct allows for facile monitoring of
the stoppering step. Bis-alkyne Bip thread 2.2 (Figure 4.4a, left) and a bis-alkyne 2’2-bipyridyl
(Bipy) thread 4.1 Figure 4.4a, right) were synthesized for preliminary dumbbell (thread + stopper)
and [2]rotaxane (P2R + stopper) stoppering experiments. [2]Rotaxanes were also assembled from

the smaller Bipy thread in anticipation of smaller ring cavities that might not be able to thread the
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Figure 4.4. [2]Rotaxane Components: a) bis-alkyne threads 2.2 (Bip) and 4.1 (Bipy), b) 36-atom
(4.3 and 4.8) and 38-atom (4.5) monotopic rings, and c) stable nitrile-oxide triaryl stopper 4.13
See Experimental for synthetic details of each component.

bulkier Bip moiety. Extending the terminal alkynes away from the ligand site with (six carbon)
alkyl chains ensures minimal interference with the metallated ring complex.

The flexible nature of the macrocycle synthesis is advantageous as we can change the
number of ligand sites to access singly-threaded and doubly-threaded rings. Smaller, monotopic
rings can be synthesized using Bip and a shorter ethylene glycol linker by adapting a standard
crown ether literature procedure.® Previous [3]catenane work in the Rowan Group® employed a
62-atom macrocycle ligated with one (phenyl-extended) Bip moiety and an ethylene glycol linker.
Similarly, 36-atom 4.3 (Figure 4.4b, top) was synthesized from non-extended Bip and a benzoate
linker with six total ethylene glycol units. The benzoate moiety provides a reactive site that can
functionalize monotopic rings to react together or be incorporated into different dynamic and

interlocked systems. Phenyl-extended Bip and a similar benzoate linker with four total ethylene
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glycol units did not form the 38-atom 4.5 (Figure 4.4b, middle) as expected. Based on the MALDI-
TOF of the column fractions, 4.5 was predominately dimer. Furthermore, a more significant shift
in the NMR spectrum would be expected for the monotopic vs. ditopic (dimer) ring (see
Experimental). The 38-MC is too strained because the benzoate linker is too short, preventing the
formation of 4.5 during the ring-closing reaction. Therefore, the 36-atom synthesis was further
optimized by removing the benzoate group susceptible to transesterification during the linker
synthesis and replacing it with benzene (Paul Jokinen, a previous member of the Rowan Lab,
successfully performed the reverse transesterification process by simply refluxing the product in
methanol to regenerate the desired methyl benzoate group). Shortening the alkyl tails on Bip from
butyl to ethyl improved purification significantly, permitting recrystallization of the oily product
4.8 (Figure 4.4b, bottom).

A stable nitrile-oxide moiety was chosen for stopper 4.13 (Figure 4.4c) to promote better
yields over the in situ approaches that use benzohydroxamoy! chloride to form the nitrile-oxide.?*®
Generally, nitrile-oxides are labile and dimerize easily to form furoxans if not sufficiently hindered
by bulky substituents. For example, benzonitrile oxide dimerizes quickly to diphenyl furoxan,
whereas ortho-disubstituted benzonitrile-oxides are highly stable and reactive. Biphenyl groups
have been proven sufficient for stabilizing nitrile-oxides, commonly achieved by reacting nitro
groups with phenyl isocyanate under basic conditions to generate nitrile-oxides (Figure 4.5).1%%2
As such, nitrile-oxide 4.13 was synthesized through the SN2 reaction of 1,1-diphenylnitroethene?

(2.3) with hydroxy chain ends on the stopper moiety to provide a nitro group for the nitrile-oxide

forming reaction (see Experimental).
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Figure 4.5. The final nitrile-oxide forming step? is a reaction of aliphatic nitro compounds with
phenyl isocyanate to give aniline and carbon dioxide; two slightly different mechanisms are
proposed, and the last step might not be concerted. When 4-chlorophenyl isocyanate is employed,
the reaction forms a 1,3-bis(4-chlorophenyl)urea byproduct that crashes out as the reaction
proceeds. Adapted from ChemTube3D by Nick Greeves licensed under a Creative Commons
Attribution-Noncommercial-Share Alike 2.0 UK: England & Wales License.

Bip (4.14) and Bipy (4.15) dumbbells (Figure 4.6) were synthesized from the alkyne-
terminated threads 2.2 and 4.1 and excess nitrile-oxide stopper 4.13. The diagnostic *H-NMR
singlet for a terminal alkyne at ~2.0 ppm and the singlet on the corresponding isoxazole dumbbell

cycloadduct at ~6.0 ppm allows for facile monitoring of the stoppering step (see Experimental).
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Figure 4.6. Synthesis of a) Bip (4.14) and b) Bipy (4.15) dumbbells from threads 2.2 and 4.1 using
an excess of nitrile-oxide stopper 4.13. Components are dissolved in 3:1 chloroform:acetonitrile
at [25mM] and left to stir at room temperature for 24 hours.
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4.2.2 Synthesis of [2]Rotaxanes

A Bip-based [2]rotaxane 4.16 (Figure 4.7a) and Bipy-based [2]rotaxane 4.17 (Figure 4.7b)
were synthesized by reacting P2Rs with stopper 4.13 and then demetallating with a dilute base
solution to remove the metal. Pseudo[2]rotaxanes were assembled by titrating a solution of
Zn(NTf)2into a 1:1 solution of 4.8:2.2 or 4.8:4.1 to form Bip-P2R 4.8:2.2:Zn(ll) (Figure 4.7) or
Bipy-P2R 4.8:4.1:Zn(ll) (Figure 4.8). The template-directed assembly of the desired P2R was
confirmed by the downfield shift of the aromatic Bip protons on 4.8 and 2.2 and the Bipy protons

on 4.1 in the NMR spectrum after adding one equivalent of Zn?* (see Experimental).
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Figure 4.7. Partial tH-NMR overlay (500 MHz, 25°C, Solvent: 0, 7.5, 10.5, 12.75, 15% d3s-MeCN
in CDCls increasing upwards) of metal addition to form 4.8:2.2:Zn(11).
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Figure 4.8. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 6, 9, 13.5, 15% d3-MeCN in
CDCls increasing upwards) of metal addition to form 4.8:4.1:Zn(ll).

NOAC stoppering of the bis-alkyne P2Rs followed by demetallation was carried to target
the [2]rotaxanes 4.16 (Figure 4.9a) and 4.17 (Figure 4.9b) resulting in products in good (~82%
crude, interlocked) yield. Shifts in the Bip [2]rotaxane 4.16 arise from the ring current of aromatic
groups, resulting in upfield-shifted peaks in the interlocked product (Figures 4.10). MALDI-TOF
further confirms the interlocked [2]rotaxane structure, showing a strong peak at 3615 m/z as

expected for 4.16 (Figure 4.11).
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Figure 4.10. Partial *H-NMR overlay (500 MHz, 25°C, CDCls) of Bip [2]rotaxane 4.16. The top
NMR spectrum corresponds to the crude, demetallated 4.16. The bottom four spectra correspond
to indicated components and starting materials for comparison. Upfield shifted peaks from the
interlocked product are highlighted in yellow.
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Figure 4.11. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of Bip [2]rotaxane 4.16.

The upfield shifted NMR peaks in the Bipy [2]rotaxane 4.17 spectrum also suggest
[2]rotaxane formation (Figure 4.12). The meta-Bip protons on the macrocycle in 4.17 (i.e., 4.8)
undergo the same chemical shift from 8.20 — 8.04 ppm as in 4.16. MALDI-TOF also confirms the
formation of interlocked 4.17 (Figure 4.13). The successful formation of 4.16 and 4.17 shows that
different bis-alkyne ligands (i.e., thread 2.2 and 4.1) can be employed in this system.

Although the stoppering reaction appears quantitative via NMR, the overall interlocked
yield for Bip 4.16 was found to be ca. 82%, consistent with the poly[n]catenanes** and
[3]rotaxanes®® that have been reported using the same Bip ligand moiety. The stability of the
[2]rotaxane architecture was tested by heating (crude) 4.16 in CDCls (50mM, 50°C) and
monitoring the aromatic Bip peaks via H-NMR over 45 days (Figure 4.14). A slow increase in
the aromatic peaks of ring 4.8 (pink) and thread 2.2 (blue) and the corresponding decrease in the

interlocked peaks suggests slow slippage of 36-atom 4.8 over stopper 4.13, resulting in 53%
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NMR spectrum corresponds to the crude, demetallated 4.17. The bottom four spectra correspond

to indicated components and starting materials for comparison. Upfield shifted peaks from the
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Figure 4.13. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of Bipy [2]rotaxane 4.17.
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Figure 4.14. Partial 'H-NMR overlay (500 MHz, 25°C, CDCls, d1=5s) of crude 4.16 (82%
interlocked) slippage experiment with 4.8 (pink) and 4.14 (blue) for comparison (left). Slippage
data was plotted after heating for 45 days at 50°C, showing 53% interlocked 4.16 (right). The
experiment was stopped after 45 days.

interlocked 4.16 after 45 days (the slippage was not monitored past 45 days). A larger stopper will
be discussed in Chapter 7 for accessing fully interlocked MIPs with doubly-threaded rings.

The [2]rotaxane stoppering experiments discussed here show that [2]rotaxanes can be made
from 36-atom 4.8 and triaryl stopper 4.13, thus serving as a proof-of-concept for the NOAC
polymerization of main-chain polyrotaxanes from P2R.

4.2.3 Synthesis of Main-Chain Polyrotaxanes

Polyrotaxanes have a variety of attractive material properties but continue to be
synthetically challenging. Catalyst-free NOAC click polymerization overcomes these challenges
by assembling main-chain polyrotaxanes from a simple mixture of components. The [2]rotaxane
experiments discussed above verified NOAC as a viable approach for stoppering; the subsequent
click polymerization studies will help optimize the polymerization conditions used to assemble
doubly-threaded MIPs using stoppers and singly-threaded (monotopic) rings. Template synthesis
affords control over the number of rings on the polymer backbone, achieved simply by controlling

the feed ratio of bis-alkyne P2R 4.8:2.2:Zn(ll) (Z mol%) and thread 2.2 (Y mol%) with a
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poly(ethylene glycol) (PEG) based macromonomer (X mol%) and nitrile-oxide monomer 2.5 (1.0

mol) to form polyrotaxanes (Figure 4.15).
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Figure 4.15. a) NOAC polymerization of difunctional monomer 2.5 (1.0 eq.) with varying amounts
of linear PEG (7300 g/mol, X mol%), bis-alkyne Bip 2.2 (Y mol%), and P2R (4.8:2.2:Zn(ll), Z
mol%) and excess stopper 4.13 affords b) dumbbell polymers (i.e., 4.19) when 4.8:2.2:Zn(l1) and
2.2 are omitted, and main-chain polyrotaxanes (PRs) (i.e., 4.24) from varying amounts of thread
2.2 and P2R 4.8:2.2:Zn(I1).

NMR was used to monitor the NOAC polymerization by tracking the decrease in alkyne
peaks and the growth of isoxazole peaks with the addition of components. Low ring density (4.23-
PR25) and higher ring density (4.23-PR50) metallated polyrotaxanes were made by varying the
molar ratio of components (Table 4.1).

The broadening of peaks in Figure 4.16 associated with P2R and thread in the aromatic
(yellow) and upfield alkyl (dark blue) region verifies polymer formation. The broader alkyl peaks

share the same chemical shifts as those in the Bip dumbbell 4.14, consistent with the
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Table 4.1. Feed

ratio of components for NOAC polymerization of metallated
pseudopolyrotaxanes.

) P2R
Sample | Monomer 2.5 1kA1EyrE;I:EC1};/) Bl?;ﬁeiod/g'z 4.8:2.2:Zn(1l)
alkyne 0170 0170 (Z 1’1101%)
0.0050 g 0.0377 g 0.0032 g
4.23-PR0O | 0.0089 mmol 0.0052 mmol 0.0044 mmol 0
X =0.583 Y =0.500
4.23- 0.0050 g 0.0377 g 0.0024 g 0.0023 g
PR25 0.0089 mmol 0.0052 mmol 0.0033 mmol 0.0011 mmol
X =0.583 Y =0.375 7 =0.125
0.0377 g 0.0016 g 0.0046 g
B g 1 0.0052mmol | 0.0022mmol | 0.0022 mmol
’ X =0.583 Y =0.250 Z=0.250

4.23-PR50

4.23-PR25

4.23-PRO

L
L L

L

‘ isoxazoles

Bip

4.8:2.Z:Zn’II) "
=
a8 e i
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Figure 4.16. *H-NMR (500 MHz, d1=5s, 25°C, CDCls) overlay of 4.23-PRO (precipitated) and
metallated Bip polyrotaxanes, 4.23-PR25 and 4.23-PR50, (precipitated) with indicated
components for comparison. The metallated Bip region is highlighted in yellow, the isoxazoles in
red (closer to stopper) and light blue (between monomer and P2R), polymeric Bip thread 2.2
components in dark blue, and the alkyne singlet in purple.
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polymerization of Bip components 2.2 and 4.8:2.2:Zn(11). Prominent isoxazole singlets at 6.15
and 5.93 ppm, and the disappearance of alkyne peaks at 1.9 ppm (4.8:2.2:Zn(11)) and 2.00 ppm
(2.2), also prove successful NOAC click. The growth of new signals at 6.00, 6.04, and 6.08 as the
amount of pseudo[2]rotaxane increases indicates multiple isoxazole environments along the
backbone, as expected from NOAC polymerization of different components.

Precipitation removed excess stopper 4.13, a small amount of macrocycle 4.8 and lower
molecular weight products from 4.23-PR25 and 4.23-PR50 before demetallation (see
Experimental). Gratifyingly, we see the retention of isoxazole (red and light blue) and polymeric
Bip peaks (dark blue) after demetallation (Figure 4.17), although the smaller isoxazole signals are
now buried under the (demetallated) macrocycle peaks (~6.1 ppm, pink).

isoxazoles

1f | !

4.24-PR50 H
4.24-PR25 H

4.24-PRO

T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

Figure 4.17. *H-NMR (500 MHz, d1=5s, 25°C, CDCls) of demetallated Bip polyrotaxane, 4.24-
PR25 and 4.24-PR50 (and 4.24-PRO0), with indicated components for comparison. Peaks
corresponding to the macrocycle 4.8 are highlighted in pink, polymeric Bip peaks in dark blue,
and the metallated aromatic region in yellow. The isoxazole units closer to the stopper are in red,
and the isoxazoles in the backbone are in light blue.
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Figure 4.18. GPC traces of demetallated 4.24 polyrotaxanes.

The GPC traces in Figure 4.18 confirm the presence of a higher molecular weight product
for 4.24-PR50. There is also free macrocycle (4.8) which suggests some dethreading because of
the small stopper size.

Although full retention of rings was not achieved for the demetallated PRs, a series of
metallated polyrotaxanes with different ring densities was successfully prepared. One possible
explanation is the stability of the pseudo[2]rotaxane complex in excess bis-alkyne Bip thread 2.2;
there is an increased likelihood of forming 2:1 Bip:Zn?* complexes, i.e., 2.22:Zn(11), and the free
(unbound) macrocycle 4.8 in solution. As such, metallated PR 4.25 was made by polymerizing the
pseudorotaxane complex 4.8:2.2:Zn(11) and the bis-nitrile-oxide monomer (2.5) without bis-
alkyne Bip thread 2.2, to combat the potential formation of 2.22:Zn(ll) and free 4.8 during the
polymerization. The expected broadening of peaks, the disappearance of alkyne signals, and the
growth of singlets in the isoxazole region of the NMR spectrum (Figure 4.19) confirm the
formation of 4.25. The more prominent isoxazole peak at 5.93 ppm likely corresponds to the
isoxazole linkage between the P2R and monomer units. The metallated polyrotaxane was

successfully precipitated from a mixture of cold hexanes/chloroform (6/1 v/v); the NMR spectrum
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Figure 4.19. 'H-NMR (500 MHz, d1=5s, 25°C, CDCls) overlay of metallated Bip polyrotaxane
4.25 (crude, supernatant, precipitate) with indicated components for comparison. Peaks
corresponding to the macrocycle 4.8 are highlighted in pink, polymeric Bip in dark blue, and the
metallated aromatic region in yellow. The alkyne peak is highlighted in purple to show the full
disappearance upon stoppering 4.8:2.2:Zn(11). The isoxazole units closer to the stopper are in red,
and the isoxazoles in the backbone are in light blue.

for the supernatant solution shows a mixture of components and lower molecular weight
compounds (Figure 4.19).

PR 4.25 was demetallated to form PR 4.26, precipitated in cold methanol, and analyzed via
NMR (Figure 4.20). The supernatant was predominately macrocycle 4.8 (pink) and other lower
molecular weight Bip products (blue). The free (unbound) thread was exempt from this reaction
to ensure the stability of the P2R complex in the solution. Integrating the meta-pyridyl Bip peaks
in 4.26 reveals a similar ratio of components as that calculated for 4.24-PR25. The low ring
retention resulting from this experiment suggests the system needs further optimization. Ring size
is one potential issue, but this can also be combatted with a larger stopper group that will be

discussed in Chapter 7.
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Figure 4.20. Partial *H-NMR (500 MHz, d;=5s, 25°C, CDCIs) overlay of demetallated Bip
polyrotaxane 4.26 (middle spectrum) with metallated 4.25 (bottom spectrum) and the demetallated
wash (top spectrum). Polymeric meta-pyridyl Bip peaks are in dark blue, and the meta-pyridyl Bip
peaks on 36-atom macroycle 4.8 is in pink.
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The different binding geometry in Bip:Bipy:Zn(l1) and Bip:Bip:Zn(ll) could affect how the
ring binds to the thread. The smaller Bipy ligand also has a better chance of threading through the
tighter rings required for this triaryl stopper size. Investigating the polymerization
of 4.8:4.1:Zn(11) with nitrile-oxide monomer 2.5 and assessing the extent of dethreading will help
determine if the Bipy complex should be used to synthesize polyrotaxanes moving forward. This
experiment used a slight excess of P2R (1:1.09 2.5: 4.8:4.1:Zn(l1)) to ensure alkyne end groups;
further increasing the stopper amount added should also encourage complete stoppering of all
polymer products.

The metallated region in the polyrotaxane 4.27 NMR spectrum cleans up nicely like the
metallated [2]rotaxane 4.17 (8.9 - 8.1 ppm, Figure 4.21); the macrocycle shifts upfield as seen in

the [2]rotaxane system, suggesting a more interlocked environment. The para- and meta-pyridyl
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Bip protons on 4.8 shift upfield to the same region as the metallated pyridyl peaks on Bipy
thread 4.1, suggesting the stoppering of the ring as it is more confined to the Bipy environment.
The shift also hints at a high ring density for the polymer; rings held closer along the backbone are
more confined to the Bipy backbone. As expected for PR, there are more isoxazole peaks in the
range (5.55 — 5.95 ppm) because there are more isoxazole sites along the polymer
backbone. 4.27 has similar chemical shifts as the metallated [2]rotaxane 4.17; however, the peaks
are broader, indicating the formation of polymer products.

The crude metallated [2]rotaxane and polyrotaxane contain doublets corresponding to the
bipyridyl peaks of 4.1, hinting at the formation of free (unbound) thread during the polymerization
(dark blue, Figure 4.21). Free Bipy could result from the formation of 4.12:Zn(l1) in solution or

the instability of the Bipy:Bip pseudo[2]rotaxane complex. Stronger metal-ligand interactions
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Figure 4.21. 'H-NMR (500 MHz, di=5s, 25°C, CDCls;) overlay of pseudo[2]rotaxane
4.8:4.1:Zn(l11) with metallated 4.17 (crude and washed) and metallated Bipy polyrotaxane 4.27
(crude and washed). The alkyne peak is highlighted in purple to show the full disappearance upon
stoppering 4.8:4.1:Zn(l1). The metallated aromatic region is highlighted in yellow, the isoxazole
units closer to the stopper in red, and the isoxazoles in the backbone in light blue. The meta-pyridyl
peaks on free (unbound) Bipy thread 4.1 are highlighted in dark blue.
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could solve this issue, perhaps with a different metal ion (i.e., Fe?*) that demetallates under the
same conditions as Zn?*.

The demetallated (crude) 4.28 has similar chemical shifts as the demetallated
[2]rotaxane 4.17, suggesting retention of macrocycles on the backbone (Figure 4.22). However,
there is also evidence of free 4.8 in the NMR spectrum, so full ring retention was not achieved,

likely because of the small stopper size.
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Figure 4.22. 'H-NMR (500 MHz, d1=5s, 25°C, CDCIs) overlay of the crude demetallated Bipy
polyrotaxane 4.28 with the demetallated wash (top spectrum) and indicated components for
comparison. The dashed pink lines correspond to free (unbound) macrocycle 4.8, and the black
dashed lines show the expected shift in peaks for the interlocked ring (highlighted in pink) and the
Bipy polymer backbone (dark blue). The isoxazoles in the polymer backbone are highlighted in
light blue, showing a shift compared to the non-interlocked dumbbell product 4.15.

GPC traces confirm the formation of a higher molecular weight 4.28 product (black)
compared to the stopper (green) and ring (pink) components (Figure 4.23). Evidence of unbound
(free) macrocycle 4.8 in the crude 4.28 confirms what was observed in the NMR spectrum. The

molecular weight is less than 10,000 g/mol; however, ring slippage is expected based on the
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Figure 4.23. GPC (3:1 THF:DMF) of the crude demetallated Bipy polyrotaxane 4.28 (black) with
stopper 4.13 (green) and macrocycle 4.8 (pink) for comparison.

metastability of the [2]rotaxane, which accounts for the free macrocycle. The crude 4.28 was
precipitated and analyzed via GPC; there was a significant decrease in molecular weight and an

increase in 4.8 ~18.5 minutes, indicating ring slippage (Figure 4.24).
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Figure 4.24. GPC (3:1 THF:DMF) of the crude demetallated Bipy polyrotaxane 4.28 (black) and
4.28 precipitate (purple) and 4.28 supernatant (dark red).
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4.3  Conclusions

Nitrile-oxide/alkyne cycloaddition (NOAC) provides optimal stoppering conditions for
assembling [2]rotaxanes from bis-alkyne P2R and nitrile-oxide stoppers. A series of polyrotaxanes
with different ring densities was synthesized by alternating the ratio of thread (2.2) and P2R
(4.8:2.2:Zn(11)); However, there is evidence of unbound macrocycle 4.8 in the NMR spectrum.
These Bip-based PRs did not show an interlocked shift in the NMR spectrum. In contrast, the crude
Bipy PR 4.28 has similar chemical shifts as the demetallated [2]rotaxane 4.17, suggesting ring
retention along the backbone. The bulkier Bip ligand in 2.2 could slow down or hinder the
formation of the desired pseudo[2]rotaxane. In addition to size, the synthesis of rotaxanes relies
on the conformation of the stopper and macrocycle that influences the stability of the fully
interlocked [2]rotaxane.?® For example, it has been postulated that the efficiency of the threading
reaction might decrease due to the flexibility of the macrocyclic component. Thus, the flexible
ethylene glycols in 4.8 could adopt a bent (folded) conformation, and larger, more flexible rings
should be avoided to ensure the stoppering reaction proceeds with the threaded ring.

This chapter focused on designing a highly variable NOAC polymerization of main-chain
polyrotaxanes; altering the ratio of P2R and other components added to the reaction results in
polyrotaxanes with varying amounts of rings (Figure 4.25a). This system can also target doubly-
threaded SRNs by introducing a pseudo[3]rotaxane into the polymerization to form 1.29 after
stoppering and demetallation to remove metal ions from the interlocked network (Figure 4.25b).
The protocols developed here are already being implemented in the Rowan Group to form 1.29

using bis-alkyne components and nitrile-oxide stoppers, to be discussed in Chapter 7.
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Figure 4.25. Extending NOAC polymerization of P2R to SRN 1.29 with free rings. a) Optimizing
the synthesis of main-chain polyrotaxanes from NOAC polymerization of P2Rs will serve as a
model for b) synthesizing fully interlocked SRNs with varying amounts of free rings to study the
effect of ring density on mechanical properties.
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4.4  Experimental
4.4.1 Materials and Methods

All chemicals were purchased from Sigma-Aldrich and used without further purification
unless otherwise mentioned. Benzophenone imine was purchased from Oakwood Chemical. Zinc
di[bis(trifluoromethylsulfonyl)imide] was purchased from Strem Chemicals and stored in a
nitrogen desiccator. Sodium hydride, dry powder, was purchased from Sigma-Aldrich and stored
in a nitrogen desiccator. Alkyne-PEG-Alkyne, MW 5K was purchased from Creative PEGWorks
and characterized via *H-NMR and MALDI-TOF to determine a more accurate molecular weight,
approximating 7300 g/mol. Solvents for chromatography were purchased from Fisher-Scientific.
Deuterated solvents and nitromethane were purchased from ACROS Organics. 1,1-
Diphenylnitroethene®® and 2,6-bisbenzimidazolylpyridine ligands'’ were prepared following
literature procedures. Tetrahydrofuran (THF) was dried over sodium and benzophenone.
Dichloromethane was distilled over calcium hydride before use. Dimethylformamide (DMF) was
dried with activated 4A molecular sieves before use. All synthesized components were stored in a
freezer at -8°C before use.

Matrix Assisted Laser Desorption/lonization Mass Spectrometry (MALDI-TOF MS) was
measured by a Bruker Ultraflextreme MALDI-TOF-TOF spectrometer in linear (or reflectance)
mode using dithranol or trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) as matrix and sodium trifluoroacetate or silver trifluoroacetate as ionizer (or no ionizer).

Room Temperature Nuclear Magnetic Resonance Spectroscopy was performed using a
Bruker Ascend AVANCE IIl 500 MHz spectrometer, a Bruker AVANCE 11+ 500 MHz

spectrometer, or a Bruker DRX 400 MHz spectrometer at the University of Chicago NMR
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facilities. *H NMR spectra were referenced to the residual protonated solvent signal and *C{*H}
NMR spectra were referenced to the deuterated solvent carbon resonance signal.

Gel Permeation Chromatography (GPC) measurements were performed using a Shimadzu
autosampler, Shimadzu HPLC LC20-AD pump, 2 Agilent PLgel 5 um MIXED-D + guard SEC
columns, and a Wyatt Optilab TrEX differential refractive index detector at the University of
Chicago Soft Matter Characterization Facility. Measurements were conducted at 25°C using THF
or 3:1 THF:DMF as eluent (flow rate = 1 mL/min).

4.4.2 Synthetic Procedures

4.4.2.1 Synthesis of bis-alkyne Bipy 4.1

G
CI/\/\/// 5 C\ O\/E\/\QH
(5 equiv) A‘ _N p F
5 K,CO4 - N
Kl (cat.) X o/\/\/
DMF [100mM]
Ar, 70°C, 48h 4.1

2,2'-Bipyridine-6,6'-diol (1.0 g, 8.46 mmol), K>CO3 (5.85 g, 42.31 mmol), and Kl (catalytic
amount) were added to a 100 mL round bottom flask under argon. Dry DMF (33.85 mL) was
injected, and the flask was placed into a heating block and heated to 70°C. Once the solution
reached temperature, 6-chloro-1-hexyne (5.13 mL, 42.31 mmol) was injected dropwise. After 48
hours, the reaction was cooled to room temperature and then precipitated dropwise into cold DI
water. The white solid was collected by filtration and subsequently recrystallized in a mixture of
chloroform and methanol to yield 6,6'-bis(hex-5-yn-1-yloxy)-2,2'-bipyridine 4.1 in 95% yield by
mass. 'H NMR (500 MHz, CDCl3) § 7.95 (dd, J = 7.4, 0.8 Hz, 2H, A), 7.67 (dd, J = 8.2, 7.4 Hz,
2H, B), 6.72 (dd, J = 8.2, 0.8 Hz, 2H, C), 4.45 (t, J = 6.4 Hz, 4H, D), 2.30 (td, J = 7.1, 2.7 Hz, 4H,

E), 2.00 — 1.91 (m, 6H, G+H), 1.80 — 1.70 (m, 4H, F). *C NMR (101 MHz, CDCl3) § 163.31,
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153.58, 139.34, 113.66, 111.17, 84.41, 68.67, 65.21, 28.28, 25.38, 18.39. MS (MALDI, positive):

m/z 347 ([M]).
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Figure 4.26. H-NMR (400 MHz, 25°C, CDCls) of bis-alkyne Bipy 4.1.
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Figure 4.27. MALDI-TOF MS (Dithranol) of bis-alkyne Bipy 4.1.
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4.4.2.2 Synthesis of benzoate 36-atom macrocycle 4.3

Q H
O §oNes
o) o) E
N\ N\ O/\yD
OTs O O OTs
OH . O
0 (5 equiv.) o)
C A
OMe 4 Cs,CO,4 OMe
OH DMF [100mM] o)
Ar, 40°C, 24h o/
o_/
oTs_/
4.2

Triethylene glycol di(p-toluenesulfonate) (13.6 g, 29.7 mmol), Cs2COs (7.75 g, 23.8 mmol), and
dry DMF (30 mL) were added to a 250 mL round bottom flask equipped with an addition funnel.
The reaction was placed under argon flow and heated at 40°C. Once the solution reached
temperature, a solution of methyl 3,5-dihydroxybenzoate (1.0 g, 5.95 mmol) in 30 mL dry DMF
was added to the addition funnel and slowly added dropwise. After 24 hours, the reaction was
cooled to room temperature and DMF was removed in vacuo. The remaining residue was triturated
with chloroform, and the filtrate was collected after vacuum filtration. The solvent was removed
in vacuo and the resulting oil was purified using column chromatography (silica gel, 3:1
hexanes:ethyl acetate), resulting in 4.2 as a colorless oil in 55% yield. *H NMR (500 MHz, CDCls)
§7.82 —7.76 (d, 4H, J), 7.36 — 7.30 (d, 4H, K), 7.18 (d, J = 2.3 Hz, 2H, B), 6.68 (t, J = 2.3 Hz,
1H, C), 4.17 — 4.14 (m, 4H, 1), 4.13 — 4.09 (m, 4H, D), 3.89 (s, 3H, A), 3.84 — 3.78 (m, 4H, H),

3.70 — 3.67 (M, 4H, E), 3.66 — 3.63 (M, 4H, F), 3.62 — 3.58 (M, 4H, G), 2.42 (s, 6H, L).
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Figure 4.28. *H-NMR (400 MHz, 25°C, CDCls) of tosylated benzoate macrocycle precursor 4.2.
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4.2 4.3

Macrocycle 4.3 was prepared by adapting a standard crown ether literature procedure.® A 500mL
dropping funnel containing the ditosylate 4.2 (0.50 g, 0.675 mmol) and butyl non-extended Bip
(0.31 g, 0.675 mmol)!’ in 450 mL anhydrous DMF was fitted to a 1L round bottom flask containing
Cs2C03 (2.20 g, 6.75 mmol) and stir bar. The reaction vessel was flushed with argon before
anhydrous DMF (450 mL) was added by cannula. The reaction was placed into a heating block
and heated to 65°C while rapidly stirring to create a suspension of Cs,COs. Once the solution
reached temperature, the dissolved mixture of components in the dropping funnel was slowly
added dropwise over 3 days. The reaction was allowed to stir at 65°C for four more days, after
which the solvent was removed, and the remaining residue triturated with chloroform. After
vacuum filtration the filtrate was collected, and solvent removed in vacuo. The resulting oil was

purified using column chromatography (triethylamine-treated silica gel, chloroform:methanol
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gradient 100:0....97:3), resulting in 4.3 as a clear oil in ~50% yield by mass. *H NMR (500 MHz,
CDCl3) 6 8.08 (d, J = 7.8 Hz, 2H, B), 7.92 (t, J = 7.4 Hz, 1H, A), 7.48 (d, J = 2.3 Hz, 2H, D), 7.25
(d, 2H, E), 7.10 (dd, J = 8.8, 2.3 Hz, 2H, C), 6.98 (d, J = 2.4 Hz, 2H, L), 6.29 (t, J = 2.3 Hz, 1H,
N), 4.44 (t, J = 7.4 Hz, 4H, O), 4.39 (t, J = 4.4 Hz, 4H, F), 3.87 — 3.81 (s, 3H, M), 3.68 (t, J = 5.4
Hz, 4H, G), 3.61 (dd, J = 6.1, 2.8 Hz, 4H, J), 3.53 (dd, J = 5.9, 3.1 Hz, 4H, H), 3.46 (t, J = 5.5 Hz,
4H, 1), 1.70—1.61 (m, 4H, P), 1.10 (p, J = 7.4 Hz, 4H, Q), 0.72 (t, = 7.3 Hz, 6H, R). MS (MALDI,

positive): m/z 875 ([M]+Na*), 1101 ([M]+Na*+dithranol).
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Figure 4.29. 'H-NMR (500 MHz, 25°C, CDCls) of benzoate 36-atom 4.3.
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Figure 4.30. MALDI-TOF MS (Dithranol, sodium trifluoroacetate) of benzoate 36-atom 4.3.

4.4.2.3 Synthesis of benzoate 38-atom macrocycle 4.5

Q CF
3o e
N o oY
TsO O OTs
OH O B
o) (5 equiv.) 0]
C A
OMe 4 Cs,CO4 g OMe
OH DMF [100mM] o
Ar, 40°C, 24h Ts0_
4.4

Diethylene glycol di(p-toluenesulfonate) (8.63 g, 20.8 mmol), Cs2C0O3 (5.43 g, 16.7 mmol), and
dry DMF (20 mL) were added to a 250 mL round bottom flask equipped with an addition funnel.
The reaction was placed under argon flow and heated at 40°C. Once the solution reached
temperature, a solution of methyl 3,5-dihydroxybenzoate (0.7 g, 4.16 mmol) in 20 mL dry DMF
was added to the addition funnel and slowly added dropwise. After 24 hours, the reaction was
cooled to room temperature and DMF was removed in vacuo. The remaining residue was triturated
with chloroform, and after vacuum filtration, the filtrate was collected. The solvent was removed

in vacuo and the resulting oil was purified using column chromatography (silica gel, hexanes:ethyl
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acetate) resulting in 4.4 as a colorless oil in 55% yield. IH NMR (500 MHz, CDC13) 6 7.80 — 7.73
(m, 4H, H), 7.35 - 7.27 (m, 4H, 1), 7.15 (d, J = 2.3 Hz, 2H, B), 6.63 (t, J = 2.3 Hz, 1H, C), 4.18 -

4.15 (m, 4H, G), 4.05 — 4.01 (m, 4H, D), 3.88 (s, 3H, A), 3.78 — 3.71 (m, 8H, F+E), 2.38 (s, 6H,

J).
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Figure 4.31. *H-NMR (400 MHz, 25°C, CDCls) of ditosylate 4.4.
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Macrocycle 4.5 was prepared by adapting a standard crown ether literature procedure.® A 500mL
dropping funnel containing the ditosylate 4.4 (0.71 g, 1.09 mmol) and Butyl Bip (0.66 g, 1.09
mmol)!” in 450 mL anhydrous DMF was fitted to a 1L round bottom flask containing Cs,COs

(3.54 g, 10.9 mmol) and stir bar. The reaction vessel was flushed with argon before anhydrous
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DMF (450 mL) was added by cannula. The reaction was placed into a heating block and heated to
65°C while rapidly stirring to create a suspension of Cs,COs. Once the solution reached
temperature, the dissolved mixture of components in the dropping funnel was slowly added
dropwise over 3 days. The reaction was allowed to stir at 65°C for four more days, after which the
solvent was removed, and the remaining residue was triturated with chloroform. After vacuum
filtration, the filtrate was collected, and the solvent was removed in vacuo. The resulting oil was
purified using column chromatography (triethylamine-treated silica gel, chloroform:methanol
gradient 100:0....97:3), resulting in a mixture of products that was analyzed by NMR and MALDI-

TOF (Figures 4.29 — 4.31).
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Figure 4.32. tH-NMR (500 MHz, 25°C, CDClIs) analysis of benzoate 38-atom 4.5 product mixture.
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Figure 4.33. 'H-NMR (500 MHz, 25°C, CDCls) analysis of benzoate 38-atom 4.5 linear and dimer

products.
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Figure 4.34. MALDI-TOF MS (Dithranol, sodium trifluoroacetate) analysis of 4.5 product

mixture.
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4.4.2.4 Synthesis of 36-atom macrocycle 4.8

H
HO ™Y G g
O E b
OH HO O O CI O/\o
(4 equiv.) B
O e )»
4 K,CO4
OH 0
DMF [300mM] O\)
Ar, 65°C, 18h O\)
Ho_/
4.6

Resorcinol (5.0 g, 45.41 mmol) and K>CO3 (25.1 g, 181.64 mmol) were added to a 250 mL round
bottom flask under argon. Anhydrous DMF (151 mL) was added, and the flask was placed into a
heating block at 70°C. Once the solution reached temperature, 2-[2-(2-
Chloroethoxy)ethoxy]ethanol (26.4 mL, 181.64 mmol) was injected dropwise. After 18 hours, the
reaction was cooled to room temperature and DMF was removed in vacuo. The resulting material
was dissolved in DCM and washed with DI-water/brine three times. The organic layer was isolated
and dried over magnesium sulfate, and then the solvent was removed under vacuum. The
remaining pale-yellow oil was purified using column chromatography (silica gel,
chloroform:methanol gradient 100:0....) resulting in 4.6 as a colorless oil in 60% yield. *H NMR
(400 MHz, CDCl3) § 7.20 — 7.11 (m, 1H, A), 6.56 — 6.48 (m, 3H, C, B), 4.19 — 4.08 (m, 4H, D),

3.95—3.79 (m, 4H, 1), 3.77 — 3.64 (m, 12H, E, H, F), 3.64 — 3.58 (m, 4H, G), 2.61 (tb, 2H, J).
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Figure 4.35. *H-NMR (400 MHz, 25°C, CDCls) of dihydroxy macrocycle precursor 4.6.
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The dihydroxy precursor 4.6 (5.50 g, 14.68 mmol), p-toluenesulfonyl chloride (8.39 g, 44.03
mmol) were added to a 100mL oven-dried round bottom flask and put under argon. Anhydrous
DCM (45 mL) was injected, and the reaction was placed into a 0°C ice bath. Triethylamine (3.12
g, 30.82 mmol) was added dropwise, and after 1 hour, the ice bath was removed to allow the
reaction to reach room temperature. After 18 hours, the DCM was removed under vacuum, and
the resulting residue dissolved in ethyl acetate and then filtered. The filtrate was collected, the
solvent removed in vacuo, and purified using column chromatography (silica gel, 3:1

hexanes:ethyl acetate) to afford 4.7 as a colorless oil in 80% yield by mass. *H NMR (400 MHz,
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CDCls) 5 7.81 — 7.74 (d, 4H, J), 7.35— 7.28 (d, 4H, K), 7.13 (t, 1H, A), 6.53 — 6.45 (m, 3H, C+B),
4.18 — 4.12 (M, 4H, 1), 4.09 — 4.03 (m, 4H, D), 3.82 — 3.75 (m, 4H, H), 3.70 — 3.65 (m, 4H, E),
3.65 — 3.61 (M, 4H, F), 3.61 — 3.56 (m, 4H, G), 2.41 (s, 6H, L). *C NMR (101 MHz, CDCl3) 8
166.34, 151.21, 139.38, 136.22, 134.35, 113.46, 108.14, 83.80, 83.48, 83.16, 77.16, 77.12, 76.13,

75.67, 75.10, 73.77, 66.76, 59.87, 28.01, 27.43, 20.59. MS (MALDI, positive): m/z 705.0

([M]+Na™).
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Figure 4.36. 'TH-NMR (400 MHz, 25°C, CDClIs) of ditosylate 4.7. Solvent peaks are still visible in
the spectrum; this product was dried further under high vacuum before further use.
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Figure 4.37. MALDI-TOF MS (Dithranol, sodium trifluoroacetate) of ditosylate 4.7.
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Macrocycle 4.8 was prepared by adapting a standard crown ether literature procedure.® A 500mL
dropping funnel containing the ditosylate 4.7 (1.71g, 2.50 mmol) and ethyl non-extended Bip
(1.00, 2.50mmol)’ in 450 mL anhydrous DMF was fitted to a 1L round bottom flask containing
Cs2C03 (3.26g, 10.01 mmol) and K2CO3(1.38g, 10.01 mmol) and stir bar. The reaction vessel was
flushed with argon before anhydrous DMF (450 mL) was added by cannula. The reaction was
placed into a heating block and heated to 70°C while rapidly stirring to create a suspension of
Cs2C03 and K>COz. Once the solution reached temperature, the dissolved mixture of components
in the dropping funnel was slowly added dropwise over the course of 3 days. After complete

addition of components, the final concentration of the reaction was 2.65mM. The reaction was
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allowed to stir at 70°C for four more days, after which the solvent was removed, and the remaining
residue triturated with chloroform. After vacuum filtration the filtrate was collected, and solvent
removed in vacuo. The resulting oil was purified using column chromatography (triethylamine-
treated silica gel, chloroform:methanol gradient 100:0....97:3) and slow diffusion crystallization
from methanol into diethyl ether, producing 4.8 as fluffy white crystals in ~50% yield by mass. *H
NMR (500 MHz, CDCl3) & 8.21 (d, J = 7.8 Hz, 2H, B), 8.00 (t, J = 7.9 Hz, 1H, A), 7.48 (d, J =
2.3 Hz, 2H, D), 7.27 (d, J = 8.8 Hz, 2H, E), 7.13 (dd, J = 8.9, 2.3 Hz, 2H, C), 6.66 (t, J = 8.2 Hz,
1H, M), 6.11 (t, J = 2.4 Hz, 1H, N), 6.05 (dd, J = 8.2, 2.4 Hz, 2H, L), 4.53 (g, J = 7.2 Hz, 4H, O),
4.42 — 4.37 (m, 4H, F), 3.88 — 3.83 (M, 4H, K), 3.65 — 3.59 (m, 4H, G), 3.54 — 3.46 (m, 8H, J+H),
3.42 (t, J = 5.4 Hz, 4H, 1), 1.31 (t, J = 7.2 Hz, 6H, P). 3C NMR (101 MHz, CDCls) § 159.67,
155.62, 150.27, 150.13, 143.59, 137.88, 130.93, 129.81, 124.81, 115.59, 110.41, 105.83, 105.59,
102.56, 77.36, 71.20, 70.99, 70.56, 69.53, 68.98, 66.63, 39.91, 30.08, 15.57. MS (MALDI,

positive): m/z 738.5 ([M]+H™).
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Figure 4.38. *H-NMR (500 MHz, 25°C, CDCls) of 36-atom macrocycle 4.8.
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Figure 4.39. MALDI-TOF MS (Dithranol) of 36-atom macrocycle 4.8.

4.4.2.5 Synthesis of Nitrile-Oxide Stopper Group 4.13

A

Br MgBr O
J O T J
1.5 Mg, cat. I, 1/3 eq
= e OO
O dry THF, Ar, 50°C, 1 hr O dry THF, Ar, reflux O HCI (cat.), Ar, 110°C

4.9

20 eq phenol

ITmOoO O @

Phenol stopper 4.10 was synthesized from the literature procedure.’® A 3-neck 500mL round
bottom flask equipped with a 250 mL addition funnel and condenser was charged with Mg turnings
(1.68 g, 69.2 mmol) and flame-dried under vacuum. The flask was put under argon and I, (15 mg)
and 30 mL dry THF was added resulting in a brown color. The mixture was heated to 50°C. A
solution of 4-bromo-4'-tert-butylbiphenyl (10 g, 34.6 mmol) in 50 mL THF was cannulated into
the addition funnel and then added dropwise over 30 min which turned the reaction colorless. The

reaction refluxed for another 90 minutes after which it was cooled to RT. A solution of diethyl
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carbonate (1.24 g, 1.2 mL, 10.5 mmol) in 2 mL THF was added dropwise, turning the solution
green in color, and the reaction was refluxed overnight. The dark green solution was cooled to RT
the next day and quenched with 1M HCI. The resulting yellow mixture was filtered, and then
hexanes and water were added to the filtrate. The organic layer was washed with brine, dried over
magnesium sulfate, and concentrated in vacuo to give an off-white solid. This solid was boiled in
hexanes overnight and filtered to yield the Grignard product 4.9 as a white powder in 75% yield
by mass. 'H NMR (500 MHz, CDCls) & 7.60 — 7.53 (m, 12H), 7.48 — 7.45 (m, 6H), 7.44 — 7.40 (m,
6H), 1.37 (s, 27H). 13C NMR (101 MHz, CDCls) & 150.47, 145.70, 140.10, 137.86, 128.46, 126.87,

126.69, 125.86, 81.88, 34.68, 31.52. MALDI-TOF MS: 679.6 ([M]+Na*) and 639.7 ([M] — OH").
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Figure 4.40. *H-NMR (500 MHz, 25°C, CDClIs) of Grignard product 4.9.

An oven-dried 50 mL round bottom flask equipped with a condenser was charged with 4.9 (5 g,
6.8 mmol) and put under argon. Phenol (20 mL of an 89% phenol solution in water) and 2 mL of
conc. HCl was added. The reaction was heated to 110°C overnight. The reaction was cooled to RT
the next day and diluted with 250 mL of toluene. The solution was washed with 1M NaOH until

the aqueous layer was colorless and the organic layer was concentrated in vacuo. The resulting
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orange solid was boiled in hexanes overnight and filtered, leaving phenol stopper 4.10 as a white
powder in 83% yield by mass. *H NMR (400 MHz, CDClz) § 7.55 (d, J = 8.4 Hz, 6H, B), 7.51 (d,
J =85 Hz, 6H, C), 7.45 (d, J = 8.4 Hz, 6H, D), 7.32 (d, J = 8.5 Hz, 6H, E), 7.18 (d, J = 8.8 Hz,
2H, F), 6.77 (d, J = 8.8 Hz, 2H, G), 4.66 (s, 1H, H), 1.36 (s, 27H, A).23C NMR (101 MHz, CDCls)
0 153.56, 150.17, 145.78, 139.24, 138.39, 137.70, 132.46, 131.44, 126.59, 125.93, 125.68, 114.32,

63.64, 34.67, 31.36. MALDI-TOF MS: 841.1 ([M]+Ag").
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Figure 4.41. *H-NMR (400 MHz, 25°C, CDCls) of phenol stopper 4.10.

cI™~O~"0oH
O (5 equiv)
(O ron
5 K,CO;4
O Kl (cat.)
DMF [100mM]
O Ar, 70°C, 48h
410

Phenol stopper 4.10 (2.0 g, 2.73 mmol),*” KoCOs (1.13 g, 8.18 mmol), and KI (catalytic amount)

were added to a 100 mL round bottom flask under argon. Dry DMF (27.3 mL) was injected, and
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the flask was placed into a heating block and heated to 70°C. Once the solution reached
temperature, 2-(2-chloroethoxy)ethanol (0.87 mL, 8.18 mmol) was injected dropwise. After 48
hours, the reaction was cooled to room temperature, after which the solvent was removed, and the
remaining residue was triturated with chloroform. After vacuum filtration, the filtrate was
collected, and the solvent was removed under vacuum. The remaining white solid was
recrystallized in a mixture of hexanes and chloroform to yield the desired stopper 4.11 as fluffy
white crystals in 95% yield by mass. *H NMR (500 MHz, CDCls) § 7.55 (d, J = 8.6 Hz, 6H, B),
7.51 (d, J = 8.5 Hz, 6H, C), 7.45 (d, J = 8.5 Hz, 6H, D), 7.35 — 7.28 (m, 6H, E), 7.25 — 7.18 (m,
2H, F), 6.88 — 6.82 (m, 2H, G), 4.17 — 4.12 (m, 2H, H), 3.90 — 3.85 (m, 2H, K), 3.80 — 3.73 (m,
2H, 1), 3.71 — 3.65 (m, 2H, J), 2.13 (t, J = 6.2 Hz, 1H, L), 1.36 (s, 27H, A). 3C NMR (101 MHz,
CDCl3) 6 156.81, 150.28, 145.90, 139.50, 138.52, 137.82, 132.39, 131.57, 126.72, 126.06, 125.80,
113.56, 72.68, 69.84, 67.40, 63.78, 61.94, 34.65, 31.50. MALDI-MS: 928.2 ([M]-H"+Ag"), 1035.1

([M]-H*+2Ag").
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Figure 4.42. *H-NMR (400 MHz, 25°C, CDCls) of hydroxy stopper 4.11.
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Figure 4.43. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of hydroxy stopper 4.11.

1) NaH, dry THF
0°Cto RT, Ar, 2h

/- \
OO0

N
-

4.1

Based on the lit procedure.!* All glassware was dried in the oven at 130°C overnight and then
flame-dried under vacuum before use. Sodium hydride powder (0.071 g, 2.96 mmol) was weighed
out and added immediately to a round bottom flask under argon. Anhydrous THF (1 mL) was
injected and then the flask was placed in a 0°C ice bath. A solution of 4.11 (0.45 g, 0.55 mmol) in
anhydrous THF (3 mL) was added dropwise. After one hour, the ice bath was removed, and the
reaction mixture was stirred for one more hour at room temperature. A solution of 1,1-

diphenylnitroethene (0.247 g, 1.10 mmol) in 1 mL anhydrous THF was then added dropwise at
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room temperature. After 18 hours, the reaction was cooled to 0°C with an ice bath and then
quenched with acetic acid. The mixture was diluted with DCM and washed three times with 1.0
M HCI and brine. The organic layer was collected and dried over magnesium sulfate, and the
solvent was removed under vacuum. The resulting material was purified using column
chromatography (silica gel, hexanes to ethyl acetate gradient) and recrystallized in a mixture of
hexanes and chloroform to yield 4.12 as white crystals in 60% yield by mass. *H NMR (400 MHz,
CDCls) 6 7.55 (dd, J = 18.1, 8.5 Hz, 12H, B, C), 7.47 (d, J = 8.4 Hz, 6H, D), 7.38 — 7.27 (m, 16H,
E, L, M, N), 7.25—7.20 (m, 2H, F), 6.91 — 6.82 (m, 2H, G), 5.33 (s, 1H, 0), 4.15 (dd, J = 5.7, 3.8
Hz, 2H, H), 3.90 (dd, J = 5.7, 3.8 Hz, 2H, K), 3.81 (t, J = 5.2 Hz, 2H, 1), 3.56 (t, J = 5.2 Hz, 2H,
J), 1.38 (s, 27H, A). °C NMR (101 MHz, CDCl3) & 156.99, 150.26, 145.96, 141.15, 139.27,
138.48, 137.82, 132.32, 131.58, 128.55, 128.23, 126.88, 126.72, 126.04, 125.80, 113.62, 81.82,

80.19, 70.36, 69.94, 67.54, 63.77, 63.12, 34.63, 31.50. MS (MALDI, positive): m/z 1154.2

+
(IM]+AgH).
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Figure 4.44. 'H-NMR (400 MHz, 25°C, CDCls) of nitro stopper 4.12.
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Figure 4.45. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of nitro stopper 4.12.

2 eq. 4~ chlorophenyl isocyanate
OO
Dry DCM
RT, Ar, 2h

412 4.13

Nitro stopper 4.12 (0.863 g, 0.8247 mmol) and 4-chlorophenyl isocyanate (0.253 g, 1.65 mmol)
were added to a round bottom flask under an argon atmosphere. Dry DCM (8.25 mL) and
triethylamine (345 pL, 2.47 mmol) were injected, and a white precipitate formed within the first
minute. After stirring at room temperature for 2 hours, the reaction solution was filtered to remove
the urea byproduct, and the filtrate was dried under vacuum. The remaining residue was dissolved
in chloroform and filtered. The filtrate was collected, and the solvent was removed under vacuum,

leaving behind a yellow solid that was purified using column chromatography (silica gel, hexanes
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to ethyl acetate gradient) to yield 4.13 as a white powder in 65% yield by mass. *H NMR (400
MHz, CDCl3) & 7.55 (d, J = 8.4 Hz, 6H, B), 7.50 (d, J = 8.5 Hz, 6H, C), 7.47 — 7.41 (m, 10H, D,
N), 7.37 — 7.28 (m, 12H, E, L, M), 7.23 — 7.16 (m, 2H, F), 6.89 — 6.81 (m, 2H, G), 4.15 (dd, J =
5.7, 3.8 Hz, 2H, H), 3.88 (dd, J = 5.7, 3.8 Hz, 2H, K), 3.83 (dd, J = 5.6, 4.1 Hz, 2H, 1), 3.68 (dd, J
=5.5, 4.1 Hz, 2H, J), 1.36 (s, 27H, A). °C NMR (101 MHz, CDCls) & 156.83, 150.15, 145.80,
140.35, 139.22, 138.37, 137.71, 132.23, 131.45, 128.92, 128.71, 126.59, 126.43, 125.91, 125.67,

113.47,84.25, 77.21, 70.02, 69.86, 67.44, 66.07, 63.64, 34.52, 31.36.
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Figure 4.46. *H-NMR (400 MHz, 25°C, CDCls) of nitrile-oxide stopper 4.13.
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4.4.2.6 Synthesis of Bip dumbbell 4.14.

o~ »O
Yo
N T
.:-:N
CN
=N
N
~o
2.2

Bis-alkyne Bip 2.2 (0.005 g, 0.0070 mmol) and nitrile-oxide stopper 4.13 (0.0217 g, 0.0211 mmol)
were added to a vial and dissolved in chloroform/acetonitrile (3/1 v/v, 280uL). The vial was
capped, and the reaction stirred at room temperature for 24 hours after which the solvent was
removed under vacuum. The crude mixture was precipitated into hexanes to remove the excess
stopper, providing dumbbell product 4.14 in 94% yield by mass. *H NMR (400 MHz, CDCls) §
8.37 (d, J = 7.8 Hz, 2H, B), 8.09 — 8.00 (m, 3H, A+C), 7.60 — 7.52 (m, 16H, D+E+Y), 7.49 (m,
12H, X), 7.46 — 7.41 (m, 20H, W+0), 7.33 — 7.27 (m, 24H, V+M+N), 7.27-7.17 (m, 8H, F+U),
6.97 — 6.92 (m, 4H, G), 6.86 — 6.81 (M, 4H, T), 6.01 (s, 2H, L), 4.81 (q, J = 7.1 Hz, 4H, 1), 4.14
(dd, J=5.8,3.8 Hz, 4H, S), 3.98 (t, J = 5.6 Hz, 4H, H), 3.88 (dd, J = 5.7, 3.8 Hz, 4H, R), 3.75 {(t,

J=49Hz 4H,Q), 3.44 (t, J=49 Hz, 4H, P), 2.76 (t, J = 7.1 Hz, 4H, 1), 1.84 (s, 8H, K+J), 1.39

G I KL
l c FI’ \”OH J- =
DA O-N
2—, I U
NS C
4.13 =N
) B_/
(6 equiv) A "N
[26mM] 3:1 CHCI;:MeCN '_‘"-.__N
RT, 24 hrs I\i.-_ H
— L.
4.14

(t, 3= 7.1 Hz, 6H, 2), 1.34 (s, 54H, 2).
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Figure 4.47. *H-NMR (500 MHz, d1=5s, 25°C, CDCls) of Bip dumbbell 4.14.
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Figure 4.48. COSY NMR (400 MHz, 25°C, CDCls) of Bip dumbbell 4.14.
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Figure 4.49. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of Bip dumbbell 4.14.
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4.4.2.7 Synthesis of Bipy dumbbell 4.15

413
(6 equiv)

[25mM] 3:1 CHCI;:MeCN

RT, 24 hrs O
0-N
oM

Bis-alkyne Bipy 4.1 (0.001 g, 0.0029 mmol) and nitrile-oxide stopper 4.13 (0.0089 g, 0.0086
mmol) were added to a vial and dissolved in chloroform/acetonitrile (3/1 v/v, 115 pL). The vial
was capped, and the reaction stirred at room temperature for 24 hours after which the solvent was
removed under vacuum. The crude mixture was precipitated into hexanes to remove the excess
stopper, providing dumbbell 4.15 in 94% yield by mass. *H NMR (400 MHz, CDCls) & 7.90 (dd,
J=175,09Hz 2H, A), 7.59 (d, J = 7.9 Hz, 2H, B), 7.57 — 7.47 (m, 24H, U+T), 7.47 — 7.40 (m,
20H, S+K), 7.35 — 7.27 (M, 24H, R+1+J), 7.20 (m, 4H, Q), 6.89 — 6.79 (m, 4H, P), 6.64 (dd, J =

8.2, 0.8 Hz, 2H, C), 5.96 (s, 2H, H), 4.39 (t, 4H, D), 4.13 (dd, J = 5.8, 3.9 Hz, 4H, O), 3.91 - 3.85
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(m, 4H, N), 3.73 (t, J = 5.0 Hz, 4H, M), 3.42 (t, 4H, L), 2.74 (t, 4H, E), 1.83 (s, 8H, G+F), 1.35 (s,

54H, V).
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Figure 4.50. *H-NMR (500 MHz, d1=5s, 25°C, CDCls) of Bipy dumbbell 4.15.
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4.4.2.8 Synthesis of Bip P2R 4.8:2.2:Zn(ll)

Zn(NTh,),

). 0
4:1 CDCl3:CD4CN Q
o

B

\
=N /N‘
\7/N* Zn *N/ 3
N N=
N ) N
ﬁj N A

=N N o
N ) OQOJ
O o/ L_o
O\/\/\\\ O\/\/\Q
2.2 4.8 4.8:2.2:Zn(1l)

36-atom macrocycle 4.8 (40 mg, 0.054 mmol) was dissolved in 500 pL CDCls. A stock solution
of 2.2 (30 mM) was titrated into the solution of 4.8 until an exact 1:1 (4.8:2.2) ratio was formed
(done by monitoring both the N-CH> peaks on the alkyl groups of the Bip ligands). A stock solution
of Zn(NTf2)2 (30 mM in 4:1 CDCI3:CD3CN) was added until no free Bip peak appeared at ~1
equiv. of the metal ion. The complete disappearance of the doublets at 8.38 and 8.21 ppm (and the
corresponding growth of the peaks at 8.74 and 8.69 ppm) indicates that all Bip ligands are bound
with zinc in a 2:1 Bip:metal ratio. The resulting pseudo[2]rotaxane solution 4.8:2.2:Zn(11) was

dried under vacuum to obtain a yellow powder that was stored in the freezer at -8°C before use.
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Figure 4.51. Partial *H-NMR overlay (500 MHz, 25°C, CDCls) of a) 4.8:2.2:Zn(l11) (b) 1:1 mixture
0f4.8:2.2,¢) 2.2 and d) 4.8.
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Figure 4.52. Partial *H-NMR overlay (500 MHz, 25°C, CDCls) of 2.22:Zn(11) (top) and
4.8:2.2:Zn(l1) (bottom) shows diagnostic peaks.

190



4.4.2.9 Synthesis of Bipy P2R 4.8:4.1:Zn(ll)

Zn(NTf,), o)

o)
@ 4:1 CDCl3:CD5CN Q

4.1 48 4.8:4.1:Zn(ll)

36-atom macrocycle 4.8 (40 mg, 0.054 mmol) was dissolved in 500 pL. CDCls. A stock solution
of Bipy thread 4.1 (30 mM) was titrated into the solution of 4.8 until an exact 1:1 (4.8:4.1) ratio
was formed (done by monitoring the pyridyl peaks on the Bip ligand and the pyridyl peaks of
Bipy). A stock solution of Zn(NTf2)2 (30 mM in 4:1 CDCI3:CD3CN) was added until no free Bipy
peak appeared at ~1 equiv. of the metal ion. The complete disappearance of the doublet at 8.21
and the triplet at 7.66 ppm (and the corresponding growth of the peaks at 8.53 and 8.29 ppm)
indicates that all Bip and Bipy ligands are bound with zinc in a 1:1:1 Bip:Bipy:metal ratio. The
resulting pseudo[2]rotaxane solution 4.8:4.1:Zn(11) was dried under vacuum to obtain a yellow

powder that was stored in the freezer at -8°C before use.
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Figure 4.53. Partial *H-NMR overlay (500 MHz, 25°C) of a) 4.8:4.1:Zn(11) (15% d3-MeCN in
CDCls), b) 1:1 mixture of 4.8:4.1 (CDCl3), c) 4.1 (CDCls), and d) 4.8 (CDCly).
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4.4.2.10 Synthesis of Bip [2]rotaxane 4.16

O-0TO mmz

oM O (0]
D IS pae o5
0, — o —
ﬁo N [ N 1) 6 equiv 4.13 ﬁo ‘\N I N
0 =N N= 3:1 CHCly:MeCN o} =N N={
— = 0 25mM, RT, 48 hrs = B\
\_/ NN N LN N_
S 2) ex. TBAOH, MeCN
[¢] =N N= R o] N N=
o NN 50mM, RT, 20 min o N\"{ LN
o/ e YT
L_0o L_o o-N
/M}i "O/\\O
PN 0 By
4.8:2.2:Zn(ll) 4.16 )

Bip pseudo[2]rotaxane 4.8:2.2:Zn(Il) (0.005 g, 0.0024 mmol) and nitrile-oxide stopper 4.13
(0.0149 g, 0.0145 mmol) were added to a vial and dissolved in chloroform/acetonitrile (3/1 v/v,
97 uL). The vial was capped, and the reaction stirred at room temperature for 48 hours, after which
the solvent was removed under vacuum. The crude mixture was precipitated into a mixture of cold
hexanes/chloroform (6/1 v/v, 35 mL) and centrifuged (8000 rpm, 15 min) 3x to remove the excess
stopper. The metallated rotaxane was dissolved in acetonitrile, and 20 pL of tetrabutylammonium
hydroxide solution (1M in MeOH) was added dropwise, resulting in a rapid color change from
yellow to off-white, and precipitation of the demetallated product. After 20 minutes, the solid
(4.16) was filtered, dried, and redissolved in CDCls for NMR analysis. Acetonitrile was removed
from the demetallated wash under vacuum, and the residue was also dissolved in CDClIs for NMR
analysis. MALDI-TOF MS: 3615.2 ([M]+Ag"*), 2877.1 ([M]+ Ag*-MC(4.8)), 1767.9 ([M]+Ag*-

MC(4.8)-SG(4.13)), 845.3 ([M]+Ag*-DB(4.14)).
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Figure 4.54. 'H-NMR (500 MHz, 25°C, CDClIs) of Bip [2]rotaxane 4.16.

194



4.4.2.11 Synthesis of Bipy [2]rotaxane 4.17

o
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Bipy pseudo[2]rotaxane 4.8:4.1:Zn(11) (0.005 g, 0.0029 mmol) and nitrile-oxide stopper 4.13
(0.0180 g, 0.0175 mmol) were added to a vial and dissolved in chloroform/acetonitrile (3/1 v/v,
117 pL). The vial was capped, and the reaction stirred at room temperature for 48 hours, after
which the solvent was removed under vacuum. The crude mixture was precipitated into a mixture
of cold hexanes/chloroform (6/1 v/v, 35 mL) and centrifuged (8000 rpm, 15 min) 3x to remove the
excess stopper. The metallated rotaxane was dissolved in acetonitrile, and 20 pL of
tetrabutylammonium hydroxide solution (1M in MeOH) was added dropwise, resulting in a rapid
color change from yellow to off-white and precipitation of the demetallated product. After 20
minutes, the solid (4.17) was filtered, dried, and redissolved in CDCls for NMR analysis.
Acetonitrile was removed from the demetallated wash under vacuum, and the residue was also
dissolved in CDClIz for NMR analysis. MALDI-TOF MS: 3251.6 ([M]+Ag"), 2513.3 ([M]+ Ag*-

MC(4.8)), 845.4 ([M]+Ag*-DB(4.15)).
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Figure 4.55. *H-NMR (500 MHz, 25°C, CDClIs) of Bipy [2]rotaxane 4.17.
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Figure 4.56. COSY NMR (400 MHz, 25°C, CDClIs) of Bipy [2]rotaxane 4.17.

4.4.2.12 Optimizing the synthesis of dumbbell polymer 4.19.

CHCl, [17mM]
RT, 18h

The alkyne-PEG-alkyne purchased from Creative PEGWorks was characterized by NMR end-

group analysis and MALDI-TOF MS to confirm molecular weight before adding it to the NOAC
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polymerization. *H NMR (400 MHz, CDCls) § 4.20 (s, 4H, B), 3.81 (m, 4H, C), 3.64 (m, 166H,

E), 3.46 (M, 4H, D), 2.43 (t, 2H, A).
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Figure 4.57. 'H-NMR (500 MHz, di=5s, 25°C, CDCls;) of alkyne-PEG-alkyne (Creative
PEGWorks, 5K).
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Figure 458. MALDI-TOF MS (DCTB: trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile) of alkyne-PEG-alkyne (Creative PEGWorks, 5K).

The delay time for the NMR experiment was increased to 5 seconds to ensure a more
accurate integration of alkyne chain-ends. The integration of the singlet at 4.20 ppm (B) was set

to four protons and used as the end-group, providing a molecular weight closer to 7,300 g/mol.
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The DCTB (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile) MALDI
matrix provided the cleanest spectrum with two hedgehogs correlating to the polymer and the
polymer flying with sodium ions. This alkyne-PEG-alkyne was purchased as a 5,000 g/mol
polymer, but NMR (Figure 4.57) and MALDI-TOF (Figure 4.58) suggest a 7,300 g/mol molecular
weight. Therefore, calculations for the following polymerizations used 7,300 g/mol for the alkyne-
PEG-alkyne component.

Alkyne-PEG-alkyne (0.1293 g, 0.0177 mmol, Creative PEGWorks 7300 g/mol) and nitrile-
oxide stopper 4.13 (0.0182 g, 0.0177 mmol) were added to a small vial with a stir bar. Nitrile-
oxide monomer 2.5 (0.0050 g, 0.0089 mmol) was dissolved in 520 pL of chloroform and added to
the vial. The polymerization was capped and left to stir at room temperature for 18 hours, after
which the solvent was removed under vacuum. The resulting viscous oil was further dried under
vacuum, and then dissolved in CDClI; for crude NMR to verify peak assignments: *H NMR (500
MHz, CDCls) 6 7.54 — 7.43 (m, 36H, B-D), 7.43 — 7.35 (m, 12H, E), 7.28 — 7.10 (m, 44H,
F+L+M+N+U+V+W), 6.81 (d, J = 8.5 Hz, 4H, G), 6.18 (s, 2H, O), 6.14 (s, 2H, T) 4.54 (d, J = 6.3
Hz, 8H, H+K), 4.17 (d, J = 2.4 Hz, 4H, P), 413 — 4.09 (m, 4H, S), 3.62 (s, 1114H,
[+J+Q+R+X+Y+Z), 1.31 (s, 54H, A).

Based on the molecular weight determined for the PEG, the polymer should be about
17,200 g/mol: 2.5 (564.64 g/mol), two equivalents of the alkyne-PEG-alkyne (7,300 g/mol), two
equivalents of 4.13 (1028.39 g/mol). This first experiment combines all three components in a
single step to make the dumbbell polymer 4.19. A second approach proceeds step-wise, resulting
in a click polymer 4.18 with alkyne chain ends that can react in the final stoppering step. NMR
end-group analysis of crude 4.19 will determine the (crude) molecular weight for each experiment

(Figure 4.59).
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Figure 4.59. 'H-NMR (500 MHz, d1=5s, 25°C, CDCls) of crude 4.19 via one-pot polymerization.

There are two isoxazole peaks present in the crude NMR spectrum for 4.19; the more
downfield signal at 6.17 ppm (O) correlates to the isoxazole on the stoppered end group (O)
because it is in a more aromatic environment (Figure 4.59). Therefore, the peak at 6.13 ppm (T) is
the isoxazole proton between the monomer and linear PEG.

The t-butyl groups on 4.13 were used for end-group analysis because they appear as a
strong singlet at 1.31 ppm (A). The peak integration was set to 54 protons because an exact 2.0
equivalents of 4.13 was added to the reaction. Integrating the PEG region (between 3.27 and 3.81
ppm; 1526 protons), dividing by four (protons in ethylene glycol), and multiplying by the
molecular weight of the repeat unit (44.05 g/mol) gave the molecular weight of PEG in the
dumbbell 4.19. Adding the molecular weight of stoppers and biphenyl isoxazole linkages resulted

in a 19,250 g/mol molecular weight.
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Alkyne-PEG-alkyne (0.1293 g, 0.0177 mmol, Creative PEGWorks 7300 g/mol) was added to a
small vial with a stir bar. Nitrile-oxide monomer 2.5 (0.0050 g, 0.0089 mmol) was dissolved in
350 pL of chloroform and added to the vial. The polymerization was capped and left to stir at room
temperature for 18 hours. Nitrile-oxide stopper 4.13 (0.0182 g, 0.0177 mmol) was dissolved in
170 pL of chloroform and added to the vial. The polymerization was left for 18 more hours, after
which the solvent was removed under vacuum. The resulting viscous oil was further dried under
vacuum, and then dissolved in CDCI; for crude NMR analysis to verify peak assignments: 'H
NMR (500 MHz, CDCl3) § 7.54 — 7.37 (m, 48H, B-E), 7.28 — 7.10 (m, 44H, F+L+M+N+U+V+W),
6.81 (d, J = 8.5 Hz, 4H, G), 6.18 (s, 2H, 0), 6.14 (s, 2H, T) 4.54 (d, J = 6.3 Hz, 8H, H+K), 4.17
(d, J = 2.4 Hz, 4H, P), 4.13 — 4.09 (m, 4H, S), 3.62 (s, 1114H, 1+J+Q+R+X+Y+Z), 1.31 (s, 54H,

A).
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Figure 4.60. 'H-NMR (500 MHz, d1=5s, 25°C, CDCls) of crude 4.19 via two-step polymerization.

The crude NMR for the one-pot and step-wise polymerization of 4.19 are similar; however,
the end-group analysis determined a molecular weight closer to 15,000 g/mol for the two-step
procedure (Figure 4.60). While alkyne peaks (~2.43 ppm) are present in both polymerization
products, the integration is much less for this two-step procedure (1.02 vs. 0.31). Adding more
stopper in future polymerizations should lead to complete stoppering and increase the molecular
weight closer to the expected value (17,200 g/mol).

The one-pot procedure was repeated at three concentrations (10, 20, and 50 mM), and the
crude samples were analyzed via GPC (Figure 4.61). The two-step procedure was repeated at the

higher concentration (50 mM) and compared to the preliminary results (17 mM).
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Figure 4.61. GPC (3:1 THF:DMF) traces of dumbbell polymer 4.19 (crude) formed in one-pot at
three different concentrations compared with 4.19 (crude) prepared via two-step polymerization
(light blue) and the alkyne-PEG-alkyne starting material (7300 g/mol, black).

The two-step process was concentration-dependent; the product molecular weight and
distribution were constant at all concentrations. However, there is a shift to higher molecular
weight for the two-step polymerization when the concentration was increased to 50 mM (light
blue) compared to the sample prepared at 17 mM (dark blue). The one-step reaction has a greater
chance of forming smaller dumbbells by capping the alkyne-PEG-alkyne polymer, which would
also explain the increased residual alkynes in the crude NMR spectra mentioned above.

The step-wise synthesis of 4.19 was repeated on a larger scale (using 0.02 g of monomer
2.5) and at a higher concentration (50mM vs. 17mM). An aliquot of the polymerization was taken

to verify the formation of the pre-stoppered click polymer 4.18 via NMR.
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Figure 4.62. 'H-NMR (500 MHz, d1=5s, 25°C, CDCI5) overlay of crude polymer 4.18 with alkyne-
PEG-alkyne and monomer 2.5 for comparison.
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Figure 4.63. *H-NMR (500 MHz, d1=5s, 25°C, CDCls) of crude 4.18.
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Similar to the end-group analysis for the alkyne-PEG-alkyne, the singlet at 4.20 (B) was
used to determine the molecular weight of 4.18. Setting this peak to four protons results in two
protons at 2.42 ppm (A), as expected for the two alkyne end groups. The PEG region integrates to
1047 protons, which corresponds to (n=1047/4) 262 ethylene glycol units; the final molecular
weight is about 12,000 g/mol.

After adding the stopper to 4.18, the polymerization was left for 18 hours at room
temperature. The solvent was removed under vacuum, leaving behind a viscous oil that was
dissolved in CDClIs for crude NMR analysis. The sample was then precipitated into cold methanol
and put into the freezer overnight. The solid was filtered, and the solvent was removed from the

methanol filtrate; both samples were further dried under high vacuum for NMR analysis (Figure

4.64).
isoxazole 4.19 (MeOH filtrate)
(TT ~53.3K
0.89,0.22 t-butyl
4.19 (precipitate) A A\_)
N_ I "17.2K 1l JL
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Figure 4.64. *H-NMR (500 MHz, d1=5s, 25°C, CDCls) of 4.19 purification. t-butyl peak (1.31
ppm) set to 54H, and then isoxazole peaks (6.18 and 6.14 ppm) were integrated.

Gratifyingly, end-group analysis on the precipitate confirmed a molecular weight that
matches the expected value of 17,200 g/mol for 4.19 (Figure 4.65). The crude sample is also close

in molecular weight (17,300 g/mol); simple methanol precipitation successfully removed higher
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molecular weight products. Increasing the amount of stopper moving forward should remove the

small alkyne peak still present.
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Figure 4.65. 'TH-NMR (500 MHz, di=5s, 25°C, CDCIls) of dumbbell polymer precipitated in
methanol 4.19.

4.4.2.13 Synthesis of dumbbell polymer 4.21.

The next step in optimizing the polyrotaxane synthesis involves adding bis-alkyne Bip 2.2
to the NOAC polymerization. The ratio of alkyne and nitrile-oxide end groups controls the
molecular weight of the polymer, and a slight excess of alkyne-PEG-alkyne will provide the

required alkyne chain ends for stoppering with nitrile-oxide 4.13.
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Alkyne-PEG-alkyne (0.0377 g, 0.0052 mmol, 7300 g/mol) and bis-alkyne 2.2 (0.0032 g, mmol)
were added to a small vial with a stir bar. Nitrile-oxide 2.5 (0.0050 g, 0.0044 mmol) and 4.13
(0.0191 g, 0.0186 mmol) were dissolved in 177 pL chloroform and added to the reaction vial for
a final concentration of 50 mM. The solution was left stirring for 18 hours, after which the solution
was dried under vacuum. The crude residue was dissolved in CDCIs for NMR (Figure 4.66, bottom

spectrum) and GPC (Figure 4.67, magenta) analysis.

isoxazole region

)
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Figure 4.66. 'H-NMR (500 MHz, d;=5s, 25°C, CDClIs) of Bip dumbbell polymer 4.21 (crude)
prepared in one-pot (bottom spectrum; 2.1 eq 4.13) and two-steps (top spectrum; 2.4 eq 4.13).
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Alkyne-PEG-alkyne (0.0377 g, 0.0052 mmol, 7300 g/mol) and bis-alkyne 2.2 (0.0032 g, mmol)

were added to a small vial with a stir bar. Nitrile-oxide 2.5 (0.0050 g, 0.0044 mmol) was dissolved
in 118 pL chloroform and added to the reaction vial. The solution was left stirring for 18 hours,
after which 4.13 (0.0219 g, 0.0213 mmol) was dissolved in 59 pL chloroform and added to the
polymerization for a final concentration of 50mM. After 18 more hours, the solvent was removed
under vacuum, and the crude residue was dissolved in CDClsz for NMR (Figure 4.66, top spectrum)
and GPC (Figure 4.67, light blue) analysis.

The broader doublet at 6.95 ppm (corresponding to the phenyl protons on Bip) suggests a
higher molecular weight backbone for the two-step method (Figure 4.66, top). The broadening of
signals at 3.95 and 2.78 ppm on the alkyl chains of Bip also indicates the successful incorporation
of Bip into the polymer. The presence of isoxazole peaks between 6.25 and 5.95 ppm confirms
polymerization and stoppering of the alkyne chain ends. A slight excess of 4.13 was used for these
experiments, helping the alkyne peak (2.54 ppm) disappear completely to form 4.21.

Depending on the terminal alkyne from thread or PEG polymer, there are more than one
possible end-group isoxazole proton environments. For consistency, the isoxazole peaks in Figure
4.53 are labeled O and T, like in the previous polymer 4.19. There are two more isoxazole

environments (O'and T') in 4.21 on either side of Bip; the more downfield signal corresponds to
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Figure 4.67. GPC (3:1 THF:DMF) traces of dumbbell polymer 4.21 (crude) formed in one-pot
(magenta) and two-steps (light blue) at [50mM], compared with stopper 4.13 (green), alkyne
thread 2.2 (dark blue), and alkyne-PEG-alkyne (7300 g/mol, black). The 4.21 traces in the top
figure are normalized to the highest peak (excess 4.13). Those in the bottom figure are normalized
to the second-highest peak, revealing a much higher molecular weight distribution for the two-step
method (light blue).

stoppered Bip chain ends (O'), and upfield the linkage between Bip and monomer units (T'). The
more prominent O' peak for the one-step suggests stoppering of lower molecular weight products.

In contrast, two-step provides a larger signal for T', suggesting more monomer-Bip
linkages and higher molecular weight polymer upon stoppering chain ends. Lower molecular
weight products are more likely to form in the one-pot procedure because stoppers can react with

both ends of the PEG macromonomer, limiting polymerization.
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GPC confirmed the conclusions made from NMR (Figure 4.67); the 4.21 sample prepared
in two steps (light blue) revealed a much higher molecular weight product distribution than that
prepared in one pot (magenta). This two-step NOAC polymerization-stoppering procedure was
applied to subsequent experiments to make metallated polyrotaxanes by substituting
pseudo[2]rotaxane 4.8:2.2:Zn(11) for thread 2.2.

4.4.2.14 Synthesis of Bip polyrotaxane 4.23

Alkyne-PEG-alkyne (X equiv., 7,300 g/mol), Bip thréad 2.2 (Y equiv.), and pseudo[2]rotaxane
(P2R) 4.8:2.2:Zn(l1) (Z equiv.) were weighed out (see Table 4.1) and added to a small vial with a
stir bar. Nitrile-oxide monomer 2.5 (0.0050 g, 0.0089 mmol) was dissolved in 118 pL of
chloroform and added to the reaction vial. The polymerization stirred for 18 hours, resulting in a
viscous solution. 4.13 (0.0018 g, 0.0018 mmol) was dissolved in 59 pL chloroform and added to
the polymerization for a final concentration of 50mM. After 18 more hours, the solvent was
removed via rotary evaporation, and the crude samples were dried under high vacuum overnight.
The crude mixture was precipitated into a mixture of cold hexanes/chloroform (6/1 v/v, 35 mL)
and centrifuged (8000 rpm, 15 min) 3x to remove the excess stopper and lower molecular weight

products.
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Integrating the aromatic region confirms the systematic incorporation of
pseudo[2]rotaxane into the polymer backbone (Figure 4.68). The p-pyridyl (A/A, 9.14 ppm) and
m-pyridyl (B/B, 8.66 and 8.74 ppm) Bip peaks on 4.8:2.2:Zn(11) were integrated with the m-
pyridyl (B, 8.37 ppm) Bip peak on 2.2 to calculate the ratio of components. Therefore, a 2:4:2 (or
0.25:0.5:0.25) ratio of A/A:B/B:B would indicate the successful formation of PR50 containing
equimolar amounts of thread and pseudo[2]rotaxane. Integrating the actual ratio gives
0.23:0.49:0.28, which is in good agreement with the expected 0.25:0.5:0.25 ratio. PR25 should
have three threads for every pseudo[2]rotaxane, resulting in a 2:4:6 (0.167:0.33:0.50) ratio.
Integration leads to 0.08:0.23:0.68 for A/A:B/B:B in PR25, which agrees well with the calculated

ratio.
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Figure 4.68. TH-NMR (500 MHz, d1=5s, 25°C, CDCls) overlay of the aromatic region of 4.23-
PRO (precipitated) and metallated Bip polyrotaxanes, 4.23-PR25 and 4.23-PR50, (precipitated)
with indicated components for comparison.
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Figure 4.69. *H-NMR (500 MHz, d;=5s, 25°C, CDClIs) overlay of 4.23-PRO supernatant and
metallated Bip polyrotaxane, 4.23-PR25 and 4.23-PR50, supernatants with indicated components
for comparison.
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The metallated polyrotaxanes 4.23-PR25 and 4.23-PR50 (and 4.23-PRO0) were dissolved in 6 mL
of DCM and added to separate vials with 6 mL of 1M NaOH and a stir bar. The solutions were

stirred overnight at room temperature, and the organic (long wave UV-active) layers were

collected and dried under vacuum (without heat). The crude mixtures were precipitated into a
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Figure 4.70. 'H-NMR (500 MHz, d1=5s, 25°C, CDClIs) overlay of the aromatic region of 4.24-
PRO and demetallated Bip polyrotaxane, 4.24-PR25 and 4.24-PR50, with indicated components
for comparison (left). Integration of para-pyridine protons on Bip and isoxazoles for PR25 and
PR50 (right).

mixture of cold hexanes/chloroform (6/1 v/v, 35 mL) and centrifuged (8000 rpm, 15 min) 3x to
remove the excess stopper and lower molecular weight products.

4.4.2.15 Synthesis of Bip polyrotaxane 4.25

o0

® O 22
NCO N 0 O
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A slight excess (1:1.1) of P2R ensured alkyne chain-ends for stoppering with nitrile-oxide 4.13.
P2R 4.8:2.2:Zn(11) (0.0040 g, 0.0019 mmol) was weighed out and added to a small vial with a stir
bar. Nitrile-oxide monomer 2.5 (0.001 g, 0.0018 mmol) was dissolved in 24 uL of chloroform and
added to the reaction vial. The polymerization stirred for 18 hours, resulting in a viscous solution.
4.13 (0.0004 g, 0.0004 mmol) was dissolved in 12 pL chloroform and added to the polymerization
for a final concentration of 50mM. After 18 more hours, the solvent was removed via rotary
evaporation, and the crude samples were dried under high vacuum overnight. The crude mixture
was precipitated into a mixture of cold hexanes/chloroform (6/1 v/v, 35 mL) and centrifuged (8000

rpm, 15 min) 3x to remove the excess stopper and lower molecular weight products.

The metallated polyrotaxane was dissolved in 6 mL of DCM and added to a vial with 6 mL of 1M

NaOH and a stir bar. The solution was stirred overnight at room temperature, and the organic (365

nm UV-active) layer was collected and dried under vacuum (without heat).
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Figure 4.71. *H-NMR (500 MHz, d1=5s, 25°C, CDClIs) overlay of demetallated Bip polyrotaxane
4.26 with the demetallated wash (top spectrum) and indicated components for comparison.

4.4.2.16 Synthesis of Bipy polyrotaxane 4.27
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Q O

x
)

CHCl,
RT, 18h

P2R 4.8:4.1:Zn(11) (0.0033 g, 0.0019 mmol) was weighed out and added to a small vial with a stir
bar. Nitrile-oxide monomer 2.5 (0.001 g, 0.0018 mmol) was dissolved in 24 pL of chloroform and
added to the reaction vial. The polymerization stirred for 18 hours, resulting in a viscous solution.
4.13 (0.0018 g, 0.0018 mmol) was dissolved in 12 pL chloroform and added to the polymerization

for a final concentration of 50mM. After 18 more hours, the solvent was removed via rotary
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evaporation, and the crude samples dried under high vacuum overnight. The crude mixture was
precipitated into a mixture of cold hexanes/chloroform (6/1 v/v, 35 mL) and centrifuged (8000

rpm, 15 min) 3x to remove the excess stopper and lower molecular weight products.

ex. TBAOH, MeCN
50mM, RT, 20min

4.28

The same procedure used to demetallate 4.17 was used to demetallate polyrotaxane 4.27. The
metallated polyrotaxane 4.27 was dissolved in acetonitrile and 20 uL of tetrabutylammonium
hydroxide solution (1M in MeOH) was added dropwise resulting in a rapid color change from
yellow to off-white, and precipitation of the demetallated product. After 20 minutes, the solid
(4.28) was filtered, dried, and redissolved in CDCl3 for NMR analysis. Acetonitrile was removed
from the demetallated wash under vacuum, and the residue was also dissolved in CDCl3z for NMR

analysis.
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5 Exploring Thiol-Maleimide Stoppering of Doubly-Threaded Pseudo[3]Rotaxanes
5.1 Introduction

Rotaxanes consisting of one ring threaded have been synthesized in myriad ways; however,
increasing the number of interlocked components in the rotaxane is far from trivial.* Finding the
correct ring size and stoppering conditions are vital for accessing rotaxanes in high yield. Metal-
ligand coordination has been widely employed for its efficient and facile approach to rotaxane
assembly; ligands gather around a metal ion to form a pseudorotaxane that can be subsequently
stoppered to afford the interlocked product after demetallation. Current template strategies for
synthesizing rotaxanes have focused on utilizing one metal center to assemble rotaxane
components and typically use monovalent rings. This chapter focuses on synthesizing ditopic
macrocycles and the metal-templated assembly of doubly-threaded [3]rotaxanes using click

chemistry to stopper a metallated pseudo[3]rotaxane complex (Figure 5.1).

2eq Zn2* ae 4 eq. O X Demetallatex

Pseudo[3]rotaxane [3]Rotaxane
d % Y ¥ b
2 <t
SN :
3\} C\g O OOO O g SH
N O NL\_ JN_
Sa,, L0 O
Macrocycle Thread
5.1 5.2 5.3

Figure 5.1. Metal-template approach for doubly-threading. Coordination of Bip (2,6-bis(N-alkyl-
benzimidazolyl)pyridine) ligands with Zn?* in a 2:1 fashion and the original components used in
preliminary rotaxane experiments by Dr. Katie Herbert. A ditopic macrocycle (5.1, red, 68-atom)
and two threads (5.2, blue) self-assemble in the presence of Zn?* to form a doubly-threaded
pseudo[3]rotaxane. A thiol-terminated stopper group (5.3, green) was used to cap the reactive
alkene chain ends on the thread, which should form the doubly-threaded [3]rotaxane 5.4 after
demetallation with a dilute solution of base.
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A similar synthetic design employing two coordination sites per ring has been successfully
applied to the synthesis of [3]catenanes (comprised of 3 interlocking rings)? and linear
poly[n]catenanes® to create the longest interlocked molecular chain to date. Zn?* ions facilitate the
threading of two linear components through a single ditopic ring in a thermodynamically driven
process. Forming the doubly-threaded architecture depends on the coordination of 2,6-bis(N-alkyl-
benzimidazolyl)pyridine (Bip) ligands with transition metals such as Zn?* or ions Fe?* in a 2:1
fashion (Figure 5.1, top left).* The resulting pseudo[3]rotaxane (P3R) is a consequence of the exact
stoichiometry employed and the principle of maximum site occupancy.® The two ligands in the
macrocycle cannot bind to the same metal ion (as confirmed by UV-Vis studies on the ditopic 68-
atom macrocycle);® thus, the only way for the system to maximize its enthalpic gain is for all Bip
ligands to form a 2:1 Bip:Zn?* complex in the formation of a thermodynamically stable
pseudo[3]rotaxane assembly.®

The stability of the metal complex is vital for keeping the ring interlocked during
stoppering, or rotaxanes will not form, so avoiding difficult reaction conditions is critical.
Accessing interlocked products also requires complete conversion; if only three of the four thread
ends are stoppered, the entire [3]rotaxane will fall apart after demetallation if the ring is too big to
stabilize the resulting [2]rotaxane. Prior work on this project used P3R assembled from a 68-atom
ditopic macrocycle 5.1 (Figure 5.1, bottom left) with two Bip-containing bis-alkene rotaxane
threads 5.2 (Figure 5.1, bottom center) upon the addition of Zn?* ions. The reactive chain ends on
the rotaxane thread were designed to react with thiols on triaryl stopper 5.3 (Figure 5.1, bottom
right) to form the doubly-threaded [3]rotaxane product 5.4 after demetallation (Figure 5.1, top
right). Thiol-ene click chemistry was the first reaction explored for stoppering the P3R complex

assembled from Bip, but it consistently led to an incomplete reaction between stopper 5.3 and the
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chain ends of 5.3. UV and thermal initiation did not lead to quantitative conversion using either
AIBN or V-70, respectively, concluding that the Bip:metal complex acts as a radical trap to inhibit
the thiol-ene stoppering reaction.

Click polymerizations have widened the scope of materials science, providing high
reaction rates at a lower temperature and an easy route to bioconjugation and other post-
polymerization modifications. Various well-defined hydrogels and polymer architectures have
been accessed using different click chemistries.”® For example, the Michael Addition reaction
between thiol and maleimide has been highly successful for bioconjugation reactions with
cysteine, a thiol-functionalized amino acid.®**

Maleimides are the most reactive vinyl groups in thiol-Michael reactions; the Michael
addition between maleimide and thiol requires only a catalytic amount of base and does not require
light or heat to initiate the reaction (Figure 5.2).° This chapter tests the Michael Addition between
a maleimide thread component and the thiol stopper 5.3. The advantages and disadvantages of this

click chemistry for stoppering the P3R metal complex will also be discussed.

Maleimides  Vinyl sulfones Acrylates & Acrylamides Methacrylates
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Figure 5.2. Thia-Michael addition with maleimide. Reactivity of commonly used vinyl groups in
thiol-Michael addition reactions (top). N-alkylation of maleimide provides highly reactive
rotaxane threads that can react with the thiol stopper in the presence of a catalytic amount of base
to form a thioester bond. This reaction proceeds at room temperature and can be performed in a
variety of solvents. Adapted from Ref. 9 with permission from American Chemical Society.
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5.2  Results and Discussion
5.2.1 Finding a Compatible Stoppering Catalyst

The vinyl group on maleimide is extremely electron deficient, which makes it highly
reactive with thiols in the presence of a base catalyst (Figure 5.3).° Metallosupramolecular
polymers comprised of similar Bip ligands coordinated with transition metal ions demetallate
under basic conditions such as diethylenetriamine or tetrabutylammonium hydroxide. DBU (1,8-
diazabicycloundec-7-ene) is a viable option for the stoppering catalyst because it is sterically
hindered and non-nucleophilic. This decreases the chance of DBU interfering with the complex
and increases the likelihood of it reacting with the thiol to perform the Michael Addition instead.
Mechanistically, DBU extracts a proton from the thiol to form the conjugate acid and thiolate anion
that reacts readily with the maleimide vinyl group; an intermediate anion then reacts with the
conjugate acid to create the thioester product and regenerates the catalyst (Figure 5.3). To

determine DBU’s reactivity and potential as a stoppering catalyst, the stability of the metal

N
W_\;'H‘___g‘} e W \ :>
thiol Q base catalyst thiolate anion H
conjugate
acid

0]

0
G - =
S | N-H -H
— AN
electron deficient vinyl intermediate anion
)

A D

AN
thioester product regenerated

base catalyst

Figure 5.3. Base-catalyzed Michael Addition between a thiol and the electron-deficient vinyl
group (such as maleimide) yields the thioester product and the regenerated base catalyst. DBU
(1,8-diazabicycloundec-7-ene) is a sterically hindered, non-nucleophilic base that was chosen to
limit interactions with the 2:1 Bip:Zn(I1) metal complex.
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complex must be investigated, and reaction conditions need to be optimized to guarantee
stoppering of the P3R without dethreading.
5.2.2 Testing Metal Complex Stability

Making a doubly-threaded complex starts with a 1 to 2 stoichiometric ratio of the ring-to-
thread components, verified via NMR integration. *H Nuclear Magnetic Resonance (NMR)
titrations provide a systematic way to monitor the metallation of Bip. A solution of Zn(NTf2)> was
titrated into an NMR tube containing the Bip ligand to form an octahedral metal complex. Signals
corresponding to aromatic hydrogens on the central pyridine of the Bip ligand (8.33 ppm) will

shift downfield (8.75 ppm) with metal binding because of electron deshielding (Figure 5.4).
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Figure 5.4. Effect of DBU Concentration on 2:1 Bip:metal. 1H-NMR (600 MHz, 25°C, CD2CI2)
titration of DBU to 2:1 Bip:metal complex (top). Plot showing the decrease in the percentage of
the metal complex as DBU is added during the titration (bottom left). Doublets correspond to the
meta-proton on the inner pyridine ring of the Bip ligand (bottom right).
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'H NMR titration experiments confirmed 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) to be
a viable option for our catalyst as it is a sterically hindered, non-nucleophilic base. Small
increments of DBU were titrated into the metal complex (dissolved in CD2Cly), confirming its
stability below 1.0 mol% DBU, thus providing a ceiling concentration under which to investigate
reaction progress at even lower amounts of DBU. Full demetallation of the 2:1 complex was
observed at 4.0 mol% DBU.
5.2.3 Optimizing Reaction Conditions

After verifying Bip complex stability at DBU concentrations below 1.0 mol%, the
maleimide-thiol conditions were further investigated to determine the minimum DBU required for
the reaction. A test reaction between maleimide and 1-octanethiol was performed at room
temperature in the presence of 0.1 mol% of DBU in DCM (200 mM concentration) and was found
to react instantaneously and quantitatively. The vinyl hydrogens on maleimide appear as a strong,
sharp singlet at 6.7 ppm in *H-NMR, which makes it the ideal diagnostic peak for reaction
monitoring; the peak completely disappears upon the addition of base, indicating complete
conversion (Figure 5.5). Conjugation between the thiol and maleimide results in a new region of
peaks forming between 3.8 and 2.4 ppm. The click reaction also proceeds in DMF, which acts as

a Lewis basic solvent and catalyst for the Michael Addition.
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Figure 5.5. Thiol-maleimide click proof-of-concept. *H-NMR spectra (600 MHz, CDCl3) showing
maleimide reacting with 1-octane thiol in the presence of 0.1 mol% DBU in CD,Cl; to form the
thioester product. Similar results are seen when DMF is used as the reaction solvent, wherein the
amines can catalyze the click reaction with thiol.

5.2.4 Designing Maleimide Rotaxane Thread

Maleimides are known to react with thiols readily;® therefore, a maleimide-functionalized
thread component was designed to react with the thiol on triaryl stopper 5.3. N-alkylation of
maleimides from hydroxy chain ends is a common technique for attaching maleimide groups to
polymers and other molecules for bioconjugation reactions.®** Attaching extended hydroxy
groups on Bip (5.5) allows the thread to undergo Mitsunobu conditions'? to form the desired thread
component 5.6 with the exposed, highly reactive vinyl group (Figure 5.6).
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Figure 5.6. Mitsunobu synthesis of maleimide thread 5.6 (see Experimental).
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The key to creating the maleimide thread in high yields is the addition of neopentyl alcohol
(Figure 5.7) which acts as a non-reacting ligand to push the reaction forward to the final SN2
displacement. Without the neopentyl alcohol, a dark red color was observed, corresponding to the
maleimide reaction with a quaternary phosphonium salt intermediate that inhibits the reaction.

Dr. Qiong Wu was interested in forming pseudo[3]rotaxanes from smaller ligands to thread
through tighter macrocycles, leading to the alkene-functionalized Bipy thread 5.11 (Figure 5.8).
Like the functionalization of phenolic Bip derivatives, Williamson ether conditions attach
brominated alkyl chains to the 2,2'-bipyridine-6,6'-diol (Bipy) ligand. Similar reaction conditions
were employed to access the dihydroxy Bipy derivatives required for functionalizing chain-ends

with maleimide to form 5.13. The hydroxy chains were extended even further (using 11-bromo-1-
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Figure 5.7. Modified Mitsunobu reaction mechanism. Neopentyl alcohol acts as a non-reacting
ligand for phosphorus to drive the reaction forward. Without the ligand, maleimide can protonate
the reactive intermediate, hindering the reaction and turning the color dark red. The successful N-
alkylation of the maleimide group results in a yellow-orange crude mixture.
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Figure 5.8. Different thread derivatives discussed in this chapter (see Experimental).

undecanol) with the idea that keeping the maleimide moiety farther from the pseudo[3]rotaxane
would limit potential interactions with the metal template. Figure 5.8 shows the library of thread
components discussed in this chapter.
5.2.5 Thiol-Maleimide Dumbbell Experiments

After successfully synthesizing maleimide threads and thiol stopper, *H-NMR titration
experiments evaluated the reactivity of the two components under base-catalyzed conditions.
Testing both Bip- and Bipy-based maleimide threads determined whether the type of ligand
changes the efficiency of this stoppering chemistry. Monitoring the disappearance of the
maleimide singlet (corresponding to the reactive vinyl group) at 6.7 ppm while adding small
increments of the DBU catalyst determined reaction progress (see Experimental); new peaks
formed a conjugation region, corresponding to the thioester dumbbell product between 3.7 and 2.4

ppm (Figure 5.9).
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Figure 5.9. Synthesis of thioester Bip dumbbell 5.19 (top). *H-NMR (500 MHz, 25°C, CDCl,) of
5.19 with indicated components for comparison (bottom).

The Bipy system 5.20 required less DBU (0.2 mol%) to drive the Michael addition to
completion (Figure 5.10); the Bip dumbbell 5.19 required more than 2.5 mol% DBU to reduce the
maleimide singlet significantly. This result is likely due to the more significant number of nitrogen
atoms in the Bip framework that could interfere with the thiolate anion and thioester bond

formation under basic conditions.
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Figure 5.10. Synthesis of thioester Bipy dumbbell 5.20 (top). *H-NMR (500 MHz, 25°C, CD,Cl,)
of Bipy dumbbell 5.20 titration with indicated components for comparison (bottom).

Highly polar solvents such as dimethyl sulfoxide (DMSO) and dimethylformamide (DMF)
allow the thiol-maleimide reaction to proceed without the addition of a catalyst. The polarity of
the solvent helps facilitate the formation of the active thiolate ion, acting as a catalyst for the

Michael Addition.® This approach was also tested on 5.6 to determine if DMF could be used to
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attach thiol stoppers to the pseudo[3]rotaxane complex (see Experimental). The stoppering
reaction to form 5.21 was unsuccessful in DMF, a nitrogen-rich solvent.
5.2.6 Synthesizing Smaller Rings

Through collaboration with Dr. Phillip Rauscher in the de Pablo Research Group,
computational studies were performed on the 68-membered macrocycle.® Molecular simulations
provide valuable information on the macrocycle by plotting three eigenvalues vs. simulation time
(Figure 5.11, top center). This plot shows how the shape of the macrocycle changes during the
simulation. The ring tends to have one large eigenvalue and two smaller, similar ones. When one
eigenvalue differs from two slightly similar values, it indicates a cylindrical shape: this correlates
to a macrocycle in a collapsed conformation due to m-m stacking (Figure 5.11, top left).

Occasionally, the second eigenvalue drifts upwards, and the macrocycle will take up a disk shape

1.0

Flexible TEG °
moiety

.

0.6 |

' ""‘”;"q']ﬂ AW

04

Eigenvalfie (nm)

"‘.4“!4‘ ‘w Al ‘ e
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20 40 60 80 100x10°
Simulation Time (ps)

Figure 5.11. Molecular Simulation of 68-atom Ring 5.1. Molecular simulations provide us with
valuable information on how the shape of the macrocycle changes in the form of a plot of three
eigenvalues vs. simulation time. The ring can form a cylindrical shape consistent with the
collapsed conformation because of m-m stacking which can disengage occasionally, and the
molecule obtains a disc-like shape. These changes in conformation were shown to help facilitate
dethreading from a molecule stoppered with a bulky triaryl moiety (green); the molecular
simulation shows the ring looping around the three biphenyl arms of the stopper group.
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when the -7 interactions are disengaged (although the fact that the three values are quite different
means that there is no real symmetry in the molecule) (Figure 5.11, top right).

These changes in conformation facilitate the dethreading of the ring over the triaryl stopper
group (used in previous [3]rotaxane studies by Dr. Katie Herbert) during the simulation. When the
ring is threaded on a polymer chain, the flexible tetraethylene glycol moiety allows it to change
conformation as it slides along the chain; when the macrocycle is in its collapsed, cylindrical shape,
it can loop around all three biphenyl arms on the stopper group (Figure 5.11, bottom).

A defining characteristic of a rotaxane molecule is the ability of the ring to slide along the
axis molecule without falling off. The size matching of macrocycle and stopper groups is one of
the essential design parameters for designing components and assembling rotaxanes; the end
groups must be bulky enough to stopper the ring, and the macrocycle cavity big enough for
threading and ring sliding. A triaryl component (i.e., 5.3) was synthesized to provide a rigid stopper
group to prevent the macrocycle from slipping. Synthesizing macrocycles of different sizes will
determine how many atoms the ring cavity needs to hold two thread components without slipping
off stoppers.

The macrocycle design controls the number of ligand sites introduced to access singly-
threaded and doubly-threaded rings. This synthesis can be modified to incorporate different linker
groups to access different ring sizes and conformations (Figure 5.12). Ring size is tailored by
shortening (or lengthening) the Bip moieties by taking out (or including) the terminal phenol units
or designing shorter linkages, the two main components in the ring synthesis. Using non-extended
Bip moieties* connected via shorter linkages leads to the smaller rings desired for forming stable
rotaxanes. Different ring conformations can be accessed through more flexible (ethylene glycol)

or rigid (aromatic) linkages; triethylene glycol and naphthalene form 46-membered rings with non-
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Figure 5.12. Controlling Ditopic Ring Size. The design of our macrocycle synthesis allows us to
change the size and flexibility of the ring with different linker moieties. The length of the alkyl R
groups on the 2,6-bis(N-alkyl-benzimidazolyl) pyridine (Bip) ligand (top left) helps with the
solubility of the highly aromatic rings. Smaller rings can be accessed by removing the phenol
extension on Bip. Aromatic linkers result in more rigid macrocycles, while the ethylene glycol
linkages impart flexibility to the ring.

extended Bip moieties allowing us to investigate ring flexibility between rings of similar size.
As mentioned above, the 68-atom rings 5.1 are too big for our triaryl stopper size,
necessitating the synthesis of smaller rings by shortening the tetraethylene glycol linkage between

the two Bip units. Tosylation of diethylene glycol provided a slightly smaller 56-atom ring 5.22
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but it was still too big (confirmed by Dr. Jerry Hertzog). Accessing even tighter rings requires
removing the phenol extension on the Bip ligand (see Experimental).
5.2.7 Assembling Pseudo[3]rotaxanes from Maleimide Thread

All pseudo[3]rotaxane titration experiments followed the same procedure outlined below.
Two equivalents of the maleimide thread were added slowly for every macrocycle until an exact
2:1 ratio of components was verified using *H-NMR integration. Then, metal ions are slowly
added, and the metallation is tracked via NMR. Zn?" (with bistriflimide as a noncoordinating
counterion) was chosen as the metal ion for the pseudo[3]rotaxane because it forms a labile bond
with tridentate ligands but still has a relatively high overall binding constant (Bn > 108 M™; n=2)13
that keeps the ring bound during the stoppering process. The downfield shift in aromatic Bip
protons upon adding Zn?* ions confirms the formation of pseudo[3]rotaxanes from the smaller
ditopic macrocycles and maleimide-functionalized thread components (see Experimental). Figure
5.13 shows the assembly of P3R 5.22:5.6:Zn(11)2 from 56-atom 5.22 and maleimide thread 5.6

using Zn(NTf2)2 as an example.
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Figure 5.13. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 14.25, 15% ds-MeCN in CDCls
increasing upwards) of metal addition to form 5.22:5.62:Zn(l1)2.

The 2,2’-bipyridine (Bipy) ligand was explored in Chapter 4 as an alternative to the larger
Bip ligand. Smaller ligands have a better chance of threading through the tighter rings (i.e., 42-
atoms) required to prevent dethreading from the triaryl stopper group employed here. Figure 5.14

shows the assembly of 5.24 and 5.13 as an example.
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Figure 5.14. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 6, 11.25, 14.25, 15% d3-MeCN
in CDCls increasing upwards) of metal addition to form 5.24:5.132:Zn(11).

Instead of the bistriflimide counterion typically used to assemble Bip complexes for its
noncoordinating nature, Dr. Wu chose a triflate (i.e., Zn(OTf),) to see if coordination with a
counterion could help stabilize the pentacoordinate complex that forms from a 1:1:1 stoichiometric
mixture of Bip:Bipy:Zn**. NMR signals between the metallated Bipy peaks (~8.15 — 8.40ppm)
suggest zinc exchanging between Bipy ligands (see Experimental). Comparisons between the
bistriflimide and triflate titration experiments reveal cleaner and more stable pseudo[3]rotaxane

complexes when the noncoordinating bistriflimide counterion is employed.
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5.2.8 Stoppering Pseudo[3]rotaxanes

Keeping the interlocked moiety intact during stoppering requires reaction conditions that
do not interact with the pseudo[3]rotaxane metal complex; harsh reaction conditions requiring
thermal- or photo-initiators or metal complexes will promote dethreading of the ring before the
stoppering reaction can occur. In collaboration with Dr. Qiong Wu, a V-70 thermal initiated thiol-
ene reaction between the thiol stopper and a pseudo[3]rotaxane showed promising preliminary
results; however, repeating the click reaction was unsuccessful (see Experimental).

Successful thiol-maleimide conjugation would be indicated by a decrease in the integration
of the 6.7 ppm maleimide singlet and growth of peaks corresponding to the thioester product, as
seen in the dumbbell experiments. Furthermore, complete retention of the metallated complex
peaks would indicate successful stoppering of the interlocked pseudo[3]rotaxane. Thiol-maleimide
stoppering of P3R 5.1:5.62:Zn(11)2 with thiol stopper 5.3 was used to target [3]rotaxane 5.27 after
demetallation (Figure 5.15, top) (see Experimental). A *H-NMR spectrum was acquired after each
DBU addition to monitor reaction progress and watch for demetallation caused by DBU displacing
thread and complexing with Zn?* ions (see Experimental). The maleimide singlet from the
pseudo[3]rotaxane 5.1:5.62:Zn(l1)2 at 6.72 ppm in CD2Cl; (6.70 in CDCIs) did not decrease even
after adding 1.0 mol% DBU (Figure 5.15, bottom). However, at 0.75 mol% DBU, peaks grew
between 8.35 ppm and 8.0 ppm, corresponding to the Bip thread no longer bound to the metal ion
(Figure 5.16). The same result was observed for P3Rs assembled from Bipy thread 5.13 and the

smaller 42-atom ring 5.24 (Figure 5.17).
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Figure 5.17. a) Synthesis attempt of [3]rotaxane 5.31 (top). b) Partial *H-NMR overlay (500 MHz,
25°C, CD.Cly) of 5.24:5.132:Zn(l11)2 DBU titration showing complex demetallation and
reappearance of the Bipy peaks from demetallated thread 5.13 (bottom). The maleimide singlet in
5.24:5.132:Zn(11)2 did not decrease during the titration (integrations shown on the right).

The sterically hindered and noncoordinating nature of DBU should minimize the likelihood
of interfering with the metal complex, making it an attractive choice for the stoppering catalyst.
Unfortunately, even at low concentrations, DBU prefers to bind to the Zn?* ions before performing
the Thia-Michael reaction between thread and stopper. The poor stability of the pseudo[3]rotaxane
under base-catalyzed Thia-Michael conditions necessitates a catalyst-free approach to remove any
potential interaction with the metal, ensuring that the only components capable of reacting are the

rotaxane thread and stopper end groups to form the desired interlocked product.
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5.3  Conclusions

The N-alkylation of maleimide using a modified Mitsunobu approach was used to optimize
the synthesis of maleimide threads 5.6 and 5.13 from Bip and Bipy ligands used to react with thiol
stopper group 5.3. DBU was chosen as a sterically hindered, non-nucleophilic base to facilitate the
Michael addition before interacting with the metal complex. Smaller rings were synthesized and
titrated with maleimide thread components and Zn?* ions to form pseudo[3]rotaxanes. Small
amounts of DBU were titrated into an NMR tube containing a mixture of rotaxane components,
and the formation of the thioester product was monitored via *H-NMR. During NMR experiments,
stoppering P3R with DBU revealed no interlocked product even after the complete disappearance
of the maleimide singlet at 6.7 ppm (and the corresponding growth in upfield conjugation peaks).
These results suggest that dumbbells form outside the ring cavity; DBU catalyzes the thiol-
maleimide reaction, but only after it interferes with the metal complex and the pseudo[3]rotaxane
falls apart.

Maleimide is highly reactive and susceptible to hydrolysis under basic conditions, limiting
the scope of compatible reactions; however, protecting groups prevent hydrolysis, allowing
harsher reaction conditions. Furan derivatives, specifically 2,5-disubstituted furans, are commonly
used to protect maleimide because Diels-Alder adducts form at room temperature without a
catalyst. A simple retro-reaction at elevated temperatures unmasks the reactive maleimide vinyl
group, making this chemistry ideal for thermoreversible polymer networks that can decrosslink at
high temperatures. Chapter 6 discusses the synthesis of a furan-functionalized stopper and assesses
its ability to stopper pseudo[3]rotaxanes using Diels-Alder chemistry.

Accessing larger stoppers to prevent slippage of ditopic rings is limited by synthetic

challenges, such as the poor solubility of bulky aromatics and expensive starting materials.
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Therefore, the smaller ring complex (i.e., 5.24:5.132:Zn(11)2) will be used in the following chapter
for stoppering experiments because it has the best chance of successfully forming a stable, doubly-
threaded topology. Further investigations into the thermal limitations of these reversible bicyclic

adducts should lead to possible solutions for stabilizing interlocked products.
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54  Experimental
5.4.1 Materials and Methods

All chemicals were purchased from Sigma-Aldrich and used without further purification
unless otherwise mentioned. Zinc di[bis(trifluoromethyl sulfonyl)imide] was purchased from
Strem Chemicals and stored in a nitrogen desiccator. Maleimide and 2,2’-bipyridine-6,6’-diol were
purchased from TCl America. Solvents for chromatography were purchased from Fisher-
Scientific. 2,6-bisbenzimidazolylpyridine ligands* were prepared following literature procedures.
Deuterated solvents and diisopropyl azodicarboxylate were purchased from ACROS Organics.
Tetrahydrofuran (THF) was dried over sodium and benzophenone. Dichloromethane was distilled
over calcium hydride before use. Dimethylformamide (DMF) was dried with activated 4A
molecular sieves before use. All synthesized components were stored in a freezer at -8°C before
use.

Matrix Assisted Laser Desorption/lonization Mass Spectrometry (MALDI-TOF MS) was
measured by a Bruker AutoFlex 111 or Bruker Ultraflextreme MALDI-TOF-TOF spectrometer in
linear (or reflectance) mode using dithranol as matrix and silver or sodium trifluoroacetate as
ionizer (or no ionizer).

Room Temperature Nuclear Magnetic Resonance Spectroscopy was performed using a
Varian Inova 600 MHz spectrometer (at Case Western Reserve University), Bruker Ascend
AVANCE I11 500 MHz spectrometer, a Bruker AVANCE |1+ 500 MHz spectrometer, or a Bruker
DRX 400 MHz spectrometer at the University of Chicago NMR facilities. 'H NMR spectra were
referenced to the residual protonated solvent signal and *3C NMR spectra were referenced to the

deuterated solvent carbon resonance signal.
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5.4.2 Synthetic Procedures

5.4.2.1 Synthesis of alkene thread 5.2

OH

NG
N Br N F
N (5 equiv)
2N _
— DMF [100mM]

=N 4 CSzCO3

=N
N N
) O Ar, 60°C, 24 hrs —/ O
OH O\/\/\

5.2
Ethyl Bip-OH?® (0.5 g, 0.91 mmol) and Cs2COs (1.2 g, 3.6 mmol) were added to a 50mL RBF

purged with Ar. Dry DMF (9 mL) and 5-bromo-1-pentene (0.675 g, 0.536 mL, 4.5 mmol) were
added to the mixture. The reaction was stirred at 60°C overnight, after which the reaction mixture
was cooled to room temperature, and the solvent was removed under reduced pressure. The residue
was dissolved in CHCIs, and the insoluble material (salts) was removed by filtration. The filtrate
was collected, and the solvent was removed under reduced pressure. The resulting material was
purified using column chromatography (TEA-treated silica gel, chloroform/methanol gradient as
eluent) followed by recrystallization (chloroform/acetonitrile mixture) to yield white crystals of
5.2 in 72% yield by mass. H NMR (500 MHz, CDCls) & 8.38 (d, J = 7.9 Hz, 2H, B), 8.11 — 8.03
(m, 3H, A+C), 7.65 — 7.57 (m, 6H, E+F), 7.51 (d, J = 8.4 Hz, 2H, D), 7.05 — 6.99 (m, 4H, G), 5.89
(ddt, J = 16.9, 10.2, 6.6 Hz, 2H, K), 5.10 (dq, J = 17.2, 1.7 Hz, 2H, L), 5.03 (dg, J = 10.2, 1.5 Hz,
2H, L), 4.83(q, J = 7.2 Hz, 4H, M), 4.04 (t, J = 6.4 Hz, 4H, H), 2.32 — 2.24 (m, 4H, J), 1.97 — 1.90

(m, 4H, 1), 1.40 (t, J = 7.2 Hz, 6H, N).
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Figure 5.18. *H-NMR (500 MHz, 25°C, CDCls) of ethyl Bip alkene thread 5.2.

o

5.4.2.2 Synthesis of maleimide thread 5.6

OH

_ (5 equiv)
\ N
4 3 K,COs
=N DMF [200mM]

N
f O 70°C, overnight
I OH

Butyl Bip-OH?® (1.5 g, 2.47 mmol) and K,COs; (1.02 g, 7.4 mmol) were added to a 100mL RBF
purged with Ar. To this mixture was added dry DMF (12.5 mL) and 6-bromo-1-hexanol (2.23 g,
1.61 mL, 12.34 mmol.). The reaction was stirred at 70°C overnight, after which the reaction
mixture was cooled to room temperature, and the solvent was removed under reduced pressure.
The residue was dissolved in CHCI3, and the insoluble material (salts) was removed by filtration.
The filtrate was collected, and the solvent was removed under reduced pressure. The resulting

material was purified using column chromatography (TEA-treated silica gel, chloroform/methanol
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gradient as eluent) followed by recrystallization (chloroform/methanol mixture) to yield white
crystals of 5.5 in 80% yield by mass. *H NMR (500 MHz, CDCls) § 8.35 (d, J = 7.9 Hz, 2H, B),
8.11—8.00 (m, 3H, A+C), 7.64 — 7.55 (m, 6H, F+E), 7.50 (d, J = 8.5 Hz, 2H, D), 7.03 — 6.99 (m,
4H, G), 4.76 (t, J = 7.3 Hz, 4H, O), 4.03 (t, J = 6.5 Hz, 4H, H), 3.68 (g, J = 6.5 Hz, 4H, M), 1.85
(dt, J = 14.2, 6.6 Hz, 4H, P), 1.75 (p, J = 7.5 Hz, 4H, ), 1.63 (dt, J = 14.0, 6.8 Hz, 4H, L), 1.56 —
1.51 (m, 4H, J), 1.51 — 1.42 (m, 4H, K), 1.25 (t, J = 5.4 Hz, 2H, N), 1.14 (h, J = 7.4 Hz, 4H, Q),

0.73 (t, J = 7.4 Hz, 6H, R). MALDI-TOF MS: 810.3 ([M]+H").
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Figure 5.19. *H-NMR (500 MHz, 25°C, CDCls) of dihydroxy butyl Bip thread 5.5.
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Figure 5.20. MALDI-TOF MS (Dithranol) of dihydroxy butyl Bip thread 5.5.
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N-alkylation of maleimide to form thread 1 was based on Walker’s modified Mitsunobu
procedure.'**® Triphenylphosphine (0.487 g, 1.86 mmol) was added to an oven-dried, 25 mL round
bottom flask and put under argon flow. Dry THF (1 mL) was added to the flask and cooled to -
78°C using a dry ice/acetone bath. DIAD (0.375 g, 0.365 mL, 1.86 mmol) was dissolved in 1 mL
dry THF and added dropwise via syringe and the resulting light-yellow solution was stirred for 5
minutes. 5.5 (0.75 g, 0.93 mmol) was dissolved in 7.3 mL of dry THF and added in ~0.2 mL
increments via syringe over 10 minutes. Neopentyl alcohol (0.082 g, 0.93 mmol) and maleimide
(0.18 g, 1.86 mmol) were added sequentially as solids. The reaction flask was removed from the

dry ice/acetone bath and allowed to stir overnight at room temperature. The solvent was removed
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via rotary evaporation and the resulting material was purified using column chromatography (silica
gel, hexanes/ethyl acetate gradient as eluent) to yield 5.6 as a white powder in 50% yield by mass.
IH NMR (500 MHz, CDCls) & 8.34 (d, J = 7.9 Hz, 2H, B), 8.10 — 8.00 (m, 3H, A+C), 7.64 — 7.55
(m, 6H, F+E), 7.50 (dd, J = 8.5, 0.7 Hz, 2H, D), 7.03 — 6.97 (m, 4H, G), 6.67 (s, 4H, N), 4.76 (t, J
= 7.3 Hz, 4H, O), 4.01 (t, J = 6.4 Hz, 4H, H), 3.55 (t, 4H, M), 1.81 (dt, J = 14.5, 6.5 Hz, 4H, P),
1.75 (tt, J=6.8, 1.7 Hz, 4H, 1), 1.69 — 1.60 (m, 4H, L), 1.53 (dtd, J = 9.6, 7.5, 5.6 Hz, 4H, J), 1.43

—1.33 (m, 4H, K), 1.20 — 1.09 (m, 4H, Q), 0.73 (t, J = 7.4 Hz, 6H, R). MALDI-TOF MS: 967.39

+
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Figure 5.21. *H-NMR (500 MHz, 25°C, CDCls) of butyl Bip maleimide thread 5.6. The quartet at
3.68 from the protons next to the hydroxy group on the precursor changes to a triplet and moves
to 3.53 ppm after functionalizing with maleimide.
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Figure 5.22. MALDI-TOF MS (Dithranol) of butyl Bip maleimide thread 5.6.

5.4.2.3 Synthesis of maleimide thread 5.8

J L
G A~ OH
OH F ] K M
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— P/ ]
=N Br B N
_ (5 equiv) —
LN - AQN
3K,CO;4 N
=N =
DMF [200mM] N
N _
_ O 75°C, overnight O
OoH O~ ™"~"0H
5.7

Ethyl Bip-OH?® (1.5 g, 2.72 mmol) and K2COs (1.13 g, 8.16 mmol) were added to a 100 mL RBF
which was purged with Ar. To this mixture was added dry DMF (13.6 mL) and 6-bromo-1-hexanol
(2.46 g, 1.78 mL, 13.6 mmol.). The reaction was stirred at 75°C overnight, after which the reaction
mixture was cooled to RT and the solvent was removed under reduced pressure. The residue was
dissolved in CHCIg3, and the insoluble material (salts) was removed by filtration. The filtrate was

collected, and the solvent was removed under reduced pressure. The resulting material was purified
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using column chromatography (silica gel, chloroform/methanol gradient as eluent) followed by
recrystallization (chloroform/acetonitrile mixture) to yield white crystals of 5.7 in 83% yield by
mass. 'H NMR (500 MHz, CDCl3) & 8.37 (d, J = 7.8 Hz, 2H, B), 8.11 — 8.01 (m, 3H, A+C), 7.64
—7.56 (m, 6H, F+E), 7.52 (d, J = 8.4 Hz, 2H, D), 7.03 — 6.99 (m, 4H, G), 4.83 (q, J = 7.2 Hz, 4H,
0), 4.03 (t, J = 6.5 Hz, 4H, H), 3.68 (dd, J = 6.9, 5.4 Hz, 4H, M), 1.85 (dt, J = 14.1, 6.6 Hz, 4H,
1), 1.63 (dt, J = 14.0, 6.7 Hz, 4H, L), 1.55 — 1.52 (m, 4H, J), 1.47 (q, J = 8.1 Hz, 4H, K), 1.40 (t, J

= 7.2 Hz, 6H, P), 1.24 (t, J = 5.8 Hz, 2H, N). MALDI-TOF MS: 753.0 ([M]+H").
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Figure 5.23. *H-NMR (500 MHz, 25°C, CDCls) of dihydroxy ethyl Bip thread 5.7.
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Figure 5.24. MALDI-TOF MS (Dithranol) of dihydroxy ethyl Bip thread 5.7.
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N-alkylation of maleimide to form thread 5.8 was based on Walker’s modified Mitsunobu
procedure.!**® Triphenylphosphine (0.35 g, 1.33 mmol) was added to an oven-dried, 25 mL round
bottom flask and put under argon flow. Dry THF (1 mL) was added to the flask and cooled to -
78°C using a dry ice/acetone bath. DIAD (0.27 g, 0.262 mL, 1.33 mmol) was dissolved in 1 mL
dry THF and added dropwise via syringe and the resulting light-yellow solution was stirred for 5
minutes. 5.7 (0.5 g, 0.665 mmol) was dissolved in 4.7 mL of dry THF and added in ~0.2 mL
increments via syringe over 10 minutes. Neopentyl alcohol (0.059 g, 0.665 mmol) and maleimide

(0.13 g, 1.33 mmol) were added sequentially as solids. The reaction flask was removed from the



dry ice/acetone bath and allowed to stir overnight at room temperature. The solvent was removed
via rotary evaporation and the resulting material was purified using column chromatography (silica
gel, hexanes/ethyl acetate gradient as eluent) to yield 5.8 as a white powder in 50% yield by mass.
IH NMR (500 MHz, CDCls) § 8.37 (d, J = 7.9 Hz, 2H, B), 8.11 — 8.01 (m, 3H, A+C), 7.64 — 7.56
(m, 6H, F+E), 7.52 (dd, J = 8.6, 0.7 Hz, 2H, D), 7.03 — 6.98 (m, 4H, G), 6.69 (s, 4H, N), 4.83 (q,
J=7.2 Hz, 4H, O), 4.01 (t, J = 6.4 Hz, 4H, H), 3.55 (t, J = 7.2 Hz, 4H, M), 1.81 (dt, J = 14.3, 6.5
Hz, 4H, 1), 1.65 (p, J = 7.4 Hz, 4H, L), 1.55 — 1.50 (m, 8H, J+K), 1.39 (t, J = 7.6 Hz, 6H, P).

MALDI-TOF MS: 911.3 ([M]+H*), 1137.1 ([M]+ H*+Dithranol).
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Figure 5.25. *H-NMR (500 MHz, 25°C, CDCls) of ethyl Bip maleimide thread 5.8. The quartet at
3.68 from the protons next to the hydroxy group on the precursor changes to a triplet and moves
to 3.55 ppm after functionalizing with maleimide.
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Figure 5.26. MALDI-TOF MS (Dithranol) of ethyl Bip maleimide thread 5.8.

5.4.2.4 Synthesis of maleimide thread 5.10
The hydroxy chains were extended even further (using 11-bromo-1-undecanol) with the
idea that keeping the maleimide moiety farther from the pseudo[3]rotaxane would limit potential

interactions with the metal template

G P P
OH EFOIKMOQOH
O W N TD
N\ O jUﬂN C
N (4 equiv) B__
\ N A\ /N
4 4032003

OH

=N DMF [150mM] N =N
e I Ve
OH ©
5.9

Butyl Bip-OH?® (1.0 g, 1.65 mmol) and Cs,COs (2.14 g, 6.58 mmol) were added to a 50 mL RBF
which was purged with Ar. To this mixture was added dry DMF (11 mL) and 11-bromo-1-

undecanol (1.65 g, 6.58 mmol.). The reaction was stirred at 70°C overnight, after which the
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reaction mixture was cooled to RT and the solvent was removed under reduced pressure. The
residue was dissolved in CHCIs, and the insoluble material (salts) was removed by filtration. The
filtrate was collected, and the solvent was removed under reduced pressure. The resulting material
was purified using column chromatography (silica gel, chloroform/methanol gradient as eluent)
followed by recrystallization (chloroform/acetonitrile mixture) and precipitation into ether to yield
white crystals of 5.9 in 86% yield by mass. *H NMR (500 MHz, CDCls) § 8.34 (d, J = 7.9 Hz, 2H,
B), 8.07 (t, J = 7.6 Hz, 1H, A), 8.02 (s, 2H, C), 7.63 — 7.55 (m, 6H, F+E), 7.50 (dd, J = 8.5, 0.7
Hz, 2H, D), 7.01 (d, 4H, G), 4.76 (t, J = 7.3 Hz, 4H, T), 4.02 (t, J = 6.5 Hz, 4H, H), 3.69 — 3.61
(m, 4H, R), 1.82 (dt, J = 14.3, 6.7 Hz, 4H, 1), 1.75 (p, J = 7.3 Hz, 4H, Q), 1.63 — 1.53 (m, 4H, J),
1.48 (g, J = 7.5 Hz, 4H, P), 1.42 — 1.24 (m, 28H, K+L+M+N+0+S+U), 1.14 (h, J = 7.5 Hz, 4H,

V), 073 (t, J = 7.4 Hz, 6H, W). MALDI-TOF MS: 949.85 ([M]J+H*), 1173.28

o~
(IM]+H*+Dithranol).
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Figure 5.27. *H-NMR (500 MHz, 25°C, CDCls) of dihydroxy butyl C11 Bip thread 5.9.
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Figure 5.28. MALDI-TOF MS (Dithranol) of dihydroxy butyl C11 Bip thread 5.9.
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N-alkylation of maleimide to form thread 5.10 was based on Walker’s modified Mitsunobu
procedure.'**® Triphenylphosphine (0.055 g, 0.21 mmol) was added to an oven-dried, 25 mL round
bottom flask and put under argon flow. Dry THF (200 uL) was added to the flask and cooled to -
78°C using a dry ice/acetone bath. DIAD (0.043 g, 41.5 pL, 0.21 mmol) was dissolved in 200 pL
dry THF and added dropwise via syringe and the resulting light-yellow solution was stirred for 5
minutes. 5.9 (0.1 g, 0.105 mmol) was dissolved in 600 pL of dry THF and added in ~100 pL
increments via syringe over 10 minutes. Neopentyl alcohol (0.009 g, 0.11 mmol) and maleimide
(0.020 g, 0.21 mmol) were added sequentially as solids. The reaction flask was removed from the

dry ice/acetone bath and allowed to stir overnight at room temperature. The solvent was removed
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via rotary evaporation and the resulting material was purified using column chromatography (silica
gel, hexanes/ethyl acetate gradient as eluent) to yield 5.10 as a white powder in 55% yield by mass.
IH NMR (500 MHz, CDCl3) 6 8.34 (d, J = 7.9 Hz, 2H, B), 8.07 (t, = 7.8 Hz, 1H, A), 8.02 (s, 2H,
C), 7.63 - 7.55 (m, 6H, F+E), 7.50 (d, J = 8.5 Hz, 2H, D), 7.01 (d, 4H, G), 6.68 (s, 4H, S), 4.76 (t,
J=7.3Hz 4H, T), 4.02 (t, J = 6.6 Hz, 4H, H), 3.51 (t, 4H, R), 1.82 (p, J = 6.7 Hz, 4H, 1), 1.78 —
1.71 (m, 4H, Q), 1.64 — 1.54 (m, 4H, J), 1.48 (p, J = 7.2 Hz, 4H, P), 1.42 — 1.19 (m, 24H,

K+L+M+N+0+U), 1.18 — 1.10 (m, 4H, V), 0.73 (t, J = 7.3 Hz, 6H, W).
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Figure 5.29. *H-NMR (500 MHz, 25°C, CDCls) of Butyl C11 Bip maleimide thread 5.10.

5.4.2.5 Synthesis of maleimide thread 5.13

(5 equiv)

DMF [250mM]
4 CS2CO3
Ar, 70°C, 24 hrs

2,2'-Bipyridine-6,6'-diol 5.11 (1.0 g, 1.81 mmol), Cs>CO3 (2.36 g, 7.25 mmol), and 11-bromo-1-

undecanol (2.28 g, 9.06 mmol) were added to a 25 mL oven-dried round bottom flask under argon.
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Dry DMF (7.25 mL) was injected, and the flask was placed into a heating block and heated to
70°C. The reaction was stirred at 70°C for 24 hours, after which the reaction mixture was cooled
to room temperature, and the solvent was removed under reduced pressure. The residue was
dissolved in CHCIs, and the insoluble material (salts) was removed by filtration. The filtrate was
collected, and the solvent was removed under reduced pressure. The resulting material was purified
using column chromatography (TEA-treated silica gel, chloroform/methanol gradient as eluent)
followed by recrystallization (chloroform/acetonitrile mixture) to yield white crystals of 5.12 in
73% yield by mass. 'H NMR (500 MHz, CDCls) & 7.95 (dd, J = 7.4, 0.8 Hz, 2H, A), 7.70 — 7.63
(m, 2H, B), 6.72 (dd, J = 8.2, 0.8 Hz, 2H, C), 4.41 (t, J = 6.7 Hz, 4H, D), 3.63 (td, J = 6.5, 4.2 Hz,
4H, N), 1.86 — 1.77 (m, 4H, E), 1.55 (dt, J = 8.0, 6.5 Hz, 4H, F), 1.52 — 1.42 (m, 4H, M), 1.42 —
1.28 (M, 24H, G-L), 1.28 — 1.22 (t, 2H, O). MALDI-TOF MS: 534.6 ([M]-OH+Na*), 759.5 ([M]-

OH+Dithranol).
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Figure 5.30. *H-NMR (500 MHz, 25°C, CDCls) of dihydroxy Bipy thread 5.12.
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Figure 5.31. MALDI-TOF MS (Dithranol, sodium trifluoroacetate) of dihydroxy Bipy thread 5.12.
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N-alkylation of maleimide to form 5.13 was based on Walker’s modified Mitsunobu
procedure.}*® Triphenylphosphine (0.248 g, 0.95 mmol) was added to an oven-dried, 25 mL round
bottom flask under argon flow. Dry THF (1 mL) was added to the flask and cooled to -78°C using
a dry ice/acetone bath. DIAD (0.191 g, 0.186 mL, 0.95 mmol) was dissolved in 1 mL dry THF and
added dropwise via syringe, and the resulting light-yellow solution was stirred for 5 minutes. 5.12
(0.25 g, 0.47 mmol) was dissolved in 7.4 mL of dry THF and added in ~0.2 mL increments via
syringe over 10 minutes. Neopentyl alcohol (0.042 g, 0.47 mmol) and maleimide (0.092 g, 0.95
mmol) were added sequentially as solids. The reaction flask was removed from the dry ice/acetone
bath and stirred overnight at room temperature. The solvent was removed via rotary evaporation,

and the resulting material was purified using column chromatography (silica gel, hexanes/ethyl
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acetate gradient as eluent) to yield 5.13 as a white powder in 52% yield by mass. *H NMR (500
MHz, CDCl3) § 7.94 (dd, J = 7.4, 0.8 Hz, 2H, A), 7.65 (dd, J = 8.2, 7.4 Hz, 2H, B), 6.71 (dd, J =
8.2, 0.8 Hz, 2H, C), 6.67 (s, 2H, 0), 4.39 (t, J = 6.7 Hz, 4H, D), 3.52 — 3.45 (m, 4H, N), 1.85 —
1.75 (m, 4H, E), 1.56 (p, J = 7.6 Hz, 4H, F), 1.50 — 1.41 (m, 4H, M), 1.40 — 1.31 (m, 4H, G), 1.31

~1.23 (m, 20H, H-L). MALDI-TOF MS: 687.8 ([M]+H"), 709.8 ([M]+Na").
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Figure 5.32. *H-NMR (500 MHz, 25°C, CDCls) of Bipy maleimide thread 5.13.
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Figure 5.33. MALDI-TOF MS (Dithranol, sodium trifluoroacetate) of Bipy maleimide thread 5.13.
5.4.2.6 Synthesis of thiol stopper 5.3

OO o

4.10 5.14
Phenol stopper 4.10° (1.5 g, 2.05 mmol) and K2CO3 (1.13 g, 8.18 mmol) were added to a 50 mL

4 BFW
4 K,CO4

DMF, 70°C

oven-dried round bottom flask under argon flow. Dry DMF (20 mL) was injected, and the flask
was placed into a heating block and heated to 70°C. Once the solution reached temperature, 5-
bromo-1-pentene (1.22 g, 0.97 mL, 8.18 mmol) was injected dropwise. After 24 hours, the reaction

was cooled to room temperature, after which the solvent was removed under vacuum. The residue
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was dissolved in CHCI3, and the insoluble material (salts) was removed by filtration. After vacuum
filtration, the filtrate was collected, and the solvent was removed in vacuo. The resulting material
was purified using column chromatography (silica gel, hexanes/chloroform gradient as eluent) to
yield the desired product 5.14 in 57% yield by mass. *H NMR (500 MHz, CDCls) § 7.57 — 7.53
(m, 6H, B), 7.52 — 7.48 (m, 6H, C), 7.47 — 7.43 (m, 6H, D), 7.34 — 7.29 (m, 6H, E), 7.22 — 7.17
(m, 2HF), 6.84 — 6.80 (m, 2H, G), 5.86 (ddt, J = 16.9, 10.1, 6.6 Hz, 1H, K), 5.07 (dg, J = 17.1, 1.7
Hz, 1H, L), 5.00 (ddt, J = 10.2, 2.1, 1.2 Hz, 1H, L), 3.97 (t, J = 6.5 Hz, 2H, H), 2.24 (dt, J = 7.9,

6.7 Hz, 2H, J), 1.96 — 1.81 (m, 2H, 1), 1.35 (s, 27H, A).
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Figure 5.34. *H-NMR (500 MHz, 25°C, CDClIs) of alkene stopper 5.14.

260



SH/\/\/\/SH
(10 eq)
IR-19 (1 mg/mL)
Blue Light, 320-390 nm, 80%), 1 hr
OO0
DCM (10 mL/g)

5.14

Alkene stopper 5.14 (0.82 g, mmol), 1.567 mL of 1,6-hexanedithiol, and 8 mg of Irgacure
photocatalyst (IR-19) were added to a vial; after 8 mL of dichloromethane was added, resulting in
a cloudy solution. The vial was exposed to UV light (320-390 nm, 80%) for one hour, turning the
solution transparent. The reaction mixture was then concentrated to ~2mL DCM in vacuo. 100 mL
of hexane was added, and the mixture was put into the freezer at 0°C overnight. The solution was
filtered under vacuum, leaving behind thiol stopper 5.3 as a white powder in 80% yield by mass.
IH NMR (500 MHz, CDCl3) 6 7.57 — 7.53 (m, 6H, B), 7.52 — 7.48 (m, 6H, C), 7.47 — 7.43 (m, 6H,
D), 7.34 — 7.30 (m, 6H, E), 7.22 — 7.18 (m, 2H, F), 6.82 (dd, J = 9.0, 3.8 Hz, 2H, G), 3.96 (q, J =
6.3 Hz, 2H, H), 2.52 (dt, J = 12.4, 7.3 Hz, 6H, L+M+R), 1.80 (p, J = 6.6 Hz, 2H, 1), 1.70 — 1.54

(M, 8H, J+K+N+Q), 1.43 — 1.37 (m, 4H, O+P), 1.35 (s, 27H, A).
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Figure 5.35. *H-NMR (500 MHz, 25°C, CDCls) of thiol stopper 5.3.
5.4.2.7 Synthesis of polymer stopper 5.18

A polymer stopper extends the thiol farther away from the bulky triaryl moiety to reduce
steric hindrance during the stoppering step. Therefore, a stopper chain-transfer agent (CTA) was
synthesized for the reversible addition-fragmentation chain-transfer (RAFT) polymerization
(Figure 5.36) of n-butyl acrylate, chosen for its low glass transition temperature (about -50°C).
The phenol on stopper 4.10 reacts with 3-bromo-1-propanol under basic conditions to provide
terminal hydroxy groups; Steglich Esterification'® attaches 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT), a CTA commonly used for the polymerization of acrylates. The
resulting stopper CTA 5.16 was polymerized using AIBN as the initiator to target a 5K molecular
weight of 5.17, and then aminolysis with excess n-butylamine uncovered the reactive thiol moiety

on polymer stopper 5.18.17-1°
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Figure 5.36. RAFT mechanism.
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Phenol stopper 4.10° (1.0 g, 1.36 mmol) and K2CO3 (0.377 g, 2.37 mmol) were added to a 25 mL

oven-dried round bottom flask under argon flow. Dry DMF (13.6 mL) was injected, and the flask
was placed into a heating block and heated to 70°C. Once the solution reached temperature, 3-
bromo-1-propanol (0.758 g, 0.474 mL, 5.46 mmol) was injected dropwise. After 24 hours, the
reaction was cooled to room temperature, after which the solvent was removed under vacuum. The
residue was dissolved in CHCI3, and the insoluble material (salts) was removed by filtration. After

vacuum filtration, the filtrate was collected, and the solvent was removed in vacuo. The resulting
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material was purified using column chromatography (silica gel, hexanes/chloroform gradient as
eluent) to yield the desired product 5.15 in 50% yield by mass. *H NMR (500 MHz, CDCls3) § 7.56
(dg, J = 8.8, 2.2 Hz, 6H, B), 7.51 (dg, J = 9.0, 2.3 Hz, 6H, C), 7.48 — 7.43 (m, 6H, D), 7.32 (dg, J
=8.9, 2.3 Hz, 6H, E), 7.24 - 7.20 (m, 2H, F), 6.87 — 6.82 (m, 2H, G), 4.14 (td, J = 5.9, 1.8 Hz, 2H,

H), 3.88 (t, J = 5.9 Hz, 2H, J), 2.05 (tt, = 7.7, 4.9 Hz, 2H, 1), 1.36 (d, J = 1.8 Hz, 27H, A).
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Figure 5.37. *H-NMR (500 MHz, 25°C, CDCls) of propanol stopper 5.15.
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Stopper CTA 5.16 was prepared via Steglich Esterification.'® 5.15 (0.25 g, 0.32 mmol), 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT, 0.127 g, 0.35 mmol, 1.1
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equiv), N, N'-dicyclohexylcarbodiimide (0.072 ¢, 0.35 mmol, 1.1 equiv), and 4-
dimethylaminopyridine (0.0077 g, 0.06 mmol) were added to a 25 mL oven-dried round bottom
flask with a stir bar. The flask was put under argon flow, and dry DCM (3.2 mL) was injected. The
reaction was left to stir at RT for 48 hours, after which the solution was filtered, and the filtrate
was dried under vacuum. The resulting material was purified using column chromatography (silica
gel, 15% hexanes in ethyl acetate as eluent) to yield the desired CTA 5.16 in 80% yield by mass.
IH NMR (500 MHz, CDCl3) 6 7.59 — 7.54 (m, 6H, B), 7.53 — 7.49 (m, 6H, C), 7.49 — 7.42 (m, 6H,
D), 7.32 (dt, J = 9.8, 3.7 Hz, 6H, E), 7.20 (d, 2H, F), 6.81 (d, 2H, G), 4.30 (t, J = 6.0 Hz, 2H, H),
4.00 (t, J =5.9 Hz, 2H, J), 3.19 (t, 2H, L), 2.15 — 2.07 (m, 2H, 1), 1.69 (s, 6H, K), 1.60 (g, J = 7.2
Hz, 2H, M), 1.36 (s, 27H, A), 1.24 (dd, J = 14.6, 8.5 Hz, 18H, N-V), 0.87 (t, 3H, W). MALDI-

TOF MS: 1159.8 ([M]+Na").
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Figure 5.38. *H-NMR (500 MHz, 25°C, CDCls) of stopper CTA 5.16.
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Figure 5.39. MALDI-TOF MS (Dithranol, sodium trifluoroacetate) of stopper CTA 5.16.
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The RAFT polymerization and end-group modification procedures described below were based
off literature protocols.!*® N-butyl acrylate was passed through an alumina column with a top
layer of K2COs to remove the inhibitor before use. Stopper CTA 5.16 (0.046 g, 0.040 mmol),
AIBN (0.00066 g, 0.004 mmol), and n-butyl acrylate monomer (0.518 g, 0.580 mL, 4.04 mmol)
were added to a 20 mL vial with stir bar and flushed with argon. Dry DMF (4 mL) was injected,
and the solution was bubbled with nitrogen for 1 hour, after which the vial was placed in a pre-

heated oil bath at 65°C. After 3 hours, the vial was placed into an ice bath to cool. The crude
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mixture was pipetted dropwise into cold methanol (200 mL) and the yellow product 5.17 was dried

under vacuum.

O NH;\/\
Q (excess)
S.
OO O P ytoms ———
O o OS DCM, RT

Polymer stopper 5.17 was added to a vial with excess butyl amine and DCM. The mixture was
stirred at room temperature overnight, after which the product was precipitated into cold methanol
and dried under vacuum to afford the thiol-terminated derivative 5.18. H NMR (500 MHz,
CDCls) 8 7.55 (d, J = 8.2 Hz, 6H, B), 7.50 (d, J = 8.3 Hz, 6H, C), 7.45 (d, J = 8.3 Hz, 6H, D), 7.31
(d, J =8.3 Hz, 6H, E), 7.20 (d, 2H, F), 6.81 (d, 2H, G), 4.20 (t, J = 6.0 Hz, 2H, H), 4.17 — 3.84 (m,
102H, J+N), 2.43 — 2.19 (m, 50H, L), 2.15—2.07 (m, 2H, 1), 1.99 — 1.81 (m, 25H, M), 1.71 — 1.54

(m, 100H, O), 1.42 — 1.32 (m, 100H, P), 0.93 (t, J = 7.5 Hz, 150H, Q).
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Figure 5.40. 'H-NMR (500 MHz, 25°C, CDCls) of polymer stopper before (5.17, bottom) and after
(5.18, top) aminolysis to uncover the thiol end group.

'H-NMR end-group analysis determined the molecular weight of polymer 5.18 based on
the terminal methyl group on the butyl acrylate chain (Q). Integrations are based off the stopper
doublet at 6.8 ppm, which serves as a good end-group for this molecule; based on these
integrations, the number of monomers incorporated in the backbone is ~33-34 (n = 100/3), which
corresponds to a molecular weight of about 4300 g/mol when multiplied by the molecular weight

of the butyl acrylate repeat unit:

100
(n = T) X 128.17 g/mol = 4272.33 g/mol

Adding the mass of the triaryl stopper component (894.29 g/mol) to the polymer (4272.33
g/mol) gives 5166.62 g/mol, which is not far from the 5,000 g/mol target molecular weight. The
number-average molecular weight from MALDI-TOF is 5260 g/mol (Figure 5.30; data collected
and plotted by Dr. Debbie Schneiderman), which is in good agreement with the 5166.62 g/mol

calculated from *H-NMR end-group analysis.
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a-Cyano-4-hydroxycinnamic acid (matrix);
Sodium trifluoroacetate

a
Mn = 526 kg mol 123 126 122
M,, = 5.99 kg mol
MM, = 1.14 H
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Figure 5.41. MALDI-TOF MS (a-Cyano-4-hydroxycinnamic acid, sodium trifluoroacetate) of
thiol polymer stopper 5.18. Special thank you to Dr. Debbie Schneiderman for collecting and

plotting this data.

5.4.2.8 Synthesis of dumbbell 5.19
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Maleimide thread 5.6 (0.005 g, 0.0052 mmol) and stopper 5.3 (0.010 g, 0.0103 mmol) were
dissolved in 0.5 mL of CD:Cl; and added to an NMR tube. A stock solution of 1,8-
diazabicyclo[5.4.0Jundec-7-ene (0.387 uL DBU in 0.5 mL CD2Cl;) was prepared and added in
0.5 mol% increments (0.003875 puL DBU in 5 pL CD2Cl2) with an NMR spectrum taken after
every addition. DBU was added until the maleimide singlet at 6.7 ppm disappeared completely
(4.0 mol% DBU). The solvent was removed under reduced pressure and then the resulting material
was purified using column chromatography (TEA treated silica gel, chloroform/methanol gradient
as eluent) to yield dumbbell 5.19 in 93% yield by mass. *H NMR (500 MHz, CD2Cl.) & 8.35 (d,
2H, B), 8.07 (t, J = 7.9 Hz, 1H, A), 7.98 (s, 2H, C), 7.65 — 7.58 (m, 6H, F+E), 7.55 (ddt, J = 10.7,
9.0, 2.1 Hz, 26H, D+6+5), 7.47 (dd, 12H, 4), 7.39 (dd, J = 8.7, 2.3 Hz, 12H, 3), 7.29 — 7.23 (m,
4H, 2), 7.00 (d, 4H, G), 6.84 (d, 4H, 1), 4.80 (t, J = 7.3 Hz, 4H, H), 4.02 (t, J = 6.5 Hz, 4H, 8),
4.00 - 3.93 (t, 4H, Z), 3.70 (m, 2H, O), 3.52 (t, J = 7.3 Hz, 4H, M), 3.10 (m, 4H, P), 2.86 (m, 2H,
N), 2.73 (m, 2H, N), 2.56 — 2.47 (m, 8H, U+V), 1.86 — 1.74 (m, 8H, 9+Q), 1.69 — 1.46 (m, 28H,
|+J+K+L+T+W+X), 1.47 — 1.38 (M, 12H, R+S+Y), 1.36 (5, 54H, 7), 1.21 — 1.10 (m, 4H, 10), 0.74

(t, 6H, 11). MALDI-TOF MS: 2870 ([M]+H").
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Figure 5.42. 'H-NMR (500 MHz, 25°C, CD:Cl.) of Bip dumbbell 5.19 titration. Bottom NMR
spectrum corresponds to maleimide thread 5.6 (0.005 g) and 2 equivalents of thiol stopper 5.3
(0.010 g) in 0.5 mL CD2Cl, (0 mol% DBU). DBU was added in 0.5 mol% increments (0.003875
uL DBU in 5 uL CD2Cly).
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Figure 5.43. *H-NMR (500 MHz, 25°C, CD.Cl,) of thioester Bip dumbbell 5.19.
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Figure 5.44. MALDI-TOF MS (Dithranol) of thioester Bip dumbbell 5.19.

5.4.2.9 Synthesis of dumbbell 5.20

F OO o
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\
O N
% % 5.3
N o CD,Cly [15mM]
N O/\/\/\/\/\/\b DBU titration

Bipy maleimide thread 5.13 (0.005 g, 0.007 mmol) and stopper 5.3 (0.014 g, 0.015 mmol) were

dissolved in 0.4 mL of CD»Cl, and added to an NMR tube. A stock solution of 1,8-
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diazabicyclo[5.4.0Jundec-7-ene (0.011 pL DBU in 100 uL CD.Cl,was prepared and added in 0.1
mol% increments (10 puL) with NMR taken after every addition. DBU was added until the
maleimide singlet at 6.7 ppm disappeared completely (0.2 mol% DBU), resulting in dumbbell
5.20. 'H NMR (500 MHz, CD2Cly) 6 7.95 (d, 2H, A), 7.67 (t, 2H, B), 7.55 (ddt, J = 10.9, 9.0, 2.2
Hz, 24H, 6+7), 7.47 (dd, J = 8.3, 2.0 Hz, 12H, 5), 7.41 — 7.36 (m, 12H, 4), 7.25 (d, J = 1.7 Hz, 4H,
3), 6.83 (d, J = 3.0 Hz, 4H, 2), 6.71 (d, J = 8.2 Hz, 2H, C), 4.40 (t, J = 6.7 Hz, 4H, D), 3.96 (td, J
= 6.4, 3.9 Hz, 4H, 1), 3.69 (dd, J = 9.2, 3.6 Hz, 2H, P), 3.46 (t, J = 7.3 Hz, 4H, N), 3.08 (dd, J =
18.6,9.0 Hz, 4H, Q), 2.84 (ddd, J =12.3, 8.2, 6.1 Hz, 2H, O), 2.71 (ddd, J = 12.4, 8.4, 6.7 Hz, 2H,
0), 2.51 (dtd, J = 15.5, 8.6, 6.5 Hz, 8H, V+W), 1.85 — 1.74 (m, 8H, R+E), 1.69 — 1.51 (m, 16H,
F+U+X+Y), 1.47 (q, J = 7.1 Hz, 4H, M), 1.42 — 1.36 (m, 16H, G+S+T+Z), 1.35 (s, 54H, 8). 1.31

~1.23 (m, 20H, H-L).
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Figure 5.45. *H-NMR (500 MHz, 25°C, CD-Cl,) of thioester Bipy dumbbell 5.20.
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5.4.2.10 Synthesis of dumbbell 5.21
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Maleimide thread 5.6 (0.005 g, 0.052 mmol) was dissolved in 0.5 mL of d-DMF :;md added to an
NMR tube. Stopper 5.3 (0.010 g, 0.0103 mmol) was also dissolved in 1.0 mL of d-DMF and
added in 0.5 mL increments with an NMR spectrum taken after each addition. No change was
observed, so the NMR tube was left at RT overnight; however, no change was observed the next
day (Figure 5.37). Dry DMF and argon flow were used in a second experiment to eliminate any
potential interactions with water or oxygen that could account for the lack of reaction in the
deuterated solvent. Maleimide thread 5.6 (0.010 g, 0.010 mmol) and stopper 5.3 (0.020 g, 0.0207
mmol) were dissolved in 0.5 mL of dry DMF (dried over 4A mol sieves) and added to a vial under
argon flow. The components were left to stir at RT overnight, after which the solvent was removed
under vacuum and the crude mixture dissolved in CDCIs for NMR analysis; no reaction was

observed.
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Figure 5.46. *H-NMR (500 MHz, 25°C, d7-DMF) of DMF dumbbell 5.21 NMR experiment with
starting materials, stopper 5.3 and thread 5.6, for comparison.
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5.4.2.11 Synthesis of 68-atom ring 5.1
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The 68-atom macrocycle 5.1 was synthesized from butyl Bip-OH using the literature procedure.®

IH NMR (500 MHz, CDCls) & 8.30 (d, J = 7.9 Hz, 4H, B), 8.04 — 7.93 (m, 6H, A+C), 7.54 — 7.46

(m, 8H, F), 7.39 (dd, J = 8.4, 1.7 Hz, 4H, E), 7.26 (dd, J = 8.5, 0.6 Hz, 4H, D), 7.00 — 6.94 (m, 8H,

G), 456 (t, J = 7.3 Hz, 8H, L), 4.17 — 4.09 (m, 8H, H), 3.94 — 3.89 (m, 8H, 1), 3.80 — 3.76 (m, 8H,

J), 3.76 — 3.72 (m, 8H, K), 1.60 — 1.51 (m, 8H, M), 1.01 — 0.90 (m, 8H, N), 0.59 (t, J = 7.4 Hz,

12H, 0). *C NMR (126 MHz, CDCls) § 158.16, 150.49, 150.01, 143.35, 138.05, 135.97, 135.40,

134.18, 128.26, 125.50, 123.11, 117.86, 115.02, 110.45, 70.91, 69.79, 67.65, 44.58, 32.07, 19.74,

13.54, 13.45. MALDI-TOF MS: 1553.1 ([M]+Na").
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Figure 5.47. *H-NMR (500 MHz, 25°C, CDCls) of 4PEG 68-atom macrocycle 5.1.
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5.4.2.12 Synthesis 56-atom ring 5.22
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5.22

Macrocycle 5.22 was synthesized by Dr. Katie Herbert from hexyl Bip-OH and was then purified
using column chromatography (TEA treated silica gel, 1.8-3% methanol in chloroform gradient as
eluent) followed by recrystallization (chloroform/methanol mixture) to yield white crystals of 5.22.
IH NMR (500 MHz, CDCl3) § 8.29 (d, J = 7.8 Hz, 4H, B), 8.01 (t, J = 7.8 Hz, 2H, A), 7.95 (s, 4H,
C), 7.43 (d, J = 8.2 Hz, 8H, F), 7.34 (dd, J = 8.4, 1.7 Hz, 4H, E), 7.28 — 7.19 (m, 24H, D), 7.17 (d,

J=8.4Hz, 8H, F), 6.96 (d, J = 8.1 Hz, 8H, G), 4.53 (t, J = 7.3 Hz, 8H, J), 4.23 (t, J = 4.5 Hz, 8H,
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H), 3.93 (t, J = 4.4 Hz, 8H, 1), 1.65 — 1.55 (m, 8H, K), 0.99 — 0.88 (m, 24H, L+M+N), 0.57 (t, J =

6.1 Hz, 12H, 0). MALDI-TOF MS: 1469.3 ([M]+H"), 1693.6 ([M]+H*+Dithranol).
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Figure 5.48. *H-NMR (500 MHz, 25°C, CDCls) of 2PEG 56-atom macrocycle 5.22.
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Figure 5.49. MALDI-TOF MS (Dithranol) of 56-atom macrocycle 5.22.
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5.4.2.13 Synthesis 46-atom ring 5.23
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5.23
A 3-neck 1 L RBF was charged with Cs,COs3 (3.26 g, 10.0 mmol), non-extended ethyl Bip-OH®

(1.0 g, 2.5 mmol, synthesized by Dr. Forrest Etheridge), and dry DMF (415 mL) under an Ar
atmosphere. The mixture was heated to 70°C and stirred while a DMF (420 mL) solution of
triethylene glycol di(p-toluenesulfonate) (1.15 g, 2.5 mmol, synthesized by Dr. Katie Herbert) was
added dropwise (at an approximate rate of one drop every 20 seconds) over 3 days. After the
complete addition of components, the final concentration of the reaction was 3mM. The reaction
was allowed to stir at 70°C for one more day, after which the reaction mixture was cooled to RT
and the solvent was removed under reduced pressure. The residue was dissolved in CHCls, and
the insoluble material (salts) was removed by filtration. The filtrate was collected, and the solvent
was removed under reduced pressure. The resulting material was purified using column
chromatography (TEA treated silica gel, 1-4% methanol in chloroform gradient as eluent) followed
by recrystallization (chloroform/methanol mixture) to yield white crystals of 5.23 in 42% yield by
mass. *H NMR (500 MHz, CDCls) § 8.24 (d, J = 7.8 Hz, 4H, B), 7.94 (t, J = 7.9 Hz, 2H, A), 7.25
(s, 4H, C), 7.05 — 6.96 (m, 8H, D+E), 4.41 (q, J = 7.2 Hz, 8H, 1), 4.17 (dd, J = 5.7, 3.7 Hz, 8H, F),
3.95 - 3.91 (m, 8H, G), 3.82 (s, 8H, H), 1.05 (t, J = 7.2 Hz, 12H, J). MALDI-TOF MS: 1028.6

(IM]+H"), 1251.6 ([M]+H*+Dithranol).
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Figure 5.50. *H-NMR (500 MHz, 25°C, CDCls) of 3PEG 46-atom macrocycle 5.23.
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Figure 5.51. MALDI-TOF MS (Dithranol) of 46-atom macrocycle 5.23.
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5.4.2.14 Synthesis of 42-atom ring 5.24

Br /\:\/ Br

4 CSzCOg

DMF [2.5mM]
75°C, ~5 days

A 3-neck 1 L RBF was charged with Cs,COs3 (2.86 g, 8.78 mmol), non-extended butyl Bip-OH®
(1.0 g, 2.20 mmol), and dry DMF (450 mL) under an Ar atmosphere. The mixture was heated to
75°C and stirred while a DMF (430 mL) solution of a,a'-dibromo-p-xylene (0.579 g, 2.20 mmol)
was added dropwise (at an approximate rate of one drop every 20 seconds) over 4 days. After the
complete addition of components, the final concentration of the reaction was 2.5mM. The reaction
was allowed to stir at 75°C for one more day, after which the reaction mixture was cooled to RT
and the solvent was removed under reduced pressure. The residue was dissolved in CHCI3, and
the insoluble material (salts) was removed by filtration. The filtrate was collected, and the solvent
was removed under reduced pressure. The resulting material was purified using column
chromatography (TEA treated silica gel, 1.8-2.3% methanol in chloroform gradient as eluent)
followed by recrystallization (chloroform/methanol mixture) to yield white crystals of 5.24 in 45%
yield by mass. H NMR (500 MHz, CDCl3) 6 8.18 (d, J = 7.9 Hz, 4H, B), 7.85 (t, J = 7.9 Hz, 2H,
A), 7.36 (s, 8H, G), 7.20 — 7.15 (m, 8H, D+E), 6.92 (dd, J = 8.9, 2.2 Hz, 4H, C), 5.27 (s, 8H, F),
452 (t, J=7.3 Hz, 8H, H), 1.51 (g, J = 7.5 Hz, 8H, ), 0.93 (dt, J = 14.8, 7.4 Hz, 8H, J), 0.54 (t, J

= 7.4 Hz, 12H, K). MALDI-TOF MS: 1123.7.3 ([M]+Na"), 1348.7 ([M]+Na*+Dithranol).
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Figure 5.53. MALDI-TOF MS (Dithranol, sodium trifluoroacetate) of 42-atom macrocycle 5.24.
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5.4.2.15 Synthesis of P3R 5.1:5.62:Zn(11) with Zn(NTf2)2
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Macrocycle 5.1 (10mg, 0.0065mmol) was dissolved in ImL CDClIs. A stock solution of thread 5.6
(30mM) was titrated into the solution of 5.1 until an exact 2:1 (5.6:5.1) ratio was formed (done by
monitoring both the N-CH2 peaks on the alkyl groups of the Bip ligands). The mixture was then
diluted to a total volume of 3mL CDClz (5 mM 5.6). A stock solution of Zn(NTf2). (30mM in 2:1
CDCI3:CD3CN) was added until no free Bip peak appeared at ~2 equiv. of the metal ion. The
complete disappearance of the doublets at 8.30 and 8.35 ppm (and the corresponding growth of
the peaks at 8.74 and 9.03 ppm) indicates that all Bip ligands are bound with zinc in a 2:1 Bip:metal
ratio. The resulting pseudo[3]rotaxane solution was dried under vacuum to obtain a yellow powder

that was stored in the freezer at -8°C before use.
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Figure 5.54. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 12.75, 15% d3-MeCN in CDCl3
increasing upwards) of metal addition to form 5.1:5.62:Zn(l11)z.
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Figure 5.55. Partial *H-NMR overlay (500 MHz, 25°C) of a) 5.1:5.62:Zn(11)2 (15% ds-MeCN in
CDCl3), b) 2:1 mixture of 5.6:5.1 (CDClz), ¢) 5.6 (CDClz) and d) 5.1 (CDCls).
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5.4.2.16 Synthesis of P3R 5.22:5.62:Zn(I1)2 with Zn(NTf.).
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Figure 5.56. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 14.25, 15% ds-MeCN in CDCls
increasing upwards) of metal addition to form 5.22:5.62:Zn(l1)2.
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Figure 5.57. Partial *H-NMR overlay (500 MHz, 25°C) of a) 5.22:5.62:Zn(l1)2 (15% d3-MeCN in
CDCls), b) 2:1 mixture of 5.6:5.22 (CDClz), c) 5.6 (CDClz3) and d) 5.22 (CDCls).

5.4.2.17 Synthesis of P3R 5.23:5.62:Zn(I1)2 with Zn(NTf,).
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Figure 5.58. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 2.25, 3.75, 15% d3-MeCN in
CDCls increasing upwards) of metal addition to form 5.23:5.62:Zn(11)z.
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Figure 5.59. Partial tH-NMR overlay (500 MHz, 25°C) of a) 5.23:5.62:Zn(11)2 (15% ds-MeCN in
CDCls), b) 2:1 mixture of 5.6:5.23 (CDClg), ¢) 5.6 (CDCls) and d) 5.23 (CDCls).
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5.4.2.18 Synthesis of P3R 5.23:5.82:Zn(I1)2 with Zn(NTf.).
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Figure 5.60. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 3.75, 12, 15% ds-MeCN in
CDCls increasing upwards) of metal addition to form 5.23:5.82:Zn(11)z2.
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Figure 5.61. Partial *H-NMR overlay (500 MHz, 25°C) of a) 5.23:5.82:Zn(l1)2 (15% d3-MeCN in
CDCls), b) 2:1 mixture of 5.8:5.23 (CDClz), c) 5.8 (CDClz3) and d) 5.23 (CDCls).

5.4.2.19 Synthesis of P3R 5.23:5.22:Zn(l1)2 with Zn(OTf)2
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Figure 5.62. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 5.25, 10.5, 15% d3-MeCN in
CDCls increasing upwards) of metal addition to form 5.23:5.22:Zn(11)z.
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Figure 5.63. Partial tH-NMR overlay (500 MHz, 25°C) of a) 5.23:5.22:Zn(11)2 (15% ds-MeCN in
CDCl3), b) 2:1 mixture of 5.2:5.23 (CDClIs), ¢) 5.2 (CDCIs) and d) 5.23 (CDCls).
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The flexibility of the 46-atom ditopic ring likely inhibits its ability to form exact 2:1
Bip:metal ratios in solution and could account for the extra metallated peaks encountered in the
titrations above. Heating the P3R in solution shifted some of the signals into a single multiplet,
which suggests the flexible ring could be preventing formation of the doubly-threaded complex
required for making the [3]rotaxanes (Figure 5.57). Through collaboration with Dr. Jerry Hertzog
on the synthesis of these smaller rotaxane rings, a successful pseudo[3]rotaxane formed when a
more rigid 46-atom macrocycle (i.e., 2.1) was employed and ultimately led to the successful
preparation of the doubly-threaded slide-ring polycatenane networks (SR-PCNs) explored in

Chapters 2 and 3.
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Figure 5.64. Partial tH-NMR overlay (500 MHz, 25°C) of 5.23:5.22:Zn(11)2 (15% d3-MeCN in
CDCIs) after titration (bottom), and after heating in a solution of CDCl3 at 40°C overnight. Slight
shifts on account of small amount of d3-MeCN in the top spectrum.

5.4.2.20 Synthesis of P3R 5.24:5.132:Zn(11)2 with Zn(NTf2)2
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Macrocycle 5.24 (8mg, 0.0065mmol) was dissolved in 1mL CDClIs. A stock solution of thread

5.13 (30mM) was titrated into the solution of 5.24 until an exact 2:1 (5.13:5.24) ratio was formed

(done by monitoring both the N-CH> peaks on the alkyl groups of the Bip ligands). The mixture

was then diluted to a total volume of 3mL CDCl3 (5 mM 5.13). A stock solution of Zn(NTf2)2

(30mM in 2:1 CDCI3:CD3CN) was added until no free Bip or Bipy peaks appeared at ~2 equiv. of

the metal ion. The complete disappearance of the doublets at 8.30 and 8.35 ppm (and the

corresponding growth of the peaks at 8.74 and 9.03 ppm) indicates that all Bip ligands are bound

with zinc and Bipy in a 1:1:1 Bip:Bipy:metal ratio. The resulting pseudo[3]rotaxane solution was

dried under vacuum to obtain a yellow powder that was stored in the freezer at -8°C before use.
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Figure 5.65. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 6, 11.25, 14.25, 15% d3-MeCN
in CDCls increasing upwards) of metal addition to form 5.24:5.13z2:Zn(l1)2.
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Figure 5.66. Partial *H-NMR overlay (500 MHz, 25°C) of a) 5.24:5.132:Zn(l1)2 (15% ds-MeCN
in CDCl3), b) 2:1 mixture of 5.13:5.24 (CDClzs), ¢) 5.13 (CDClIs) and d) 5.24 (CDClz).

5.4.2.21 Synthesis of P3R 5.24:5.112:Zn(11)2 with Zn(OTf),
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Pseudo[3]rotaxane 5.24:5.112:Zn(Il)2 was formed from 42-atom macrocycle 5.24 with 2
equivalents of alkene terminated Bipy thread 5.11 and 2 equivalents of zinc triflate (zinc
trifluoromethanesulfonate, Zn(OTf).). Synthesis of the Bipy alkyne thread 5.11, and NMR titration

with 5.24 was performed by Dr. Qiong Wu.
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Figure 5.67. Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 3.75, 7.5, 15% ds-MeCN in
CDCls increasing upwards) of Zn(OTf), addition to form 5.24:5.112:Zn(I1)2 from a 2:1 mixture
of 5.11:5.24. Data obtained from Dr. Qiong Wu.

5.4.2.22 Synthesis of P3R 5.24:5.132:Zn(11)2 with Zn(OTf),
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Macrocycle 5.24 (8mg, 0.0065mmol) was dissolved in ImL CDCls. A stock solution of thread
5.13 (30mM) was titrated into the solution of 5.24 until an exact 2:1 (5.13:5.24) ratio was formed
(done by monitoring both the N-CH2 peaks on the alkyl groups of the Bip ligands). The mixture
was then diluted to a total volume to 3mL CDCIs (5 mM 5.13). A stock solution of Zn(OTf),
(30mM in 2:1 CDCI3:CD3CN) was added until no free Bip or Bipy peaks appeared at ~2 equiv. of

the metal ion. The complete disappearance of the doublets at 8.30 and 8.35 ppm (and the
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corresponding growth of the peaks at 8.74 and 9.03 ppm) indicates that all Bip and Bipy ligands
are bound with zinc in a 1:1:1 Bip:Bipy:metal ratio. The resulting pseudo[3]rotaxane solution was

dried under vacuum to obtain a yellow powder that was stored in the freezer at -8°C before use.
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Figure 5.68. Titration A Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 3, 7.5, 13.5, 14.625,
15% d3-MeCN in CDCls increasing upwards) of Zn(OTf), addition to form 5.24:5.132:Zn(11)2.
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Figure 5.69. Titration B Partial *H-NMR overlay (500 MHz, 25°C, Solvent: 0, 0.75, 3.75, 7.5, 12%
ds-MeCN in CDCls increasing upwards) of Zn(OTf) addition to form 5.24:5.13z2:Zn(11)2.
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Figure 5.70. Partial *H-NMR overlay (500 MHz, 25°C) of a) 5.24:5.132:Zn(l1)2 (15% ds-MeCN
in CDCl3) from Titration A. b) 5.24:5.132:Zn(11) (12% d3-MeCN in CDCls) from Titration B. c)
2:1 mixture of 5.13:5.24 (CDCls), d) 5.13 (CDCls) and €) 5.24 (CDCls).
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5.4.2.23 Synthesis of [3]rotaxane 5.25

Triflate 5.24:5.11:Zn(N);

X A

Triflate 5.24:5.112:Zn(11)2 (0.0064 g, 0.0022 mmol; prepared by Dr. Qiong Wu using Zn(OTf).)

was dissolved in 895 pL dry DCM. Thiol stopper 5.3 (0.0128 g, 0.0135 mmol) and 2,2’-azobis(4-
methoxy-2,4-dimethylvaleronitrile azo initiator (\V-70, 0.0028 g, 0.0090 mmol) were added to a 4
mL conical reaction vial with stir bar equipped with a water condenser and put under argon flow.
After adding the pseudo[3]rotaxane solution to the reaction vial, the solution was bubbled with
argon using a long needle for 5 minutes at RT. The reaction was then heated to 30°C and left for
24 hours with sufficient water flow through the condenser. After 24 hours, the reaction was cooled
to room temperature, precipitated into a mixture of 1:20 DCM:hexanes (30 mL) then sonicated at
10,000 rpm at 4°C for 40 minutes. The liquid was decanted, leaving behind a yellow solid that was
precipitated in a 3:1 mixture of hexanes:chloroform (30 mL) and sonicated again using the same
conditions (x2). To demetallate, the yellow solid was dissolved in 1 mL of DCM and added to 20
mL of MeCN, and then 1 mL of tetrabutylammonium hydroxide (1M TBAOH in methanol)
solution was injected. The sample was capped and stored in the freezer overnight and centrifuged
the following day. The remaining off-white solid 5.25 was washed with 20 mL MeCN and

centrifuged (x2) before drying under vacuum for analysis.
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Figure 5.71. Partial *H-NMR overlay (500 MHz, 25°C, CDClIs) of a) Demetallated 5.25 reaction
mixture of dumbbell and macrocycle, b) Demetallated 5.25 reaction mixture from Dr. Qiong Wu,
and c) 2:1 mixture of 5.11:5.24. Upfield shifted peaks that likely indicate interlocked product

highlighted in yellow.
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Figure 5.72. MALDI-TOF MS of [3]rotaxane 5.25 a) Dithranol (preliminary data collected by Dr.
Wu, left) and b) Dithranol, silver trifluoroacetate (repeated experiment, right).
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5.4.2.24 Synthesis of [3]rotaxane 5.26

Triflate 5.23:5.22:Zn(11)2 (0.004 g, 0.0012 mmol, prepared with Zn(OTf)>), thiol stopper 5.3

(0.0066 g, 0.0069 mmol), and V-70 (0.0014 g, 0.0046 mmol) were dissolved in 490 uL of DCM
and added to a vial equipped with a water condenser under argon flow. The reaction was heated to
30°C and left for 24 hours after which the reaction was cooled to RT and concentrated under
vacuum. The sample was dissolved in CDClIs for NMR analysis, then pipetted into 35 mL of
hexanes and sonicated at 10,000 rpm at 4°C for 40 minutes. The liquid was decanted, leaving
behind a yellow solid that was precipitated in a 3:1 mixture of hexanes:chloroform (30 mL) and
sonicated again using the same conditions (x3). To demetallate, the yellow solid was dissolved in
1 mL of DCM, and 0.3 mL of tetrabutylammonium hydroxide (1M TBAOH in methanol) solution
was added. The 5.26 mixture was washed with DI water, and the organic layer was collected and

dried under vacuum for analysis.

299



) QDC&ZG alkene

b Xwafhed XLJL l I J\
- K e oA
K L |

' L.l J.Anl

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)
Figure 5.73. Partial *H-NMR overlay (500 MHz, 25°C, CDClIs) of a) Demetallated 5.26 reaction
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Figure 5.74. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of [3]rotaxane 5.26 mixture.
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5.4.2.25 Synthesis of [3]rotaxane 5.27
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5.1:5.62:Zn(11)2 (0.010 g, 0.0028 mmol) and thiol stopper 5.3 (0.011 g, 0.0115 mmol) were
dissolved in 0.5 mL CDCl, and added to an NMR tube. A stock solution of DBU (2.0 uL in 4 mL
CD2Cl,) was prepared and added to the NMR tube in 2 pL (0.25 mol%) increments. A *H-NMR
spectrum was acquired after each DBU addition to monitor reaction progress and watch for
demetallation caused by DBU displacing thread and complexing with Zn?* ions. The maleimide
singlet from the pseudo[3]rotaxane at 6.72 ppm in CD>Cl (6.70 in CDCl3) did not decrease even
after adding 1.0 mol% DBU. However, at 0.75 mol% DBU, peaks started to grow between 8.35

ppm and 8.0 ppm corresponding to Bip thread no longer bound to the metal ion.

5.4.2.26 Synthesis of [3]rotaxane 5.28

A

The 68-atom ring is too large for the current stopper size, as confirmed by simulations of the ring
discussed above (Figure 5.38); thus, the 56-atom ring was used to repeat the thiol-maleimide

stoppering experiment: 5.22:5.62:Zn(11)2 (0.005 g, 0.0014 mmol) and thiol stopper 5.3 (0.006 g,
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0.058 mmol) were dissolved in 0.5 mL CD>Cl» and added to an NMR tube. A stock solution of
DBU (0.2 pL in 200 pL CDCly) was prepared, and 2 pL (1.0 mol%) was added to the NMR tube.
After the spectrum was obtained, the metallated sample was demetallated by stirring rapidly in a
15 mL solution of 1/1 DCM/1M NaOH overnight. NMR on the demetallated mixture 5.28 revealed
signals corresponding to the macrocycle and dumbbell only. The DBU in the sample facilitated
the Michael addition to form the dumbbell product outside the ditopic ring cavity. Another
explanation for the quantitative conversion to dumbbell is the base used to demetallate the ring,

which could also complete the maleimide-thiol conjugation.

F———————

CI— 3

conjugation

b ( 1.0 mol%

S

I
I
I
!
YaTelil
I
I
I
I

N MMLJM

5.19

5.22

905 00 85 80 7.5 7.0 65 60 55 50 45 4.0 3.5 3.0 2.5 2.0 1.
f1 (ppm)
Figure 5.75. Partial tH-NMR overlay (500 MHz, 25°C) of a) Demetallated 5.28 reaction mixture
of dumbbell and macrocycle (CDCls), b) mixture of 5.3, 5.22:5.62:Zn(l1)2, and 5.6 (Bip peaks of
demetallated 5.6 in blue box) with 1.0 mol% DBU (CD2Cl»), ¢) 5.19 with thioester conjugation
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region in black box (CDCl>), and d) 56-atom macrocycle 5.22 (CDCls). The dashed box and insert
correspond to the meta-pyridyl peaks on Bip.

5.4.2.27 Synthesis of [3]rotaxane 5.29

A smaller ring was accessed by removing the phenyl extensions on Bip and connecting the ligands

via triethylene glycol linkages: 5.23:5.62:Zn(11)2 (0.0085 g, 0.0028 mmol) and thiol stopper 5.3
(0.0107 g, 0.011 mmol) were dissolved in 0.5 mL CD2Cl» and added to an NMR tube. A stock
solution of DBU (0.165 pL in 1 mL CDCl>) was prepared, 0.1 mL (0.4 mol% used) was added to
the NMR tube, and a spectrum was recorded. The decrease in metallated macrocycle and increase
in unbound Bip peaks suggest that even at 0.4mol%, DBU chooses to bind with the metal ion
instead of catalyzing the reaction between the stopper and metallated thread. The sample was
demetallated by adding the NMR sample to a 20 mL vial with a stir bar with DCM (~9 mL) and
1M NaOH (~9 mL); the sample was left to stir rapidly overnight. The DCM layer was collected,
washed with DI water, and dried under vacuum for NMR and MALDI-TOF analysis. NMR and
MALDI-TOF confirmed a mixture of macrocycle and dumbbell; the higher molecular weight
peaks (ca. 6650-6790 m/z) suggest a small amount of doubly-threaded[3]rotaxane may have

formed, but not significantly enough.
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(15% ds-MeCN in CDCls), d) 5.6, and e) 46-atom macrocycle 5.23.
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Figure 5.77. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of [3]rotaxane 5.29 mixture.
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5.4.2.28 Synthesis of [3]rotaxane 5.30

The same stoppering procedure was employed but with maleimide threads synthesized from ethyl-

Bip; the shorter N-ethyl substituted Bip ligand to minimize steric repulsion between the thread
molecules when both threaded within the same ring cavity. 5.23:5.62:Zn(11)2 (0.010 g, 0.0034
mmol) and thiol stopper 5.3 (0.013 g, 0.014 mmol) were added to a vial and dissolved in 500 pL
DCM. A DBU stock solution was prepared from 0.2 uL DBU in 1 mL DCM and 0.02 uL (1.0
mol%) was added to the vial. After 2 hours, 30 pL of ethylenediamine was added to the vial.
Ethylenediamine was chosen over the prior demetallation conditions (1M NaOH) because it
instantly removes metal ions from the Bip complex. The reaction mixture 5.30 was washed with
DI water and extracted with DCM for analysis; NMR shows a mixture of macrocycle and dumbbell

components and no interlocked product.
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Figure 5.78. Partial tH-NMR overlay (500 MHz, 25°C) of a) Demetallated 5.30 reaction mixture
of dumbbell and macrocycle (CDCIs), (b) Bip dumbbell 5.19 with thioester conjugation region in
the black box (CD.Cl,), and c) 46-atom macrocycle 5.23 (CDCIz). The dashed box and insert
correspond to Bip's meta- and para-pyridyl peaks.

5.4.2.29 Synthesis of [3]rotaxane 5.31
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5.24:5.132:Zn(11)2 (0.005 g, 0.0013 mmol) and thiol stopper 5.3 (0.0064 g, 0.0067 mmol) were
dissolved in CD2Clz at [15mM]. A stock solution of DBU (0.01 pL in 500 uL CD2Cl,) was added
in 10 pL (0.1 mol%) increments, and a spectrum was taken after each addition to monitor the

maleimide singlet.
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5.4.2.30 Synthesis of [3]rotaxane 5.32

~
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Triflate 5.24:5.132:Zn(11)2 (Titration B, 0.0025 g, 0.0008 mmol, prepared with Zn(OTf). and thiol
stopper 5.3 (0.0037 g, 0.0039 mmol) were dissolved in CD2Cl; at [15mM]. A stock solution of

DBU (0.012 pL in 200 pL CD2Cly) added in 2 pL (0.1 mol%) increments.
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Figure 5.79. Partial tH-NMR overlay (500 MHz, 25°C, CD.Cl,) of triflate 5.24:5.132:Zn(11) DBU

titration showing complex demetallation and reappearance of the Bipy peaks from demetallated
thread 5.13.
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6 Accessing Thermodynamically Stable Doubly-Threaded [3]Rotaxane Diels-Alder
Adducts
6.1 Introduction

Accessing doubly-threaded [3]rotaxanes relies on forming a stable intermediate that keeps
the ring bound and maintains the doubly-threaded topology during the final end-capping reaction.
Catalyst-free click chemistry is attractive for stoppering metal complexes susceptible to
disassembly under basic (or acidic) conditions. Diels-Alder reactions of five-membered
heterocycles are well-established and have been a valuable tool in organic synthesis for decades
owing to their dynamic nature and facile reaction conditions; temperature changes promote the
exchange and switching between molecules (e.g., maleimide and furan) with negligible side
reactions. The thermoreversible equilibrium in maleimide-furan conjugation is commonly
employed in protecting groups to synthesize oligonucleotide conjugates' and crosslinks for thermal
self-healing materials (Figure 6.1).%

The cycloaddition between a highly reactive (diene) and furan (dienophile) proceeds via a
concerted mechanism at room temperature.'>  The forward reaction dominates up to 60°C,

forming a mixture of bicyclic compounds. The position of the bridgehead protons alpha to the

diene + dienophile Diels-Alder adduct

%cmwcm%—% CH Nl:Hzg- ‘(’CHz”CHzHCH?NCH?_)* 0
)1 CdVQNH —— *:ENH

o
H
43 s
0. 0.
) Oj/ j/ NH H O
—PcmNcm%—écmNem%— +CH2NCH2HCH7NCH7+ O
n m n m H

endo isomer exo isomer

Figure 6.1. Thermoreversible Diels-Alder crosslinking for self-healing materials proceeds via a
concerted mechanism at room temperature to form a mixture of endo (kinetically favored) and exo
(thermodynamically favored) conjugation products. Adapted from Ref. 3 with permission from
American Chemical Society.

310



carbonyl groups helps distinguish the regiochemistries in the different isomers. The endo adduct
forms faster because the overlap of secondary orbitals lowers the energy of the transition state,
making it the kinetic product. The oxygen-containing bridge in the exo adduct eclipses the
anhydride so that substituents on the dienophile point away from the bicyclic ring. This
conformation reduces steric hindrance in the cycloadduct, making the exo isomer
thermodynamically favored under reversible conditions because it is more stable and lower in
energy. Running reactions at room temperature and keeping them in the dark helps target the endo
adduct, while higher temperatures produce the exo product.

Converting thermodynamic maleimide-furan conjugates into thermally stable counterparts
is achieved through chemical modification, such as aromatization to a phthalimide moiety (Figure
6.2).*> Heat is required to convert endo adducts into thermodynamically stable exo isomers that
can undergo dehydrative rearrangement. A small amount of acid catalyzes aromatization by
protonating the oxygen bridge, and the bridgehead protons help facilitate the loss of a water

molecule to form the phthalimide derivative. Aromatization with p-toluenesulfonic acid (p-TsOH)

p-TSOH CHz o

Q CHs O toluene
J5E e e
i 80°C, 16 h
HC p O
A
®
*H ‘-HZO
®o CHs O Hoﬁ
M e { )
HiC H CH
C D

Figure 6.2. The acid-catalyzed reaction mechanism for the rearrangement of bicyclic Diels-Alder
adduct A, with loss of water, when treated with p-TsOH in toluene at 80°C to give B.* Adapted
from Ref. 4 with permission from Elsevier.
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in toluene is a common approach for converting furan-maleimide conjugates to phthalimides;***
other methods employ Brensted and Lewis acid catalysts, such as metal triflates, for tandem Diels-
Alder and dehydration reactions.?**

This chapter explores maleimide-furan chemistry for the Diels-Alder stoppering and acid-
catalyzed rearrangement of rotaxane components into thermally stable and functional doubly-
threaded [3]rotaxane products. Dynamic bonding between polyrotaxane components could lead to
networks with reversible crosslinking or assembly, typically desired for recyclable and degradable
materials.’ Rearrangement reactions of Diels-Alder adducts will be explored to determine their
efficacy in creating stable [3]rotaxane products. This conversion would prevent decomposition
over time and at elevated temperatures, providing a way to access stable and more robust materials

from preassembled dynamic networks.

6.2 Results and Discussion
6.2.1 Diels-Alder Cycloadducts
A two-step maleimide-furan stoppering approach was devised to make doubly-threaded

rotaxanes that will not fall apart when heated. Catalyst-free conditions should promote the

Thermoreversible Diels-Alder Acid-Catalyzed Rearrangement

.L‘\a

e .
PG e nvanpns
<

-

L)

4 -
0 CDCl, RT {)\\r__{%\“} 2.0 mol% p-TsOH o l_"x‘.}
N = N m

A, N — hY
H"{\/ % toluene, 90°C 1‘1/:\ \\\O)_\ toluene, BU“N ‘1"‘1._/% W%
H,0
Reversible Thermally stable
endo/exo isomers phthalimide

Figure 6.3. Maleimide-Furan Stoppering Approach. Diels-alder click reaction between N-
alkylated maleimide and furan-terminated molecule, and subsequent acid-catalyzed (e.g., p-TsOH)
dehydration of furan-maleimide cyclo-adducts in toluene to form a stable phthalimide linkage
between components.
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formation of reversible Diels-Alder adducts between the metal complexes and stopper, which
would permit the aromatization of the reversible bicyclics to thermally stable phthalimides (Figure
6.3).

Small molecule reactions between maleimide and 2,5-dimethylfuran determined how the
formation of a mixture of isomers looks on the NMR spectrum (see Experimental). Determining
which peaks to monitor in NMR during the Diels-Alder cycloaddition and after the acid-catalyzed
rearrangement will help determine what shifts to anticipate when forming the dumbbell component
and confirm the rearrangement. The combination of exo and endo cycloadducts in the crude NMR
spectrum shown in Figure 6.4 results from the reversibility of the Diels-Alder reaction. The
bridgehead protons show up as a singlet at 2.9 ppm on the exo adduct (i.e., C') and 3.3 ppm for
the endo adduct (C). These results are consistent with literature values for maleimide adducts with
2,5-dimethylfuran, where the exo bridgehead protons are consistently 0.40 ppm upfield for
the endo adduct.”

The Diels-Alder reaction between furan and maleimide has been widely employed as a
click-unclick tool in polymer synthesis.'® As mentioned in Chapter 5, maleimides are highly

reactive and hydrolyze under basic conditions without a protecting group. A protected maleimide

o B Hc o B'o
g7 NH ¢ B
6.1 6.1
A (endo) (exo) I B’
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maleimide
NH % l * *
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Figure 6.4. '"H-NMR (500 MHz, 25°C, CDCI;3) of crude 6.1, showing a mixture of endo and exo
(prime) cycloadducts (top spectrum) formed from maleimide (bottom spectrum) and 2,5-
dimethylfuran.
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Figure 6.5. Refluxing 6.3 in toluene removes the furan (6.3 ppm) moiety, unmasking the reactive
maleimide groups (~6.7 ppm) on 5.6 with complete removal of 2,5-dimethylfuran (5.8 ppm).

thread was synthesized to test the thermostability of the maleimide-furan cycloadducts in the Bip-
containing thread (see Experimental). Heating 6.3 in solution sparks the retro Diels-Alder, which
recovers the reactive maleimides on 5.6 (Figure 6.5, left). Refluxing the thread in toluene for four
hours completely removes the furan; toluene extracts the 2,5-dimethylfuran, resulting in a clean
thread product after removing the solvent. Diagnostic peaks in the 'H-NMR spectrum help monitor
the forward and reverse reactions; the signal at 6.7 ppm shifts to 6.3 ppm upon furan conjugation.
The maleimide peak is recovered at elevated temperatures, and toluene helps extract 2,5-
dimethylfuran from the product mixture. The "TH-NMR spectrum confirms the clean conversion of
5.6; the maleimide singlet at 6.7 ppm is recovered, and no signal at 5.8 ppm that would correspond
to the aromatic protons on 2,5-dimethylfuran (Figure 6.5, right).

This experiment confirms 2,5-dimethylfuran as a sufficient maleimide-protecting group to
prevent hydrolysis of maleimides under basic reaction conditions. Furthermore, the formation of
the furan-maleimide adducts proceeds under catalyst-free conditions, and extending this concept
to stopper P3R should lead to metallated [3]rotaxanes with high conversion.

6.2.2 Acid-Catalyzed Rearrangement

Accessing stable interlocked products requires stabilizing the thermoreversible Diels-Alder

adducts; a common approach uses a catalytic amount of p-TsOH in toluene at elevated

temperatures to rearrange furan-maleimide conjugates, such as the conversion of 6.1 to
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Figure 6.6. 'H-NMR overlay (600 MHz, 25°C, CDCls) of crude phthalimide 6.5 (top spectrum),
6.1 isomers (middle spectrum) and maleimide (bottom spectrum). *Solvent

phthalimide 6.5 (see Experimental) shown in Figure 6.6.” The disappearance of signals
corresponding to the conjugate bridgehead protons at 3.3 and 2.9 ppm (C, C’) indicates successful
aromatization; after the oxygen-bridge is protonated, these bridgehead protons remove the water
molecule, facilitating rearrangement to phthalimide 6.5. The methyl protons now show up as a
single peak (B) at 2.7 ppm, and a downfield shift in the vinyl bond (A) from 6.3 to 7.3 ppm suggests
a more aromatic environment, as expected for the phthalimide.
6.2.3 Dumbbell Stoppering Experiments

Investigating the maleimide-furan click as potential stoppering chemistry required
synthesizing a furan-functionalized stopper group 6.7 (see Experimental) to react with maleimide
thread 5.13 synthesized in Chapter 5 (Figure 6.7). Acid-catalyzed rearrangement conditions using
p-toluenesulfonic acid (p-TsOH) at elevated temperatures were tested to convert reversible Diels-
Alder adducts in 6.11 into stable units between components like the phthalimides in 6.12. Heating
the adducts during the rearrangement should help form more exo adducts in situ that can partake

in the rearrangement reaction.
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Figure 6.7. Dumbbell synthesis. Maleimide thread 5.13 and furan stopper 6.7 react at 40°C to form
Diels-Alder dumbbell 6.11 as a mixture of endo and exo isomers (see Experimental). A catalytic
amount of p-toluenesulfonic acid (p-TsOH) at 80°C results in the rearrangement of 6.11 to
phthalimide 6.12 with dehydration.

NMR integrations and MALDI-TOF analysis of 6.11 confirm the formation of the Diels-
Alder dumbbell. Integrating exo and endo isomers between 6.0 and 6.5 ppm (see Experimental)
suggests a 1:2 ratio of exo:endo isomers for 6.11. A small maleimide (6.7 ppm) and furan (5.8
ppm) peaks suggest unreacted components in the mixture, potentially resulting from retro Diels-
Alder of the reversible cycloadducts. MALDI-TOF also confirmed the formation of Diels-Alder
dumbbell 6.11 (see Experimental).

The Diels-Alder dumbbell 6.11 was converted to phthalimide 6.12 using toluene and a
catalytic amount of p-TsOH. The NMR in Figure 6.8 shows a reduction in the endo and exo signals
between 6.4 — 6.1 ppm (furan protons), 3.5 — 2.7 ppm (bridgehead protons), and 1.8 — 1.6 ppm
(methyl protons) for 6.12, suggesting that the dehydration mechanism observed in the small
molecule studies also works on the dumbbell. However, the peaks corresponding to the Bipy ligand
are also significantly reduced. This is likely due to the protonation of the nitrogen atoms with p-

TsOH, and is worth further investigation. MALDI-TOF further confirms the rearrangement with
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Figure 6.8. 'H-NMR (500 MHz, 25°C, CDCls) of 6.12 (top) and 6.11 (bottom). b) MALDI-TOF
MS (dithranol, silver trifluoroacetate) of 6.11 (top left) and 6.12 (bottom left). The difference
between the two products (green circles, right) is ~35 which is close to the expected ~36 mass loss
with (2*¥*H20). The lower molecular weight signals correspond to the fragmented dumbbell
products (loss of biphenyl arm, see Experimental).

a 34.9 (2561.791 - 2526.875 g/mol) reduction in molecular weight; a ~36.03 difference
corresponds to the loss of two water molecules from the same dumbbell molecule (Figure 6.8,
right).

Lewis acid catalysts should also trigger the dehydration of the maleimide-furan conjugates,
such as metal triflates;> therefore, the dehydration of Diels-Alder dumbbell 6.11 was also tested
using scandium triflate (Sc(OTf);) to evaluate its potential as a catalyst for stabilizing
thermoreversible furan-maleimide adducts. Reacting 6.11 with scandium triflate (Sc(OTf)3) in
toluene instead of p-TsOH also resulted in the disappearance of bridgehead protons in the NMR
spectrum (see Experimental). These results are promising because they show that other catalysts
can trigger the rearrangement of furan-maleimide adducts.

6.2.4 Pseudo[3]Rotaxane Stoppering Experiments
P3R 5.24:5.132:Zn(IT)2 was chosen for these experiments because it is assembled from the small,
42-atom ring, which has the best chance of forming stable, interlocked [3]rotaxanes with the

current triaryl stopper size in 6.7 (Figure 6.9, top). Gratifyingly, the endo and exo isomers of the
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crude metallated [3]rotaxane 6.16 and the metallated Diels-Alder dumbbell 6.112:Zn(II) show the
same chemical shift in the NMR spectrum (Figure 6.9, bottom). After purification to remove the
unreacted stopper (see Experimental), the metallated 6.16 exhibited a 1:4 integration of protons in
the NMR spectrum for the ring 5.24 (A) and dumbbell 6.11 (W) components, suggesting full Diels-

Alder stoppering of 5.24:5.132:Zn(II)2 (Figure 6.10).
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Figure 6.9. Stoppering of P3R 5.24:5.132:Zn(II)2 with furan stopper 6.7 to form the metallated
Diels-Alder [3]rotaxane 6.16 (top). 'H-NMR overlay (500 MHz, 25°C, CD>Cly) of the crude
metallated Diels-Alder rotaxane 6.16 with 5.24:5.132:Zn(IT)2 shows a decrease in the maleimide
singlet and the formation of endo and exo adducts (green boxes) upon stoppering. Diels-Alder
adduct peaks in 6.16 match those on 6.112:Zn(II).
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Figure 6.10. Partial 'TH-NMR (500 MHz, 25°C, CD,Cl) of metallated 6.16 shows the absence of
the maleimide singlet and the formation of endo and exo adducts (Q) upon stoppering. Integration
of the Bip protons and stopper protons (1:4 A:W) suggests full stoppering of 6.16.

Demetallation of 6.16 resulted in a mixture of macrocycle 5.24 and Diels-Alder dumbbell
6.11 (Figure 6.11, left). The NMR overlay shows no upfield shift in the aromatic protons that
would be expected for the interlocked product.’ The integration of exo and endo isomers between
6.0 and 6.5 ppm is close to 1:1 for the demetallated 6.16 product mixture. The small signal at 6.7
ppm (corresponding to maleimide) was also seen in the formation of 6.11 and is likely due to the
instability/thermoreversibility of this system.

Demetallation of 6.16 resulted in a mixture of macrocycle 5.24 and Diels-Alder dumbbell
6.11 (Figure 6.11, left). The NMR overlay shows no upfield shift in the aromatic protons that
would be expected for the interlocked product.’ The integration of exo and endo isomers between
6.0 and 6.5 ppm is close to 1:1 for the demetallated 6.16 product mixture. The small signal at 6.7
ppm (corresponding to maleimide) was also seen in the formation of 6.11 and is likely due to the
instability/thermoreversibility of this system.

Performing the acid-catalyzed rearrangement reaction on metallated 6.16 (see

Experimental) resulted in a decrease in the endo and exo adduct peaks (Figure 6.12, outlined in
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Figure 6.11. Partial 'H-NMR overlay (500 MHz, 25°C, CD,Cly) of demetallated 6.16 with
dumbbell 6.11 and 42-atom ring 5.24 for comparison (left). MALDI-TOF MS (Dithranol, sodium
trifluoroacetate) of the demetallated Diels-Alder 6.16 product mixture (right).

green) suggests the successful formation of phthalimide 6.17; however, the metallated protons
between 8.1 and 8.9 ppm corresponding to the Bip and Bip are also gone. This is likely due to the
acidic conditions that can protonate the nitrogen atoms on Bip and Bipy; therefore, rotaxane 6.17
was demetallated (see Experimental) so that the component mixture could be analyzed via NMR
and MALDI-TOF.

The NMR spectrum on demetallated 6.17 is inconclusive; no peaks in the aromatic region
correspond to either Bip or Bipy component (Figure 6.13). If the nitrogen atoms were protonated
with p-TsOH, as hypothesized from dumbbell experiments, the demetallation process would
recover the expected aromatic peaks between 7.6 and 8.15 ppm. MALDI-TOF confirmed a mixture
of components but no doubly-threaded [3]rotaxane (see Experimental). Another potential reason

for the lack of product formation is the cleavage of the Bipy ligand under acid-catalyzed (p-TsOH)
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Figure 6.12. Synthesis of phthalimide 6.17 from metallated 6.16 with p-TsOH (top). 'H-NMR
overlay (500 MHz, 25°C, CD,Cl) of 6.16 and acid rearrangement reaction mixture 6.17 showing
a decrease in endo and exo adduct peaks (outlined in green) (bottom).
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Figure 6.13. "H-NMR overlay (500 MHz, 25°C, CD2Cl,) of demetallated 6.17 and demetallated
6.16 for comparison, showing the disappearance of Diels-Alder adduct peaks (outlined in green)
and aromatic protons on Bip and Bipy ligands (outlined in red).
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conditions; these results necessitate further investigation into the effect of metal ions on the

rearrangement.

6.3 Conclusions

The dynamic maleimide-furan bond would be an exciting addition to the MIP field because
of its potential use as a reversible stoppering system for slide-ring materials. Implementing these
dynamic bonds into other interlocked components in the group could lead to future reversible
network topologies. The benefit of using maleimide-furan cycloadducts is their ability to rearrange
into thermally stable phthalimide groups. Optimizing this process is critical for creating slide-ring
networks that can function in various environments without falling apart.

Synthesizing a furan-functionalized stopper 6.7 permitted Diels-Alder stoppering with the
maleimide thread 5.13 synthesized in Chapter 5. "TH-NMR spectra confirmed the formation of 6.11
as a mixture of endo and exo dumbbell products. The acid-catalyzed dehydration of Diels-Alder
adducts on 6.11 led to stable phthalimides in 6.12 and reduced endo/exo proton peaks in the NMR
spectrum. Stoppering the metallated [3]rotaxane 6.16 resulted in a mixture of (metallated) isomers
with similar proton signals in the NMR spectrum as the dumbbell; however, the acid-catalyzed
procedure to form the stable rotaxane 6.17 was unsuccessful. Extending these acid-catalyzed
conditions to the metallated dumbbell complex 6.112:Zn(II) revealed demetallation, suggesting
that Zn*>" ions could affect the rearrangement (see Experimental).

The challenge of this two-step stoppering method lies in the reaction kinetics for the
thermoreversible Diels-Alder and the aromatization that requires an elevated temperature (Figure
6.14). Formation of the phthalimide requires the rate constant for the rearrangement to be greater

than that of the retro Diels-Alder (i.e., k2 > k.1). Because both reactions occur at elevated
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Figure 6.14. Thermoreversibility and stabilization challenge in this [3]rotaxane system.
temperatures, the rotaxane will never form if the retro Diels-Alder occurs faster than aromatization
to the phthalimide (i.e., k-1 > k2). Thus, rearranging a demetallated Diels-Alder [3]rotaxane could
form a mixture of non-interlocked components; the retro Diels-Alder would remove the stoppers,
and result in a mixture of thread, ring, and stopper because there are no metal ions.

Integrating the exo and endo signals of dumbbell 6.11 revealed a 1:2 ratio of endo:exo
isomers (6.0 — 6.5 ppm); targeting exo isomers at higher temperatures could aid the dehydration
process that leads to rearrangement. Kinetic NMR experiments on a solution of 6.11 at different
temperatures would provide more information on the thermoreversibility of this system; repeating
the same experiment on 6.112:Zn(II) and rotaxane 6.16 would determine how Zn*' affects
thermoreversibility.

Future experiments would include screening different aromatization conditions (i.e.,

Bronsted and Lewis acid catalysts and other metal triflates)®**

and metal-ligand complexes to tune
overall kinetics (i.e., ko > k.1). However, the prospect of catalyst-free click conditions led to a more
successful stoppering approach using Nitrile-Oxide/Alkyne Cycloaddition (NOAC, discussed in
Chapters 2 and 4) to access thermally stable bonds between components in one step. Catalyst-free
conditions are best for preparing polymer materials because removing the catalyst can be
difficult.'® Thus, the final chapter will discuss future directions for developing fully interlocked

networks using NOAC polymerization and larger stoppers (based on 6.10) to keep doubly-threaded

rings threaded in the MIP architecture.
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6.4 Experimental
6.4.1 Materials and Methods

All chemicals were purchased from Sigma-Aldrich and used without further purification
unless otherwise mentioned. Zinc di[bis(trifluoromethyl sulfonyl)imide] was purchased from
Strem Chemicals and stored in a nitrogen desiccator. Maleimide and 2,2’-bipyridine-6,6’-diol were
purchased from TCI America. Solvents for chromatography were purchased from Fisher-
Scientific. 2,6-bisbenzimidazolylpyridine ligands'! were prepared following literature procedures.
Deuterated solvents and diisopropyl azodicarboxylate were purchased from ACROS Organics.
Tetrahydrofuran (THF) was dried over sodium and benzophenone. Dichloromethane was distilled
over calcium hydride before use. Dimethylformamide (DMF) was dried with activated 4A
molecular sieves before use. All synthesized components were stored in a freezer at -8°C before
use.

Matrix Assisted Laser Desorption/lonization Mass Spectrometry (MALDI-TOF MS) was
measured by a Bruker AutoFlex III or Bruker Ultraflextreme MALDI-TOF-TOF spectrometer in
linear (or reflectance) mode using dithranol as matrix and silver or sodium trifluoroacetate as
ionizer (or no ionizer).

Room Temperature Nuclear Magnetic Resonance Spectroscopy was performed using a
Varian Inova 600 MHz spectrometer (at Case Western Reserve University), Bruker Ascend
AVANCE III 500 MHz spectrometer, a Bruker AVANCE II+ 500 MHz spectrometer, or a Bruker
DRX 400 MHz spectrometer at the University of Chicago NMR facilities. 'H NMR spectra were
referenced to the residual protonated solvent signal, and '3C NMR spectra were referenced to the

deuterated solvent carbon resonance signal.
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6.4.2 Synthetic Procedures

6.4.2.1 Synthesis of protected maleimide 6.1

o) Ie) ,
0 o B c o B'O
\@/ B H
| NH NH = Ay 0O + A/ NH
DCM o)
el RT, 16h o o/ NH Her
6.1 endo exo

A round-bottom flask was charged with maleimide (2.0 g, 20.60 mmol) and dry DCM (200mM,
100 mL) and then flushed with argon. 2,5-Dimethylfuran (1.1 equiv., 2.18 g, 2.41 mL, 22.66
mmol) was injected into the flask, turning the colorless solution a pale yellow. After 16 hours, the
DCM (and any residual, unreacted furan) was removed via rotary evaporation and dried under
vacuum to reveal 6.1 as a white powder in quantitative yield. '"H NMR (500 MHz, CDCls) § 6.3
(s, 2H, A), 3.3 (s, 2H, C), 2.9 (s, 2H, C*), 1.8 (s, 6H, B), 1.7 (s, 6H, B).
6.4.2.2 Synthesis of protected-maleimide thread 6.3

Stirring a mixture of maleimide and 2,5-dimethylfuran at room temperature gives a mixture
of Diels-Alder adduct isomers that can withstand basic Williamson ether conditions'® Furan-
protected maleimides can react under basic conditions to form linkers that can attach to the
phenolic ends of different Bip derivatives. Furan and 2,5-dimethylfuran stir at room temperature
to form furan-maleimide 6.1; alkylating (with base) creates the brominated linker 6.2 as a mixture

of endo and exo isomers.

A~ ~Br
(10eq) B B'
P 0.6 K,CO Q HO H o
-0 RoLUs3 Br A 5 D F H B A DTFEH g
S DMF [85mM] b S Ny
6 1 4000, 72hrs 6 2
' 78% ) endo exo

Adding a smaller amount of base (0.6 equivalents with respect to the maleimide proton)

limits any chances of base-catalyzed maleimide hydrolysis. Refluxing Williamson ether syntheses
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helps push reactions forward but could cause the retro Diels-Alder to occur; maleimide hydrolysis
in the presence of base would prevent product formation. Therefore, the reaction was heated
slightly to 40°C and left to react for a longer time to prevent the retro Diels-Alder from occurring.

A mixture of 6.1 (2.0 g) and K>COs3 (0.6 eq) was added to a round bottom flask with a stir
bar and put under argon flow. Excess 1,6-dibromohexane (10 eq) was injected into the flask,
followed by dry DMF (85 mM). The solution was placed in a heating block and warmed to 40°C.
After 72 hours, the reaction was cooled to room temperature, and the solvent was removed under
vacuum. The crude mixture was purified using column chromatography (hexanes:ethyl acetate
gradient) to make 6.2 as a mixture of endo and exo adducts in 78% yield by mass. 6.1 only has one
proton signal (7.3 ppm) for the vinyl bond because the maleimide is not functionalized. Based on
integrations of the exo/endo methyl (B’/B) and bridgehead protons (C’/C) were used to assign the

singlets at 6.15 (A) and 6.3 ppm (A’); the smaller signals correspond to the exo isomers of 6.2.
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Figure 6.15. '"H-NMR (600 MHz, 25°C, CDCl;3) of protected-maleimide linker 6.2 endo and exo
(prime) isomers. Peak labeling was based on the bridgehead protons assignments for 6.1.
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Functionalizing Bip with 6.2 yields the furan-protected thread 6.3 as a mixture of exo and endo
isomers. Careful attention to reaction temperature is essential when working with furan-maleimide
conjugates such as 6.2. The stability of these adducts under basic conditions permits Williamson
ether conditions; however, the elevated temperatures used to push Bip functionalization reactions
forward would result in the retro Diels-Alder. Therefore, the temperature was only raised slightly
to 40°C, like in the previous step, and left for a longer time (72 hours).

6.4.2.3 Synthesis of phthalimide 6.5

B
o)
o o/ .. o, O 2.0 mol% p-TsOH
@ NH = %O + MNH NH
toluene [200mM]
H O o
© g NH 80°C
6.1 6.5

endo exo

Diels-Alder adduct 6.1 was dissolved in toluene (200 mM), added to a small vial with a stir bar,
and put under argon flow. A catalytic amount (2.0 mol%) of p-TsOH was added, and the reaction
was placed in a sand bath at 80°C. The reaction was left overnight and cooled to room temperature

before removing the solvent under vacuum. The crude product 6.5 was dissolved in CDCI3 for

NMR analysis. "H NMR (500 MHz, CDCls) § 7.3 (s, 2H, A), 2.7 (s, 6H, B).
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6.4.2.4 Synthesis of furan stopper 6.7

Given the success of 2,5-dimethylfuran as a protecting group for maleimide thread 5.6
discussed above, furans were alkylated to make reactive linkers that could attach to the phenolic
triaryl component 2.11. Efficient alkylation of furan moieties is commonly achieved with n-
butyllithium. Employing 1-chloro-5-iodopentane results in a chlorinated alkyl furan; the iodine is
a better leaving group than chlorine, so it reacts with the n-butyllithium first to form a chlorinated

product 6.6 that can further react with other components.

Bui A
I(a) o~ Cl n-Buli |O C E GCI
THF, -78C g7 D F
B
6.6

2-(5-Chloropentyl)-5-methylfuran 6.6 was synthesized via furan alkylation with n-butyllithium
according to a literature procedure.'? 2-Methylfuran (0.97 g, 1.07 mL, 11.81 mmol) and 40 mL of
dry THF were added to a flame-dried schlenk flask under argon with a stir bar. The solution was
cooled to -78°C with a dry ice/acetone bath, and 2.5 M r-butyllithium in hexanes (5.59 mL, 14.0
mmol) was added, slowly turning the solution orange and then pale yellow. The reaction was left
to warm to -5°C over 2.5 hours, after which 1-chloro-5-iodopentane (2.50 g, 1.50 mL, 10.75 mmol)
was injected. After stirring at RT for 21 hours, the orange reaction mixture was quenched with 3
mL of saturated ammonium chloride solution, which turned the solution red. The product was
extracted with ethyl acetate and dried over sodium sulfate. The solvent was removed via rotovap,
the resulting dry material was dissolved in chloroform, and the solid salt was removed by filtration.
The filtrate was dried, and the residue purified by column chromatography (silica gel, hexanes to
10% ethyl acetate in hexanes as eluent), revealing 2-(5-chloropentyl)-5-methylfuran 6.6 as a clear,

colorless oil in 86% yield by mass. "H NMR (500 MHz, CDCl5) § 5.87 — 5.81 (m, 2H, B), 3.54 (t,
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J=6.7Hz, 2H, G), 2.58 (t, J=7.5 Hz, 2H, C), 2.25 (d, J= 0.8 Hz, 3H, A), 1.89 — 1.75 (m, 2H, F),

1.70 — 1.59 (m, 2H, D), 1.54 — 1.40 (m, 2H, E).
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Figure 6.16. "TH-NMR (500 MHz, 25°C, CDCIs) of the purified 2-(5-chloropentyl)-5-methylfuran
product 6.6.
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A 25 mL oven-dried round bottom flask was charged with phenol stopper 2.11 (0.50 g, 0.68 mmol),
2-(5-chloropentyl)-5-methylfuran 6.6 (0.255 g, 1.36 mmol), and K>COs3 (0.38 g, 2.73 mmol). The
flask was put under argon flow, dry DMF (14 mL) was injected, and the reaction was heated to
75°C. The next day, the reaction was cooled to room temperature, and the solvent was removed
under reduced pressure. The residue was dissolved in CHCl3, and the insoluble material (salts) was

removed by filtration. The filtrate was collected, and the solvent was removed under reduced
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pressure. The resulting material was purified using column chromatography (silica gel, hexanes to

40% hexanes in chloroform as eluent) to reveal furan stopper 6.7 as a white powder in 48% yield

by mass. 'H NMR (500 MHz, CDCl3) & 7.58 — 7.53 (m, 6H, B), 7.53 — 7.48 (m, 6H, C), 7.48 —

7.42 (m, 6H, D), 7.35 — 7.30 (m, 6H, E), 7.22 — 7.16 (m, 2H, F), 6.84 — 6.79 (m, 2H, G), 5.86 —

5.81 (m, 2H, M), 3.95 (t, J = 6.5 Hz, 2H, H), 2.60 (t, J= 7.5 Hz, 2H, L), 2.24 (d, J= 0.9 Hz, 3H,

N), 1.81 (dt, J= 14.2, 6.6 Hz, 2H, 1), 1.69 (p, J = 7.6 Hz, 2H, K), 1.57 — 1.47 (m, 2H, J), 1.35 (s,

27H, A). MALDI-MS: 991.6 ((M]+Ag").
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Figure 6.17. '"H-NMR (500 MHz, 25°C, CDCls) of furan stopper 6.7.
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Figure 6.18. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of furan stopper 6.7.

6.4.2.5 Synthesis of furan double stopper 6.10

Dialkylation of furan with 1-chloro-5-iodopentane afforded linker 6.8 that was used to react
with two triaryl stoppers to make a double-stopper 6.9 component. Tetramethylethylenediamine
(TMEDA) helps activate organolithium reagents; n-butyllithium forms hexamers in hexane, but
the addition of TMEDA results in a solvated tetramer that affects the dilithiation of furan to achieve

high yields.'?

2.2 n-BulLi
o) 2.2 TMEDA o B DF
U 3 o~ ~_ClI cl W cl
THF, -78°C to RT A\ E
6.8

2,5-Bis(5-chloropentyl)furan was synthesized via dialkylation of furan based on a literature
procedure.'* A mixture of furan (1.0 g, 1.07 mL, 10.2 mmol) and tetramethylethylenediamine (2.61
g, 3.37 mL, 22.4 mmol) in 40 mL dry THF was added to a 100mL flame-dried schlenk flask and
cooled to -78°C using a dry ice/acetone bath. 2.5 M n-butyllithium in hexanes (8.97 mL, 22.4

mmol) was added slowly, and the reaction was refluxed at 65°C for 1 hour. The resulting brown
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suspension was allowed to cool to RT and was then cooled with an ice bath. 1-Chloro-5-
iodopentane (7.11 g, 4.28 mL, 30.6 mmol) in 10 mL THF was added dropwise, and the reaction
was left to stir at room temperature overnight, forming a yellow-orange solution. The flask was
submerged in an ice bath and quenched with DI water, changing the color to red. The product was
extracted with ether, dried over sodium sulfate, and filtered. The orange filtrate was collected and
dried under vacuum, and then the residue was purified using column chromatography (silica gel,
hexanes to 40% hexanes in chloroform as eluent) as a clear oil in 40% yield by mass. 'H NMR
(500 MHz, CDCl3) & 5.86 (s, 2H, A), 3.54 (t, /= 6.7 Hz, 4H, F), 2.59 (t, /= 7.5 Hz, 4H, B), 1.85

~1.75 (m, 4H, E), 1.70 — 1.60 (m, 4H, C), 1.57 — 1.44 (m, 4H, D).
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Figure 6.19. '"H-NMR (500 MHz, 25°C, CDCls) of 2,5-bis(5-chloropentyl)furan 6.8.
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A 5 mL oven-dried conical vial was charged with phenol stopper 2.11 (0.0773 g, 0.105 mmol),
2,5-bis(5-chloropentyl)furan 6.8 (0.015 g, 0.0527 mmol), and Cs2COs (0.137 g, 0.42 mmol). The
flask was put under argon flow, dry DMF (1.05 mL, 100mM) was injected, and the reaction was
heated to 75°C resulting in a yellow solution. After 48 hours, the reaction was cooled to room
temperature, and the solvent was removed under reduced pressure. The residue was dissolved in
CHCI3, and the insoluble material (salts) was removed by filtration. The filtrate was collected, and
the solvent was removed under reduced pressure. The resulting material was purified using column
chromatography (dry loaded on silica gel, 10% hexanes in chloroform to 100% chloroform as
eluent) to reveal chlorinated furan stopper 6.9 as a white solid. "H NMR (500 MHz, CDCls) & 7.53
—7.48 (m, 6H, B), 7.48 — 7.43 (m, 6H, C), 7.42 - 7.37 (m, 6H, D), 7.27 (d, ] = 8.4 Hz, 6H, E), 7.18
—7.12 (m, 2H, F), 6.80 - 6.73 (m, 2H, G), 5.80 (s, 2H, M), 3.91 (t, ] = 6.4 Hz, 2H, H), 3.47 (t,J =
6.7 Hz, 2H, R), 2.54 (dt, ] = 9.8, 7.5 Hz, 4H, L+N), 1.80 — 1.69 (m, 4H, 1+Q), 1.67 — 1.55 (m, 4H,

K+0), 1.52 — 1.41 (m, 4H, J+P), 1.31 (s, 27H, A).
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Figure 6.20. 'H-NMR (500 MHz, 25°C, CDCls) of the crude reaction (bottom spectrum) and the

chlorinated furan stopper 6.9 (top spectrum).
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Figure 6.21. '"H-NMR (500 MHz, 25°C, CDCls) of chlorinated furan stopper 6.9.
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A 5 mL oven-dried conical vial was charged with chlorinated stopper 6.9 (0.080 g, 0.082 mmol),
phenol stopper 2.11 (0.121 g, 0.165 mmol), and Cs>CO3 (0.107 g, 0.329 mmol). The flask was put
under argon flow, dry DMF (0.82 mL, 100mM) was injected, and the reaction was heated to 75°C
resulting in a yellow solution. After 48 hours, the reaction was cooled to room temperature, and
the solvent was removed under reduced pressure. The residue was dissolved in CHCIl3, and the
insoluble material (salts) was removed by filtration. The filtrate was collected, and the solvent was
removed under reduced pressure. The resulting material was purified using column
chromatography (dry loaded on silica gel, 10% hexanes in chloroform to 100% chloroform as
eluent) to reveal double stopper 6.10 as a white solid. "H NMR (500 MHz, CDCl3) § 7.58 — 7.52
(m, 12H, B), 7.53 - 7.48 (m, 12H, C), 7.44 (m, 12H, D), 7.32 (m, 12H, E), 7.21 — 7.17 (m, 4H, F),
6.83 — 6.77 (m, 4H, G), 5.85 (s, 2H, M), 3.94 (t, ] = 6.4 Hz, 4H, H), 2.60 (t,J = 7.6 Hz, 4H, L),

1.80 (m, 4H, 1), 1.69 (p, J = 7.8 Hz, 4H, K), 1.54 — 1.49 (m, 4H, J), 1.35 (d, J = 1.8 Hz, 54H, A).
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Figure 6.22. '"H-NMR (500 MHz, 25°C, CDCls) of furan double-stopper 6.10.

This synthesis serves as a proof-of-concept, showing that a larger stopper group can be

made from attaching two smaller components to a reactive group that should be big enough to

prevent the larger ditopic rings from dethreading in the [3]rotaxane. The double-stopper synthesis

was further optimized in collaboration with Jerry Hertzog to form a series of metastable doubly-

threaded [3]rotaxanes.’
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6.4.2.6 Synthesis of Bipy Diels-Alder dumbbell 6.11

O
O OOO o)
O,
o N ¢
‘ p e e e e N 6.7 B‘ O AN
=N 0 (2.5 equiv) AN b F HJ
Z "N
g D cD,Cl, [30mM] i N 0
O/\/\/\/\/\/\w 40°C O/\/\/\/\/\/\N
5 )
5.13 6.1

Bipy maleimide thread 5.13 (0.010 g, 0.015 mmol) and furan stopper 6.7 (0.032 g, 0.0364 mmol)
were dissolved in 500 pL of CD2Clz and added to an NMR tube. The NMR tube was heated to
40°C and the spectrum was taken 48 hours later at room temperature to reveal the expected
formation of dumbbell 6.11 as a mixture of endo (prime) and exo (unprime) isomers. 'H NMR
(500 MHz, CD>Cl;) 6 8.00 — 7.93 (m, 2H, A), 7.70 — 7.64 (m, 2H, B), 7.55 (ddt, J=10.4, 8.5, 2.0
Hz, 24H, 2+1), 7.47 (dt,J=8.5, 1.6 Hz, 12H, Z), 7.43 — 7.36 (m, 12H, Y), 7.30 — 7.24 (m, 4H, X),
6.84 (dq, /=9.1,2.0 Hz, 4H, W), 6.75 — 6.68 (m, 2H, C), 6.37 (d, J= 5.5 Hz, 0.5H, Q), 6.29 (d, J
=5.5Hz, 0.5H, Q), 6.24 (d,J=5.5Hz, 1H, Q’), 6.18 (d, /=5.6 Hz, 1H, Q’), 4.45 — 4.36 (m, 4H,
D), 3.97 (tt, J= 6.5, 4.1 Hz, 4H, V), 3.51 — 3.46 (t, 0.5H, N), 3.44 (t, /= 7.2 Hz, 1H, N’), 3.30 —
3.21 (m, 3.5H, N+N’+O’+R’), 3.18 = 3.12 (m, 1H, O’), 2.84 (d, /= 6.4 Hz, 0.5H, O), 2.77 (d, J =
6.4 Hz, 0.5H, O), 2.60 (t, /= 7.6 Hz, 0.5H, R), 2.24 (s, 1H, P), 2.10 — 1.85 (m, 2.5H, R+R"’), 1.81

(td, J = 8.9, 4.4 Hz, 8H, E+U), 1.74 (s, 3H, P*), 1.65 (s, 2H, P), 1.61 — 1.55 (m, 8H, F+S), 1.52 —
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1.45 (m, 4H, M), 1.43 — 1.38 (m, 8H, G+T), 1.36 (s, 54H, 3), 1.29 (d, J = 8.2 Hz, 20H, H-L).

MALDI-TOF MS: 2561.8 ((M]+Ag"), 2367.1 ([M]+Ag"-(4-tert-butylbiphenyl)).

o
@]
o~
§
ORNRNNOVOVOVONLIMTTMOOONNNNOOEH—TOOODNNIDAINLOLITMOAN—TONNOTOHOMAN—TOTONNODINTNTDNLOLOONNO D[
DUMBONNLNNNNNNEIYL LTI TIITTITITINMNMANNRRIBROMLTANTNNVRRII@NNBNIIOOMMNMN Mm@ S|
NINNNN NANNNNNNRNNNNRNNNNRNNNNNNNNRNNNNNODODODOOWDSESF OO OO OOAANA A A A A A"l A~ —|O
e e —— — e P
I JL /L u&“ 1 J.AJM y
AT S L A - S L T P N, Y el g
LOW~—AN < O W NOON [52) o TOOMNOW - ®Mx~ < T~ 0W®0~— O
LegaaN OnNWBvWwoo e © WOoOME < LLOVANYTNWO- N 5o
~ NN~ «— < <t v~ OO v« «— < <t Or-r AN+~ O O0OO T NWOMNOWTMNLN
8.0 7.5 .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 0.5 0.
f1 (ppm)
Figure 6.23. '"H-NMR (500 MHz, 25°C, CD>Cl,) of Bipy Diels-Alder dumbbell 6.11.
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Figure 6.24. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of 6.11 indicating fragmentation
of one of the biphenyl groups on the stopper. The chemical structure of this fragmented stopper is

on the far right.
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6.4.2.7 Synthesis of Bipy phthalimide dumbbell 6.12 with p-TsOH

_N (0] p-TsOH (2mol%) AN
~ ‘N o] toluene [30mM] : z ‘N o
NN N 80°C -H,0 N0 Y
(o} (0]
6.11 6.12
(0} (0}
Qo QO Lo 9
& &

Diels-Alder 6.11 was dissolved in 500 pL of toluene and added to a 4mL vial under argon flow.
A catalytic amount (2.0 mol%) of p-TsOH was added and the reaction was heated to 80°C. The
next day, the solvent was removed under vacuum and the crude product was analyzed via NMR
and MALDI-TOF. *H NMR (500 MHz, CDCls) § 7.61 — 7.51 (m, 25H), 7.51 — 7.44 (m, 13H),
7.38—7.32 (m, 13H), 7.25 - 7.19 (m, 4H), 6.87 — 6.81 (m, 4H), 5.87 (t, J = 3.1 Hz, 3H), 3.98 (t, J
= 6.4 Hz, 4H), 2.68 — 2.59 (m, 4H), 2.27 (s, 5H), 1.84 (dt, J = 15.1, 7.1 Hz, 6H), .72 (p, J = 7.7
Hz, 6H), 1.58 — 1.50 (m, 12H), 1.38 (s, 56H), 1.28 (s, 16H), 0.90 (dd, J = 16.4, 9.7 Hz, 6H), 0.10

(s, 37H).
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Figure 6.26. MALDI-TOF MS (Dithranol, silver trifluoroacetate) of Bipy phthalimide dumbbell

6.12.
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6.4.2.8 Synthesis of Bipy phthalimide dumbbell 6.12 with Sc(OTf)3

LN o) 1.1 eq Sc(OTf); ALCN
N o) toluene [30mM] : N O
x e e e o S e e P
(0] N 80°C -H,0 (0] N
(¢} (o}
o) (0]

5 o0 5 o0

- Q
6.11 (0.0067 g, 0.0027 mmol) and Sc(OT*); (0.00148 g, 0.0030 mmol) were added to a 4 mL vial
equipped with a condenser and put under argon flow. Toluene (90 pL) was injected, and the
reaction was heated to 80°C and stirred overnight. The solvent was removed under vacuum and

the remaining solid was dissolved in CD2Cl. for NMR analysis.
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Figure 6.27. '"H-NMR (500 MHz, 25°C, CDCl,) of 6.11 before (bottom) and 6.12 after treating
with scandium triflate (top).

6.4.2.9 Synthesis of 6.112:Zn(II)
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Diels-Alder dumbbell 6.11 (2.0 mg, 0.00082 mmol) was dissolved in 400 uL CDCIs. A stock
solution of Zn(NTf2)> (30mM in 2:1 CDCI3:CD3CN) was added until no free Bipy peaks appeared
at ~0.5 equiv. of the metal ion. The complete disappearance of the free Bipy aromatic protons at
7.97 and 7.66 ppm (and the corresponding growth of the peaks at 8.41 and 8.19 ppm) indicates
that all Bipy ligands are bound with zinc in a 2:1 Bipy:metal ratio. The resulting 6.112:Zn(II)

complex was dried under vacuum to obtain a yellow powder that was used without further

purification.
m Increasing
Zn(NTf,),

6.11,:zn(ll)

0.5eqmetal A B
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0.4 eq metal
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Figure 6.28. 'TH-NMR overlay (500 MHz, 25°C, Solvent: 0, 7.5, 12, 15% d3-MeCN in CDCls
increasing upwards) of metal addition to form 6.112:Zn(II).

—+
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6.4.2.10 Synthesis of 6.122:Zn(II)

p-TsOH
toluene, 80°C

=
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A |
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The metallated dumbbell 6.112:Zn(IT) was used to evaluate the dehydration mechanism in the

presence of metal ions. 6.112:Zn(II) was added to a conical vial with a stir bar and a catalytic

amount of p-TsOH. The vial was put under argon flow and toluene (100 puL) was injected. The

vial was heated in a silicone oil bath at 80°C overnight, after which the solvent was removed under

vacuum and the crude 6.122:Zn(II) sample was dissolved in CDCl; for NMR analysis.
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Figure 6.29. 'TH-NMR overlay (500 MHz, 25°C, CDCl;3) of rearrangement reaction results. The top
spectrum corresponds to the crude rearrangement product 6.122:Zn(II) from 6.112:Zn(II) showing

a decrease in dumbbell conjugation peaks (solid black boxes) and an increase in free Bipy thread
5.13 (dashed black box).

The stacked spectra in Figure 6.36 suggest the retro Diels-Alder occurs at the elevated
temperature required for the dehydration reaction, allowing the complex to dethread before the
adducts in 6.112:Zn(II) can rearrange to form the stable product. While there is a reduction in
signals corresponding to the Diels-Alder adduct (solid black boxes), the increase in unmetallated
aromatic Bipy peaks (dashed black box) suggests dethreading under these conditions. The presence
of the maleimide singlet at 6.7 ppm (5.13 peaks highlighted in blue) and furan at 5.8 ppm (6.7
peaks highlighted in green) is further evidence of the retro Diels-Alder occurring.
6.4.2.11 Bip and Bipy Titrations with Zn(ll)

Zinc bistriflimide (Zn(NTf>).) and zinc triflate (Zn(OTf)2) were used to assemble doubly-

threaded pseudo[3]rotaxanes in Chapter 5: 5.23:5.22:Zn(Il)2, 5.24:5.112:Zn(Il)2, and
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5.24:5.132:Zn(11)2. The bistriflimide counterion is non-coordinating, making it a common choice
for chelating two tridentate Bip ligands. Preliminary titration experiments on the 42-atom
macrocycle 5.24 suggest the ring cavity is too small to hold two Bip threads, necessitating the
synthesis of a smaller Bipy thread 5.13 to form the pseudo[3]rotaxanes developed in Chapter 5.
Switching to the smaller, Bipy ligands for threading the tighter, 42-atom ring 5.24 results in a
pentacoordinate system; it was hypothesized that a triflate counterion could come in and stabilize
the open coordination site on the Bipy:Bip complex.

To better understand these metal-ligand systems, a series of titrations (A-D; Figure 6.30)
was performed to monitor complex formation under different conditions and assign all 'H signals
for reference. Each ligand was metallated to form 2:1 ligand: metal complexes 6.13 and 6.14
(Figures 6.30a and 6.30b). In another experiment, metal was added to a 1:1 mixture of ligands,
forming 6.13 before the mixed complex 6.15 assembles (Figure 6.30c). Bip was then added to a

a) Titration A (2:1 Bip:metal) c) Titration C (1 metal to 1:1 Bipy:Bip)
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Figure 6.30. Titrating Bip (5.2) and Bipy (5.11) ligands with Zn(NTf>), and Zn(OTf)». a) Titration
A of Bip ligand 5.2 with metal results in 2:1 Bip:metal 6.13. b) Titration B of Bipy 5.11 with metal
results in 6.14. c) Titration C of a 1:1 mixture of Bip:Bipy with metal results in Bip complexing
first, and then 6.15 forms. d) Titration D of a 1:1 mixture of Bipy:metal with Bip 5.2 forms 6.15.
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1:1 mixture of Bipy:metal (Figure 6.30d) to determine how the order of component addition affects
the formation of 6.15.

A general procedure for Titrations A and B is as follows: 0.005 g of Bip 5.2 and 0.005 g
of Bipy 5.11 were weighed out into separate vials, and each dissolved in 400 uLL CDCIl3 before
adding to an NMR tube. A half equivalent of Zn(NTt>), (or Zn(OT¥)2) was weighed out and
dissolved in 200 pL of 15% d3-MeCN in CDCIs. The zinc solution was added in 50 pL increments
until 6.13 or 6.14 formed as a single metallated species in solution.

Titrations C and D both target the mixed ligand complex 6.15 but with different orders of
component addition to provide more information on how this mixed complex forms in solution.
For Titration C, Bip 5.2 (0.0059 g) was dissolved in 400 pL CDCI3 and added to an NMR tube.
One equivalent of Bipy 5.11 (0.0083 g) was added to a vial and dissolved in 100 pL CDCl3. The
Bipy solution was slowly added until an exact 1:1 stoichiometric ratio of 5.2:5.11 formed. Then,
one equivalent of Zn(NTf2) (or Zn(OTf),) was weighed out and dissolved in 200 pL of 15% ds-
MeCN in CDCls. The zinc solution was added in 50 pL increments, monitoring the formation of
6.15. For Titration D, Bipy 5.11 was dissolved in 400 pL CDCl; and added to an NMR tube. The
Zn(NTh)2 (or Zn(OTf)2) solution was added slowly until an exact 1:1 ratio of Bipy:metal formed.
Bip 5.2 was dissolved in 200 pL CDCls and slowly added to the NMR tube, monitoring the

formation of 6.15.
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Figure 6.31. "H-NMR (500 MHz, 25°C, 15% d3-MeCN in CDCl;) titrations with Zn(OTf)..
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Figure 6.32. "TH-NMR (500 MHz, 25°C, 15% d3-MeCN in CDCl;) titrations with Zn(NTf>)s.
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Figure 6.33. 'H-NMR (500 MHz, 25°C, 15% d3-MeCN in CDCI;) titrations with Zn(OTf), vs.
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Figure 6.34. 'H-NMR (500 MHz, 25°C, 15% d3-MeCN in CDCls) of 5.2:5.11 titration with
Zn(NTt), (Titration C) showing the formation of 6.13 before Bipy starts to metallate above 0.5
eq metal.
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Figure 6.35. Titration plots. a) Triflate Titration C showing free Bipy 5.11. b) Triflate Titration D:
Bip 5.2 limits the formation of 6.15 as free Bipy 5.11 starts to appear. c¢) Bistriflimide Titration C
shows the formation of 6.13 before Bipy 5.11 starts to metallate. d) Bistriflimide Titration D: Bip
5.2 limits the formation of 6.15, but not as significantly as triflate.

Plotting NMR integrations in Titrations C and D helps show how the order of added
components changes the formation of mixed complex 6.15. Adding Zn(OTf), to 1:1 mixture of
5.2:5.11 results in the preferential formation of 6.13 due to the stronger ligand binding with the
tridentate vs. bidentate ligand. Then the amount of free Bipy 5.11 decreased as the mixed complex
formed; however, not all the Bipy was chelated with 1 equivalent of Zn(OTf),. The strength of
tridentate complex 6.13 appears to be weaker with triflate and stronger with bistriflimide; 5.11 did
not start chelating until 0.5 equivalents of Zn(NTf2), were added to the solution (Figure 6.34,
Figure 6.35c). Adding Bip 5.2 to a 1:1 complex of 5.11:Zn(Il) (Titration D) results in the
formation of free (unbound) Bipy as Bip starts binding to the metal ions. The effect is more
significant in the Zn(OTf); system, resulting in a greater amount of free 5.11 (and less 6.15) than

in the Zn(NTT2)> system.
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The best mixed complex results come from Titration C using zinc bistriflimide; there are
no peaks corresponding to 6.14 or any of the unmetallated ligands 5.11 and 5.2. These results also
suggest the addition of Zn(NTf3), into the stoichiometric mixture of components is the best route
to making mixed ligand complexes such as 6.15. Based on these titrations, 5.24:5.132:Zn(II)2
formed from Zn(NTt), was used for Diels-Alder stoppering.

6.4.2.12 Synthesis of metallated Diels-Alder [3]rotaxane 6.16
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5.24:5.132:Zn(1I)2 (0.003 g, 0.0008 mmol) and furan stopper 6.7 (0.0032 g, 0.0036 mmol) were
dissolved in 50 pL of CD2Cl; and added to an NMR tube. The NMR tube was placed in an oil bath
preheated to 40°C. After 24 hours, the sample containing 6.16 was diluted with 350 uL of CD,Cl,
for crude NMR analysis. The crude sample was washed with 3:1 hexanes:chloroform (5 mL, x3)
to remove unreacted components. The solution was passed through a syringe filter and the solid
was dried under vacuum. The solution containing the wash was also dried under vacuum. NMR
confirmed removal of excess furan stopper; about one equivalent of stopper was recovered by

mass.
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6.4.2.13 Demetallation of Diels-Alder [3]rotaxane 6.16

6.16

The metallated Diels-Alder [3]rotaxane 6.16 was dissolved in 8 mL of DCM and added to a vial
with 8 mL of 1M NaOH to demetallate. The mixture was stirred overnight at room temperature.
Afterward, the organic layer was isolated, and the solvent was removed under vacuum, leaving
behind the crude, demetallated 6.17 that was dissolved in CD,Cl, for NMR and MALDI-TOF

analysis.

X

6.16 maleimide
Demetallated

(e
X

6.16
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Figure 6.36. 'H-NMR overlay (500 MHz, 25°C, CD,Cl) of metallated (bottom spectrum) and
demetallated 6.16 (top spectrum). Demetallation resulted in the formation of free thread and no
rearrangement of the Diels-Alder adducts (red box).
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6.4.2.14 Synthesis of metallated phthalimide [3]rotaxane 6.17

ooooooooooooo
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A catalytic amount of p-toluenesulfonic acid (p-TsOH) was added to a 4 mL conical vial with a
stir bar and purged with argon. Metallated 6.16 (0.00067 g) was dissolved in 100 pL of toluene
and syringed into the reaction vial. The reaction was heated to 80°C and stirred for 19 hours. The
reaction was cooled to room temperature, and the toluene was removed via rotary evaporation.
The crude sample 6.17 was dissolved in 400 uL. CD>Cl, for NMR analysis.

6.4.2.15 Demetallation of phthalimide [3]rotaxane 6.17

The metallated phthalimide [3]rotaxane 6.17 was dissolved in 8§ mL of DCM and added to a vial
with 8§ mL of IM NaOH to demetallate. The mixture was stirred overnight at room temperature.
Afterward, the organic layer was isolated, and the solvent was removed under vacuum, leaving

behind a crude residue that was dissolved in CD>Cl, for NMR analysis.
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Figure 6.37. MALDI-TOF MS (Dithranol, sodium trifluoroacetate) of demetallated phthalimide
6.17.
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7 NOAC Polymerization of Fully Interlocked Doubly-Threaded Slide-Ring and
Polycatenane Materials
7.1 Introduction

Polycatenanes'™® are a less well-developed MIP class that utilizes mechanical bonding
between two or more catenated macrocycles within the polymer architecture. Catenanes can be
incorporated directly into the polymer backbone or act as crosslinking units to form polycatenanes
(PCs), such as poly[2]catenanes (Figure 7.1a, top left), polymeric [2]catenanes (Figure 7.1a, top
right), poly[n]catenanes (Figure 7.1a, bottom left), and Olympic gels (Figure 7.1a, bottom right)
which are a class of polycatenane networks (PCNSs).

Olympic gels are networks formed entirely from interlocked rings, making them a
significant synthetic challenge.”® However, they are theoretically predicted to have swelling and

elastomeric properties dependent on the distribution of overlapping non-catenated rings.'° Rings
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Figure 7.1. Polycatenane materials. a) Various polycatenane architectures: a poly[2]catenane (top
left), a polymeric [2]catenane (top right), a poly[n]catenane (bottom left), and an Olympic gel, a
class of polycatenane networks (PCNs) comprised entirely of catenated rings (bottom right). b)
Platinum-catalyzed hydrosilylation reaction of o-monovinyl-o-monohydride terminated
polydimethylsiloxane (PDMS) vyields an elastic concatenated ring network with isolated (red),
concatenated (green), and dangling (singly-threaded, blue) rings. ¢) Metallation and demetallation
of poly[2]catenane networks provides a way to switch between locked metallated [2]catenane
crosslinks (red) and [2]catenanes (yellow) that can elongate, rotate, and rock after demetallation.
Adapted from Refs. 5 and 11 with permission from American Chemical Society.
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of varying size can be made from the platinum-catalyzed hydrosilylation reaction of a-monovinyl-
o-monohydride terminated polydimethylsiloxane (PDMS) (Figure 7.1b, left).** The concatenation
of PDMS rings during the reaction results in a concatenated ring network containing dangling ends
and a soluble fraction containing isolated rings (Figure 7.1b, right). The presence of elastically
active concatenated rings increased polymer elasticity depending on the molecular weight of
PDMS in the network, suggesting that incorporating cyclic components can tune material
properties.

Replacing fixed (covalent) crosslinks with catenated crosslinks, such as the [2]catenanes
in Figure 7.1c,® imbues networks with mobility elements present in the catenane moiety, including
elongation, rotation, and rocking. Controlling the mobility of the interlocked crosslink through
metallation/demetallation® or intercomponent hydrogen bonding* leads to mechanically adaptive
networks that can reversibly switch between rigid and flexible states.

Poly[n]catenanes are macroscopic chains that have been synthesized in the Rowan Group
using a Bip-based metallosupramolecular polymer (MSP) template and ring-closing metathesis
(RCM) to form the interlocked PC 7.1 after demetallation (Figure 7.2).12 Gel permeation
chromatography (GPC) analysis of the interlocked products (obtained in ca. 70-80% yield) showed
poly[n]catenane 7.1 as a mixture of linear and cyclic poly[n]catenane with an average DP, of 12
and 8, respectively (Figure 7.2b and 7.2c). The largest M, fraction contained a highly branched
poly[n]catenane network with up to 130 rings, corresponding to an average DP, of 55. This PC
synthesis is highly tunable; the 7.1 architectures can be targeted by varying the concentration of
the ring-closing step,'® or by altering the size (and flexibility) of the ring and thread, which is an

ongoing study.
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Figure 7.2. Poly[n]catenanes and Olympic Gels. a) Synthetic steps used to access the
metallosupramolecular polymer (MSP) template and interlocked poly[n]catenane 7.1 (top), and
the chemical structures of the thread (blue), 68-atom macrocycle (red), and the 63-atom ring closed
thread (bottom). b) The gel permeation chromatography (GPC) trace of 7.1 suggests three unique
architectures: c) linear, cyclic, and branched poly[n]catenane products. Adapted from Ref.12 with
permission from The American Association for the Advancement of Science.

This chapter aims to explore possible routes to access doubly-threaded interlocked MIPs
using ditopic Bip rings and demonstrate how nitrile-oxide/alkyne cycloaddition (NOAC) click
chemistry can assemble PCNs directly from MSP or PC 7.1. The last half of this chapter focuses
on designing a highly versatile NOAC assembly of doubly-threaded SRNs with larger stoppers to

incorporate singly-threaded and concatenated rings into the polymer architecture.
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7.2 Fully Interlocked Polycatenane Materials

Branched poly[n]catenane networks (PCNs) form during the linear poly[n]catenane
synthesis,*>'* and NOAC polymerization can be used to specifically target PCNs by crosslinking
the internal alkenes on 7.1. The SR-PCN system developed in Chapter 2 employs [1,3] dipolar
cycloaddition between nitrile-oxide monomer and alkyne chain ends on the P3R to form isoxazole
linkages between components (Figure 7.3a, top). Cycloaddition can also occur between a nitrile-
oxide and an alkene dipolarophile to form an isoxazoline ring (Figure 7.3a, bottom). [2,3]
Cycloaddition reactions of nitrile-oxides have also been reported using intramolecular reactions

with alkenes and internal alkenes to form 2-isoxazolines, as shown in Figure 7.3b.2>-17 Nitrile-
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Figure 7.3. a) Nitrile-oxide click with alkyne forms isoxazoles (top), and with alkenes forms
isoxazolines (bottom). b) [2+3] Cycloaddition reaction of nitrile-oxide with alkenes to form
isoxazoline.l” ¢) Crosslinking of natural rubber with ditopic nitrile-oxides.'® d) Low-temperature
curing of liquid polybutadiene with ditopic nitrile-oxides.'® Adapted from Ref. 17 with permission
from Elsevier, Ref. 18 with permission from Royal Society of Chemistry, and Ref. 19 published
by MDPI.
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oxide/alkene click has also been used to make networks by crosslinking natural rubber with di-
and tri-topic nitrile-oxides (Figure 7.3c)'® and through low-temperature curing of liquid
polybutadiene (Figure 7.3d).*®

As such, branched PCNs can be targeted synthetically by crosslinking the internal alkenes
on PC 7.1 with nitrile-oxide monomer 2.5, forming triethylene glycol linkages between
polycatenane chains (Figure 7.4a). The metallated polycatenane could provide better results
because the metal ions keeps the internal alkenes exposed rather than sterically hindered within
the interlocked rings. The acyclic diene metathesis (ADMET) polymer 7.2 (prepared by Dr.
Marissa Tranquilli) was chosen for a proof-of-concept study because it contains the same internal

alkenes as poly[n]catenane 7.1 (Figure 7.4b).

O
%O””°=°“%Ol o@@we::,\,w%@ l

(96 ﬁ? \ ﬂ’ \
0/°
S
¥ @ Insoluble fractlon

Figure 7.4. a) Proposed route to branched poly[n]catenanes via 1,3-dipolar cycloaddition of nitrile-
oxide monomer 2.5 with alkenes on 7.1. b) Proof-of-concept reaction of ADMET 7.2 (1488 g/mol,
3 alkenes per molecule, prepared by Dr. Marissa Tranquilli) with nitrile oxide 2.5 to form the
crosslinked ADMET polymer 7.3.
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Figure 7.5. *H-NMR of the acyclic diene metathesis (ADMET) polymer 7.2 (bottom). The soluble
fraction 7.3 resulting from the 1,3-dipolar cycloaddition of nitrile-oxide monomer 2.5 with alkenes
on ADMET. Conversion is based on integrating meta-Bip protons (8.34 ppm, blue) and the internal
alkene region (5.45 — 5.60 ppm, green).

ADMET 7.2 was reacted with 2.5 using similar reaction conditions employed in the SR-
PCN synthesis (see Experimental for details). The lower molecular weight components were
extracted into chloroform fraction for NMR analysis (Figure 7.5). The reduced integration of the
internal alkenes between 5.45 —5.60 ppm suggests the formation of an ADMET polymer product,
such as 7.3. A small amount of insoluble material was left in the vial, suggesting that this procedure
can crosslink poly[n]catenanes to form networks (Figure 7.4b, bottom right).

Fully interlocked PCNs, or Olympic gels, can also be accessed using catalyst-free NOAC,
as proposed in Figure 7.6. Previous work by Dr. Marissa Tranquilli investigated the concentration
of the RCM reaction and found insoluble polycatenane byproducts formed during the synthesis of

7.1 at 10 mM (Figure 7.6a), suggesting network formation during RCM. Reacting the dangling
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7.6

Figure 7.6. Proposed route to fully interlocked PCNSs. a) Insoluble byproduct from synthesizing
linear poly[n]catenane 7.1. b) Metallosupramolecular polymer (MSP) 7.4 with dangling alkynes
that can react monomer 2.5 to form PCN 7.5 akin to Olympic gels. ¢) Chemical structure of the
proposed ditopic bis-alkyne thread 7.6 that can react with 2.5 to form large blue ring crosslinks.

alkynes on MSP 7.4 with nitrile-oxide 2.5 should form fully interlocked PCN 7.5, akin to Olympic
Gels (Figure 7.6b). The proposed ditopic thread with dangling alkynes (7.6, Figure 7.6¢) should
provide access to larger blue rings in the network that essentially act as crosslinking sites in PCN

7.5 after demetallation.

7.3 Fully Interlocked Doubly-Threaded Slide-Ring Materials

Incorporating pseudo[3]rotaxanes into a fully interlocked SRN requires switching out the
4-arm PEG covalent crosslink for a larger stopper group to prevent the doubly-threaded rings from
falling out of the network. This dissertation aimed to put the pieces in place for synthesizing and
properly characterizing the doubly-threaded slide-ring architectures proposed at the end of Chapter
1: 1.28 and 1.29. Figure 7.7 shows the proposed synthetic design for preparing doubly-threaded
slide-ring gels 7.7 and 7.8 with larger stoppers instead of covalent crosslinks, which should lead

to networks with increased ring mobility. As seen in Chapter 2, catalyst-free nitrile-oxide/alkyne
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| Step 1: Nitrile-Oxide/Alkyne Click (NOAC) Polymerization |
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I. NOAC polymerization

= II. Slide-ring polycatenane network @
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I. Ditopicring w I. Monotopic ring

II. Bip thread Double-Stopper II. NOAC stoppering
IIl. Zn(NTf,), P3R (Proposed in Chapter 7) III. Zn(NTf,), P2R
1 Step 3: Demetallation 1
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Doubly-Threaded

SR-PCNs

Doubly-Threaded / v/

Ring Crosslinks
+
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Uncrosslinked Rings

Figure 7.7. Preparation of fully interlocked doubly-threaded SRNs 7.7 and 7.8 using larger
stoppers instead of covalent crosslinks.

cycloaddition is an excellent choice for assembling MIPs using metal templating because the
reaction will proceed without disrupting the ligand complex. Furthermore, there is no catalyst or
reagent to remove after polymerization, simplifying sample preparation. NOAC works in various
solvents, providing room for optimizing sample preparation for further mechanical and rheological
testing. Based on the success in forming SR-PCNs from P3R 2.1:2.22:Zn(l1)2, adding a final
stoppering step after the click polymerization should result in the fully-interlocked topology after
demetallation.

The key to forming stable doubly-threaded SRNs without fixed crosslinks lies in matching

the sizes of the stopper and macrocycle. The stoppering experiments explored in Chapters 4-6
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suggested targeting a bulkier stopper to make [2]rotaxanes from the monotopic 36-atom ring 4.8
and [3]rotaxanes from ditopic 42- and 46-atom rings 5.24 and 2.1. Collaborating with Dr. Jerry
Hertzog resulted in synthesizing a series of metastable doubly-threaded [3]rotaxanes? using the
same ditopic ring 2.1 and a "double stopper" architecture comprising two triaryl stopper groups,
based on the furan double-stopper 6.10 developed in Chapter 6. With all the other SR-PCN
components in hand, an alkyne-functionalized double-stopper should provide access to the fully
interlocked doubly-threaded systems. An alkyne-terminated benzyl core 7.9 (see Experimental)
permits the click addition of two azide-functionalized stoppers (7.10) to build the larger stoppering

architecture 7.13 shown in Figure 7.8.

Et,0, RT, 2 hr
NaAsc, Cu(SO,)-5H,0
OH DCM/HZO, RT, 24h
7.9
®
O S OO
oA

Kl (cat.) o. o
N,, 65°C, 18h @/

Figure 7.8. Proposed synthesis of double-stopper 7.13.
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In addition to characterizing the SR-PCN comprised only of ditopic rings, the monotopic
rings can be added to probe the entropic elasticity exhibited in I1to's CD/PEG SRNs. Translating
the pseudo[2]rotaxane (P2R) components and NOAC polymerization conditions from Chapter 4
will provide a way to tune properties based on the number of singly-threaded rings between
doubly-threaded crosslinks (Figure 7.9). Varying the ring density on main-chain polyrotaxanes can
be done by varying the polymerization ratio of monomer (or thread) and P2R components before

the final stoppering step. Adding P3R to the click polymerization would result in a doubly-threaded

a) Clicking P2Rs to Vary Polyrotaxane Ring Density

1) Polymerize limited
c\_\ mobility
Pseudo[2]rotaxane a _r’
a(—- { m
—
" A
2) Stopper wide range of motion

3) Remove metal

b) Clicking P3R and P2R to Tune DoublyThreaded SRN Properties

Pseudo[3]rotaxane 1) Polymerize

Ring Crosslink ‘m

26 ?f'

O — 2) Large Stopper
3) Remove metal

7.8

Figure 7.9. Probing entropic elasticity in SRN 7.8 with pseudo[2]rotaxanes. a) Varying free ring
density via clicking pseudo[2]rotaxanes together yields metastable polyrotaxanes with varying
ring coverage in Chapter 4. b) Preventing dethreading in doubly-threaded SRNs with larger
stoppers and dialing in uncrosslinked (pink) rings to probe entropic elasticity in 7.8.
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slide-ring gel with singly-threaded rings embedded in the network (i.e., 7.8). Thus, optimizing the
ratio of different pseudo[n]rotaxanes into the polymerization affords a system with precise control
over the number and valency of threaded rings in the MIP network.

In addition to singly-threaded rings, catenated rings can be incorporated into the doubly-

threaded SRNs. The first step of the NOAC polymerization forms partially functionalized P3R
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Figure 7.10. a) Synthesis of partially-functionalized P3R prepolymer 7.14. b) Partial *H-NMR
overlay (500 MHz, 25°C) of 2.0 eg. of monomer 2.5 and 0.1 eq. P3R 2.1:2.22:Zn(l1)2dissolved in
5/95 v/iv MeCN/CHCls at 50mM. Conversion is based on integrations of the isoxazole proton peaks
(5.96 and 6.03 ppm, green) and the metallated Bip protons on 2.1 in P3R (8.51 ppm, not shown)
because the alkyne peak (1.99 ppm, yellow) is buried, preventing accurate integration. c) 2.0 eq.
of 2.5 and 0.1 eq. of 4-arm PEG 2.6 dissolved in 5/95 v/v MeCN/CHClIz at 50mM. Conversion is
based on the integrations of the isoxazole proton (6.19 ppm, yellow) and the alkyne peak (2.46
ppm, green).
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prepolymers 7.14 in the solution that can form catenanes at longer reaction times (Figure 7.10a).
Monitoring the reaction of 2.1:2.22:Zn(l1)2 and 2.5 via NMR revealed multiple peaks in the
isoxazole region (Figure 7.10b). However, as expected, the control reaction between 2.5 and the
covalent PEG 2.6 only showed one isoxazole peak (Figure 7.10c).

After 4 hours, only 30% of the P3R was reacted, but there was a 60% conversion for the
tetra-PEG crosslinker sample. Therefore, nitrile-oxide monomer and P3R were left to react for 24
hours to improve conversion before adding the tetra-PEG crosslinker. The resulting SR-PCN 7.15
exhibited poor gel fraction (GF < 10%, see Experimental), so the soluble fractions were
characterized further. MALDI-TOF analysis of the demetallated soluble fraction revealed signals
corresponding to a [2]catenane 7.16 and [3]catenanes 7.17 and 7.18 (Figure 7.11a). The flexibility
of the triethylene glycol units on prepolymer 7.14 permits the formation of ring-closed thread,
resulting in [2]catenane 7.16 or [3]catenane 7.17 if both threads ring close (Figure 7.11b, top). The
larger [3]catenane can form when two 7.14 prepolymers come in close contact, resulting in a larger
blue ring comprised of two threads and two monomers (Figure 7.11b, bottom).

!H-NMR revealed a collection of new aromatic peaks in the demetallated soluble fraction
of 7.15 between 8.15 — 7.65 ppm (Figure 7.12, purple box). Similar shifts are observed in this
region for [3]catenanes?* and poly[n]catenanes'!4 assembled from similar Bip components. These
upfield shifted peaks likely correspond to the aromatic Bip protons on catenanes 7.16 — 7.18
detected by MALDI-TOF. The isoxazole linkages in the catenated rings show a different singlet
in the NMR spectrum compared to the linear (not ring-closed) thread components (Figure 7.12,

green box), as seen in Figure 7.10b.
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Figure 7.11. a) MALDI-TOF MS (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malonitrile matrix, silver trifluoroacetate ionizer) of the demetallated SR-PCN 7.15 soluble
fraction, revealing a mixture of catenated products: b) [2]catenane 7.16 (2604.4 g/mol) and small
[3]catenane 7.17 (3881.1 g/mol), and the larger [3]catenane 7.18 (5208.5 g/mol) in the soluble
fraction after demetallation.
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Figure 7.12. Partial *H-NMR overlay (400 MHz, 25°C, CDCls) of the demetallated soluble fraction
of 7.15 (top spectrum) with the metallated soluble fraction, P3R, thread 2.2, and macrocycle 2.1
for comparison. P3R 2.1:2.22:Zn(11)2 (0.3 eq) and 2.5 (2.0 eq) reacted for 24 hours before adding
4-arm PEG 2.6 (0.7 eq), resulting in a metallated 70/30 gel with poor GF (<20%) and a mixture
of catenated products in the soluble fraction. The more upfield isoxazole peak (5.94 ppm) likely
corresponds to linear, and the downfield (6.16 ppm) peak likely corresponds to the catenanes
(green box). The interlocked region (8.15 — 7.65 ppm)?! shows the formation of a mixture of [2-
3]catenanes 7.16-7.18 (purple box) upon the addition of TBAOH to demetallate the rings.

The formation of large [3]catenane 7.18 suggests there could be [3]catenane crosslinks in
the SR-PCNs. Catenation of prepolymer 7.14 during the polymerization could lead to concatenated
rings in the SR-PCNs that would not appear in the soluble fraction. Tuning the P3R topology to
limit catenation could help improve the gel fraction of the current SR-PCN system. This P3R could
also target smaller catenanes for incorporation into other polymers. Changing the flexibility of the
polymer and dangling chain ends on the thread would be one route to explore different catenane

product distributions.
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The current network synthesis is not designed to access SR-PCNs with higher ring content
(Y > 30 mol%) because increasing the P3R crosslinker reduces the covalent PEG crosslinker in
the network, preventing rings from dethreading. The mechanical properties of SR-PCN gels 2.8xv
with higher ring content (Y > 30 mol%) were not studied in Chapter 2 because of the difficulty in
obtaining consistent, reproducible data with these very soft samples. However, the SR-PCNs

7.190/40 and 7.19s0/50, were synthesized using the same procedure outlined in Chapter 2 (see
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Figure 7.13. Demetallated soluble fractions of 2.890100, 2.880/20p, 2.870130D, 7.1960140p,and 7.19s0/50/0
from gNMR experiments (with a thymol standard), showing an increase in thread 2.2 (blue),
macrocycle 2.1 (red), and the appearance of new peaks in the interlocked region (purple box) with
the addition of rings. Two isoxazole peaks also appear (green box), which suggests the formation
of linear and catenated (i.e., [2] and [3]catenanes) isoxazole products in the soluble fraction.
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Experimental, Table 7.1) to determine their gel fraction, ring content, and thermal properties. The
decrease in gel fraction (GF, see Experimental) likely accounts for the weaker, softer 7.19s0/40 and
7.19s0/50 gels. Perhaps not surprisingly, the number of rings (macrocycle 2.1, Xuc total) in the soluble
fraction increases for 7.19s040 and 7.19s0150 (See Experimental, Table 7.2) due to increasing the
percentage of P3R crosslinker in the first polymerization step, which also results in the formation
of catenanes not connected to the network that ultimately end up in the soluble fraction. *H-NMR
of the demetallated soluble fractions for 7.19s0/40 and 7.19s0r50 (Figure 7.13) revealed similar peaks
in the interlocked region and a second isoxazole singlet corresponding to the catenated products,
similar to Figure 7.12.

SR-PCNs 7.190/40p, and 7.19so550/0 With more rings follow similar trends in thermal
properties as 2.890/10D, 2.880/200, 2.8701300 (See Experimental, Table 7.3). At higher ring content, a
cold crystallization event appears in the demetallated SR-PCN, possibly due to the larger mobility
elements present in this network (Figure 7.14d).

The addition of the catenated rings leads to several possible convoluted structural changes
giving rise to the complex relaxation phenomenon discussed in Chapter 2. First, the demetallation
removes the metal-ligand coordination, allowing the catenated rings to move freely along the
network between covalent crosslinks. Second, adding the ring crosslinker reduces the overall
covalent crosslinking density, permitting the catenated rings to move farther along the network.
Third, the highly-aromatic thread likely results in a higher persistence length of the network
between covalent crosslinks, allowing the rings to slide with less hindrance by the reptating
network backbone. Rationalized as an increase in network mobility, the faster P3R relaxation
occurs as more ring crosslinks replace the covalent crosslinks and likely provide an additional

chain-sliding mechanism for energy damping. Because of the asymmetry between the contour
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length of a PEG arm and a thread (calculated to be 9.8 nm and 3.2 nm, respectively), the ring

density increases with the increasing number of ring crosslinks between covalent crosslinks

(Figure 7.15).
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Figure 7.14. Differential scanning calorimetry (DSC) curves during a) cooling and b) second
heating for the dried covalent 2.796 (black) and metallated SR-PCNs: 2.89010m (green), 2.8so/20m
(blue), 2.870130m (red), 7.19s0/40m (dark orange), and 7.19so50m (dark purple). DSC curves during c)
cooling and d) second heating for the dried covalent 2.796 (black) and demetallated SR-PCNs:

2.8901100 (light green), 2.8s0200 (light blue), 2.870300 (pink), 7.19e0m0p (0range), and 7.19s0/500
(purple) (exotherm up, ramp rate = 10°C/min, curves offset for ease of viewing).
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Figure 7.15. The average available distance between evenly distributed rings as a function of the
number of MC crosslinks between covalent crosslinks. Calculated as Distance =

(2L pgg + Nhe threaa )/, Where Lc is the calculated contour length (Lc, pec = 9.8 nm and Le, thread
= 3.2 nm) and n is the number of MC crosslinks between fixed crosslinks.

7.3.1 Proposed Scattering Studies

Two-dimensional SANS experiments have provided more evidence for the pulley-effect in
topological gels.?>? Polymer gels experience an anisotropic scattering pattern, referred to as an
abnormal butterfly, with prolate (elongated spheroid) patterns parallel to the stretching direction.
Since polymer gels are essentially large inhomogeneous structures, these inhomogeneities are
amplified upon stretching, which causes the abnormal butterfly pattern to start appearing. With
increasing crosslinking density, the scattering intensity of the polymer gel will also increase at the
small angle region. The scattering pattern will reduce to a normal butterfly pattern (prolate patterns
perpendicular to the stretching direction) without spatial inhomogeneities. Homogeneous
polymeric materials exhibit the normal butterfly due to polymer chains orienting along the
direction of elongation or flow. Slide-ring gels have also experienced a normal butterfly pattern
resulting from the pulley effect: the sliding of freely movable crosslinks limits spatial
inhomogeneities in the network (Figure 7.16a). SRNs with high crosslinking densities (crosslinker

concentrations at 2 wt% with respect to the polyrotaxane solution) start to experience abnormal
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butterfly patterns, deviating from the previously observed normal butterfly pattern (Figure 7.16b).
This normal-to-abnormal butterfly pattern transition suggests increasing the crosslink density
reduces ring sliding, and spatial inhomogeneities cannot be reduced if the ring crosslinks do not
move effectively enough.?*

SANS studies are widely used for determining gel structure because the deuteration of the
sample can control the scattering length.?> In CD/PEG-based SRNs, polymers can be isolated from
the rings by changing the solvent to add contrast to one component and cancel out the other,

resulting in three partial scattering functions (Figure 7.16c).2® Decomposition of the scattering
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Figure 7.16. SANS isointensity patterns of CD/PEG SRNs with a) varying stretching ratios (),
and b) normal butterfly patterns found at low crosslinking density (top), but abnormal and lower
scattering intensity at higher crosslinking density (bottom). c) Polyrotaxane in solution showing
the decomposition of scattering intensity 1(Q) into three partial scattering functions plotted in d)
with CD-CD interactions at the top, CD-PEG in the middle, and PEG-PEG at the bottom.?
Adapted from Ref. 23 with permission from American Chemical Society, and Ref. 26 with

permission from Elsevier.
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intensity 1(Q) is decomposed into three partial scattering functions S(Q) relating to CD-CD (Figure
7.16¢, top), CD-PEG (Figure 7.16¢, middle), and PEG-PEG interactions (Figure 7.16¢, bottom).%
These scattering results suggest SRNs experience an overall entropy resulting from the oriental
entropy of the polymer backbone and the alignment entropy associated with the rings.

SAXS experiments have also been used to clarify the structure of ring crosslinks in
CD/PEG SRNs by changing the swelling solvent.?” Synchrotron radiation X-rays provide SAXS
with shorter exposure times than SANS experiments, allowing SR-PCNSs to be tested in a broader
range of swelling solvents. SAXS measurements on stretched SR-PCNSs in different solvents
should provide more insight into our gels' alignment tendencies at different ring densities, as seen
in the CD/PEG-based systems shown in Figure 7.17a. Vertically elliptic patterns appear in 2D
SAXS experiments for polymer gels; however, slide-ring gels maintain an isotropic pattern.
Aggregations of cyclodextrins create crosslinking junctions that cannot move, suppressing the
pulley effect and resulting in similar SAXS patterns to those of chemical gels with fixed crosslinks.

When the gel is stretched in a good solvent, polymer chains can pass freely through ring crosslinks

a)

Covalent |-
and SR gels

in poor

solvent

Stretched
> covalent gel
SR gels in 9 6
@ -
solvent *
Stretched SR gel

Before elongation Under elongation (good solvent)

Figure 7.17. CD/PEG SRN SAXS experiments.?® a) Schematics of SRNs in poor (water) (top,
purple) solvent with CD aggregates and good (DMSO) (bottom, blue) solvent before and under
elongation (right). b) SAXS patterns of the stretched covalent gel (top) with elliptic pattern and
the stretched SRN (bottom) in good solvent, showing no anisotropy. Adapted from Ref. 25 with
permission from American Chemical Society.
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because fixed chemical crosslinks do not suppress them. The tension between the extended
horizontal regions and the vertically compressed areas can then equilibrate to maximize entropy,
resulting in the isotropic profile. CD/PEG SRNs exhibit isotropic patterns before and after
stretching in good solvents but exhibit elliptic patterns in poor solvents like covalent gels (7.17b).

The segmental and monomer dynamics of polymer gels with controlled inhomogeneity
have been studied under uniaxial deformation using quasi-elastic neutron scattering (QENS). To
clarify the effect of the homogeneity of a network structure on the polymer dynamics in gels,
homogeneous (homo-gel) and heterogeneous (hetero-gel) networks were prepared (Figure 7.18).28

The homogenous gels (Figure 7.18a) were made from crosslinking N-hydroxy-succinimide
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Figure 7.18. Homogeneous vs. heterogeneous polymer gels under elongation.?® a) Homo-gels
made from crosslinking N-hydroxy-succinimide (NHS)-terminated tetra-PEG (blue) and amino-
terminated tetra-PEG (red) with the same total molecular weight. b) Hetero-gels made from the
same NHS- and amino-terminated tetra-PEGs, and amino-terminated tetra-PEG with a smaller
molecular weight (yellow). ¢) Stress-strain response of homo- (red) and hetero-gels (blue, showing
a better response for the homo-gel. d) Schematic of the experimental setup for quasi-elastic neutron
scattering (QENS) measurements of gels during stretching. Adapted from Ref. 28 with permission
from Royal Society of Chemistry.

377



(NHS)-terminated tetra-PEG (blue) and amino-terminated tetra-PEG (red) with the same total
molecular weight (20 kDa). The heterogeneous gels (Figure 7.18b) were made from the same
NHS- and amino-terminated tetra-PEGs, and amino-terminated tetra-PEG with a smaller
molecular weight (yellow). The strand length in the hetero-gel is not uniform like in the homo-gel,
but bimodal, resulting in stresses concentrating on shorter strands under stretching with a lower
strain at break (Figure 7.18c). Figure 7.18d shows a schematic of the experimental setup for QENS
measurements performed with the incident neutron beam and scattering vector perpendicular to
the stretching direction of the gels. The homo-gels only showed a broad quasi-elastic component,
but the highly stretched strands in the hetero-gel resulted in a small elastic peak. This study
suggests QENS could help detect stress concentrations in the SR-PCNSs, which will be valuable
for comparing failure mechanisms in the covalent vs. interlocked gels. Contrast matching would
provide separation between the QENS of the network and the macrocycles in SR-PCNs 2.8x/ym
vs. 2.8x/vp. Inelastic methods such as spin echo would be required to capture the slower relaxations
in the SR-PCN system.

Two-dimensional small-angle X-ray scattering (SAXS) studies performed on SRNs in
water elude to the relaxation of conformational anisotropy upon uniaxial deformation.?” Increasing
the PEG concentration in SRNs enhances the interactions between PEG chains in the network,
imparting tough hydrogels with rapid self-reinforcement.?® SRN hydrogels (2% CD coverage;
CD/PEG molar ratio = 8) were prepared with different PEG volume fractions: SR-0.18 with a
lower PEG content and SR-0.38 with a higher PEG content. The WAXS and SAXS patterns for
the SR-0.18 during a load-unloading cycle are provided in Figure 7.19a and SR-0.38 in Figure
7.19b. The WAXS profiles (Figure 7.19c) show the planar zigzag PEG (Figure 7.19d) that appears

in both PEG networks. However, a new peak for the SR-0.38 suggests the formation of 7/2 helix
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PEG (Figure 7.19¢) at higher PEG content. Similar studies would elucidate information on the

conformation of PEG chains during the deformation of SR-PCNSs 2.8x/vm Vs. 2.8x/vp.
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Figure 7.19. Structural transition of SRN hydrogels under cyclic loading.?®> WAXS and SAX
patterns of a) SR-0.18 and b) SR-0.38 during a loading-unloading cycle (white arrows denote
stretching direction). ¢c) WAXS profiles of SRNs in the direction perpendicular to stretching. d)
Structure of the planar zigzag PEG and its triclinic crystal. e) Structure of 7/2 helix PEG and its
monoclinic crystal. Adapted from Ref. 29 with permission from The American Association for the
Advancement of Science.
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7.4  Conclusions

Copolymerization of pseudo[3]rotaxanes and other functional components offers a simple
way to include doubly-threaded moieties into a network structure to dive deeper into the complex
structure-property relationships identified in this new class of materials. Future studies should
compare stress concentrations of covalent and SR-PCNs with controlled homogeneity, akin to the
homo-gels in Figure 7.18a. Inhomogeneity in the current SR-PCNs increases stress concentrations
in the network; however, the great advantage of the SR-PCN synthesis is the ability to tune the
molecular weight of components to target networks with more homogeneity. Previous work on
CD-SRNs has shown that the local segmental relaxations of the chain between the rings drive the
frequency response and are related to the apparent molecular weight between mobile ring
crosslinks.®®34 Varying the mesh size distribution, defined as the linear distance between two
adjacent crosslinks,*>% should affect solvent transport through the SR-PCN and the poroelastic
rate of draining, respectively, as discussed in Chapters 2 and 3. The mesh size decreases as P3R
2.1:2.22:Zn(11)2 increases because less tetra-PEG (2.6, 5.3 kg mol™?) is added to the crosslinking
reaction. The molecular weight difference between P3R and tetra-PEG 2.6 can account for the
contour length between crosslinks. Adding linear PEG macromonomers to the current mixture
would increase homogeneity and form regions with highly stretched chains like those seen in the
hetero-gels (Figure 7.18b). A more straightforward approach would involve clicking two tetra-
functional crosslinkers (i.e., P3R 2.1:2.22:Zn(l1)2 and tetra-PEG 2.6) with similar molecular
weights but different functionalities.

The ability to control every handle in the system, including deuteration, makes this system
an infinitely better platform for the general study of SRNs. The SR-PCN system allows chemists

to design fully interlocked doubly-threaded MIP networks with new components, including singly-
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threaded rings (as discussed in Chapter 4), to tune elastomeric properties. Furthermore, the
macrocycle synthesis allows control over the ring's size, conformation, and valency (Chapters 4
and 5) that should influence SR-PCN properties; for example, shrinking the ring size is expected
to shift the high-frequency transition to a lower frequency, as the rings will take longer to move in
the network. Maleimide click chemistry (explored in Chapters 5 and 6) offers a simple way to
functionalize SR-PCNs to make dynamic MIP networks or click (singly- or doubly-threaded) rings
together to form figure-of-eight crosslinks in the doubly-threaded network.

The SR-PCN system opens the door to future research into the mechanics and applications
of networks comprised of doubly-threaded rings and has sparked the interest of several postdocs
in the Rowan Group. Perhaps the most exciting future direction for fully interlocked doubly-
threaded MIPs is formulating coatings for scratch-resistant and self-healing applications. SRNs
are unique for the ability of movable ring crosslinks to slide along the polymer backbone,
maintaining flexibility and elasticity upon damage and deformation, resulting in scratch-healing
properties. However, because SRNs are highly flexible and elastic, coatings are typically modified
with polycaprolactone, polyols, and isocyanates to lower the glass-transition temperature.” The
NOAC polymerization of SR-PCNs was designed to be highly versatile so that different monomers
can be added and the number of doubly-threaded (and singly-threaded) rings can be optimized to
target the elasticity and toughness required for applications such as scratch-healing. Therefore, this
straightforward synthetic approach will be a promising platform for understanding the structure-

property relationships in SR-PCNSs to design specific formulations for different applications.
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7.5  Experimental
7.5.1 Materials and Methods

All chemicals were purchased from Sigma-Aldrich and used without further purification
unless otherwise mentioned. Benzophenone imine was purchased from Oakwood Chemical. Zinc
di[bis(trifluoromethylsulfonyl)imide] was purchased from Strem Chemicals and stored in a
nitrogen desiccator. Sodium hydride, dry powder, was purchased from Sigma-Aldrich and stored
in a nitrogen desiccator. 4-arm PEG-Alkyne (5.0 kg/mol) was purchased from Creative PEGWorks
and characterized via *H-NMR and MALDI-TOF to verify the molecular weight. Solvents for
chromatography were purchased from Fisher-Scientific. Deuterated solvents and nitromethane
were purchased from ACROS Organics. Nitrile-oxide monomer 25%® and 2,6-
bisbenzimidazolylpyridine ligands® were prepared following literature  procedures.
Tetrahydrofuran (THF) was dried over sodium and benzophenone. Dichloromethane was distilled
over calcium hydride before use. Dimethylformamide (DMF) was dried with activated 4A
molecular sieves before use. All synthesized components were stored in a freezer at -8°C before
use.

Matrix-Assisted Laser Desorption/lonization Mass Spectrometry (MALDI-TOF MS) was
measured by a Bruker Ultraflextreme MALDI-TOF-TOF spectrometer in linear (or reflectance)
mode using dithranol or trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) as matrix and sodium trifluoroacetate or silver trifluoroacetate as ionizer (or no ionizer).

Room Temperature Nuclear Magnetic Resonance Spectroscopy was performed using a
Bruker Ascend AVANCE IIl 500 MHz spectrometer, a Bruker AVANCE 11+ 500 MHz
spectrometer, or a Bruker DRX 400 MHz spectrometer at the University of Chicago NMR

facilities. 'H NMR spectra were referenced to the residual protonated solvent signal.

382



Thermogravimetric Analysis (TGA) was performed using a TA Instruments Discovery
Thermogravimetric Analyzer in the Soft Matter Characterization Facility at the University of
Chicago. Samples were tested under a nitrogen atmosphere using platinum pans. Tests were
conducted using a 10°C/min ramp from 30°C to 700°C.

Differential Scanning Calorimetry (DSC) was performed using a TA Instruments
Discovery 2500 Differential Scanning Calorimeter in the Soft Matter Characterization Facility at
the University of Chicago. Dried gel samples were prepared in aluminum Tzero pans from TA
Instruments and were sealed. Typical test conditions involved a heat-cool-heat procedure (200°C/-
90°C/200°C) run at 10°C/min with a 5 min isotherm between each ramp.

7.5.2 Synthetic Procedures

7.5.2.1 Synthesis of ADMET polymer 7.3

f n 0-N= czo’\/o\/\o’\/ozC N-0
3.5 eq Q
CHCI M CN
[50 mM] N
48 hrs o/~
Qo 47O

ADMET 7.2 (0.005 g, 1488 g/mol) and nitrile-oxide monomer 2.5 (0.00664 g, 3.5 equiv.) were
added to a small vial with a stir bar. A solution of 5:95 (v/v) acetonitrile:chloroform (235 pL,
50mM w.r.t. monomer) was added, and the solution was left to stir at room temperature for ~48
hours. Crude 7.3 was dried under vacuum, and CDCls was added to extract low molecular weight

components into the soluble fraction for NMR analysis.
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7.5.2.2 Synthesis of double-stopper core 7.9

o /

OH ; OH (5 equiv)
C
5 K2CO3 A
OH Kl (cat.) Ho B
DMF [225mM] 79
Ar, 80°C, 36h

3,5-Dihydroxybenzyl alcohol (2.0 g, 14.3 mmol), K.COz (9.86 g, 71.4 mmol), and KI (catalytic
amount) were added to an oven-dried 250 mL round bottom flask under argon. Dry DMF (60 mL)
was injected, and the flask was placed into a heating block and heated to 80°C. Once the solution
reached temperature, 6-chloro-1-hexyne (8.32 g, 8.65 mL, 71.4 mmol) was injected dropwise.
After 36 hours, the reaction was cooled to room temperature, after which the solvent was removed,
and the remaining residue was triturated with chloroform. After vacuum filtration, the filtrate was
collected, and the solvent was removed under vacuum. The resulting material was purified using
column chromatography (silica gel, hexanes to chloroform gradient) to yield 7.9 in 40% yield. H
NMR (400 MHz, CDCl3) 6 6.50 (d, J = 2.2 Hz, 2H, C), 6.37 (t, J = 2.3 Hz, 1H, D), 4.62 (s, 2H, B),
3.97 (t,J=6.2Hz,4H, E), 2.27 (td, J=7.0, 2.7 Hz, 4H, H), 1.97 (t, J = 2.7 Hz, 2H, 1), 1.94 - 1.85

(m,4H, F), 1.76 — 1.67 (m, 4H, G), 1.64 (s, 1H, A).
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7.26 CDCI3
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Figure 7.20. *H-NMR (400 MHz, 25°C, CDCls) of bis-alkyne double-stopper core 7.9.
7.5.2.3 Synthesis of P3R prepolymer 7.14

Nitrile-oxide monomer 2.5 (0.010 g, 0.0177 mmol) and 0.05 equivalent P3R
2.1:2.22:Zn(11)2 (0.00355 g, 0.00089 mmol) were dissolved in 95/5 CDCIs/CD3CN at 50 mM
(~350 pL) and added to an NMR tube. The sample was submitted to the NMR queue and set to
acquire a full *H spectrum after 0.5, 1, 2, 3, 4, 8, 12, 22, 24, 30, 36, and 48 hours. For the control
experiment, nitrile-oxide 2.5 (0.010 g, 0.0177 mmol) and 0.05 equivalent 4-arm PEG 2.6 (0.00443
g, 0.00089 mmol, 5.0 kg/mol) were dissolved in 95/5 CDCI3/CDsCN at 50 mM (~350 pL) and
added to an NMR tube. The sample was submitted to the NMR queue and set to acquire a full *H
spectrum after 0.5, 1, 2, 3, 4, 8, 12, 22, 24, 30, 36, and 48 hours.
7.5.2.4 Synthesis of SR-PCN 7.15

Nitrile-oxide monomer 2.5 (0.010 g, 0.0177 mmol) and 0.15 equivalent P3R
2.1:2.22:Zn(11)2 (0.0106 g, 0.00266 mmol) were dissolved in 250 pL 95/5 chloroform/acetonitrile
and added to a vial with a stir bar. The mixture was capped, covered in parafilm, and left to stir for
24 hours at room temperature. The covalent PEG crosslinker 2.6 (0.0310 g, 0.0062 mmol, 5.0

kg/mol) was dissolved in ~100 pL 95/5 chloroform/acetonitrile and added to the vial with the
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viscous prepolymer solution. The stir bar was removed, and the vial was recapped and covered in
parafilm. The solution was left to gel for 48 hours at room temperature. Chloroform (1000 pL)
was added to the vial containing 7.15 to dissolve low molecular weight products into the metallated
soluble fraction. The solution was split into two separate vials, each containing 500 pL. A solution
of TBAOH (2 pL, 1M in MeOH) was added to one of the vials to demetallate the sample, turning
the yellow solution colorless.
7.5.2.5 Synthesis of Higher Ring Content SR-PCNs 7.19x/v

The polymerization procedure from Chapter 2 was used to synthesize the SR-PCNs used
in this Chapter: P3R 2.1:2.22:Zn(11)2 (np3r, Table 7.1) and nitrile-oxide 2.5 (0.010 g, 0.0177 mmol)
were dissolved in 95:5 CHCI3:MeCN (~250 pL) and added to a glass shell vial with a stir bar and
capped. The solution was left to stir at room temperature for 4 hours. During the first step, the

ditopic nitrile-oxide monomer 2.5 (2.0 eq) reacts with terminal alkynes on 2.1:2.22:Zn(l1)2, (Y
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Figure 7.21. Nitrile-oxide/alkyne cycloaddition (NOAC) polymerization of 7.19014om and
7.19s050m (Y = 0.4 and 0.5 mol%), and demetallation with a dilute solution of tetrabutylammonium
hydroxide (TBAOH) to the demetallated doubly-threaded SR-PCNSs 7.1960/400 and 7.19s0/500.
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mol%) to form isoxazole prepolymers/oligomers in the presence of the excess monomer (Figure
7.21, top).

The 4-arm PEG-Alkyne 2.6 (Mn = 5 kgmol?, npec mol) was dissolved in 95:5
CHCIl3:MeCN (~100 pL) and added to the vial. A viscous solution formed within minutes; the stir
bar was removed, and then the vial was capped and left to gel at room temperature for ~48 hours.
The gels dried in a fume hood overnight. The metallated SR-PCNs 7.1960/40m and 7.19s050m Were
washed by submerged in a large beaker full of 200 mL of chloroform at 48°C on a hot plate. A
watch glass was placed on top of the beaker, and the gels were left heating for 4 hours to ensure
the complete extraction of low molecular weight components into the soluble fraction.

Table 7.1. Composition of covalent 2.7cr and metallated SR-PCN series 2.8x/ymand 7.19x/ym

Covalent/ Nitrile-oxide P3R 2.1:2.22:Zn(1I)2 4-arm PEG 2.6
SR-PCN monomer 2.5 np3g mol npeG mol
2.796 0.010 g, 1.8E-05 mol 0 0.047 g, 8.9E-06 mol

2.890/10m 0.010 g, 1.8E-05 mol 0.0035 g, 8.9E-07 mol 0.042 g, 8.0E-06 mol
2.8s0120m 0.010 g, 1.8E-05 mol 0.0071 g, 1.8E-06 mol 0.038 g, 7.1E-06 mol
2.87030m 0.010 g, 1.8E-05 mol 0.011 g, 2.7E-06 mol 0.033 g, 6.2E-06 mol
7.1960/40m 0.010 g, 1.8E-05 mol 0.014 g, 3.5E-06 mol 0.028 g, 5.3E-06 mol
7.19s0/50M 0.010 g, 1.8E-05 mol 0.018 g, 4.4E-06 mol 0.023 g, 4.4E-06 mol

7.5.2.5.1 Demetallation Procedure

To demetallate, the washed, metallated SR-PCNs 7.19x/ym were submerged in 35 mL of
chloroform and 5 mL of methanol in a Teflon dish. 10 pL of tetrabutylammonium hydroxide
solution (1M in MeOH) was added dropwise to demetallate the rings. After 20 minutes, the SR-
PCNs were transferred to a second Teflon dish containing 40 mL of 50/50 chloroform/methanol

for 2-3 hours, changing the solvent every 30 minutes (for a total of 6 washes). Then the gels were
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submerged in a large beaker full of ~200 mL of chloroform at 48°C on a hot plate. A watch glass
was placed on top of the beaker, and the gels were left heating for 4 hours to ensure the complete

extraction of metal, salts, and any soluble fractions of the network.
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Figure 7.22. Gel fractions for the covalent gel 2.796 (black circle), metallated SR-PCNs (2.890/10m,
2.8s020m, 2.870/30Mm, 7.1960/40m, and 7.19so50m, yellow diamonds), and demetallated SR-PCNs
(2.890110D, 2.88020, 2.870130D, 7.1960/40D, and 7.19s0s500, light blue squares) calculated from Equation
2.1.

7.5.3 Quantifying Ring Content

The final number of rings incorporated within the network after demetallation was
determined from the molar ratio of a reference molecule (thymol), with a known structure and
mass, to the macrocycle (MC) in the metallated and demetallated soluble fractions. The
relationship between the number (moles) of MC in the soluble fraction and thymol is related to the
integral of the diagnostic proton peak and the number of protons contributing to the peak, Equation

2.2:

Nmc _ Nthymol
XMC X I - Xthymol X I (2~2)
MmcC thymol

where Xy 1s the number of moles of MC in the soluble fraction, Xiymor 1s the number of moles of

thymol (known), / is the integrated area of the diagnostic proton peak, and N is the number of
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protons contributing to the peak. Xiymor is known, the integrals are measured via quantitative 'H-
NMR (gNMR), and N corresponding to those integrals are known. The doublet on the macrocycle
pyridine ring (N=4) at 8.08 ppm was used as the diagnostic signal for the soluble fractions. Thymol
was chosen for its diagnostic singlet (N=1) at 6.58 ppm that does not overlap with any other signals

in the soluble fractions (Figure 7.13).

Rearranging Equation 2.2 and incorporating the relationship between moles and mass
(Xthymot = Winymot/MWinymor) provides a simple relationship between the mass of the standard

and the moles of MC in the soluble fraction, Equation 2.3:

XMC — l( Imc )X Wthymol (23)

4 Ithymol MWthymol

The average number (moles) of macrocycle (Xamc) present in each metallated and
demetallated soluble fraction is listed in Table 7.2 and plotted in Figure 7.23a. The metallated
soluble fraction from washing the crude metallated gels, and the demetallated soluble fraction from
washing the demetallated gels were used to calculate Xuc in each sol, i.e., Xy mer and Xuc demer.
Demetallating the metallated soluble fractions provided cleaner NMR spectra with more reliable
MC integrations. To do this the metallated soluble fractions were dissolved in 3 mL of DCM, and
3 uL of TBAOH solution (IM in MeOH) was added to each sample. Each soluble fraction was
washed with 15 mL of DI water and then the organic layer was dried under high vacuum. Each
(metallated and demetallated) soluble fraction was dissolved in 600 pL of CDCI3 and added to an
NMR tube. An external standard was used to prevent molecular interactions with the soluble
fractions. A thymol standard for quantitative NMR TraceCERT® (0.00050 g, 150.22 g/mol) was
dissolved in 200 puL of CDCI; to make the reference solution that was added to a Wilmad® coaxial

insert. The same coaxial insert was added to each NMR tube containing the (metallated or
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demetallated) soluble fraction and the outside of the insert was wiped with isopropyl alcohol
between samples to prevent contamination. The soluble fractions from three SR-PCN series were
used to calculate the average /yc for each X/Y. The integral of the thymol singlet (N=1) at 6.58
ppm was set to Imymor =1, and the average integrals of the MC doublet (N=4) at 8.08 ppm (/mc) for

each soluble fraction are listed in Table 7.2.

The total number (moles) of rings that were washed out of the network (Xuc,owi) 18
determined by adding Xyic s0: in the metallated (i.e., Xarc mer) and demetallated (i.e., Xasc mer) soluble

fractions, Equation 2.4:

XMC,total = XMC,met + XMC,demet (2.4)

The total percentage of MC lost from the network was calculated using Xac total and the

total number of rings added to the polymerization as P3R crosslinker (np3r), Equation 2.5:

Total percent MC lost = ZMCtetal » 10 (2.5)

np3r

The percent of MC lost during demetallation was determined from Xuc mer and Xuc demer

using Equation 2.6:

Percent MC lost during demetallation = _Jmedemet 10 (2.6)
Np3r—XMCmet

To better understand the sample, a number percent of possible MC crosslinks is calculated
using Equation 2.7, plotted in Figure 7.23b, to provide a sense of how the sample compares to an
ideal MC content, which assumes 100% incorporation based on the crosslinker feed ratio (plotted

as a solid red line in Figure 7.23b for comparison).

. n -X
Percent MC Crosslinks = ——238 —Mctotal 10 2.7
Nnp3r—XMcC total tPEG
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where npeg 1s the total number (moles) of 4-arm PEG-Alkyne crosslinker (2.6) added to the

polymerization.
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Figure 7.23. a) The average number (moles) of macrocycle (MC) in the metallated (Xmc,met, yellow
diamonds) and demetallated (Xmc,demet, light blue squares) soluble fractions determined from
gNMR experiments and Equation 2.3. The total number of MC in the soluble fraction (Xwmc total) is
plotted in red (circles). The limited GF and the more considerable amount of P3R crosslinker
required to synthesize 7.19s050 limited the number of samples; however, the error increases with
Y, and thus a large error is expected when Y reaches 50 mol%. b) The percent of MC crosslinks
in the network, calculated from Equation 2.7, plotted against the percent of total crosslinker in the
feed that is P3R (100 x [2.1:2.22:Zn(11)2]/([2.1:2.22:Zn(11)2] + [2.6])) content. The ideal percent
of MC crosslinks (solid red line), assuming 100% incorporation based on the crosslinker feed ratio,
is plotted for comparison.

Table 7.2. Quantitative NMR experiment parameters

Np3r NpPEG Xmc,met Xmc,demet XMC total
SR-PCN |MC,met |MC,demet
(mol) (mol) (mol) (mol) (mol)

2.890/10 8.9E-07 8.0E-06 0.26 0.45 2.1E-07 3.9E-07 5.9E-07
2.880/20 1.8E-06 7.1E-06 0.40 1.13 3.1E-07 9.5E-07 1.3E-06

2.870130 2.7E-06 6.2E-06 0.85 1.37 6.6E-07 1.2E-06 1.8E-06
7.1960140 | 3.5E-06 5.3E-06 0.80 1.89 6.3E-07 1.6E-06 | 2.3E-06
7.19s050 | 4.4E-06 4.4E-06 1.15 0.94 3.0E-07 9.1E-07 1.8E-06
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7.5.4 Thermal Characterization

Thermal properties (Table 7.3) of the dry, SR-PCNs were extracted from the TGA curves
in Figure 7.24 and the DSC thermograms in Figure 7.14. Glass transition temperature Ty was
determined from the half-height midpoint of the thermal transition during the second heating cycle.
The melting and crystallization temperatures T, and Tc (°C) were determined from the peak
maxima obtained during the second heating/cooling cycle, and the enthalpies of fusion AHs (J/g)
(defined as the melting enthalpy per gram) and crystallization AH. were calculated from the peak
areas. The final plateau of the TGA curve determined the residual mass percentage for each
sample.

The degree of crystallinity (DC) for the dry, demetallated SR-PCNs was calculated from

AH;z using Equation 2.8:

DC (%) = i%g x 100 2.8)

where AH; is the enthalpy of fusion per gram of PEG in the network and AH]‘? is the enthalpy of

fusion of perfectly crystalline poly(ethylene oxide) that is calculated from Tr, using Equation 2.9:4°

AHP = 178.6 + 0.629 T, —2.93 X 1073 T,2 (2.9)
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Figure 7.24. Thermogravimetric analysis (TGA) curves for dried covalent 2.796 and demetallated
SR-PCNs 2.890r10p (light green), 2.8so/20p (light blue), 2.8701300 (pink), 7.19s0/40p (0range), 7.19so500
(purple), macrocycle 2.1 (red), thread 2.2 (blue), and 2:1 stoichiometric mixture of 2.2:2.1 (dark
purple) (ramp rate = 10°C/min).

Table 7.3. Thermal properties of dried covalent 2.7cr and SR-PCN series 2.8x/y and 7.19x/v

Residual
Covalent/
T, (°C) | T, (°C) AHf (J/g) | DC (%) | T.(°C) | AH. (J/g) Mass (%)
SR-PCN
(from TGA)
2.79 -48 26 61 32 6 54 5
2.890/10Mm 41 25 54 28 -7 51
2.890/10D -52 25 53 28 0 47 9
2.880/20m -46 23 53 27 -29 35
2.850/20p -46 24 51 26 -3 44 12
2.870/30M -53 23 51 27 -30 18
2.870/30p -50 24 50 26 -4 43 18
7.1960/40m -52 22 42 22 -33 15
7.1960/40D -52 21 41 22 -15 27 21
7.1950/50m -51 17 18 10 =22 11
7.1950/50p -50 17 31 16 -10* 22% 21

*cold crystallization temperature/enthalpy
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