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ABSTRACT

The topologically interesting structure of polymer catenanes and knotty polymers
are of high interest for their unique chemical and physical properties. However, the
practical applications of these materials have not been explored well due to synthetic
obstacles in obtaining high yields. Chapter 1 reviews template directed synthesis of low
molecular weight catenanes and the trefoil knot. In addition, recent advances in synthesis
of topologically similar cyclic polymer via end-to-end cyclization of linear analogue or
ring-expansion polymerization from cyclic catalyst/initiator are also discussed. Chapter 2
demonstrates a novel route for the synthesis of polymer catenanes using supramolecularly
templated Atom Transfer Radical Polymerization (ATRP) initiator for polymerization
and subsequent closing of the resulting four-armed type polymer template by Atom
Transfer Radical Coupling (ATRC). Direct visualization of the interlocked topology of
polymer catenane was achieved by Atomic Force Microscopy (AFM) imaging technique.
Chapter 3 reports an important extension of the above mentioned methodology to obtain
a catenated block copolymer. The four-armed type homopolymer template was used as
macroinitiator to polymerize another monomer by ATRP. The resulting block copolymer
template was subjected to template-closing via slightly modified ATRC method. Chapter
4 demonstrates another novel approach to synthesize polymer catenanes by first grafting
a preformed alkyne-functionalized linear polymer to an azide-functionalized
supramolecular template, followed by ATRC of the resulting polymer template. Detailed

analysis of AFM image reveals important information about the side products of ATRC



such as inter-molecular coupling and other isomer formation. Chapter 5 reports on a
preliminary study of thermally initiated ring-expansion Reversible Addition
Fragmentation Chain Transfer (RAFT) polymerization from cyclic RAFT initiator. A
novel dixanthate type cyclic RAFT initiator was synthesized and used in a thermally
initiated free radical polymerization of N-vinylcarbazole. The cyclic topology of the
resulting polyvinylcarbazole was confirmed by Gel Permeation Chromatography (GPC)
and AFM analysis. Chapter 6 demonstrates for the first time the synthesis of trefoil knot
polymer (knotty polymer) via grafting of an alkyne-functionalized polymer to azide-
functionalized double helical type supramolecular template. A well-defined knotty
polymer was then obtained by closing the polymer template via ATRC method. Finally in

Chapter 7, conclusions, perspectives, and future work on these topics are discussed.
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Chapter 1: Introduction

Tailored control of polymer architectures or microstructures has been of interest
to polymer chemists since it was first understood that physical properties of a polymer are
inherently dependent on its structure.! Various types of polymer architectures such as
linear polymers, polymer brushes, star polymers, ladder polymers, dendrimers,
hyperbranched polymers, and network polymers have been explored to understand how
covalent architecture specifically affects their observed macroscopic properties.>*
Among these architectures, cyclic polymers are unique in structures because of their lack
of chain ends. In addition, cyclic polymers exhibit distinct static and dynamic properties
such as smaller hydrodynamic volumes, lower viscosities, and higher glass transition
temperatures as compared to linear polymers of the same molecular weight.>** Moreover,
polymers with orderly entangled cyclic topology such as a catenane and trefoil knot have
been of interest in modern polymer physics, notably in the fields of rheology, adhesion,
crystallinity, surface and interfaces, block copolymers, and viscoelasticity.>*° Although,
recent advances in living radical polymerization and click chemistry enable the efficient
synthesis of cyclic polymers, synthesis of polymer catenanes and knotty polymers
remains a challenge.®> This chapter highlights templated routes to obtain orderly
entangled architectures via supramolecular assemblies. Advances in the synthesis of well-
defined cyclic polymers, which was considered as model approaches for this dissertation
work, are also discussed. The specific objectives of this dissertation are then presented at

the end of this chapter.



1.1. Synthesis of Catenanes and Knots via Supramolecular Assembly

The study of orderly molecular entanglements offers unique challenges in the
most subtle and demanding aspects of stereochemistry, regiochemistry, and mechanistic
control. As inspired by the Knot Theory, various supramolecular templates have been
designed to enable reaction pathways leading to the formation of complex

macromolecular architectures.
1.1.1. Knot theory

Mathematical knot theory is the formal discipline dealing with knots and links,
derived from the early work of chemists in the middle of the 19th century.?
Mathematicians define a ‘knot’ as a cord that is intertwined with itself, with its loose ends
joined so that it cannot become untangled. As per this definition, a macrocycle can be
described as a rudimentary knot, or the ‘unknot’. If two or more knots are interlocked
with each other, the result is called a ‘link’. Catenanes are links composed of at least two
unknots. From here on [n]catenanes means catenanes with n unknots. Recently, Epple has
recorded a fascinating history of topology in the 19" century by a beautiful reproduction
of a tabulation of over 150 knots from one of Tait’s trailblazing papers.”*** Different
knots and links can be distinguished by the Alexander—Briggs notation.”? The
descriptor x;’ represents a knot (or link), where x is the minimum number of nodes, or
crossing points of any projection of the knot or link, y is the number of components (in a
knot, y = 1 and is usually not displayed in the Alexander—Briggs notation), and z is the

order of the knot among its peers with the same number of nodes and component. In



detail, z is the number of handles that must be added when embedding the knot or link on

a sphere, such that no crossings are observed.

In addition, knots can also be classified as prime (or simple) knots or composite
knots similar to that of integer numbers. A composite knot can be formed from prime
knot by taking two nontrivial knots, cutting them, and joining the ends. In the reverse
process, a composite knot is decomposed into its factor knots. On the other end, a prime
knot cannot be further decomposed, in the same manner as a prime number cannot be
divided by numbers other than one and itself.?” Aside from the simplest knots, it is also
extremely difficult to distinguish whether a knot is a prime knot or a composite knot.
Figure 1.1 displays all prime knots with seven or less crossings, and some of their
interesting links together with their Alexander—Briggs notation. Some trivial names
applied to the interlocked species are based on both artistic and chemical contexts.
Although knot theory remains a well-studied branch of mathematics to this day, it has
also gained scientific interest after the so-called Michelson Morley experiment reported
in 1887.%% Today, knot theory is inextricably linked to particle physics, to DNA

replication and recombination, and to other areas of statistical mechanics.
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Figure 1.1. Schematic tabulation of simple knots and links, accompanied by their trivial

names and descriptors using the Alexander—Briggs notation.”

1.1.2 Naturally occurring molecular knots

Aside from the mathematical discussion of knots and links, they are also
particularly relevant in the field of biology. The discovery of the first naturally occurring
catenated DNA in 1967 marked the beginnings of “Biochemical Topology” as defined by

Wasserman and Cozarelli.®*** Soon after, trefoil knot DNASs in both single-stranded and

4



double-stranded form were discovered.**® Subsequently, a wealth of highly complex
knotted DNA architectures, including composite knots, were discovered and imaged by
electron microscopy (Figure 1.2).% The effective separation of these entities was made
possible by gel electrophoresis, which takes advantage of the differences in compactness

of knots as they become more complex.*’
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Figure 1.2. Electron micrographs of knotted DNA, prepared by the action of DNA
topoisomerases, at 80 000x magnification.®*® Retraced representations of the DNA are
shown below the micrograph along with idealized diagrams of the knot and their
descriptors using the Alexander—Briggs notation. Copyright 1985 American Society for

Biochemistry and Molecular Biology.



The detailed study of these DNA architectures revealed that the faulty versions of
enzymes (DNA topoisomerases) are responsible for the formation of these topological
constructs.® It has also been found in many forms of cancer.*** These enzymes are
responsible for knotting DNA’s, but not in a controlled manner; as a result many species

are generated, rather than one specific target.
1.1.3. Chemical template for forming catenanes and knots

The presence of knotted structures in naturally occurring biological systems has
inspired chemists to design synthetic pathways for mechanically interlocked catenanes
and trefoil knot compounds. A number of approaches have been used to form interlocked
structures, which favor the formation of interlocked products over unwanted non-
interlocked macrocycles, oligomers, and polymers. The most widely used method is the
template-directed synthesis, where a template helps to build a turn into the emerging
structure. Over the last two decades, various types of chemical templates have been

utilized as discussed in detail in the following sections.
Metal-ion template approach:

The most efficient template is the metal-ion complex since the metal ion
constitutes a multifunctional center about which molecular turns (ligands) of various
kinds are readily oriented. This approach has provided accessible pathways to
topologically complex interlocked molecules that would be unobtainable by classical
synthetic methods. The potential of metal-ion templates for the production of interlocked

structures were first widely recognized through their success in the preparation of



catenanes. There are mainly two routes to catenane formation: ring-turn approach and

two-turn approach, as shown in Scheme 1.1.

Scheme 1.1. Strategies for template catenane formation: (a) the ring-turn approach, (b)
the two-turn approach.

The ring-turn approach, a cyclic precursor is initially formed by simple
macrocyclization reaction of a turn and a difunctional reactant. In next step, complexation
of this macrocycle with a metal-ion and another equivalent of the turn gives the threaded
template, also called as a pseudorotaxane. The second ring can then be closed by other
difunctional reactant to produce the [2]catenanes.” In case of two-turn approach,
complexation of two turns with a metal-ion gives a template composed of a single cross-
over, followed by cyclization of both turns using difunctional reagents yields the
[2]catenanes. The same pseudorotaxane is a likely intermediate. This method requires
fewer steps, yet often leads to lower yields due to higher possibility of side reactions.*?

Among various type of metal-ion template, the classic Sauvage group strategy of
complexing two phenanthroline ligand to Cu(l) (Cu(l)(dpp)2) has been a widely utilized

technique in the synthesis of many types of mechanically interlocked molecules (Figure



1.3). The two ligands are held in orthogonally by the tetrahedral coordination preference

of the metal-ion.

OH (b)

OH

Figure 1.3. (a) Sauvage’s molecular turn, (b) the resulting two-turn complex of Cu(l).

In the first reported template synthesis of [2]catenanes using pentaethylene glycol
dihalides as bifunctional ring closing reagents, the two-turn approach gave only 27% of
the product, while the ring-turn approach yielded 42%.*? Recently, the Sauvage group
has demonstrated further improvement in yield of [2]catenanes by using the Grubbs’
ring-closing metathesis (RCM) reaction and moving the ring closure reaction to a much
greater distance for the metal-anchored cross-over.** From this and other examples, it is
apparent that the efficiency of catenane formation can be improved by carefully choosing
and locating the terminal functional groups in interlocking turns so that no additional
linking agent are required to complete the ring. The advantage of this methodology
derives largely from the reduced competition between the formation of intra-molecular
and inter-molecular linkages. Another advantage includes a lower possibility of forming

side products since the number of reacting groups is fewer.



The Cu(l)(dpp). motif has also been explored to make higher order interlocked
compounds by assembling helicates with multiple Cu(l)(dpp). motifs (each Cu(l)(dpp).
unit corresponds to a cross-over point) and cyclizing the end-groups. Depending upon
the number of cross-over points in the helicates, single or multiply entwined catenanes

and knots can be generated as shown in Figure 1.4.*

number of acyclic precursor cyclic product demetallated
metal centres species
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Figure 1.4. Sauvage’s strategy for forming catenanes and knots by linking the end groups
of linear metal ion helicates with various numbers of turns.



Sauvage demonstrated for the first time the synthesis of a molecular trefoil knot
by linking two dpp ligand turns together with a methylene group, which produces a pair
of linked turns. Complexation of such a ligand/conjugate with Cu(l) gives a desired
double helical complex and a mixture of products as a result of combinations of two
ligands with two Cu(l) ions (Scheme 1.2).* The pair of didentate turns constituting a
single ligand is twisted orthogonally (with respect to each other) at the linkage between
the two Cu(l) ions. A pair of polyglycol chains creates new links between each ligand in
the double helical complex and the other. Removal of the metal-ion gives a trefoil knot
(3% vyields) and a large macrocycle having the same linkages as made up of two
molecules of the double-turn and two molecules of the bridging unit. However, the trefoil

knot is topologically very different from the simple macrocycle because these two

-9 T &

Scheme 1.2. Synthesis of the first trefoil knot using a two-anchor helical template.
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topological isomers cannot be interconverted without breaking at least one chemical
bond. Further improvement in the yield of the trefoil knot was achieved by replacing the
flexible methylene bridging unit in pair of turns with a rigid m-phenylene group.* This
improvement resulted from a quantitative formation of the double helical precursor
complex, instead of a mixture of complexes. In addition, this favorable yield has made

further studies possible, including separation of the enantiomers of this chiral knot.*°

Other than Sauvage’s phenanthroline system, octahedral metal ion templates have
also been used for synthesis of catenane and knot, but those systems have not yet been
fully exploited. For example, successful synthesis of [2]catenanes have been
demonstrated by utilizing an octahedral complex of Ru(Il) with a 5,5’-disubstituted
terpyridine ligand as the turn. (Figure 1.5a).*’ The geometry and rigidity of both
aforementioned systems; (1) the two tridentate chelates around an octahedral metal ion
and (2) the orthogonal chelation of two bidentate ligands around tetrahedral Cu(l) are
almost similar. However, the overlapping of ligands around the metal center are less with
the terpyridine system, hence, it resulted only to an 11% yield of the [2]catenanes upon
cyclization with hexaethylene glycol diiodide. A trefoil knot was also obtained in 20%
yield by following the same strategy as mentioned earlier using a precursor helicate made
of the octahedral complex of terpyridine ligands and Fe(ll) ions and closing the turn by

RCM.®
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(b) R

R= OH, NH2, COzH, CHon, CH2C02H,

Figure 1.5. (a) Sauvage’s Ru-terpyridine octahedral complex, (b) Vance’s Schiff-base
octahedral complex.

A new family of potential molecular templates based on octahedral transition
metal complexes of Schiff base ligands has been explored by Vance and co-worker.”® A
distinct advantage of these systems is their ease of synthesis; a simple one-pot reaction of
2,6-dicarbonyl pyridines and para-substituted anilines gives tridentate Schiff base ligands
in high-yield. A variety of terminal functional groups of the ligand can be obtained by
simply varying the aniline derivatives, without altering the basic structure of the template
complex. As shown in Figure 1.5b, complexes with different end-functional group have
been prepared and characterized by crystallography. However, more work has to be
accomplished to optimize the use of this system for synthesis of rotaxanes and catenanes.
In addition, it is also difficult to extend this approach for synthesis of trefoil knot and

higher order interlocked structures.
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In efforts to demonstrate other possible ways of synthesizing the trefoil knot,
Hunter and co-workers have formed an open-knotted structure assembled around an
octahedral metal center (Scheme 1.3).>° A multidentate ligand containing three bipyridyl
units entwines itself around an octahedral Zn(ll) template to generate an open knot
conformation. The reversibility of the folding process was tested by addition of chloride
ions, which regenerated the free ligand, and subsequent addition of silver salts
(precipitating the chloride ion as AgCl) reassembles the open knot complex. In a recent
report, successful closing of open knot was demonstrated by either a bis-esterification
reaction of the two terminal alcohols or by ring closing metathesis (RCM) of allyl
intermediate.®® The trefoil knot with remarkably good yield was obtained by optimizing

the length of linker, followed by removal of the Zn(ll) from template using Li,S.

= PhOCH,CH=CH, n=1 68%
= PhO(CH,)¢CH=CH, n=631%

Scheme 1.3. Hunter’s open-knot derivatives and cyclization by RCM to produce trefoil
knot.

13



Non metal-ion/hydrogen bonding templates:

Hydrogen bonding complexes are almost as diverse as the metal ion complex, but
the interactions are much weaker than covalent bonds, even those in many metal
complexes. The strong complex can be formed by incorporating multiple hydrogen
bonding sites in a template. In 1992, the first serendipitous discovery of a hydrogen
bonding template was reported by Hunter.®> As shown in Scheme 1.4, the
macrocyclization reaction of diamide template with iso-phthaloyl chloride at high
dilution gave the unexpected [2]catenanes in 34% yield. Other H-bond template such as
Busch/Stoddart secondary ammonium ion crown ether templates have also been widely

explored for rotaxane synthesis.>*>*

S

\ ﬁL
O
= x‘ i

Scheme 1.4. The synthesis of Hunter’s first amide [2]catenane.

Another area of synthesis of interlocked architectures using non-metal ion
template was developed by Stoddart and his co-workers. The so called Stoddart’s
template also known as m-donor/acceptor templates, composed of electron rich aromatic

ether moieties and paraquat-containing moieties.> In contrast to Sauvage’s chemistry
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where the metal-ion always serves as the anchor and the ligand is always the turn, the n—n
templates is the designation of its common parts, the anchor and the turn. The
combination of interactions within templates such as « - « stacking, ion—dipole attractions
and unusual, but undeniable, hydrogen bonding interactions makes it nearly an ideal
system for the template synthesis of interlocked molecules. An excellent example of
Stoddart’s work is shown in Scheme 1.5 representing his discovery of a turn,
accompanying the interesting anchor technology. The [2]catenane was obtained in a
remarkable 70% yield upon complexation of phenylene-linked bis-paraquat, followed by

reaction with p-xylene dibromide.

W

CD____
ey

Scheme 1.5. The n—=n templates synthesis of Stoddart’s prototypical [2]catenane.
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1.2. Controlled Radical Polymerization Method

Currently, there are three main types of “living”’/controlled radical polymerization
(CRP) method. Atom transfer radical polymerization (ATRP),® reversible addition
fragmentation chain transfer polymerization (RAFT),>’ and, stable free radical
polymerization (SFRP),*® which includes nitroxyl mediated polymerization (NMP).>®
With the discovery of CRP techniques and click chemistry, a great variety of complex
macromolecular architectures became available under non-demanding reaction

conditions.
1.2.1. Atom transfer radical polymerization

Atom Transfer Radical Polymerization is among the most effective and most
widely used methods of controlled radical polymerization. The mechanism of
polymerization involves the transfer of a halogen atom from the polymer to a metal
catalyst yielding an active chain end (a radical), hence the term Atom Transfer Radical
Polymerization (ATRP). As shown in Scheme 1.6, the reaction takes place through a
reversible redox reaction involving the transition metal catalyst (Mt), which is oxidized

as the polymer is converted from the dormant state (PX) to the active species (P-)

through the transfer of the halogen (X). A multidentate ligand (L) helps the metal catalyst
to dissolve in various organic solvent and also assists in binding the halogen. The
deactivation reaction is kinetically favored in the equilibrium (kd »ka), which means only
a small concentration of active radical species present at a given time. Ideally, this
eliminates the possibility of termination between two activated polymer chain ends;

however in practice termination does occur.
16



ka

_— . _— +1
P-X + Mtr/L ~——— Py X=MerL
d NaZRNE
k N
P P—p

Scheme 1.6. Mechanism of atom transfer radical polymerization.

A typical ATRP system consists of an initiator, a metal halide (at low oxidation
state) complexed with ligand(s), and a monomer. Various catalysts have been developed
based on Cu(1),®® Ni(11),%* Ru(I1),%® and Fe(I11)**elements, but Cu(l) and Ru(ll) systems
have been mostly studied. Generally, bipyridine or multidentate amine ligands are used
for copper-based catalysts and PPhs ligands are used for other metal catalysts. The
catalyst activity and control of the polymer molecular weight greatly depends on the type
of ligand used (i.e. electronic, steric, and solubility characters). In addition, the structure
of the initiator must match with the structure of the propagating species of the monomer

for effective polymerization.
1.2.2. Reversible addition fragmentation chain transfer polymerization

RAFT polymerization has proven to be a versatile tool due its unique advantages
such as less sensitivity to oxygen, proceeds at lower temperatures than ATRP and NMP,
and is compatible with a wider range of monomers, such as acrylate, methacrylate, and
styrenic monomers. RAFT polymerization was pioneered by a team of scientists in
Australia, and has been explored extensively for many applications.?* In RAFT

polymerization a thiocarbonylthio group-containing compound, with a general structure
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of Z-C(=S)S-R, is added to an otherwise conventional free radical polymerization in
order to control the polymerization. These controlling agents are also called chain

transfer agent (CTA) or RAFT agents. As shown in Scheme 1.7, first, a radical initiator

(i) Initiation ——==— T’

Monomer
I —— P,

Z z Zz
p Monomer . . Monomer
(iii) P, ——— P, R— = Iy
kp kP,l
P,—S
P.,—S S—P n S

s TR e TN,
(lV) Pn + Y I [ m

z kB z kp

k¢

W) P, + Pp — = P
Scheme 1.7. Proposed general mechanism of RAFT polymerizations showing the steps

of initiation (1), propagation (1), pre-equilibrium (I11), reinitiation, main-equilibrium (1V)
and termination (V).

decomposes to radicals which initiate the polymerization. In a next step, a propagating
radical then adds to the thiocarbonyl group of the CTA (1) molecule and forms an
intermediate radical (2) (also called “dormant” species). Eventually the intermediate
radical undergoes a B-scission reaction in either direction to yield original radical or

creating a new propagating radical from the leaving group (R group) and polymeric
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RAFT agent (3). After the initial phase equilibrium is established between the
propagating radicals and the intermediate radical species, the rate coefficients become
independent of the chain length. During the main equilibrium process, a rapid
interchange of growing polymer chain occurs through polymeric chain transfer agent (4).
Ideally the radicals are shared equally, causing chains to have equal opportunities for
growth and thus narrow molecular weight distribution. However, the polymerization
being of a radical nature, side reactions like chain transfer, recombination and
disproportionation cannot fully be suppressed. Still, RAFT polymerizations show a linear
growth of the molecular weight with respect to conversion and yield polymers with

narrow polydispersity.
1.2.3. Click chemistry

In 2001, Sharpless proposed the concept of “click” chemistry, which is
undeniably one of the most noticeable synthetic trends in the research area of chemistry
and material science of this new century.®® The term “click” refers to simple, efficient,
energetically favored, specific and versatile chemical transformations, which lead to a

single reaction product.

Among all currently identified click reactions, the Huisgen 1,3-dipolar
cycloaddition of azides and alkynes is known for being closest to an ideal click reaction.
The uncatalyzed version of cycloadditions of azides and alkynes require long reaction
times, high temperatures and result in the formation of two products, 1,4- and 1,5-
regioisomers.® The groups of Sharpless and Meldal separately discovered the Cu(l)-

catalyzed variation of this reaction, which allows very fast and efficient formation of
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exclusively 1,4-triazoles at mild reaction conditions (Scheme 1.8). This breakthrough led
to a remarkable exploration of Huisgen cycloadditions in synthetic chemistry. In
particular, research focuses its widespread application in all fields of polymer chemistry

and biochemistry over the last few years.®’

R
R—————H
/
+ Cu(l) V/\
— N N—R'
N=N—N \N/
+ \R'

Scheme 1.8. Cu(l) catalyzed Huisgen 1,3-dipolar cycloaddition of azides and alkynes.

Living free radical polymerization and click pericyclic reactions are
independently known for having many similar advantages such as reaction under mild
conditions and tolerance of a range of functionalities. Recently, research groups have
begun combining these click reactions with different polymerization techniques to
synthesize new polymeric materials, which was otherwise inaccessible via traditional
polymerization methods. Moreover, azide—alkyne chemistry has found large potential for
a variety of biological applications, such as chemoselective platform for the
functionalization or ligation of biomaterials, modified stationary phases for bioseparation,
site-specific modified proteins or viruses, drug or gene delivery carriers, protein or

oligonucleotide microarrays, and functionalized cell surfaces.®®
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1.3. Advances in Synthesis of Cyclic Polymers

In the field of synthetic polymer chemistry, the form of macromolecules has long
been restricted to a linear or a randomly branched topology. In the last decade, however,
the developments of intriguing synthetic protocols, based on living polymerization as
well as on self-assembly processes have enabled access to a variety of precisely
controlled, branched, and moreover cyclic topological polymers.?® In particular, a
number of approaches has recently been reported to produce a variety of single-cyclic
(ring) and multi-cyclic polymers of well-defined chemical structures and functionalities.”
These developments, has not only created unprecedented opportunities to bring new
insights in the frontier of basic polymer chemistry and physics, but also enable the study

of unusual properties and functions of polymer materials based on their topologies.”

Synthetic strategies for the formation of cyclic polymers can be divided into two
main categories: (1) ring-closure techniques (Figure 1.6a) and (2) ring-expansion
techniques (Figure 1.6b). The ring-closure method involves the cyclization of a linear
polymer via end-group coupling, while the ring-expansion technique involves the
insertion and propogation of monomer units into cyclic initiator or catalyst. The synthetic

aspects of both approach is discussed in detail below.
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Figure 1.6. General methods of synthesis of cyclic polymers.

Monomer

1.3.1. Ring-closing approach

The most appropriate method used for the synthesis of cyclic polymers of
controlled size and narrow polydispersity are based on the end-to-end chain coupling of
difunctional linear chains in highly dilute reaction conditions. The cyclization yield of
end-group linking can be expressed by eqgn. (1), where C is the actual concentration and
Cequar Stands for the concentration at which the probability for the intra- and inter-

molecular reactions to occur is the same [eqn. (2)].%°
Cequat = [3/ (2 1<r*>)]** M/ Na )

where <r®>> is the mean square end-to-end distance of the linear precursor, N is the

Avogadro number, and M is the molar mass.
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According to the eqn. 1, the intra-molecular cyclization is favored over inter-
molecular coupling when the polymer concentration is low (C < 10° M). This
requirement of very dilute solution condition is a severe limitation to the production of
reasonable amounts of macrocycles. This approach becomes even more impractical for
the synthesis of high molecular weight cyclic polymers as it requires an even more
diluted medium than the cyclization of oligomers. However, the use of living
polymerization techniques (e.g. anionic or RAFT polymerization) for the preparation of
the linear precursors allows more control over the molar mass and end group
functionality. Thus, different strategies have been investigated to improve the efficiency

of end-to-end closure.

As an example of an earlier method for the synthesis of cyclic polymers, Cassasa
and co-worker has demonstrated the ring-closure reaction of «, w -polymer dianions by

using a bifunctional coupling agent (Figure 1.6a (i)).”” A variety of cyclic polymers with
a range of different molecular weights have been synthesized by this route. However, the
yield of cyclization was often low (< 50%) due to the competition between intra- and

inter-molecular coupling.

An alternative approach, which overcomes the complications of the bimolecular
coupling reaction, involves the direct coupling reaction between two identical polymer
end-groups in homodifunctional polymers (Figure 1.6a (i)). In this unimolecular case,
dilution of the linear precursors not only represses the oligomerization, but also favors the
rate of intra-molecular coupling since the reactive groups are tethered to one another. One

early example of an efficient homocoupling cyclization reaction was demonstrated by
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Tezuka and Komiya using ring closing metathesis of allyl end-functionalized polymers.”
As a result, significant improvement in the yield of cyclization was reported by this

approach.

Another strategy to minimize linear by-products utilizes the principle of pre-
organization of cyclic precursors bearing specific ionic end-functions via electrostatic
non-covalent interactions. This approach was thoroughly investigated by Tezuka and
coworkers for a broad diversity of cyclic polymers (Figure 1.6¢ (iii)).”* However, this

approach is limited to produce only low molecular weight polymer (below 5 kDa).
1.3.2. Ring-expansion approach

The unique advantage of this technique is that high dilution is not required to
yield cyclic polymers, and thus makes it amenable to synthesis on a larger scale.
Bielawaski et al. demonstrated ring-expansion metathesis polymerization (REMP) using
cyclic ruthenium catalyst as shown in Scheme 1.9.” In this coordinated polymerization,
the cyclooctene monomer coordinates onto the ruthenium center before insertion into the

cyclic carbene ring which grows of one monomer unit.

m=2,34,0r5 n-1

Scheme 1.9. Synthesis of macrocyclic poly(octane) by REMP.
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This unique strategy gives nearly 100% cyclic polymers, yet is limited by the

incompatibility of catalyst with other functional monomer.

Ring-expansion by RAFT polymerizations using cyclic initiator involves a
reversible homolytic bond cleavage, polymerization, and radical recombination. This
approach is particularly attractive because of the large number of monomers that can be
polymerized by CRP and the preparation of functionalized cyclic polymers is achievable.
Pan and co-workers have demonstrated the synthesis of cyclic polymers using a modified
RAFT polymerization.”® Methyl acrylate was polymerized by its insertion into the cyclic
dithioester initiator using *°Co y-rays induce polymerization (Scheme 1.10). The
temperature was kept low enough (-30°C) to reduce the diffusion rate and to prevent the
inter-molecular chain transfer of active radicals. As a versatile living radical nature of
RAFT polymerization, ABA type cyclic block co-polymers were obtained via the
polymerization of N-isopropylacrylamide using poly(methylacrylate) as the

macroinitiator under the same experimental conditions.

\

6"Co -ray S o o S
_\_/_ THF, -30 °C _\_/_

Scheme 1.10. Ring-expansion of a cyclic dithioester initiator to produce cyclic
poly(methyl acrylate).

Another efficient way to make cyclic polymer was demonstrated by Kricheldorf and Lee

via ring-opening polymerization of lactones and lactides using a series of cyclic tin
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dialkoxide initiator (Scheme 1.11).”” The mechanism involves the insertion of monomer
into tin—oxygen bond to produce ring-expanded macrocycles. As a result of a
coordination-insertion polymerization, no linear oligomer or polymer is formed at any
stage of the process. However, the hydrolytically labile tin-oxide bond in the cyclic
polymer backbone limits its further application or characterizations. A number of groups
have developed techniques for removal of the tin catalyst while retaining the cyclic
topology. In a representative example shown in Scheme 1.11, slightly excess of 1,3-
dithian-2-one was used as a terminating agent. The coordination of sulfur with tin forms

the cyclic 2-stanna-1,3-dithiane and selectively eliminates from the cyclic polymer

backbone.
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Scheme 1.11. Synthesis of cyclic polyester from cyclic tin initiator.
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1.4. Literature Methods for Synthesis of Polymer Catenanes

Even though the successful synthesis of various mechanically interlocked
molecules was made possible by the template-directed approach, obtaining such orderly
entangled topology in high molecular weight (MW) polymer remains a synthetic
challenge. For example, a polymer catenane consists of one cyclic polymer threading
through another cyclic polymer. The synthetic method proposed or used toward polymer
catenane commonly includes threading and cyclization steps (Scheme 1.12); In this case,
a linear polymer threads through a cyclic polymer ring, after which a cyclization is
carried out on the resulting pseudo rotaxane to produce the polymer catenanes. However,
a long and flexible polymer chain tends to form a randomly coiled, thus contracted
conformation, and the threading by another polymer chain appears ineffective,
particularly in dilution.” In addition, the purification of polymer catenane is always
difficult due to the complexity of crude products, which may contain the desired
catenated, cyclic and linear polymers. Therefore, the reported yield of isolated polymer

catenanes is very low, only less than 1%."

threading

Cyclic Linear
Polymer Polymer Polymer Catenane

Scheme 1.12. General route for synthesis of polymer catenane.

Another attempt for the synthesis of high MW polymer catenanes have been

demonstrated by Tezuka and co-worker via cooperative electrostatic/ hydrogen-bonding
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self-assembly and covalent fixation (Scheme 1.13).%° First, a cyclic poly(tetrahydrofuran)
(poly(THF)) was prepared by covalent conversion reaction of a preorganized assembly
having an isophthaloyl benzylic amide group at the center position and having N-

phenylpyrrolidinium salt end groups carrying a biphenyldicarboxylate counteranion.
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Scheme 1.13. Synthesis of a polymer catenane through a cooperative electrostatic/
hydrogen-bonding self-assembly and covalent fixation.

In next step, another pre-formed cyclic poly(THF) having the hydrogen-bonding unit was
mixed and allowed to thread through a cyclic poly(THF). A polymer catenane comprised
of the two different cyclic poly(THF) components was obtained in relatively good yield

(7%) as a results of directive threading approach.
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Recently, our group has demonstrated the efficient synthesis of polymer catenane
using supramolecular templated tin initiator and ring-opening polymerization of

caprolactam (Scheme 1.14).%

v C
ROP .
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Decomplexation
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* Oxygen (0)
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Polymer catenane

Scheme 1.14. Synthesis route for polymer catenane using catenated tin initiator.

A catenane initiator was synthesized by the ring-closure reaction of hydroxyl
functionalized phenanthroline copper(l) complex and dibutyldimethoxytin. In next step,
ring-opening polymerization of caprolactam monomer was carried out under kinetically
driven conditions. Since the polymerization progressed through insertion of monomer to
tin-oxide bond of catenated initiator, high molecular weight polymer catenane was

obtained in 73% yield.
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1.5. Chapter Outlines and Objectives

The main objective of this dissertation is to pursue the investigation of templated
routes for the synthesis of interlocked macromolecular architectures and orderly
entanglements. The specific objectives are as follows: (1) design and synthesis of
supramolecularly templated initiators and utility for controlled radical polymerization, (2)
investigate the efficiency of the initiator template to control the polymerization of vinyl
monomers and to test the stability of the template under polymerization conditions, (3)
demonstrate a simpler route to close the polymer template in order to obtain the
mechanically interlocked polymer topology, (4) explore other possible methods of
template directed synthesis, such as grafting of preformed polymer to supramolecular
template followed by intra-molecular template-closing reaction, and (5) conduct
preliminary studies to obtain high purity interlocked polymer architecture via an efficient

ring-expansion RAFT polymerization approach.

Chapter 2 demonstrates the synthesis of polymer catenanes via controlled radical
polymerization from ATRP initiators templated on Sauvage’s phenanthroline Cu(l)
complex and subsequent template-closing of resulted four-armed type polymer by Atom
Transfer Radical Coupling (ATRC). In addition to other characterization method, direct

visualization of polymer catenane was demonstrated by AFM imaging technique.

Chapter 3 reports on an important extension of above methodology to obtain a
catenated block copolymer. The four-armed type homopolymer template as mentioned

above was used as macroinitiator to polymerize another monomer by ATRP. The
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resulting block copolymer template was subjected to template-closing via slightly

modified ATRC method.

Chapter 4 demonstrates another novel approach to synthesize polymer catenanes
via grafting a preformed alkyne-functionalized linear polymer to azide-functionalized
phenanthroline Cu(l) template, followed by ATRC of resulting polymer template.
Detailed analysis of the AFM images reveals important information about side product of

ATRC such as inter-molecular coupling and other isomer formation.

Chapter 5 reports on a preliminary study of ring-expansion RAFT polymerization
using cyclic initiator. A novel cyclic RAFT initiator was synthesized and used for
thermally initiated free radical polymerization of N-vinyl carbazole. The cyclic topology

of resulted polyvinylcarbazole was confirmed by GPC and AFM analysis.

Chapter 6 reports for the first time, synthesis of a trefoil knot polymer (knotty
polymer) via grafting an alkyne-functionalized polymer to azide-functionalized
Sauvage’s diCu(I) double helical phenanthroline template. A well-defined knotty

polymer was obtained by closing the template via ATRC method.

Finally, Chapter 7 summarizes the important results of the projects mentioned in
Chapter 2 thru 6 and provides a global conclusion of the dissertation including future

research work.
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Chapter 2: Synthesis of Polymer Catenanes via a Supramolecularly

Templated ATRP Initiator

2.1. Introduction

Polymers with different types of topologies play an important role in tuning
macromolecular properties." Various polymers with special architectures, such as star,
hyperbranched, dendronized, cylindrical, and macrocyclic, have been reported.?
Although numerous examples of catenanes, rotaxanes, and trefoil knots with considerably

’ obtaining such orderly

low molecular weight have been reported in the literature,*
entangled topology in the case of high molecular weight polymers as well as block
copolymers remains challenging due to their synthetic obstacles. Nevertheless, the
interest on entanglements is an integral part of modern polymer physics, notably in the
fields of rheology,® adhesion,® crystallinity,®® surface and interfaces,** block
copolymers,*? and viscoelasticity.”> Many aspects of chemical topology from DNA to
stereochemical reactions have been studied.!* These topologies can be explained by the
realm of orderly molecular entanglements of well-reported interlocked molecular and
supramolecular architectures as demonstrated by Sauvage,” Stoddart," Wasserman,™
Busch,'® and Walba.'” A number of reports have demonstrated intricate sequences of

steps (threading, cross-overs, ring closings, and other linkages) in order to form

complicated orderly knot entanglements.*®

The development of controlled radical polymerization methods, especially atom

transfer radical polymerization (ATRP) and reversible addition fragmentation chain
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transfer polymerization (RAFT), has opened the door to experimentally more lenient
syntheses of well-defined telechelic linear precursors.™ Since a catenane is an analogue
of a cyclic “‘end-less’” structure, there is a possibility of using existing methods of
forming cyclic polymers, such as coupling reactions of telechelics in dilute solution to
form polymer catenanes.?>?! Herein, we report a synthetic strategy to obtain polymer
catenanes by: (1) design and synthesis of supramolecularly templated ATRP initiators
followed by polymerization, and (2) template-closure of the supramolecular polymer via

an intra-molecular end-to-end cyclization step (Scheme 2.1).

Ligand initiator ATRP
complexation \

3
1 2
Ring closure
via ATRC
Q‘ ) Decomplexation C)(‘ )
Br
OJ"OH
@ Copper ()

@® Bromine atom

0~\_0 rr‘ @ Styrene
Br

Scheme 2.1. Schematic route for the preparation of polymer catenanes from the
supramolecularly templated ATRP initiator.
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2.2. Results and Discussion
2.2.1. Design and synthesis of ATRP initiator Cu(l) complex

Synthesis of molecules with complex topologies such as catenanes, rotaxanes, and
molecular knots requires the use of chemical templates. Various types of
supramolecularly assembled templates have been reported based on metal-ion templates,
hydrogen-bonded templates, and n-donor, m-acceptor templates.” A metal-ion template
such as a phenanthroline Cu(l) complex as demonstrated by Sauvage and co- workers*#
could be the best choice for designing supramolecularly templated ATRP initiator
because of the ease of end-group modifications in the 2,9-bis(p- hydroxyphenyl)- 1,10-
phenanthroline ligand and the stability of the template under ATRP polymerization

conditions.?? The synthesis of the ATRP initiator (1) was reported in 68.8% yield using

1. p-bromoanisole,
/ \ t-BulLi, -78°C
—
=N N== 2.MnO,, CH,Cl,, rt

Br

Br

Scheme 2.2. Synthetic scheme for the ATRP initiator (1).
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bromoethyl, 2-bromopropionic acid ester and the previously reported 2,9-bis(p-

hydroxyphenyl)-1,10-phenanthroline ligand.

The supramolecular assembly of ATRP initiators (1) was formed by adding a
degassed solution of Cu(CH3CN)4PFs in CH,CI, to the degassed solution of the ATRP
initiator (2 eq.) in CH,Cl,. The resulting reddish solid product of the initiator complex
was characterized by UV-Visible spectroscopy as shown in Figure 2.1a. The formation

of the initiator complex (2) was confirmed by the presence of the intense ligand-centered

12 0.75
a —— ATRP initiator (1
( ) 1 _283om initiator (1) (b) ~—— PS Cu(l) complex (3)
s sas 260 nm .
1.0 —— ATRP initiator PS control (using ATRP
| | initi
—_ Cu(l) complex(2) - initiator (1))
S 089 1 |277nm S
S - 321nm 437 nm 8 050
3 064 — 328 nm e 585 nm 3
c N <
© ™ g
g 0.4 - N §
-2 02 4 a0 500 600 700 800 -2 0.251
0.0
-0.2 T T T T T 0.00 T T T T ¥
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) ' Wavelength (nm)

Figure 2.1. UV-Visible analysis of (a) ATRP initiator (1) and ATRP initiator Cu(l)
complex (2) (inset: visible region of the ATRP initiator Cu(l) complex (2) spectrum), (b)
PS Cu(l) complex (3) and PS control (inset: visible region of the PS complex (3)
spectrum).

transitions at 277 nm and 328 nm and the weaker absorption peaks at the visible regions,
437 nm and 585 nm corresponding to metal-to-ligand (MLCT) and the ligand-to-metal

(LMCT) charge-transfer transitions, respectively.?®
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2.2.2 Polymerization of styrene using ATRP initiator Cu(l) complex

Using the ATRP initiator Cu(l) complex (2), styrene was polymerized by the
Cu()Br catalyst with the 1,1,4,7,10,10-hexamethyltriethylenetetraamine (HMTETA)

ligand in anisole at 110 °C.

Scheme 2.3. Polymerization of styrene using ATRP initiator Cu(l) complex (2).

The resulting polystyrene (PS) Cu(l) complex (3) was purified by passing through
a neutral alumina plug to remove the copper salts. The unreacted monomer and solvent
were removed by precipitation of the polymer in cold methanol. The gel permeation

chromatography (GPC) traces of the resulting PS Cu(l) complex (3) (Figure 2.2) show
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narrow polydispersity with good control over molecular weight (M, 6405 Da, M,, 7814
Da, PDI: 1.22). The integrity of the ligand Cu(l) complex within the backbone of the
polymer was confirmed by the UV-Visible analysis as shown in Figure 2.1b, which still
shows the ligand-centered bands (260 nm and 336 nm) and the MLCT and LMCT
transition peaks (438 nm and 580 nm, respectively), consistent with the observed results
of the ATRP initiator Cu(l) complex (2). The UV-Visible spectroscopy result was also
supported by performing a control study of demetallation reaction of the PS Cu(l)

complex (3) and characterization by GPC as discussed later in this chapter.

== PS Cu(l) complex (3)

=== PS Cu(l) catenane (4)

T T T
20 25

Retention volume (mL)

Figure 2.2. GPC traces of PS Cu(l) complex (3) and PS Cu(l) catenane (4).

2.2.3 Template-closing of PS Cu(l) complex via ATRC

Even though intra-molecular click chemistry** and ring-closing metathesis®® have

proven to be highly efficient in producing macrocycles, the synthetic modification of the
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polymer chains prior to the cyclization reaction yields an additional step(s) to the overall
synthetic route and could lead to multiple side products. We have utilized a simple
method for the synthesis of the PS Cu(l) catenane (4) based on atom transfer radical

coupling (ATRC) chemistry, which only involves one step towards tempate closure.?®

¢
e

Cug, Cu(l)Br
MesTREN O
_—

70 °C

Scheme 2.4. Template-closing of PS Cu(l) complex (3) via ATRC.

The formation of the PS Cu(l) catenane (4) over step polymers can be favored by
intra-molecular reaction of the PS Cu(l) complex (3) under pseudo-high dilution
conditions. Thus, a THF solution of the PS Cu(l) complex (3) was added dropwise at a
fairly low rate (0.75 mL/ h) into a refluxing THF solution of Cu(l)Br, MesTREN, and
Cu(0). The GPC analysis of the closed PS Cu(l) catenane (4) (M, 4188 Da, M,, 6533 Da)
showed a very slight shift to a higher retention volume (R,) (Ry = 24.27 mL) as compared
to the open PS Cu(l) complex (3) (Ry,=23.84 mL) (Figure 2.2). This shift in the retention
volume is due to the formation of the reduced hydrodynamic radius (Ry) of the PS Cu(l)
catenane (4) (Rn = 4.6 nm) after the template-closure of the precursor PS Cu(l) complex
(3) (Rnh = 4.9 nm). As observed, the shift in R, is not too evident as compared to other

GPC traces reported in the literature that compares linear and cyclic polymer
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counterparts. This observation could be explained by the fact that our open PS Cu(l)
complex system (3) is not completely linear and is much closer to a semicyclic structure
due to the geometric constraints coming from the complexed phenanthroline ligand in
between the PS chains. The formation of a broader GPC peak for PS Cu(l) catenane (4)
(PDI 1.56) as compared to PS Cu(l) complex (3) (PDI 1.22) signifies the presence of the
mixture of PS Cu(l) catenane (4), unreacted PS complex (3) and the inter-molecular
coupling product. Nonetheless, the observed ATRC products were predominantly PS
Cu(l) catenane (4) as evidenced by a relatively high <Gy> value (i.e. the ratio of the peak
average molecular weight (Mp) of the coupled product relative to that of the acyclic
precursor) of 0.79, which is comparable to other literature values of cyclic polymers

produced by ATRC coupling® and anionic methods.?’
2.2.4 Demetallation reaction of PS Cu(l) catenane

In order to obtain metal-free polymer catenanes, Cu(l) from the template was

removed by stirring the PS Cu(l) catenane (4) with saturated solution of KCN in THF:

methanol (3:1). The GPC traces of the demetallation step (Figure 2.3) of the PS

Scheme 2.5. Synthesis of PS catenane (5) via demetallation of PS Cu(l) catenane (4)
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Cu(l) catenane (4) show that the molecular weight of the PS catenanes (5) (M, 7374 Da,
M, 7922 Da) barely changed even after removing the copper, indicating an interlocked
structure of cyclic polymers. The peak broadening of the GPC trace of the PS Cu(l)
catenane (4) due to the unreacted acyclic precursor was also supported by the GPC

analysis of the demetallation step. The appearance of the broad shoulder at a higher

PS catenane (5)

N

acyclic PS

T T T T T T T T T
22 23 24 25 26 27
Retention Volume (mL)

Figure 2.3. The GPC traces of the PS catenanes (5) after demetallation.

retention volume (M, 2769 Da, M,, 2982 Da) denotes the formation of decomplexed
acyclic PS with approximately half the molecular weight of the PS Cu(l) complex (3). On
the basis of the relative area under curve of the GPC traces of the PS catenanes (5), the
amount of polymer catenanes (5) formed in the reaction was estimated to be 60% of the

product mixture.

To investigate the stability of supramolecular template during polymerization and

to test the efficiency of metal removal, demetallation of the PS Cu(l) complex (3) (M,
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4,341 Da, PDI 1.25) was performed and analyzed by GPC as shown in Figure 2.4. The
demetallation of PS Cu(l) complex (3) was performed using the same procedure as
followed for PS Cu(l) catenanes (4). The GPC traces show the appearance of peak at a
higher retention volume with M, 2,738 Da, which is approximately half of the molecular
weight of the PS Cu(l) complex (3). This result clearly indicates that the template is very
stable under ATRP that the template is very stable under ATRP conditions and that the

resulting polymers have a polymer-metal complex architecture.

— PS5 complex {3}

— PS5 after decomplexation

2 4 = a 10 12 14 16 13 2 2 24 26 23

Retention volume (mL)

Figure 2.4 The GPC traces of the demetallation study of PS complex.

2.2.5. AFM imaging of PS catenanes

To give a visual representation of the PS catenanes (5), AFM imaging was also
performed. The samples of PS catenanes (5) for AFM analysis were prepared by spin-
coating a very dilute solution of the polymer in dry THF onto freshly cleaved mica. As

shown in Figure 2.5, interlocked cyclic structures of polymers were statistically
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observed, exhibiting different orientations on the surface. Line profile analysis of the
structure revealed the presence of the cavities inside the catenanes where the overlapping

region (middle of the catenanes) is double the height of the individual ring of a catenane.

X [um]

Figure 2.5. (a) AFM image of the PS catenanes (5) on a 9 x 9 mm scale on mica, (b)
magnified images of the representative PS catenanes from (a), and (c) line profile of one
of the PS catenanes from (b).

Statistically, other structures could represent partial open arms or inter-molecular
coupling of the four-armed type PS complex (3), or simply different conformations of

catenanes.
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2.3. Conclusions

A new, simple, and versatile method for the synthesis of polymer catenanes with
complex and higher order of cyclic topology was demonstrated. The supramolecularly
assembled ATRP initiator Cu(l) complex was able to polymerize styrene with a good
control over molecular weight. The intra-molecular template-closing of the PS Cu(l)
complex via ATRC was proven to be an effective method to obtain polymer catenanes
based on the UV-Visible spectroscopy, AFM imaging and GPC results. The presented
method is promising in extending the synthesis to higher order knotted polymeric
structures like trefoil knots through designed templates. This would open doors for the
investigation of important physicomechanical properties and possible applications of
these knotted structures. Moreover, it is also possible to extend this towards other ring-

expansion living polymerization methods as well as block copolymer topologies.

2.4. Experimental Section

2.4.1. Materials

All chemicals were purchased from Aldrich Chemical Company and were used
directly without further purification unless otherwise indicated. All solvents were

aspirated with nitrogen gas before use.
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2.4.2. Instrumentation

'H NMR spectra were recorded on a JEOL ECS 500 spectrometer (500MHz).
GPC was carried out on a Viscotek 270 instrument with a triple detector array (RALS,
IV, RI, or UV) equipped with 2 GMHHR-M and 1 GMHHR-L mixed bed ViscoGel
columns (eluent: THF; flow rate: 1 mL min-1). All atomic force microscopy (AFM)
images were recorded in air under ambient conditions on PicoScan 2500 (Agilent
Technologies formerly Molecular Imaging, Corp.) equipped with an 8 x 8 um scanner.
Intermittent contact mode was used for all imaging. The AFM tip used was a silicon-
nitride AFM probe from Ted Pella Inc. UV-Visible measurements were taken on an

Agilent technologies 8453 spectrometer.
2.4.3. Synthesis of 2,9-di(p-anisyl)-1,10-phenanthroline

para-bromoanisole 4.23 mL (34 mmol) was dissolved in 100 mL degassed ether.
After cooling the solution to -30 °C, tert-BuLi 50 mL (1.7 mol/L, 85 mmol) was added by
cannula. After stirring this mixture for 1.5 h, it was transferred to the solution of pre-dried
1, 10-phenanthroline (1.76 g, 9.78 mmol) in 20 mL degassed toluene. The reaction
mixture then stirred under nitrogen for 40 h. After hydrolysis with water at 0 °C, the
bright yellow toluene layer was decanted and the aqueous layer was extracted three times
with dichloromethane. The combined organic layer was rearomatized by the addition of
MnO, (35 g), with efficient stirring. The yellow color partially disappeared. After MnO,
was filtered and the solvent removed, the crude product was recrystallized from toluene.
Final purification was achieved by silica column chromatography using

dichloromethane/methanol (100:1) as eluent to yield 1.6 g (3.9 mmol, 40%) of an
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amorphous white solid. 'H NMR (CDCls): 8.42 (m, 4H, H,), 8.30 (d, 2H, Hs 7), 8.11 (d,

2H, Hs3 5),7.78 (s, 2H, Hs 6), 7.14 (m, 4H, Hp), 3.92 (s, 6H, -OCHj3).
2.4.4. Synthesis of 2,9-di(p-phenol)-1,10-phenanthroline

Technical grade pyridine (16 mL) was placed in a 100 mL three-necked round-
bottomed flask fitted with a thermometer and a magnetic stirrer. With rapid stirring
concentrated hydrochloric acid (17.6 mL) was added. The flask was equipped for
distillation, and water was distilled from the mixture until its internal temperature rose to
210 °C. After cooling to 140 °C, 1 (6.27 g, 16 mmol) was added as a solid and the
reaction flask was fitted with a reflux condenser connected to a source of argon. The
yellow mixture was stirred and refluxed for three hours (190-220 °C). The hot reaction
mixture was then diluted with 10 mL warm water and slowly poured into 60 mL hot
water. The resulting bright yellow suspension was refrigerated overnight. After cooling,
the precipitated solid was filtered by suction, and washed with cold water. Crude acidic
diphenol was suspended (it dissolves partially) in an ethanol-water mixture (250/8.5 mL)
and neutralized with a dilute NaOH solution. After this pH-meter monitored
neutralization (end-point: pH = 7.321), the solution was diluted with hot water (300 mL).
Neutral diphenol precipitated as beige solid during cooling down. Filtered by suction, the
solid was air dried to yield 5.85 g of an ochre solid. Upon further drying (high vacuum in
presence of P,Os) the latter turned bright red (5.31 g, 92% yield) and could be utilized
without further purification. *H-NMR (d-DMSO): 10.14 (s, 2H, -OH), 8.56 (d, 4H, Hy),

8.55 (d, 2H, Ha,7), 8.37 (d, 2H, Hg 8), 7.98 (s, 2H, Hs 6), 7.14 (d, 4H, Hr).
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2.4.5. Synthesis of bromoethyl, 2-bromo priopionic acid ester

In a round bottom flask, 2-bromo propionic acid (1.22 g, 4 mmol), 2-
bromoethanol (0.5 g, 4 mmol) and DMAP (146.4 mg, 0.6 mmol) in dry CH,Cl, was
mixed together and DCC (2.3 g, 4.4 mmol) was added slowly to reaction mixture. The
solution was stirred overnight under argon atmosphere. After that solution was filtered to
remove DCU solid and evaporation of solvent yields colorless liquid. The product was
further purified by column chromatography using dichloromethane as an eluent to yield
colorless liquid (1.5 g, 79% yield). *H NMR (CDCls): 4.41 (t, 2H, -CH,-O(CO)), 4.39 (q,

1H, -CH(Me)Br), 3.49 (t, 2H, -CH,Br), 1.77 (d, 3H, -CHs).
2.4.6 Synthesis of ATRP initiator

In a round bottom flask, 2, 9-di(p-phenol)-1, 10-phenanthroline (0.364 g, 1 mmol),
bromoethyl, 2-bromo priopionic acid ester (0.138 g, 2 mmol), anhydrous K,COj3 (0.264 g,
10 mmol), and 18-crown-6 (74 mg, 0.1 mmol) were mixed together in acetone and stirred
overnight at room temperature under argon atmosphere. The solvent was evaporated
under vacuum and the residue was extracted by CH,Cl,. The organic layer was washed
twice with 1M HCI and one time with water. The organic layer was then dried by
anhydrous sodium sulfate and the solvent was evaporated to yield a crude product, which
was further purified by recrystalization using toluene as solvent to yield a yellow solid
(0.5 g, 69% yield). *H NMR (CDCls): 8.41 (m, 4H, Ho), 8.25 (d, 2H, Ha, 7), 8.08 (d, 2H,
Hs g), 7.74 (S, 2H, Hs ¢), 7.10 (m, 4H, Hy), 4.95 (q, 2H, -CH(Me)Br), 4.51 (t, 4H, -CH,-
0(C0)), 3.52 (t, 4H, -PhOCHy), 1.71 (d, 6H, -CH3). Anal. calc. for C3sH3N,OgBr> : C,

56.53; H, 4.19; N, 3.88; Br, 22.12 Found : C, 56.47; H, 4.43; N, 4.04, Br, 20.84.
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2.4.7 Synthesis of PS Cu(l) complex

The general polymerization procedure is as follows: styrene (430 mg, 4.1 mmol),
HMTETA (12.7 mg, 0.0278 mmol), initiator 1 (10 mg, 0.0138 mmol), Cu(CH3CN)4PFs
(3.1 mg, 0.0278 mmol), and Cu(l)Br (3.97 mg, 0.0278mmol) were mixed in 5 mL
anisole. After the mixture was degassed by three freeze-evacuate-thaw cycles, the tube
was sealed under vacuum and then subjected to polymerization in oil bath at 110 °C
under nitrogen atmosphere for 5 h. The reaction was terminated by exposing to
atmosphere oxygen and the copper residue was removed by passing through neutral
alumina. After concentrating the polymer solution, the PS Cu(l) complex (3) was
precipitated from cold methanol and was characterized by GPC and UV-Visible

spectroscopy.

2.4.8. Synthesis of PS Cu(l) catenane

A 500 mL Schlenk flask containing a 100 mL THF solution of Cu(1)Br (574 mg,
4.0 mmol, 40 mM), and nanosized copper (254 mg, 4.0 mmol, 40 mM) was sealed with a
rubber septum, evacuated with 4 freeze-pump-thaw cycles, backfilled with N, and sealed
from the Schlenk line. The flask was then placed in an oil bath and was stirred at 75 °C.
After allowing the metal solution to reach the temperature of the bath, MegTREN (1.07
mL, 4.0 mmol, 40 mM) was introduced via a nitrogen flushed syringe. A syringe pump
held a 50 mL syringe containing an 18 mL THF solution of PS Cu(l) complex (3) (M
6,405 Da, 5.5 mg; 1.383 umol; 76.3 uM solution), which had separately been subjected to
three freeze-pump-thaw cycles and backfilled with N,. The solution of PS Cu(l) complex

(3) was slowly dripped through a needle piercing the rubber septum into the stirring THF
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solution of the metal ligand, over approximately 24 h (approximate rate = 0.75 mL/h, 2
umol/h). After the contents of the syringe had been added to the reaction mixture, the
reaction mixture was stirred for an additional 1 h. The resulting PS Cu(l) catenane (4)
was passed through an alumina column and precipitated into cold methanol prior to

characterization by GPC and AFM analysis.

2.4.9. Synthesis of PS catenanes

KCN (0.1 g. 1.53 mmol) dissolved in water (10 mL) were added to PS Cu(l)
catenane (4) (3.5 mg, 0.88 umol) in 40 mL mixture of THF: methanol (3:1) and stirred
for 24 h at room temperature. After stirring THF was evaporated to under vacuum and
resulting precipitates of polymers were isolated by centrifugation. After purifying by re-
dissolving in THF and precipitating out from methanol, the resulting PS catenanes (5)

was characterized by GPC.
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Chapter 3: Synthesis of Block Copolymer Catenanes via

Supramolecularly Templated ATRP Initiator Approach

3.1. Introduction

The synthesis of topologically interesting molecules such as catenanes, rotaxanes,
and trefoil knots has attracted considerable attention in recent years.* The synthesis and
study of such compounds show interesting relationship about molecular architecture and
intra-molecular interactions, which occasionally lead to new materials with unusual
properties.? The synthesis of low-molecular-weight (M, < 2000 Da) catenanes has been
studied intensively over the past few years. However, demonstrating this type of orderly
entangled topology in large molecules such as polymers is still a challenge due to
synthetic obstacles. The topologically self-constrained structures of catenated polymers
are of high interest for the study of chain entanglement phenomenon in polymer physics.®
Several strategies have been reported to demonstrate successful formation of polymer
catenanes such as: (a) statistical threading, in which one of the macrocycles is used in
large concentrations and threading of the linear precursor is predominantly entropy
driven,*® and (b) template-directed threading, which involves an enthalpic driving force

such as transition metal coordination,® hydrogen bonding,” etc.

Block copolymers with incompatible components can form nanophase-separated
structures in concentrated solutions or in bulk due to the direct constraint of covalent
bonds.® Catenated block copolymers should show unique phase separation behavior
compared with its cyclic or linear analogue due to lack of chemical or physical bond
between two interlocked polymer rings.®> Several attempts have been made to synthesize
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catenated block copolymers. Hogen-Esch and co-workers have reported the synthesis of a
catenated polystyrene—b—poly(2-vinylpyridine) copolymer using statistical threading
approach.” Similarly Takano and co-workers® have demonstrated the synthesis of
catenated polystyrene—b—polyisoprene copolymers with comparatively high molecular
weight and studied their phase separation behavior. However, these methods require
several steps for purification and give comparatively low vyield. Recently, we have
reported the synthesis of catenated polystyrene via supramolecularly templated atom
transfer radical polymerization (ATRP) initiator.® In addition; it was of our interest to
demonstrate the feasibility of this approach to make various types of block copolymer
catenanes. Herein, we demonstrate the concept with synthesis of polystyrene—b—

polymethylmethacrylate (PS—b—PMMA) catenanes (Scheme 3.1).
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Scheme 3.1. Schematic route for the preparation of block copolymer catenanes from the
supramolecularly templated ATRP initiator.
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3.2. Results and Discussion
3.2.1. Polymerization of styrene using ATRP initiator Cu(l) complex

Using the previously reported ATRP initiator Cu(l) complex (1),° styrene was
polymerized in the presence of Cu(l)Br/hexamethyltriethylenetetraamine (HMTETA) as
catalyst, in anisole at 110 °C for 5h. The GPC traces of the resulting PS Cu(l) complex
(2) (Figure 3.1a) shows narrow polydispersity with good control over molecular weight
(M, 2781 Da, PDI 1.16). *H NMR of PS complex (Figure 3.2a) showed the signals

attributed to aromatic protons of styrene at 7.2-6.8 ppm and methylene and methine

Cu(l)Br, HMTETA
110°C

Cu(l)Br,
bipyridine
90 °C

Scheme 3.2. Synthesis of PS-b-PMMA Cu(l) complex (3) using PS Cu(l) complex (2)
macroinitiator.
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protons in the main chain at 2.2-1.7 and 1.7-1.2 ppm, respectively. The integrity of the
ligand copper (1) complex within the backbone of the polymer was confirmed by UV-
Visible spectral analysis in our previous work, which showed the ligand centered bands
(260 and 336 nm) and the MLCT and LMCT transition peaks (438 and 580 nm,

respectively).’

16 18 20 22 24 26 28 30
Retention volume {mL}

Figure 3.1. a) GPC traces of (a) PS Cu(l) complex (2), b) PS-b-PMMA Cu(l) complex
@).
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3.2.2. Chain extension of PS Cu(l) complex via ATRP of methyl methacrylate

ATRP of methyl methacrylate (MMA) was carried out using the PS Cu(l)
complex (2) as a macroinitiator and bipyridine/Cu(l)Br as catalyst to produce a PS-b-
PMMA Cu(l) complex (3). GPC traces (Figure 3.2b) of block copolymers (3) show an
increase of M, 4694 Da, PDI 1.7 resulting from chain extension by MMA
polymerization. *H NMR spectrum of the resulting block copolymer (3) in CDCls
(Figure 3.2b) shows peaks from the pendant methyl protons at 3.6 ppm, methylene and
methyl protons in the main chain at 1.8-1.7 and 0.9-0.8 ppm, respectively, and benzene
ring protons of a PS block at 7.2-6.8 ppm confirming the formation of a PS-b-PMMA

Cu(l) complex (3).
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Figure 3.2 *H NMR of a) PS Cu(l) complex (2), b) PS-b-PMMA Cu (1) complex (3) in

CDCls.

In the bimodal curve of the GPC, the position of the higher elution time peak is at

the same position as the peak of the homopolymer starting material. This suggests the

presence of unreacted PS homopolymer with the PS- b-PMMA copolymer, causing an

increase in the polydispersity. Similar difficulties were reported by the Matyjaszewski

and co-workers attempting to synthesize block copolymers of PMMA from a chloride

64



end-capped polyacrylate macroinitiator via ATRP techniques.”® They found that the
higher propagation rate of MMA and the ineffectiveness of secondary halides of
polyacrylate to initiate methyl methacrylate result in slow or incomplete initiation of the
PMMA. In the PS Cu(l) complex (2) macroinitiator, the bromide-capped styrene used to
prepare the PS-b-PMMA Cu(l) complex (3) is a secondary halide, and therefore initiation
of MMA may be slow compared with propagation, resulting in residual unreacted
homopolymer (2). Matyjaszewski has utilized a halide exchange system to overcome this
obstacle, where Cu(l)Cl was used as the catalyst to improve the initiation efficiency of
secondry Br-terminated macroinitiator.'’ The use of a halide exchange system in the

preparation of block copolymer catenanes with improved polydispersity is underway.
3.2.3. Template-closing of PS-b-PMMA Cu(l) complex via styrene assisted ATRC

High yield macrocyclic PS has been reported via intramolecular ATRC of
dibrominated PS (Br-PS-Br) at high temperature.*? On the other hand, ATRC of the
PMMA precursor could be performed at low temperature due to the lower activation
energy. Nevertheless, disproportionation reaction of PMMA radical rather than coupling
limits the use of this strategy.'® Yokozawa and co-workers have demonstrated the use of
styrene during ATRC of PMMA precursors giving better coupling efficiency.” Their
result shows that the generated PMMA radicals can rapidly cross-propagate to styrene
and the resulting styryl radicals undergo coupling of the polymer chain at low
temperature, rather than chain extension. Following this, we have performed intra-
molecular ATRC of PS-b-PMMA Cu(l) complex (3) by dropwise addition of a toluene

solution of copolymer (3) precursor/styrene at a very slow rate (0.75 mL h™) into a
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Scheme 3.3. Styrene assisted low temperature ATRC of PS-b-PMMA Cu(l) complex (3).

toluene solution of Cu(l)Br, PMDETA, and Cu(0) heated to 25 °C. GPC analysis of the
resulting PS-b-PMMA Cu(l) catenane (3) (Figure 3.3a) showed a slight increase in M,
4861 Da, PDI 1.8 because of the styrene insertion and no significant shift to higher
molecular weight was observed, which suggest that intra-molecular coupling was
favorable than inter-molecular coupling. As observed, the shift in the hydrodynamic
radius (Ry) of resulting Cu(l) catenane (4) is not significant as compared with GPC traces
of its linear counterparts (3), which could be explained by the fact that the open PS-b-
PMMA Cu (Icomplex (3) is not completely linear and is much closer to a semicyclic
structure due to the geometric constraints coming from the complexed phenanthroline

ligand in between.
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Figure 3.3. GPC traces of a) PS-b-PMMA Cu(l) catenane (4), b) PS-b-PMMA catenanes
(5), and c) Purified PS-b-PMMA catenanes (5).

3.2.4. Demetallation reaction of PS-b-PMMA Cu(l) catenane

In order to obtain metal-free block copolymers catenanes, Cu(l) from the template
was removed by stirring the PS-b-PMMA Cu(l) catenane (4) with saturated solution of
KCN in THF:methanol (3:1). The GPC traces of the demetallation step product (Figure
3.3b) show that the molecular weight of the resulting PS-b-PMMA catenanes (5) (M,

5876 Da) barely changed even after removing the copper, indicating an interlocked
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structure of block copolymers catenanes (5). It is also worth to note that the right choice
of using a phenanthroline Cu(l) complex as a template over other types of metal

templates***

and the control of the polymer arm length of the precursor (3) favor the
formation of the catenated structure over the topologically trivial figure-of-eight isomer.
Moreover, the isomeric structures of catenanes and figure-of-eight'* can be distinguished
by monitoring the change in hydrodynamic volume after demetallation reaction. As per
our knowledge, the figure-of-eight isomer would generate a large single ring upon
demetallation and so its resulting hydrodyamic volume would be larger than the
interlocked cyclic structure of catenanes. However, the GPC traces of block copolymer
catenanes (5) (Figure 3.3b) show a similar hydrodynamic volume compared with the PS-
b-PMMA Cu(l) catenane (4), which further confirms the formation of a catenated
structure rather than a figure-of-eight isomer by ATRC. In addition to this, the GPC
traces of the PS-b-PMMA catenane (5) also show the low molecular peaks at a retention
volume of 28.9 and 29.5 mL, which can be attributed to the acyclic and/or cyclic block
copolymers and homopolymer generated upon demetallation of uncyclized or partially
cyclized polymer complex (3) by ATRC. The large difference in molecular weight of the
block copolymer catenanes and homopolymer catenanes enabled us to isolate the block
copolymer (5) by dialysis in THF. The GPC traces of purified block copolymer catenanes
(Figure 3.3c) show an almost complete removal of the homopolymer imputiry from the

mixture.
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3.2.5. AFM imaging of PS-b-PMMA catenanes

We have also tried to visualize the PS-b-PMMA catenanes (5) directly by AFM.
A very dilute solution of the polymer (10°® M) in chloroform was spin casted onto freshly
cleaved mica. The topography image by AFM (Figure 3.4) clearly shows interlocked
cyclic structures of block copolymers catenanes. The different in shape of copolymer
catenanes compare to homopolymer catenanes could be result of exhibiting different
orientations, degree of overlap, or phase incompatibility on the surface. Line profile
analysis of the structure revealed the profile thickness, which confirms the presence of
the cavities inside the catenated structures. Further studies on the phase separation and

thermal properties are underway.
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Figure 3.5. ) AFM image PS-b-PMMA catenanes (5) on mica (inset: magnified image
of highlighted structures), (b) 3-D image of catenane 1, and (c) line profile of catenane 1.

69



3.3. Conclusions

A novel route to prepare block copolymer catenanes demonstrated via a
supramolecularly templated ATRP initiator approach. The styrene assisted low
temperature ATRC was able to couple the halide terminated PMMA block. Formation of
the interlocked block copolymer catenanes was confirmed by GPC, 'H NMR
spectroscopy, and AFM analysis. Since ATRP is applicable for the production of various
types of block copolymers, this method can be applied for the preparation of other
complex block copolymers with the combination of not only different block segments but
also higher ordered interlocked cyclic topologies. These activities are currently in

progress in our laboratory.

3.4. Experimental Section
3.4.1. Materials

All chemicals were purchased from Aldrich Chemical Company and were used
directly without further purification unless otherwise indicated. All solvents were

aspirated with nitrogen gas before use.
3.4.2. Instrumentation

'H NMR spectra were recorded on a JEOL ECS 500 spectrometer (500 MHz).
Gel permeation chromatography (GPC) was carried out on a Viscotek 270 instrument

with a triple detector array (RALS, IV, RI, or UV) equipped with 2 GMHHR-M and 1
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GMHHR-L mixed bed ViscoGel columns (eluent: THF; flow rate: 1 mL min). All
atomic force microscopy (AFM) images were recorded in air under ambient conditions
on PicoScan 2500 (Agilent Technologies formerly Molecular Imaging, Corp.) equipped
with an 8 x 8 u m scanner. Intermittent contact mode was used for all imaging. The AFM

tip used was a silicon nitride AFM probe from Ted Pella Inc.
3.4.3. Synthesis of ATRP initiator Cu(l) complex

Using the double-ended needle transfer technique, 3 mg (8.06 umol) of Cu(CH3
CN)4PFs in 3 mL degassed acetonitrile was transferred under nitrogen at room
temperature to a stirred degassed solution of ATRP initiators coupled to phenanthroline
ligand® (10 mg, 7.14 p mol) in 3 mL DCM. The mixture turned dark red instantaneously,
indicating the formation of ATRP initiator Cu(l) complex (1). After stirring the solution
for 1 h under nitrogen at room temperature, the solvents were evaporated to dryness to
obtain dark red solids of 1 in quantitative yield (12 mg). Complex (1) was used without

further purification.
3.4.4. Synthesis of PS Cu(l) complex

Styrene (318 mg, 3.05 mmol), HMTETA (7 mg, 0.003 mmol), initiator (1) (12
mg, 750 umol), and Cu(1)Br (4.4 mg, 0.003 mmol) were mixed in 5 mL anisole. After the
mixture was degassed by three freeze-evacuate-thaw cycles, the tube was sealed under
vacuum and then subjected to polymerization at 110 °C under nitrogen atmosphere for 5

h. The reaction was terminated by exposing to atmosphere and the copper residue was
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removed by passing through neutral alumina. After concentrating the polymer solution, it

was precipitated from cold methanol and characterized by GPC and *H NMR.
3.4.5 Synthesis of PS-b-PMMA Cu(l) complex

Methylmethacrylate (MMA) (66.6 mg, 0.66 mmol), bipyridine (1 mg, 6.41 pmol),
PS Cu(l) complex macroinitiator (5 mg, 1.79 u mol), and Cu(1)Br (0.5 mg, 0.0012 mmol)
were mixed in 2 mL DMF. After the mixture was degassed by three freeze-evacuate-thaw
cycles, the tube was sealed under vacuum and then subjected to polymerization at 90 °C
under nitrogen atmosphere for 5 h. The reaction was terminated by exposing to
atmosphere and the copper residue was removed by passing through neutral alumina.
After concentrating the copolymer solution, it was precipitated from cold methanol and

was characterized by GPC and *H NMR.
3.4.6. Synthesis of PS-b-PMMA Cu(l) catenane

ATRC was performed as per literature procedure:® The reagents were used in
following ratio, Styrene/PS-b-PMMA Cu(l) complex (3)/Cu(l)Br/Cu(0) /PMDETA =
40/1/1/4/2.5. A 50 mL Schlenk flask containing a 10 mL toluene solution of Cu(l)Br
(0.22 mg, 1.53 pumol) and copper (0.4 mg, 6.15 pmol) was sealed with a rubber septum,
evacuated with four freeze-pump-thaw cycles, backfilled with N, , and sealed from the
Schlenk line. The flask was then placed in an oil bath and stirred at 25 °C. After allowing
the metal solution to reach the temperature of the bath, PMDETA (0.55 mg, 3.82 pumol)
was introduced via a nitrogen flushed syringe. A syringe pump held a 10 mL syringe

containing mixture of copolymer 3 (8 mg, M, 4694 Da) and styrene (0.16 mg, 0.061
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mmol) in 8 mL toluene, which had separately been subjected to three freeze-pump-thaw
cycles and backfilled with N . A solution mixture of copolymer 3 and styrene was slowly
dripped through a needle piercing the rubber septum into the stirring toluene solution of
the metal ligand, over approximately 10 h (approximate rate 0.75 mL h™'). After the
contents of the syringe had been added to the reaction mixture, the reaction mixture was
stirred for an additional 1 h. The resulting polymer was passed through an alumina
column and precipitated into cold methanol prior to characterization by GPC and *H

NMR.
3.4.7. Synthesis of PS-b-PMMA catenanes

Demetallation of PS-b-PMMA Cu(l) catenane (4) was performed as per the
following procedure: KCN (100 mg, 1.53 mmol) dissolved in water (2 mL) was added to
copolymer (4) (3.5 mg, 0.72 pu mol) in 6 mL mixture of THF: methanol (3:1) and stirred
for 24 h at room temperature. After stirring, solvent was evaporated to under vacuum and
resulting polymers were extracted by DCM: water mixture twice. The DCM layer was
collected, dried over sodium sulfate, and evaporated under vacuum yields PS-b-PMMA

catenane (5) and characterized by GPC.
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Chapter 4: Synthesis of Polymer Catenanes via Combination of
“Grafting to” Approach by Click Method and Atom Transfer Radical

Coupling

4.1. Introduction

Over the past few decades, synthesis of novel polymer structures has become an
interesting topic of research due to their potential in providing a wider range of
properties. The chemical composition of the polymer chains as well as the architectural
aspects, such as chain conformations and chain interactions plays an important role on the
fundamental properties of polymers.' One of the interesting architectural features which
can be introduced to a polymer is by mechanically interlocking the cyclic polymer chains,
known as polymer catenanes.? Despite the broad exploration of the synthesis of small
molecule catenanes over the past decades, polymer catenanes with relatively high

molecular weight are still the most challenging targets in synthetic polymer chemistry.

The commonly used synthetic method for polymer catenanes include threading
and a subsequent cyclization step; where a linear polymer threads into a cyclic polymer
ring which after cyclization of the resulting pseudorotaxane, gives polymer catenanes.®
However, the thermodynamically unfavorable statistical threading and difficulties
associated with purification results in very poor yield of polymer catenanes. Recently, our
group has demonstrated the synthesis of homopolymer and blockcopolymer catenanes via
controlled radical polymerization from supramolecularly templated ATRP initiators
followed by template-closing via Atom Transfer Radical Coupling (ATRC).* This

approach not only allows one to improve the yield of polymer catenanes, but also opens
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the door for synthesis of a wide variety of structurally different homopolymer and

blockcopolymer catenanes.

In our effort to demonstrate other possible efficient method for synthesis of
polymer catenanes, we have considered the use of the copper(l)-catalyzed alkyne-azide
cycloaddition (CuAAC) reaction also known as “click” reaction. The click chemistry has
been broadly taken up by synthetic chemists and has found extensive use in the design
and synthesis of new polymeric materials.” In particular, the CUAAC click reaction has
been proven as a promising tool for the synthesis of mechanically interlocked molecules
because it can be performed at room temperature in a variety of solvents, allowing the
optimization of noncovalent bonding interactions in the precursors.® In this work, we
have demonstrated another versatile approach for the synthesis of polymer catenanes by;
1) grafting alkyne-functionalized linear polymer to azide-functionalized supramolecularly
template via CUAAC click method, and 2) template-closing of a four-armed type polymer

via intra-molecular coupling ATRC as shown in Scheme 4.1.
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Scheme 4.1. Schematic route for the preparation of polymer catenanes via “grafting to”
approach.

4.2. Results and Discussion
4.2.1. Design and synthesis of azide-functionalized ligand Cu(l) complex

The classic Sauvage group strategy of forming tetrahedral complex using two
phenanthroline ligands and Cu(l) metal ion has been utilized in the synthesis of many
types of mechanically interlocked molecules. In addition, the CUAAC click reaction has
been proven to be a very effective method for constructing various catenanes in good
yield using a Cu(l)-phenanthroline complex core.’* Considering this, the azide
functionalized phenanthroline ligand (ligand-N3 (1)) was afforded in good vyield by

reaction of 2,9-bis(4-(hydroxy)phenyl))-1,10-phenanthroline with 2-azidoethyl 4-
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methylbenzenesulfonate in basic condition. The supramolecular assembly of ligand-N3
(1) in the presence of Cu(l)(CH3sCN)sPFs vyields a dark red solid of ligand-N3 Cu(l)

complex (2).

Cu(l)Br, PMDETA

“elick” DMF, rt.

Cuy, Cu(l)Br

MecTREN  Br
70°C .
ag ¢

Scheme 4.2. Synthesis route for PS catenane via “grafting to” click reaction and ATRC.

The UV-Visible analysis of ligand-N3 Cu(l)complex (2) (Figure 4.1) shows
intense ligand-centered transition at 283 nm and 321 nm and weaker absorption peak at
437 nm corresponding to metal-to-ligand charge transfer (MLCT), which was found to be

consistent with reported literature value.*?
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Figure 4.1. UV-Visible spectra of Ligand-N3 (1) and Ligand-N3 Cu(l) complex (2) (inset:
visible region of the Ligand-N3; Cu(l) complex (2) spectrum).

4.2.2. Synthesis of alkyne-functionalized PS via ATRP

The alkyne functionalized linear polystyrene (alkyne-PS (3)) was prepared as a
precursor for “grafting to” CuAAC click reaction with ligand-N3z Cu(l)complex (2). The
bulk polymerization of styrene using propargyl 2-bromoisobutyrate as initiator and
Cu()Br/PMDETA as catalyst yield alkyne-functionalized PS (3). Further confirmation
of end-group functionality in polymer was accomplished by *H NMR spectroscopy
(Figure 4.2). GPC data shows (Figure 4.3a) good control over molecular weight with

low polydispersity (M, 3,373 Da, PDI: 1.05).
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Figure 4.2. '"H NMR of alkyne-functionalized PS (3).
4.2.3. Synthesis of PS Cu(l) complex via “grafting to” click reaction

The CuAAC click reaction between alkyne-PS (3) and the ligand-N3; Cu(l)
complex (2) in DMF using CuBr/PMDETA as catalyst produced PS Cu(l) complex (4).
The alkyne-PS (3) was used in excess to ensure complete conversion of the ligand-N3
complex (2) to PS Cu(l) complex (4). An efficient click reaction was evidenced by GPC
analysis (Figure 4.3b) which shows a clear shifting of peak corresponding to PS Cu(l)
complex (4) toward high molecular weight compared to linear precursor PS-alkyne (3).
On the basis of the calibration curve with linear PS as standard, the apparent molecular
weight of PS Cu(l) complex (4) was 4,878 Da, which was found to be smaller than the

theoretical value. This deviation was due to the compact structure of PS Cu(l) complex
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Figure 4.3. GPC traces of a) alkyne-PS (3), b) PS Cu(l) complex (4), and ¢) PS Cu(l)
catenane (5).

(4) (four- armed type polymers), which have a smaller hydrodynamic radius compared to
its linear analogue. Further evidence of efficient click reaction was obtained from FT-IR
analysis (Figure 4.4) of PS Cu(l) complex (4), which shows absence of the azide peak at

2090 cm?
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Figure 4.4. FT-IR spectram of a) Ligand-N3 (1), b) PS-Cu(l) complex (4).

4.2.4. Template-closing of PS Cu(l) complex via ATRC

ar ATRC of dibrominated PS (Br-PS-Br) at high temperature

the synthesis of macrocyclic polystyrene.’® Similarly, the

formation of the PS Cu(l) catenane (5) can be achieved by intra-molecular ATRC of

Cu(l) complex (4) under pseudo-high dilution conditions. Thus,

Cu(l) complex (4) was added dropwise at a fairly low rate (0.75

mL h™) into a refluxing THF solution of catalyst CuBr/MesTREN and Cu(0). The GPC
trace of resulting PS Cu(l) catenane (5) (Figure 4.3c) show slight shifting toward higher
retention volume as a result of reduced hydrodynamic radius upon template-closing by
ATRC. However, the coexistence of the inter-molecular coupling product was evidenced

by a small shoulder at smaller retention volume.
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4.2.5. Demetallation reaction of PS Cu(l) catenane

A metal-free PS catenane (6) was obtained by reacting PS Cu(l) catenane (5) with
a saturated solution of KCN in THF: methanol (3:1). The GPC traces of the resulting PS
catenane (6) (Figure 4.5a) show that the retention volume peak has not shifted to low

molecular
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Figure 4.5. GPC traces of (a) crude PS catenane (6), (b) purified PS catenane (6).

weight region after removing the copper, indicating an interlocked structure of PS

catenane (6). The possible side reaction of ATRC where the polymer chains couples
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laterally instead of “beyond” the metal center, which results to the formation of a “figure-
-of-cight” shaped PS polymers was also evident from GPC analysis.”® After the
demetallation step, “figure-of-eight” shaped PS generated cyclic PS with higher
hydrodynamic volume compared to its catenated form. GPC traces also show the low
molecular weight peak at a retention volume of 28.9 mL which can be attributed to side
product of demrtallation reaction and the acyclic and/or cyclic polymers generated upon
demetallation of uncyclized or partially cyclized polymer complex (4) during ATRC. The
low molecular weight side products of demetallation step togather with unreacted alkyne-
PS (3) as impurities in final polymer catenane (6) was removed by dialysis in THF. The
GPC traces of purified PS catenane (6) (Figure 4.5b) show an almost complete removal

of the low molecular weight fraction.

To test the integrity of Cu(l) complex during click reaction and efficiency of
metal removal from template, a control experiment was performed by demetallation of
PS Cu(l) complex (4) using same reaction conditions. GPC traces (Figure 4.6) of
resulting polymer clearly suggest that the peak of of PS Cu(l) complex (4) shifted toward
higher retention volume as polymer chains decoupled from Cu(l) metal center, resulting

to an overall decrease in the molecular weight of polymers.
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Figure 4.6. GPC traces of demetallation study of PS-Cu(l) complex (4).

4.2.6. AFM imaging of PS catenanes

To provide direct proof of formation of polymer catenanes, AFM imaging was
also performed. The samples of PS catenanes (6) for AFM analysis were prepared by
spin-coating a very dilute solution of the polymer in CHCI3 onto freshly cleaved mica. As
shown in Figure 7, interlocked cyclic structures of PS catenanes (6) were statistically
observed, exhibiting different orientations on the surface. In addition, the line profile
analysis of individual structure revealed the presence of the cavities inside the catenanes

and the height doubled at overlapping point of polymer chain.
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Figure 4.7. (a) AFM image of the PS catenanes (6) on a 8 x 8 um scale on mica, (b)
magnified images of the representative PS catenanes from (a), and (c) line profile of the
PS catenanes

The presence of inter-molecular coupling product as observed in GPC trace was
also supported by AFM image, where it shows interlocked multicyclic polymer rings in
the form of polycatenanes. Similarly, a large single cyclic polymer as a topological
isomer of catenanes was also observed with the presence of a single cavity measured by

line profile analysis (Figure 4.8).

87



111 ner® b)(i)’s Profie1 Profile 2

h

y 3 . "
00 01 02 03 04 OS5
0 0 4
x [pm) 00 01 02 03 0O as

x (pm)
N 20 = 7
(ii) profie3| 15 Profie 4
10
%

o 1

00 01 02 03 o4 00 01 02 03 04 0OsS

x (im) x (i)
(iii) *° profies 1° Profiie &
s
E | 4
=0 2
0 |
S 24
00 05 10 1S g9 g2 04 05 0%
x (pm) x {pm)

Figure 4.8. (a) AFM image of the PS catenanes (6) on a 6 x 6 um scale on mica, (b) line
profile of the representative samples of (i) PS catenanes, (ii) cyclic isomer of PS
catenanes, and (iii) inter-molecular coupling product of ATRC from image (a).

4.3. Conclusions

The ‘grafting to’ approach as a novel route to synthesize polymer catenanes was
demonstrated. The CuAAC click reaction has been proven to be an efficient way to
couple alkyne-functionalized polymers to azide-functionalized ligand Cu(l) complex. The
template-closing via intra-molecular ATRC enabled the formation of polymer catenanes
which was further characterized by GPC and AFM to confirm its interlocked structure.
Due to the presence of 4 reactive groups, intermolecular coupling products can also be
observed. As the alkyne functionality can be easily introduce in variety of polymers, this

approach can further explore to obtain structurally different homopolymer and

blockcopolymer catenanes.
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4.4. Experimental Section
4.4.1. Materials

All chemicals were purchased from Aldrich Chemical Company and were used
directly without further purification unless otherwise indicated. All solvents were

degassed with nitrogen gas before use.
4.4.2. Instrumentation

'H NMR spectra were recorded on a JEOL ECS 500 spectrometer (500MHz).
GPC was carried out on a Viscotek 270 instrument with a triple detector array (RALS,
IV, RI) equipped with 2 GMHHR-M and 1 GMHHR-L mixed bed ViscoGel columns
(eluent: THF; flow rate: 1 mL min™). UV-Visible measurements were taken on an
Agilent technologies 8453 spectrometer. The FTIR spectra were obtained on a Digilab
FTS 7000 equipped with a HgCdTe detector from 4000 to 600 (cm™) wavenumbers. All
atomic force microscopy (AFM) images were recorded in air under ambient conditions
on PicoScan 2500 (Agilent Technologies formerly Molecular Imaging, Corp.) equipped
with an 10 x 10 um scanner. The AFM tip used was a silicon-nitride AFM probe from

Ted Pella Inc.
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4.4.3. Synthesis of 2,9-bis(4-(2-azidoethoxy)phenyl))-1,10-phenanthroline

The solution of 2,9-bis(4-(hydroxy)phenyl))-1,10-phenanthroline’ (0.21 g, 0.50
mmol) and 2-azidoethyl 4-methylbenzenesulfonate® (0.22 g, 0.75 mmol) in DMF (15 mL)
was added to K,COj3 (0.21 g, 1.5 mmol) and the suspension was heated to 80 °C for 18 h.
After cooling to room temperature, the reaction mixture was poured into mixture of ethyl
acetate: water (50 mL). The aqueous layer was extracted with ethyl acetate (3 x 50 mL),
and the combined organic fractions were washed with brine (50 mL), dried over MgSQOy,
filtered and concentrated under reduced pressure. The resulting crude oil was then
purified by precipitating from hexane to yield ligand-N3 (1) as a pale yellow solid (0.2 g,
yield 74%). *H NMR (CDCls): 8.43 (m, 4H, H,), 8.25 (d, 2H, Ha, 7), 8.08 (d, 2H, Hs ),

7.74 (s, 2H, Hs ¢), 7.14 (m, 4H, Hy,), 4.26 (t, 4H, -CH,-N3), 3.66 (t, 4H, -PhOCHy).
4.4.4. Synthesis of Ligand-N3 Cu(l) complex

By the double-ended needle transfer technique, 3 mg (0.60 mmol) of
Cu(CH3CN)4PFg in 3 mL degassed CH3CN was transferred under nitrogen at room
temperature to a stirred degassed solution of 1 (10 mg, 3.0 mmol) in 3 mL DCM. The
mixture turned dark red instantaneously, indicating the formation of Ligand-N3; Cu(l)
complex (2). After the solution was stirred for 1 h under nitrogen at room temperature,
the solvents were evaporated to dryness to obtain dark red solid of crude 2 in quantitative

yield (12 mg, 1.5 mmol). Complex 2 was used without further purification.
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4.4.5. Synthesis of alkyne-PS

A mixture of styrene (16.0 mL, 139.2 mmol), anisole (1.60 mL) and PMDETA
(600 pL, 2.89 mmol) was deoxygenated in a dry Schlenk flask by performing four
freeze—pump-thaw cycles. The contents were frozen again and Cu(l)Br (207.5 mg, 1.44
mmol) was added. The freeze—pump-thaw cycle was repeated two more times, after
which the mixture was allowed to melt. The Schlenk flask was immersed in an oil bath at
a preset temperature of 90 °C. Propargyl 2-bromoisobutyrate ° (800 mg, 2.89 mmol)
initiator was added using a N purged syringe. The polymerization was stopped after 2 h.
The mixture was then diluted with THF and passed through a neutral alumina column to

remove the catalyst. The polymer was precipitated in methanol.
4.4.6. Synthesis of PS Cu(l) complex

Ligand-N3 Cu(l) complex (2) (10 mg, 0.12 mmol), alkyne-PS (3) (75.0 mg, 0.9
mmol), PMDETA (3.24 mg, 0.9 mmol) and 3 mL DMF were added to a Schlenk flask.
The solution was purged with nitrogen and degassed by performing four freeze—pump-—
thaw cycles and then Cu(l)Br (1.49 mg, 0.9 mmol) was added. The resulting
homogeneous reddish brown solution was stirred at room temperature for 24 h. After
passing the solution through alumina, the PS Cu(l) complex (4) was precipitated from

methanol.
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4.4.7. Synthesis of PS Cu(l) catenane

ATRC was performed as per literature procedure®®: A 500 mL Schlenk flask
containing a 100 mL THF solution of Cu(l)Br (574 mg, 4.0 mmol) and nanosized copper
(254 mg, 4.0 mmol) was sealed with a rubber septum, evacuated with four freeze-pump-
thaw cycles, backfilled with N,, and sealed from the Schlenk line. The flask was then
placed in an oil bath and stirred at 75 °C. After allowing the metal solution to reach the
temperature of the bath, MesTREN (1.07 mL, 4.0 mmol) was introduced via a nitrogen
flushed syringe. A syringe pump held a 50 mL syringe containing an 18 mL THF solution
of PS Cu(l) complex (4) (10 mg), which had separately been subjected to three freeze-
pump-thaw cycles and backfilled with N,. The solution of PS Cu(l) complex (4) was
slowly dripped through a needle piercing the rubber septum into the stirring THF solution
of the metal ligand, over approximately 24 h (approximate rate = 0.75 mL/h). After the
contents of the syringe had been added to the reaction mixture, the reaction mixture was
stirred for an additional 1 h. The resulting polymer Cu(l) catenane (5) was passed through

an alumina column and precipitated into cold methanol.
4.4.8. Synthesis of PS catenanes

Demetallation of PS Cul) catenane (5) was performed as per following procedure.
KCN (100 mg, 1.53 mmol) dissolved in water (2 mL) was added to PS Cul) catenane (5)
(3.5 mg, 0.88 umol) in 6 mL mixture of THF: methanol (3:1) and stirred for 24 h at room
temperature. After stirring, the solvent was evaporated under vacuum, and the resulting

polymer was extracted twice by DCM: water mixture. The DCM layer containing the
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polymers were mixed together and dried over anhydrous Na,SO,4 which upon evaporation

under vacuum, yields PS catenane (6).
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Chapter 5: Synthesis of Cyclic Polymer via Ring-Expansion

Polymerization from Cyclic RAFT initiator

5.1. Introduction

Over the last decade, much attention was given towards the design and synthesis
of cyclic polymers because of its distinct properties compared to their linear counterparts,
such as glass transition temperature, order-disorder transition, hydrodynamic volume,
intrinsic viscosity, and fluorescene enhancement.* In addition, a cyclic polymer is also a
topologically interesting material due to the stringent restrictions on the backbone
conformation and the absence of chain ends.* The discovery of natural DNA rings, where
the two strands of the double helix form a high order link has further stimulated the

importance of synthesis and study of well-defined macrocycles.’

The usual route for the synthesis of cyclic polymers indeed relies on the end-to-
end coupling of linear precursors. The advances in controlled living radical
polymerization made possible the formation of well-defined linear precursors with
functional end-groups suitable for the cyclization reactions.®” However, the synthesis via
this approach requires very dilute solution conditions to favor cyclization over inter-
molecular coupling. Moreover, incomplete cyclization can lead to linear polymers as
contaminants and further purification steps are required to remove undesirable impurities.
On the other end, ring-expansion polymerization is an emerging route for the synthesis of
cyclic polymer which does not require high dilute solution conditions. This technique,
when optimized, should be amenable to larger scale synthesis. Typically, a cyclic catalyst

or initiator has been used to yield a growing cyclic polymer chain held together by a
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relatively labile bond (e.g. organometallic or electrostatic). Propagation occurs by
insertion of new monomer into this weak bond, and in some cases also
thermodynamically driven due to ring strain in the monomer. The cyclic structure is
maintained throughout propagation which allows preparation of high molecular weight
polymers without the entropic penalty associated with the ‘‘ring-closure’” approach.
Several research groups have explored the potential of a ring-expansion strategy. For
example, Kricheldorf and Lee have pioneered the work on ring-expansion polymerization
using lactide monomers and cyclic tin oxide catalyst.® Bielawski et al. demonstrated an
elegant application of ring opening metathesis catalysts to enable cyclic ring-expansion
by use of a cyclic Ru catalyst.? In later process, the cyclic Ru catalyst inserts itself into

the cyclooctene monomer to initiate the ring-expansion polymerization.

However, only few reports have appeared on the synthesis of cyclic polymer via
combination of ring-expansion strategy and controlled radical polymerization (CRP)
method. This approach is particularly attractive because of the variety of monomers that
can be polymerized by CRP and the preparation of functionalized cyclic polymers is
achievable. Pan and co-worker have reported ®Co y-ray-induced low temperature
polymerization of methylacrylate (MA) in the presence of cyclic Reversible Addition
Fragmentation Chain Transfer (RAFT) initiator.® As shown in Scheme 5.1, initiation
results in homolytic cleavage of the weak C-S bond in cyclic initiator and forms active
radical and a stable sulfur radical. The former radical initiates the polymerization of
monomer, forming a propagating radical. The temperature of polymerization was kept at

-30 °C to maintain slow propogation and lower diffusion rate in order to generate
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monodispersed cyclic polymer. In addition, for the process to be successful, the
reversible termination must be fast enough for competing effectively deleterious
irreversible termination. In this work, the termination rate constant (k; = 0.95x10" for
MA) was much higher than the propagation rate constant (k,= 2.09x10%). Therefore, only
few monomers were added before reversible termination occurs. Cyclic poly(methyl
acrylate) with a predetermined molecular weight was obtained in considerably good yield
(77%) without high dilution reaction conditions. However, the low temperature
polymerization condition requirement of this method limits the use of commonly used

thermal initiation method, since the ®°Co y-ray source is commonly not available.
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Scheme 5.1. Kinetics of ring-expansion RAFT polymerization.
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In another development, Narumi et al. have prepared a novel cyclic NMP initiator
via an intra-molecular azide/alkyne-‘click’’-reaction and tested it for the polymerization
of styrene at 130 °C (Scheme 5.2)." As expected, the results showed the formation of a
mixture of products, containing different ring size polymers with an average of three to
four alkoxyamine functionalities per chain. These observations were explained by the
occurrence of radical crossover reaction due to high temperature polymerization
condition, which further confirmed the challenges associated with ring-expansion by

controlled radical polymerization technique.
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Scheme 5.2. Ring-expansion polymerization initiated by a cyclic alkoxyamine derivative
producing macrocyclic polystyrene.

The detailed insights of complex macromolecular architectures are sometimes too
difficult to obtain by standard polymer analysis techniques. Classical methods such as

Gel permeation chromatography, NMR spectroscopy or scattering techniques measure
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average information and therefore give only a general description of polymer properties.
Recent advances in single-molecule spectroscopy and imaging open additional
opportunities for characterizations and analysis of complex synthetic macromolecules.
For example, single-molecule fluorescence spectroscopy, single-molecule force
measurements, and scanning tunneling microscopy (STM) not only allow the
visualization of discrete macromolecules but also give insight into the physics of single
polymer chains, such as measurements of chain conformation, dynamics and
micromechanics.* So far, these analytical methods have been used mainly to study pro-
teins and nucleic acids. However, they have significant potential for the characterization
of synthetic polymers. The first convincing examples of visualization of single polymer
chains have been obtained by Atomic Force Microscopy (AFM).'® Interestingly, direct
correlation made possible between polymer synthesis and observation via single-chain
visualization. For instance, polydispersity, structural defects and side reactions have been
directly evaluated from AFM images.**® Recently, AFM imaging have been explored as
important tool for direct evidence of the formation of cyclic and complex topological

polymers.*®

Herein, we demonstrate ring-expansion polymerization by RAFT for future
polymer catenane synthesis projects. A cyclic dixanthate initiator with phenanthroline
moiety was prepared and evaluated for its efficiency to control thermally initiated free
radical polymerization of N-vinylcarbazole (NVK). Characterization of the
macromolecules in solution, XPS, and AFM imaging confirmed the viability of this

approach.
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5.2. Results and Discussion
5.2.1. Design and synthesis of cyclic dixanthate RAFT initiator

Xanthates have been studied as chain transfer agents in the controlled/living free-
radical polymerizations of vinyl monomers under thermal initiation, and the
polymerizations have good living characteristics in the presence of S-benzyl O-ethyl
dithiocarbonate.’” In this study, we designed and synthesized a novel cyclic dixanthate
initiator (1) (Scheme 5.3), which similarly includes two molecules of S-benzyl O-ethyl

dithiocarbonate.
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Scheme 5.3. Synthetic pathway for the formation of cyclic dixanthate initiator (1).

The cyclic initiator (1) was obtained in 30% vyield via one pot reaction of
phenanthroline diol with carbon disulfide and p-xylene dibromide. The structure and
purity of the initiator was confirmed by *H NMR. The molecular ion peak obtained by the

MALDI-TOF is 883.9, which further confirms the cyclic structure of (1).
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5.2.2. Ring-expansion polymerization of NVK using cyclic dixantate initiator

RAFT polymerization of NVK has been reported to be well controlled with
xanthates as the chain transfer agents.’® To investigate polymerization behavior in the
presence of 1, we carried out free radical polymerization of NVK via thermal initiation

(scheme 5.4).

?

Scheme 5.4. RAFT polymerization of N-vinylcarbazole using cyclic initiator (1).

The solution polymerization was conducted in dioxane at 60 °C, using a 200:5:2.5
molar ratio of NVK to 1 to AIBN. During the polymerization process, the reaction
solution remained transparent with a slight increase in the viscosity with time. In order to
determine the living nature of polymerization, the samples were withdrawn at specific
time intervals. The polymers were recovered by precipitation, and dried under vacuum
before characterization. The GPC curves of the cyclic polyvinylcarbazole (Cyclic PVK)

obtained from different polymerization times are shown in Figure 5.1a.
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Figure 5.1. (a) GPC traces of cyclic PVK samples obtained at different time interval of
RAFT polymerization, (b) Kinetic plot of M, vs polymerization time.

All the curves are unimodal and symmetrical, and are continuously shifted to less
elution time with increase of polymerization time, indicating molecular weight increase
of the resulting polymers with time of polymerization. The kinetic results for the
polymerization of N-vinylcarbazole are shown in Figure 5.1b. A linear relationship
between M, and polymerization time was observed and indicates the living nature of the
RAFT polymerization. The molecular weight data and polydispersity index information

obtained from GPC are shown in Table 5.1.
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Table 5.1. GPC results of thermally initiated RAFT polymerization of NVK using cyclic
dixanthate initiator (1).

Sample Polymerization M (Da) M, (Da) PDI
Time (h)
1 2 9,536 15,568 1.63
2 3 14,950 24,982 1.67
3 4 17,015 31,825 1.87
4 5 21,997 36,393 1.65
5 6 23,465 41,215 1.75
6 7 33,333 77,151 2.3

The structural composition of cyclic PVK was confirmed from *H NMR spectra
as shown in Figure 5.2. It can be seen that the typical signals of PVK are quite diffusive
due to the restricted rotation of the bulky carbazole groups combined with ring current
effects of neighboring rings.**? Most of the signals from initiator part are overlapped
with those of the main chain and the pendant carbazole groups, except the methylene
protons of triethylene glycol at & 4.24 ppm. This suggests that cyclic initiator has
successfully incorporated in polymer chain during the polymerization in order to control

the molecular weight and polydispersity.
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Figure 5.2. "H NMR spectra of cyclic PVK (sample 5).
Assuming that each cyclic polymer contains one cyclic initiator unit, the number-

average molecular M,,NMR, can be calculated according to eq. 1
Mn' NMR = (|5_15/3) X 193 + 883 (1)

where lg 15 is the integral values of three carbazole proton at ¢ 6.15 relative to the
integral value of four methylene proton from initiator at & 4.24; 193 and 883 are the
molecular weights of monomer N-vinylcarbazole and cyclic initiator 1, respectively. The
Mn,NMRs of the polymers obtained during different polymerization time were calculated

and plotted versus the polymerization time. The kinetic plot shown in Figure 5.3
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indicates a linear increase in M, with polymerization time, which is also in a good

agreement with M, obtained from GPC.

Mn NMR {kDa)
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Figure 5.3 Relationship M nvir VS polymerization time for polymerization of NVK
in the presence of cyclic initiator 1.

In addition, it also indicates increase in intensity of polymer protons (8 6.15) with respect
to initiator proton (6 4.24) and confirms the chain growth from single cyclic initiator. It
is reasonable that M, NMR is different from M, GPC because the GPC instrument is

calibrated with linear polystyrene standards and has the hydrodynamic volume factor.

To further confirm the elemental composition of the synthesized cyclic polymers,
X-ray photoelectron spectroscopy (XPS) was performed. The sample for XPS
measurement was dropcasted on a 1x1 cm O, plasma-cleaned silicon wafer. A total of
200 mL of 2mg/mL sample in THF was dropcast per substrate. The samples were then
dried overnight in vacuum at room temperature. Survey scans of two different molecular
weight polymer samples in Figures 5.4 reveal the presence of carbon (C1s), nitrogen

(N1s) and a weak signal for sulfur (S2p). High resolution scans (inset) for 25 cycles were
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performed in order to amplify the S2p signal. The well-defined S2p band further confirms

the preservation of the xanthate moiety which is essential not only to maintain the
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Figure 5.4. XPS survey spectrum of cyclic PVK (a) sample 4, (b) sample 5 from Table
5.1 (Inset: High-resolution XPS spectrum of the S2p region).

living nature of the polymer but also its cyclic structure. Due to the high population of
carbon and other major species in the sample, atomic percentage of sulfur could not be
accurately measured as it falls below the detection limit of the instrument (<.1%).
However, it is worth noting that the atomic percentages of N1s and C1s, excluding other
elements present, are 7.6 and 92.4%, respectively. This is in close agreement to elemental
composition of the monomer N-vinyl carbazole which constitutes 7.25% of nitrogen.

Meanwhile, the O1s, Si2s and Si2p signals are from the silicon wafer substrate.
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5.2.3 AFM and DLS analysis of cyclic PVK

For a better understanding of the topological aspect of the polymer, we turned our
attention toward visualization of the polymers via AFM. Samples of cyclic PVK
(Sample 4, Table 5.1) were prepared by spin-coating a 9 ng/mL solution of the polymer
in CHCI;3 onto freshly cleaved mica. Multiple rings were observed (Figure 5.5a) without
any detectable linear polymers, and analysis of the line scans of the toroids revealed

highly uniform line profile features indicating presence of cavity.
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Figure 5.5. AFM image of cyclic PVK on mica (a) sample 4, and (b) sample 6 from
Table 5.1.
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To compare the relative size of cyclic PVK with different molecular weight samples,
another AFM sample was prepared by using high molecular weight cyclic PVK (Sample
6, Table 5.1). As expected, the overall diameter of the torroids is relatively larger in size
compared to the low molecular weight sample (Figure 5.5b). The line profile shows
slight decrease in thickness over the middle of the structure indicating presence of the
cavity but not as significant as compared to sample 4. This could be the result of
contracted conformation of the high molecular weight polymer as the chain flexibility

increases with molecular weight on a non-wetting selective surface.

To examine the size distribution of cyclic PVK in THF solution, dynamic light
scattering (DLS) was used to measure hydrodynamic radius (Ry) of the polymers. DLS
analysis was conducted with 0.015 wt% of cyclic polymer in THF at 25 °C. The DLS
data for low and high molecular weight cyclic PVK (M, 21,997 Da and M, 33,333 Da,

respectively) are plotted in Figure 5.6.
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Figure 5.6. DLS analysis of cyclic PVK in THF.
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As expected from the living nature of RAFT polymerization by cyclic initiator 1,
the sizes of the cyclic PVK increase with the increased molecular weight. The relatively
narrow size distribution of sample 4 (7.8 nm) compared to sample 6 (14.3 nm) also shows
good agreements with polydispersity data and toroid sizes from GPC and AFM

respectively.
5.2.4. Ring-opening study of cyclic PVK

The broad size distribution of polymer could be a result of inter-molecular chain
transfer reaction due to high temperature polymerization condition. As demonstrated by
Pan et al. and other group, increasing the temperature will increase the diffusion rate of
the radicals and may favor the propogation and termination with other radicals in local
media. Therefore as shown in Scheme 5.5, chain transfer reaction would result to larger

macrocyles with more than one cyclic dixanthate moiety in single polymer chain.
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Scheme 5.5. Mechanism of formation of large macrocycle during RAFT polymerization.
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The further insight of polymerization mechanism can be obtained by ring opening
reaction of cyclic PVK to its linear analogue (Scheme 5.6). Polymer chain can be easily
broken down at the location of xanthate group. There are three general methods for
xanthate group removal/transformation: aminolysis, thermal elimination, and radical-
induced reduction.”** We have used radical-induced reactions with tributylstannane as

the most effective H atom donor to remove the xanthate groups. The tributylstannane was

Scheme 5.6. Ring-opening reaction of cyclic PVK by radical induced reduction of
xanthate group.

used in excess with respect to polymer in order to guarantee a quantitative removal. The
yellow color of polymer solution disappeared after reduction indicates successful removal
of xanthate group. The GPC results of the treated polymer shows substantially decreased
molecular weight (Figure 5.7), which indicates presence of more than two xanthate
group per chain before cleavage. Approximately 65% of the polymer chain contains more

than two xanthate groups as calculated from the ratio of M, of treated polymer vs.
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untreated cyclic polymer. This size distribution also shows an agreement with size

distribution in AFM result.

— Cyclic PVK
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My 77,151 Da PDI 2.3
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Figure 5.7. GPC traces of cyclic PVK before and after radical induced reduction of
xanthate group.

For comparison, we also performed AFM study of linear analogues resulting from
radical reduction of cyclic PVK. The image of sample did not show any ring structures
and only shows some aggregated structures, which is more commonly observed in AFM

imaging of the linear polymers.
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5.3. Conclusions

Thermally initiated ring-expansion RAFT polymerization of N-vinylcarbazole
was demonstrated using novel cyclic dixanthate RAFT initiator. The controlled molecular
weights versus polymerization time indicate that the polymerization is a controlled free-
radical process and progressed through cyclic initiator. The structural composition of
cyclic PVK was characterized well by NMR and XPS analysis. GPC results show
relatively broad distribution of polymer, which can be attributed as results of chain
transfer due to relatively high temperature polymerization condition. The direct
visualization of polymers by AFM reveals interesting information about topology, where
most of the polymer chains are cyclic in structure. The mixture of small and larger
macrocycle in AFM image and broad size distribution of polymer sample 6 in DLS
further confirms chain transfer reaction during polymerization. The experimental results
suggest low temperature polymerization condition is necessary to prevent chain transfer
and to obtain monodispersed macrocycles. Thus, ongoing research is directed to perform
low temperature polymerization by other initiation methods. Other possible extension of
this work is in progress in our lab, where catenane type RAFT initiator can be
synthesized by using cyclic dixanthate initiator as a precursor and well defined polymer

catenane can be obtained by ring-expansion strategy.
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5.4. Experimental Section
5.4.1. Materials

All chemicals were purchased from Aldrich Chemical Company and were used
directly without further purification unless otherwise indicated. All solvents were

degassed with nitrogen gas before use.
5.4.2. Instrumentation

'H NMR spectra were recorded on a VARIAN 600 spectrometer (600MHz). GPC
was carried out on a Viscotek 270 instrument with a triple detector array (RALS, IV, RI)
equipped with 2 GMHHR-M and 1 GMHHR-L mixed bed ViscoGel columns (eluent:
THF; flow rate: 1 mL min™). All atomic force microscopy (AFM) images were recorded
in air under ambient conditions on PicoScan 2500 (Agilent Technologies formerly
Molecular Imaging, Corp.) equipped with a 10 x 10 um scanner. The AFM tip used was a
silicon-nitride AFM probe from Ted Pella Inc. MALDI-TOF mass spectra were recorded
in a Bruker OmniFLEX MALDI-TOF MS Spectrometer. This instrument was operated at
an accelerating potential of 20kV in linear mode. The mass spectra represent an average
over 250 consecutive laser shots. The mass scale was calibrated using the matrix peaks
and the calibration software available from Bruker OmniFLEX. Mentioned m/z values
correspond to monoisotopic masses. XPS analysis was conducted on a PHI 5000 Versa
Probe™ x-ray photoelectron spectrometer equipped with monochromatic Al Ka x-ray
source (hn = 1486.6 eV) incident at 90° relative to the axis of a hemispherical energy

analyzer. Low and high resolution spectra were collected with pass energies of 23.5 and
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187.85 eV, respectively, a photoelectron take off angle of 45° from the surface, and an
analyzer spot of 1400 micron x 1500 micron size. DLS data was obtained from

Brookhaven 90Plus using ZetaPALS particle sizing software
5.4.3. Synthesis of dixanthate cyclic initiator

A mixture of 2,9-bis(p-{2-[2’-hydroxyethoxy(ethoxy(ethoxy))]}phenyl)-1,10-
phenanthroline (220 mg, 0.35 mmol) and NaOH (27.9 mg, 0.70 mmol) in DMSO:H,0
(100 mL) was added to a 250 mL flask at room temperature. After stirring for 4 h, carbon
disulfide (79.6 mg, 75 mmol) was added dropwise. The reaction mixture was stirred
overnight at room temperature. P-xylene dibromide (92.1 mg, 0.70 mmol) in DMSO (18
mL) was introduced slowly (1.5 mL/h) at room temperature. After the addition was
completed, the reaction mixture was stirred for another 5 h. The reaction mixture was
poured into ice water (300 mL) and extracted with DCM (3 x 200 mL). The combined
organic extracts were washed with water (2 x 150 mL), dried over anhydrous Na,SO, and
evaporated to afford a crude product, which was purified by silica gel column
chromatography (DCM: methanol (96:4) as an eluent) to give a yellow solid (30 %
yield). *H NMR(CDCls): & ppm: 8.45 (d, 2H), 8.37 (d, 4H), 8.20 (d, 2H), 7.84 (s, 2H),
7.30 (s, 4H), 7.12 (d, 4H), 4.73 (t, 4H), 4.30 (t, 4H), 4.23 (t, 4H), 3.93 (t, 4H), 3.85 (t,
4H), 3.78 (t, 4H), 3.72 (t, 4H). m/z (+FAB) found 883.98 [M+H]", calculated: 883.13 for

CasHasN20gS..
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5.4.4. Synthesis of cyclic PVK via RAFT polymerization

A mixture of cyclic dixanthate initiator (1) as the chain transfer agent (50 mg, 5.6
x 10 mol), AIBN (4.64 mg, 2.8 x 10”° mol), NVK (1.6 g, 0.011 mol), and dioxane (8
mL) was degassed by three freeze-pump-thaw cycles, sealed under vacuum, and heated at
60 °C. The different molecular weight cyclic polymers were obtained by withdrawing
sample at specific time interval, precipitating the reaction mixture in a large excess of
methanol. Polymer samples were recovered by centrifugation and dried under vacuum

before characterizations.
5.4.5. Typical procedure for xanthate group removal with tributylstannane

A mixture of cyclic PVK (28 mg, Mn 33,333, PDI 2.3), tributylstannane (2.5 mg,
9.6 x 10 mol), AIBN (0.5 mg, 4.38 x 10 mol), and chlorobenzene (0.5 mL) was
degassed by three freeze-pump-thaw cycles, sealed under vacuum and heated at 80 °C for
3 h. Then the reaction mixture was precipitated in a large excess of hexane, and the
polymer was isolated by filtration. This step was repeated three more times to remove all

the residual tin-products.
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Chapter 6: Knotty Polymer via “Grafting to” Click Reaction and Atom

Transfer Radical Coupling

6.1. Introduction

The mathematical study of knots and links began in the 19th century with the
efforts of Kelvin and Tait.' Soon after which, much progress has been made toward
understanding knots in a topological framework, which reveals deep connections between
knot topological invariants and statistical mechanics.? The scientific study of knots in
polymers has also been a long standing interest in polymer physics to solve complex
problems in the field of entanglements, rheology, etc. Some basic theoretical questions
about polymeric knots have been answered with the help of powerful numerical
techniques such as discovering the probability that a polymer is knotted® and the
distribution of random knots®. However, the topological effects of knotted polymers on
its static and dynamic properties are less understood.> Interest in this topic is further
motivated by the possible industrial applications of knotted polymers such as the
influence of topology on viscoelastic properties®, and their relevance in biology and

biochemistry’.

The first experimental study on chemical knots was demonstrated well by Wang?,
Wasserman and Cozzarelli®, and others in their work of elucidating the role of topology
in the life processes of DNA. Various types of DNA nanoarchitectures have been
exploited extensively by Seeman via programmed assembly of single stranded DNA.°
The reliability of the Watson—Crick hydrogen-bonded pairs within DNA strands allows

the easy formation of mechanically interlocked molecular entities. The nucleic acid
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double-helical half twist is a perfect molecular tool to introduce the topological crossover
point, node, or unit tangle in the construction of knots and links.'* The right-handed B-
DNA helps to generate negative (—) nodes, while the left-handed Z-DNA allows access to
positive (+) nodes. Although the B-DNA conformation is the more common, naturally
occurring motif, it is also capable of conversion to Z-DNA in solutions of high ionic
strength or cationic effectors such as [Co(NHs)s]**. Seeman and co-workers have
demonstrated an excellent example of the versatility and adaptability of DNA in the

preparation of topologically interesting molecules (Figure 6.1).*2
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Figure 6.1. A schematic diagram illustrating the synthesis of four topologically distinct
entities from one single strand of DNA.*?
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The concept utilizes an aforementioned strategy of using a single strand of DNA
containing two complementary pairing regions, but, in this case, both were capable of
undergoing transformation from B-DNA to Z-DNA in different ionic strength conditions.
The careful control of ligation conditions results in the formation of four separate
products: (i) the trivial unknot, or macrocycle, (ii) a trefoil knot with all negative nodes,
containing all B-DNA, ligated at low ionic strength, (iii) a figure-of-eight knot with two
positive and two negative nodes, containing a mixture of B-DNA and Z-DNA, ligated at
high ionic strength, and (iv) a trefoil knot with all positive nodes, comprising only Z-
DNA, ligated at high ionic strength and in the presence of [Co(NH3)e]**. This strategy
allows precise control over molecular architecture compared to the earlier methods of
DNA knot preparation using DNA topoisomerases, which generates various knotted

species with no regulation of the outcomes of the process.

Despite the advances in the synthesis of DNA knots, the experimental studies of
knots and links in a polymer continue to face setbacks due to their synthetic challenges.
However, theoretical calculations suggest that linear knots are statistically probable in
long polymer strands, and commonly generates in the crystallization of polymers from
the melt.”® Recently, Deffieux has reported a direct proof of existing of catenanes and
trefoil knots in their study of long chain cyclized triblock copolymers via AFM imaging

(Figure 6.2).**
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Figure 6.2. Topographic (a,c) and phase (b,d) AFM images of polymeric trefoil knots
prepared by the cyclization of triblock copolymers.*

The key challenge in the formation of well-defined knotted polymer architectures
is the controlled threading of polymer chains to generate crossing points and links. The
answer to this problem lies possibly in the success of a metal template-directed synthesis
of small molecular weight catenanes and trefoil knot."® Various other types of template
and self-assembly methods including the use of - interactions,'® hydrogen bonding,*’

hydrophobic interactions,™ and anions'® have also been proven to be powerful tools in the

synthesis of higher order links and knots.

In addition, the recent advances in controlled radical polymerization method and

usefulness of the azide/alkyne click reaction has enabled the synthesis of complex

polymeric architectures such as star-polymers,®® rod-coil-block copolymers,®

dendrimers,?? etc. Moreover, the end-to-end linking of linear analoues to generate
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macrocycles has also been well demonstrated in literature, which further solves the key
issue of fixing the interlocked structure of polymeric catenanes and knots.?®* The
aforementioned developments in chemical synthesis suggest that nearly every polymeric

architecture is now achievable by proper design and planning.

In this work, we have demonstrated for the first time, a template directed
synthesis of a knotty (trefoil knot) polymer in two major steps: 1) grafting of alkyne-
functionalized linear polymer to the azide-functionalized double helical metal template
via click method, and 2) template-closing of four-armed type polymer via intra-molecular

atom transfer radical coupling (ATRC) as shown in Scheme 6.1.

et
74
—
Metal Ilgand “Click”
complexation
N3

N3

Decomplexation

Knotty polymer

Scheme 6.1. Schematic route for the preparation of knotty polymers.
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6.2. Results and Discussion
6.2.1. Design and synthesis of azide-functionalized double helix metal complex

Among the various phenanthroline ligands developed by the Sauvage group as a
precursor for trefoil knot synthesis, we have used the most efficient one which contains
two 1,10-phenanthroline units connected by a 1,3 phenylene group as shown in Scheme
6.2.2% The azide group functionality in the ligand (helix precursor-Ns (1)) was introduced
quantitatively by reacting a hydroxyl ligand with 2-(2-(2-azidoethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate® in the presence of K,COs. The double helix-Ns diCu(l)
complex (2) was formed quantitatively by the addition of Cu(l)(MeCN)4PFs dissolved in

ACN onto a DCM solution of 1 under argon.
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Scheme 6.2. Synthesis route for azide-functionalized double helix metal complex (2).

The dark red solid of complex 2 was characterized by UV-Visible analysis
(Figure 6.3), which showed intense ligand-centered transition at 325 nm and a weaker

absorption peak corresponding to metal-to-ligand charge transfer (MLCT) at ~524 nm.
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Figure 6.3. UV-visible spectra of helix precursor-Nz (1) and double helix-N3 diCu(l)
complex (2) (inset: visible region of the complex (2) spectrum).

Further confirmation of the double helical structure of complex 2 was obtained
from *H NMR (Figure 6.4).° As compared to the helix precursor-Ns (1), the significant
shielding of Hy, (-1.3 ppm) and H, (-1.4 ppm) protons was observed as a result of the

magnetic influence of the phenanthroline cores on the phenyl protons.
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Figure 6.4. 'H NMR spectra of (a) double helix-N; diCu(l) complex (2), (b) helix

precursor-N3 (1).

6.2.2. Synthesis of PS diCu(l) complex via “grafting to” click reaction

The stability of a phenanthroline Cu(l) complex under mild reaction conditions
has been previously reported in literature. Considering that we will use a copper
catalyzed alkyne/azide cycloaddition (CuAAC) click reaction to graft alkyne-

functionalized linear polymers onto an azide-functionalized double helix metal complex,
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this stability is important. As reported in Chapter 3, a low molecular weight alkyne-
functionalized polystyrene (alkyne-PS) (3) (My: 3,373 g mol™, PDI: 1.05) was obtained
by atom transfer radical polymerization (ATRP) of styrene using an alkyne-

functionalized initiator (Figure 6.5a).

(a)

(b)

T T T T T ™
15 20 25 30

Retention volume (mL)

Figure 6.5. GPC traces of a) alkyne-PS (3), b) PS diCu(l) complex (4), and c) purified PS
diCu(l) complex (4).
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In a next step, click reaction between alkyne-PS (3), double helix-N3 diCu(l)
complex (2), and using Cu(l)Br/PMDETA as a catalyst afforded four-armed type PS

diCu(l) complex (4) (Scheme 6.4).
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Scheme 6.3. Synthetic route for knotty PS via click reaction and ATRC.

The alkyne-PS (3) was used in excess to ensure complete conversion of azide-
complex (2) to polymeric complex (4). The progress of the click reaction was monitored
by GPC as over time it shows a decrease in intensity of peak corresponding to alkyne-PS
(3) and the appearance of a new peak in the high molecular weight region. After 48 h, no
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further changes in intensity were observed indicating complete conversion of the double
helix-N3 diCu(l) complex (2) to PS diCu(l) complex (4). The unreacted alkyne-PS was
removed by fractional precipitation method using toluene/methanol solvent system. On
the basis of GPC data (Figure 6.5c), the apparent molecular weight of PS diCu(l)
complex (4) was found to be 6,022 Da, which is smaller than expected value (~ 13,000
Da). It is important to note that the GPC system is calibrated with linear polystyrene
standard, and since the hydrodynamic volume of four-armed type architecture of PS
diCu(l) complex (4) is relatively smaller compared to its linear analogue, the observed
difference is obvious. *H NMR of PS diCu(l) complex (4) show (Figure 6.6 ) the signals

attributed to aromatic protons of styrene at 7.2-6.8 ppm and methylene and methane

o
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Figure 6.6. "H NMR of PS diCu(l) complex (4).
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protons in the main chain at 2.2-1.7 and 1.7-1.2 ppm, respectively. In addition, it also
show a peak corresponding to protons of the ligand in metal template at 8.3-7.2 ppm and
ethyleneglycol (EG) linker protons 3.8-3.2 ppm. The bromine end-group functionality of
PS diCu(l) complex (4) was confirmed from C(H)-Br peak at 4.3 ppm. Further evidence
of efficient click reaction was obtained from FT-IR analysis (Figure 6.6) of PS diCu(l)

complex (4), which shows the absence of the azide peak at 2090 cm™

Nz peak

W A i ‘
1000 1500 2000 2500 3000 3500
Wavenumber (cm1)

Figure 6.7. FT-IR of (a) double helix-N3 diCu(l) complex (2) (top), (b) PS diCu(l)
complex (4) (bottom).

6.2.3. Template-closing of PS diCu(l) complex via ATRC

The intramolecular ATRC of a linear dibrominated polymer has proven to be an
efficient way of preparing macrocycles.?” Taking advantage of the bromine end-group
functionality in PS diCu(l) complex (4), template closing was achieved by intra-

molecular ATRC under pseudo-high dilution conditions. A solution of the PS diCu(l)
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complex (4) in THF was added dropwise at a fairly low rate (0.75 mL h™) to a solution
containing CuBr/MesTREN and Cu(0) as catalyst. The GPC trace of the resulting closed
template, PS diCu(l) knot (5) show slight shifting toward higher retention (25.7mL)
volume as a result of reduced hydrodynamic radius compare to its precursor (25.6 mL)

(Figure 6.8a).

(a) \

(b)
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Figure 6.8. GPC traces a) Crude PS diCu(l) knot (5), b) purified PS diCu(l) knot (5), and
c) metal free knotty PS (6).
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Despite maintaining a high dilute solution condition for cyclization, the inter-
molecular coupling was unavoidable as evidenced from the appearance of shoulder at the
high molecular weight region in the GPC traces. The PS diCu(l) knot (5) was further
purified by fractional precipitation (Figure 6.8b). To further elucidate the closing of
template chain ends and verify the formation of knotted architecture, the PS diCu(l) knot
(5) was analyzed by MALDI-TOF mass spectroscopy. The major series of the MALDI-
TOF spectrum of the intramolecular ATRC product (Figure 6.9) was determined to be

consistent with the molecular weight of the expected coupled polymer chains with an
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Figure 6.9. MALDI-TOF spectrum of PS diCu(l) Knot (5).

associated silver cation. For example, the expected molecular weight of polymer with
eight styrene unit together with metal template is 3795.2, and experimental m/z value

obtained from MALDI-TOF spectrum was found to be 3796.0. In addition, the mass
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differences between the two neighboring peak was found to be 104.1 which correspond to

a single styrene unit.

6.2.4. Demetallation of PS diCu(l) knot

A metal-free Knotty PS (6) was obtained by refluxing PS diCu(l) knot (5) in a
saturated solution of KCN in THF: methanol (3:1). The GPC traces of knotty PS (Figure
6.8¢) confirms its interlocked structure as the retention volume peak has not shifted to a
lower molecular weight region after removing the copper from the template. In addition,
a small shoulder at a higher retention volume (27.9 mL) can be attributed to the low
molecular weight acyclic and/or cyclic polymers generated upon demetallation due to an

uncyclized or partially cyclized polymer complex (4) during ATRC.

6.2.5 AFM imaging of knotty PS

The direct proof of a trefoil knot formation was obtained by AFM imaging. The
samples of knotty PS (6) were prepared by spin-coating a very dilute solution of the
polymer in CHCI3; onto freshly cleaved mica. As shown in Figure 6.8, knotted cyclic
structures of a trefoil knot were statistically observed, exhibiting different orientations on
the surface. In addition, the line profile analysis of differently oriented structures of
trefoil knot on surface further confirms the presence of the cavities inside the entangled
topology. Other cyclic structures present indicate the various failed routes for cyclization
by ATRC and a more thermodynamic preference for catenated structures or single
macrocycles. Nevertheless, the presence of the trefoil knot confirms the bias resulting

from a templated helical phenanthroline core.
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Figure 6.10. AFM image of knotty PS (6) on an 8 x 8 um scale on mica, line profile of
the representative structures.

6.3. Conclusions

A well-defined synthesis of a trefoil knot polymer was demonstrated via a
supramolecular template-directed strategy. The grafting of preformed alkyne-
functionalized linear polymer to azide-functionalized template via CUAAC click reaction
has proven to be an efficient way to obtain trefoil knot polymer precursor. The template-
closing via intra-molecular ATRC enabled the formation of a trefoil knot polymer
without any post functional group modification in the polymer precursor.
Characterizations by GPC and AFM confirmed the successful template-closing by
ATRC, and thus, the formation of entangled architecture. In the future, this approach can
be further explored to obtain structurally different homopolymer and blockcopolymer in a

trefoil knot topology.
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6.4. Experimental Section
6.4.1. Materials

All chemicals were purchased from Aldrich Chemical Company and were used
directly without further purification unless otherwise indicated. All solvents were

degassed with nitrogen gas before use.
6.4.2 Instrumentation

'H NMR spectra were recorded on a VARIAN 600 spectrometer (600MHz). GPC was
carried out on a Viscotek 270 instrument with a triple detector array (RALS, IV, RI)
equipped with 2 GMHHR-M and 1 GMHHR-L mixed bed ViscoGel columns (eluent:
THF; flow rate: 1 mL min™). UV-vis measurements were taken on an Agilent
technologies 8453 spectrometer. The FTIR spectra were obtained on a Digilab FTS 7000
equipped with a HgCdTe detector from 4000 to 600 (cm™) wavenumbers. All atomic
force microscopy (AFM) images were recorded in air under ambient conditions on
PicoScan 2500 (Agilent Technologies formerly Molecular Imaging, Corp.) equipped with
an 8 x 8 um scanner. The AFM tip used was a silicon-nitride AFM probe from Ted Pella
Inc. MALDI-TOF spectra were obtained in a Bruker OmniFLEX MALDI-TOF MS
Spectrometer using 10 mg/mL dithranol and 1 mg/mL silver trifluoroacetate, both in
THF. The polymer samples were mixed 10:1:1 (matrix:Ag:sample). Samples were

analyzed in reflector positive mode, 1000-5000 Da, with a total of 1250 shots collected.

135



6.4.3. Synthesis of helix precursor-N3

To a solution of 1,3-bis(2-(4-hydroxyphenyl)-1,10-phenanthrolin-2-yl)benzene
(0.15 g, 0.24 mmol) and 2-(2-(2-azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate
(0.23 g, 0.72 mmol) in DMF (15 mL), K,CO3 (0.2 g, 1.5 mmol) was added and the
suspension was heated to 80 °C for 18 h. After cooling to room temperature, the reaction
mixture was poured into mixture of DCM: water (50 mL). The aqueous layer was
extracted with DCM (3 x 50 mL), and the combined organic fractions were washed with
brine (50 mL), dried over MgSQy, filtered and concentrated under reduced pressure. The
resulting crude oil was then purified by column chromatography (96:4 DCM: methanol)
to yield 1 as a pale yellow solid (0.2 g, yield 74%). *H NMR (CDCls): 9.65 (s, 1H, H,),
8.63 (dd, 2H, Hg), 8.42 (d, 4H, H,), 8.39 (d, 2H, Hs), 8.34 (d, 2H, Hy), 8.23 (d, 2H, Hy),
8.03 (d, 2H, Hg), 7.77 (t, 1H, H,), 7.75 (d, 4H, Hs¢), ,6.99 (d, 4H, Hy), 4.17 (t, 4H, Ha),

3.88 (t, 4H, Hy), 3.73 (t, 4H, H.), 3.65 (m, 8H, Hq.), 3.30 (t, 4H, Hy).
6.4.4. Synthesis of double helix-N3 diCu(l) complex

A degassed CH3;CN solution of 17.5 mg (0.05 mmol) of Cu(l)(CH3CN)4PFs was
transferred through a cannula into a stirred degassed solution of 1 (40 mg, 0.04 mmol) in
3 mL DCM under nitrogen at room temperature. The mixture turned dark red
instantaneously, indicating the formation of 2. After the solution was stirred for 1 h under
nitrogen at room temperature, the solvents were evaporated to dryness to obtain a dark
red solid of crude 2 in quantitative yield. Complex 2 was used without further

purification. *H NMR (CDCls): 9.58 (s, 2H, Ha), 8.26 (d, 4H, H;), 7.91 (m, 8H, Hs.),
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7.86 (d, 4H, Ha), 7.54 (d, 4H, Hg), 7.0 (t, 2H, H,), 6.95 (d, 8H, Hy), 6.81 (d, 4H, Hg), 6.44

(d, 4H, H3), 5.65 (d, 8H, Hy,) 3.8-3.2 (M, 48H, Ha.5).
6.4.5. Synthesis of PS diCu(l) complex

In a Schlenk flask, the double helix-N3 diCu(l) complex (2) (1.96 mg, 9.4 umol),
alkyne-functionalized PS (3) (80.0 mg, 0.02 mmol), PMDETA (1 mg, 0.02 mmol) and 3
mL DMF were added. The solution was purged with nitrogen and degassed by
performing four freeze—pump-thaw cycles and then Cu(l)Br (0.84 mg, 0.02 mmol) was
added. The resulting homogeneous reddish brown solution was stirred at room
temperature for 48 h. After passing the solution through alumina, the PS diCu(l) complex

(4) was precipitated from methanol.
6.4.6. Synthesis of PS diCu(l) knot

In a typical ATRC procedure,?” A 500 mL Schlenk flask containing a 100 mL
THF solution of Cu(l)Br (574 mg, 4.0 mmol) and nanosized copper (254 mg, 4.0 mmol)
was sealed with a rubber septum, evacuated with four freeze-pump-thaw cycles,
backfilled with N, and sealed from the Schlenk line. The flask was then placed in an oil
bath and stirred at 75 °C. After allowing the metal solution to reach the temperature of the
bath, MegTREN (1.07 mL, 4.0 mmol) was introduced via a nitrogen flushed syringe. A
syringe pump held a 50 mL syringe containing an 18 mL THF solution of PS diCu(l)
complex (4) (5 mg), which had separately been subjected to three freeze-pump-thaw
cycles and backfilled with N,. The solution of 4 was slowly dripped through a needle

piercing the rubber septum into the stirring THF solution of the metal ligand, over

137



approximately 24 h (approximate rate = 0.75 mL/h). After the contents of the syringe had
been added to the reaction mixture, the reaction mixture was stirred for an additional 1 h.
The resulting PS diCu(l) knot (5) was passed through an alumina column and precipitated

into cold methanol.

6.4.7. Synthesis of knotty PS

A solution of KCN (200 mg, 1.53 mmol) in water (2 mL) was added to PS diCu(l)
knot 5 (3.5 mg, 0.88 umol) in 6 mL mixture of THF: methanol (3:1) and refluxed for 24
h. After reaction completion, the solvent was evaporated under vacuum, and the resulting
polymer was extracted twice by DCM: water mixture. The DCM layer containing the
polymers were mixed together and dried over anhydrous Na,SO,4 which upon evaporation

under vacuum, yields the knotty PS
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Chapter 7. Conclusions and Future Work

7.1. Conclusions

This dissertation has focused on the development of novel routes for synthesis of
entangled polymer knots and links via supramolecular template directive approach and
controlled radical polymerization (CRP) methods. The synthesis of novel supramolecular
initiators for atom transfer radical polymerization (ATRP) and reversible addition
fragmentation chain transfer (RAFT) polymerization was demonstrated and evaluated for
its efficiency to generate polymeric template precursor. The efficiency of atom transfer

radical coupling (ATRC) to close the polymeric template was also tested.

Chapter 1 gave an overview of the use of various types of supramolecular
templates to obtain orderly entangled topology at molecular level. It also outlined the
efficient routes for the synthesis of cyclic polymers (topological isomer of catenane and
trefoil knot) via either end-to-end coupling of linear analogue, or ring-expansion

polymerization from cyclic catalyst or initiator.

Chapter 2 demonstrated a new, simple, and versatile method for the synthesis of
polymer catenanes via polymerization of styrene from supramolecularly assembled
ATREP initiators and intra-molecular cyclization of the polymeric template by ATRC. The
stability of copper (1) complex during polymerization and the efficiency of ATRC was
evaluated by monitoring the change in hydrodynamic volume by Gel Permeation

Chromatography (GPC). The interlocked structure of polymer catenanes was also
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confirmed by direct visualization through Atomic Force Microscopy (AFM) imaging

technique.

Chapter 3 reported the synthesis of polystyrene-b-polymethylmethacrylate
copolymers catenanes (PS-b-PMMA catenanes) as an important extension work of
Supramolecularly-templated ATRP initiator approach. The chain extension of
homopolymeric template was achieved by ATRP of methyl methacrylate (MMA). The
styrene assisted low temperature ATRC was able to successfully couple the halide

terminated PMMA block, and thus led to the formation of PS-b-PMMA catenanes.

In chapter 4, a novel ‘grafting to’ approach was demonstrated to synthesize
polymer catenanes in good yield. An alkyne-functionalized polystyrene was successfully
grafted to azide-functionalized phenanthroline copper (1) complex via copper catalyzed
alkyne-azide cycloaddition (CUAAC) click reaction. The template-closing via intra-
molecular ATRC enabled the formation of polymer catenanes without any post end-
functional group modification in polymer precursor. In addition to the formation of
polymer catenanes, the coexisting of side products of ATRC such as inter-molecular
coupling product and other isomer were also confirmed by line profile analysis in AFM

image.

Chapter 5 demonstrated synthesis of cyclic polyvinylcarbazole (PVK) via
thermally initiated ring-expansion RAFT polymerization of N-vinylcarbazole using novel
cyclic dixanthate initiator. The living nature of RAFT polymerization was confirmed by
the linear growth of molecular weights versus polymerization time. GPC and AFM image

analysis revealed the broad distribution of cyclic polymers, which is possibly due to the
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chain transfer reaction. This was further confirmed by control experiment of ring opening

reaction of cyclic PVK via radical induced reduction of xanthate group in polymer.

Chapter 6 demonstrated the feasibility of ‘grafting to’ approach to synthesize
trefoil knot polymer. The alkyne-functionalized linear polymer was successfully attached
to azide-functionalized double helical template via CUAAC click reaction. In next step,
template-closing via intra-molecular ATRC led to the formation of trefoil knot polymer.
AFM image showed different orientations of trefoil knotty polymers on surface and the
line profile analysis of representative structures confirmed the successful formation of

entangled architecture.

7.2. Future Work

The work presented in this research dissertation has opened the new area for
synthesis of complex macromolecular knots, links, and entanglements. Aside from
forming entangled architecture via supramolecular template, living nature of controlled
radical polymerization offers chain extension by variety of vinyl monomers. Thus, an
important future direction of this work is to prepare libraries of diblock or triblock
copolymer in catenane or trefoil knot topology and to study for phase
separation/micellization behavior. Since the alkyne functionality can be easily introduced
in variety of polymers, the applicability of the “grafting to” approach described in this
work can be further explored to structurally different homopolymer and block copolymer,
which cannot be accessed through CRP method. As an extension of ring-expansion
RAFT polymerization from cyclic initiator, a catenane or trefoil knot type RAFT initiator

can be synthesized to obtain well-defined polymer catenane or knotty polymer in good
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yield thru optimized ring-expansion polymerization conditions. This would further open
doors for the investigation of important physicomechanical properties and possible

applications of these knotted structures.

7.3. Final Remarks

The combination of controlled radical polymerization method and supramolecular
template approach has proven to be simple and efficient way to obtain catenane and
trefoil knot topology of high molecular weight polymer. This dissertation has also
explored GPC and AFM imaging technique as the primary characterization methods to
get detail insight of topological aspect of knotted polymeric structures. Further
optimization of reported strategies would lead to high purity materials and practical

applications study.

144



Appendix I: Additional information for Chapter 4

AP.1.1.Synthesis of Propargyl 2-bromoisobutyrate

Propargyl 2-bromoisobutyrate was prepared as per the procedure shown in

Scheme AP.1.1.
Br HO TEA (o)
Br + \/\ 4’ % Br
DCM, r.t.
o 0

Scheme AP.1.1. Synthesis of propargyl 2-bromoisobutyrate.

Into a 500-mL round-bottom flask equipped with a magnetic stirrer, propargyl
alcohol (28 g, 0.5 mol), triethylamine (TEA) (69.4 mL, 0.5 mol), and CH,Cl, (150 mL)
were added. When the mixture was cooled to 0 °C, 2-bromoisobutyryl bromide (115 g,
0.5 mol) was added dropwise for 1 h. The reaction mixture was stirred at room
temperature for 24 h. The salt formed was removed by filtration, and the filtrate was
washed with aqueous NaCl solution (3 x 100 mL). The organic layer was dried over
MgSO,. After the solvent was removed under reduced pressure, the colorless propargyl
2-bromoisobulyrate was obtained by distillation under reduced pressure.'H NMR

(CDCls): 4.90 (d, 2H), 2.50 (s, 1H), 1.80 (s, 6H).
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Appendix I1: Additional Information for Chapter 5

AP.11.1. MALDI-TOF analysis of Cyclic Dixanthate RAFT Initiator

The compound solutions (10 mol/L) were prepared in THF. The matrix 2-(4'-
Hydroxybenzeneazo) benzoic acid (HABA) were also dissolved in THF (10 g/L). 1 pL of
compound solution was mixed with 50 puL of matrix solution. The final solution was

deposited onto the sample target and allowed to dry in air.
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Figure AP.I1.1. MALDI-TOF mass-spectrum of cyclic dixanthate initiator in HABA
matrix and positive mode.
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AP.1.2. AFM Analysis of Linear PVK

The AFM sample of linear PVK resulted from ring-opening reaction of cyclic
PVK was prepared by spin-casting dilute solution of polymer in CHCI; on to freshly

cleaved mica substrate.

AR ERRREREE

Figure AP.11.2. AFM image of linear PVK on mica substrate.
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Appendix I11: Additional Information for Chapter 6
AP.111.1. Synthesis of 4,4'-(9,9'-(1,3-phenylene)bis(1,10-phenanthroline-9,2-diyl))

diphenol (Helix precursor-OH)

The synthesis of Helix precursor-OH was performed according to literature

procedure as shown in Scheme AP.111.1.1

OCH,

i) t-BuLi
% ; 2 \> 4 —

Br

i) t-BuLi

Br\©/Br

ii) MnO2

OCH, OCH;,

Scheme AP.111.1. Synthesis of helix precursor-OH (3).

AP.111.1.1. Synthesis of 2-(4-methoxyphenyl)-1,10-phenanthroline

para-bromoanisole (4.8 mL, 38.6 mmol) was dissolved in 60 mL degassed THF.
After cooling down the solution to -30 °C, tert-BuLi (56 mL, 95.2 mmol) was slowly
added by cannula under nitrogen atmosphere. After stirring the mixture for another 1.5 h
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at 0 °C, it was transferred to the solution of pre-dried 1,10-phenanthroline (5.37 g, 29.8
mmol) in 80 mL degassed toluene. The reaction mixture was stirred under nitrogen for 40
h. After hydrolysis with water at 0 °C, yellow toluene layer was decanted and aqueous
layer was extracted three times by DCM. The combined organic layer was re-aromatized
by addition of MnO, (15 gx3) with efficient stirring. After MnO, was filtered and the
solvent was removed, the crude product was purified by silica column chromatography
using DCM/methanol (100:4) as eluent. Further recrystallization from hot toluene yielded
colorless solid (5.12g, 17.9 mmol, yield: 60.1%). *H NMR (CDCls): 9.27 (dd, IH), 8.37
(d, 2H), 8.29 (dd, IH), 8.28 (d, IH), 8.08 (d, IH), 7.79 (m, 2H), 7.66 (dd, IH), 7.07 (d, 2H),

3.90 (s, 3H).

AP.111.1.2.  Synthesis of  1,3-bis(9-(4-methoxyphenyl)-1,10-phenanthrolin-2-

yl)benzene

In a round bottom flask, 14.5 mL of t-BuLi (1.2M in pentane, 17.4 mmol) was
added very slowly to a degassed solution of 1.00 g (4.20 mmo) of 1,3-dibromobenzene in
50 mL of dry THF under N, at -78 °C. The solution mixture was stirred at 0°C for 2 h
and then it was added very slowly to a degassed solution of 2-(4-methoxyphenyl)-1,10-
phenanthroline 2.80 g (9.79 mmol) in 120 mL of dry THF, under N at room temperature.
The solution was stirred for another 45 h at room temperature before it was hydrolyzed
with water. The solvent was removed by rotary evaporation. The crude product was
dissolved in DCM and the solution was washed with water. Then the product was re-
aromatized with MnO, (10 gx3), dried over Na,SO,, and then filtered. The product was

purified by silica column chromatography using DCM/methanol (100:4) as eluent.
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Further purification by recrystallization from hot toluene afforded colorless solid 1.48 g
(2.29 mmol, 54.5%)."H NMR (CDCls): 9.75 (s, 1H), 8.71 (d, 2H), 8.45 (m, 8H), 8.40 (d,

2H), 8.32 (d, 2H), 8.10 (d, 2H), 7.85 (m, 5H), 7.10 (d, 4H), 3.87 (s, 6H).
AP.111.1.3. Synthesis of Helix precursor-OH (3)

In a round bottom flask, 1,3-bis(9-(4-methoxyphenyl)-1,10-phenanthrolin-2-
yl)benzene 0.65 g (1.0 mmol) was added to 50 mL of anhydrous pyridinium
hydrochloride at 130 °C. After the mixture was refluxed at 200-210 °C for 4 h, it was
hydrolyzed with 30 mL of water. The yellow crude acidic product was suspended in 80
mL of hot water and the mixture was neutralized to pH=7.3 by sodium hydroxide
solution. Filtration and drying afforded reddish product (0.53 g, 0.86 mmol, yield: 86%).
'H NMR (DMSO-d): 9.87 (s, 2H), 9.74 (s, 1H), 8.72 (d, 2H), 8.66 (m, 4H), 8.50 (d, 2H),

8.40 (d, 4H), 8.27 (d, 2H), 8.00 (s, 4H), 7.91 (t, 1H), 6.88 (d, 4H).
AP.111.1.3. Synthesis of 2-(2-(2-azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate

As per literature procedure,” a solution of 2-(2-azidoethoxy) ethoxy) ethanol (1.31
g, 10 mmol) and TEA (2.0 mL, 14.4 mmol) in CH,Cl, (50 mL) was cooled to 0°C. p-
toluenesulfonyl chloride (2.17 g, 11.4 mmol) was added and the solution was stirred at
room temperature for 18 h. The reaction was quenched with water (20 mL). The organic
layer was separated, dried over MgSQy, filtered, concentrated under reduced pressure and
the resulting crude oil was purified by column chromatography (petroleum ether:CH,Cl,

9:1 then 1:1 as eluent) to yield 2-(2-azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate
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as a colorless oil (2.31 g, yield = 75%). *H NMR (CDCls): 7.81 (d, 2H), 7.35 (d, 2H),

4.25 (t, 2H), 3.70 (t, 2H), 3.61 (m, 6H), 3.35 (t, 2H), 2.45 (s, 3H).
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