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Abstract

Bottlebrush copolymers have shown promise as building blocks for self-assembled
nanomaterials due to their reduced chain entanglement relative to linear polymers and their ability
to self-assemble with remarkably low critical micelle concentrations (CMCs). Concurrently, the
preparation of bottlebrush polymers from organic electronic materials has recently been described,
allowing multiple optoelectronic functions to be incorporated along the length of single bottlebrush
strands. Here we successfully synthesized well-defined bottlebrush diblock copolymers containing
soluble n-butyl acrylate blocks and carbazole-based organic semiconductors with control over the
backbone length ratio. Then the successful incorporation of highly fluorescent dye molecules into
the BBCP was achieved by using the CzBA polymer as an organic semiconductor host to facilitate
energy transfer.

We also describe the self-assembly of these molecular bottlebrushes, which self-assemble in
selective solvent to give spherical micelles with CMCs below 54 nM. These narrowly dispersed
structures were stable in solution at high dilution over periods of months, and could further be
functionalized with fluorescent dyes to give micelles with quantum yields of unity. These results
demonstrate that bottlebrush-based nanostructures can be formed from organic semiconductor
building blocks, opening the door to the preparation of fluorescent or redox-active micelles from

giant polymeric surfactants.



Lay Summary

Bottlebrush polymers are large molecules consisting of molecular side chains attached to a
central molecular chain. This type of molecule has shown promise for use in self-forming
nanomaterials. Recently, it has been shown that organic electronic materials can be used to prepare
these bottlebrush polymers. This allows for different types of electronic functions to be
incorporated along the length of a single molecular strand. Here we describe the successful
formation of bottlebrush polymers from organic semiconductor molecules. We then incorporate
highly fluorescent dye molecules into the polymer. The organic semiconductors are used to
transfer energy to the fluorescent dye. We also describe the self-formation of spherical molecular
assemblies (micelles) from the bottlebrush polymers in solution. These molecular assemblies are
stable for months and their fluorescence can be further modified. The formation of such structures
from organic semiconductors paves the way for fluorescent or electronically active micelles from

giant polymeric molecules.
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Chapter 1: Introduction

Self-assembly is a process by which an ordered complex structure spontaneously forms from
basic units, based on specific interactions among the units. Biological systems depend on a variety
of functional nanoscale structures that are constructed by the self-assembly of molecular
components. For example, the cell membrane is self-assembled by structurally unique amphiphilic
phospholipids into a well-defined bilayer, which provides a selective gate between the cell and its
environment.® DNA stores biological information in the double helix structure from self-assembly
of nucleotides, stabilized by hydrogen bonding and aromatic base stacking.? Also, enzyme function
is well-controlled in living cells by means of compartmentalization and positional assembly of
proteins.* In fact, the phenomenon of self-assembly may have been responsible for the origins of
life.>® The complexity and precision of self-assembled structures exhibited by biological systems
are derived from self-stabilization through tensegrity, which describes an internal balance between
continuous tension and local compression in a three-dimensional structure.®

To exploit nature’s self-assembly principles, small amphiphilic molecules have been
synthesized to create nanomaterials with hierarchical structures and tailored properties. Small
molecule amphiphiles, also known as surfactants, consist of hydrophobic tails less than 10-carbon
atoms in length and a hydrophilic head group. Their unique chemical structure and associated self-
assembly behaviour motivate the studies on molecular self-assembly principles, theories,
structures, and properties of assemblies. After many decades of study, various assembly
morphologies have been observed in bulk and in aqueous solution.”! The morphologies include
spherical micelles (spheres), cylindrical micelles (cylinders), bicontinuous structures, lamella, and
vesicles, among others. These surfactant micelles can be used for various applications. The most

common commercial applications are personal care and cleaning products in our homes, which
1



generate bubbles originating from the self-assembly of small-molecule surfactants such as sodium
lauryl sulfate (SLS) and sodium dodecyl sulfate (SDS). Also self-assembly of surfactants at the
monomer/water interface has been used to generate multi-scale topographical features on polymer
substrates for stem cell growth and differentiation.*? There is growing interest in developing self-
assembly of amphiphiles for applications in nanotechnologies including biosensors, medical
imaging, drug delivery, and nanoreactors.>*31°

Macromolecular amphiphiles are analogous to amphiphilic small molecules with
hydrophobic and hydrophilic regions increased in size by 1~2 orders of magnitude. Amphiphilic
polymers which have already been studied extensively include block copolymers of the AB, ABA
or ABC types, as well as different graft copolymers. Compared to small molecule aggregates,
polymer aggregates display higher stability and durability due to their mechanical and physical
properties.'® Also due to their synthetic versatility, tunable self-assembly, and favorable solution
properties, macromolecular amphiphiles have attracted considerable attention toward their
potential applications in many fields, such as medicine, microelectronics, photoelectric materials,
diagnostic imaging, and emulsion stabilizers.}’-?

Accordingly, this chapter will focus on the self-assembly of block copolymers, from
fundamental theories to morphology characterization and potential applications. Then molecular
polymer brushes, also known as graft copolymers, will be introduced, including relevant synthetic
strategies and potential applications. The last section will overview the importance and purpose of

the current work.



1.1 Self-assembly of block copolymers (BCPs)

Block copolymers consist of two or more homopolymer subunits connected by covalent
bonds. Each incompatible block displays different physical and chemical properties, which enable
block copolymers to assemble into micellar structures in selective solvent and to form ordered
films on the surface of substrates. The morphologies, functionalities and sizes obtained can be
tuned by a combination of polymer compositions and self-assembly conditions.'®222% This
provides opportunities to develop self-assembly strategies for block copolymers to build

nanostructures with complex functionalities.

1.1.1 Fundamental theories
1.1.1.1  Block copolymers in bulk

In bulk, block copolymers will microphase separate due to the incompatibility of different
blocks. An unfavorable mixing enthalpy coupled with a small mixing entropy drives the self-
assembly behaviors, while the covalent bond connecting the different blocks prevent macroscopic
phase separation.?” The microphase separation of block copolymers depends on three parameters:
(1) the volume fractions of each block; such as a diblock (fa and fg, with fa+ fg = 1) or triblock ( fa,
fg and fc, with fa+ fs + fc = 1); (2) the total degree of polymerization (N); and (3) the Flory-Huggins
parameter, yag for diblocks, or yae, yac, and ygc for triblocks.?®?° The y-parameter defines the
degree of incompatibility between each pair of blocks, which reflects the interaction energy
between different blocks and is the driving force of microphase separation. For diblock copolymers,

the relationship between yag and temperature (T) is given in equation (1): 160

Xag = (,;7) [SAB - % (&aa + 533)] (1)



where z is the number of nearest neighbors per repeat unit in the polymer, kg is Boltzmann’s
constant, and kT represents the available thermal energy. €45, €44, and egp are the interaction
energies per repeat unit of A-B, A-A, and B-B, respectively. As temperature increases, the value of
x4 decreases, which indicates the incompatibility between the constituent blocks decreases. A
negative value of y , . results from a favorable energy of mixing, which means the average of
contact energies of A-A and B-B segment-segment interactions is larger than the contact energy of
A-B segment-segment interactions. Usually when there are no strong specific interactions between

A-B segments, such as hydrogen bonding, ionic charges or host-guest interactions, y , . is small
and positive. When y ,, > 0 a decrease in A-B contacts in an AB diblock copolymer reduces the

system enthalpy H. While the enthalpy contribution to Gibbs energy is related to y, the
configurational entropy contribution to the Gibbs energy is proportional to N2, Therefore, the
segregation product (xN) is important for determining the microstructures of diblocks.?”31:%2

Here is an example for the symmetric case (fa = 0.5). For yN « 10, diblocks exist in a
disordered homogeneous state and A-B interactions are relatively weak.>® The balance of Gibbs
free energy can be shifted by increasing N or y, which leads to microphase separation.?* As yN
increases to 10, a delicate balance between energetic and entropic factors produces a disorder-to-
order phase transition.?” When yN > 10, energetic factors dominate and ordered microstructures
are formed (see Figure 1.1). Changes in fa mainly affect the shape and packing symmetry of the
ordered microstructure. fa is almost independent of y N, except near the order-to disorder transition
(ODT).*®

In terms of ¥ N, two theories have been developed to study the phase behaviour of diblock



copolymers in bulk, which are the weak segregation limit (WSL) (xN < 10) and strong
segregation limit (SSL) (xN > 10). In SSL theories, sharp boundaries appear among well-ordered
microdomain structures as result of chain stretching. In WSL theories, the ordered composition
profile is approximately sinusoidal with lower amplitude, which is based on unperturbed Gaussian
coils as result of weak A-B segment-segment interactions?” Mean-field SSL theories successfully
predict how microdomain symmetry, size, and periodicity depend on N, f, and y away from ODT,
while WSL theories simplify calculations for order-to-disorder transition (ODT) theories.®® To
span the range, self-consistent mean-field (SCMF) theory has been developed. Figure 1.2 shows
morphology changes of diblock copolymers predicted by SCMF theory when fa < 0.5. The order-
to-disorder transition (ODT) starts from closely packed spheres (CPS), passing through body-
centered cubic spheres (S), hexagonally packed cylinders (C) and bicontinuous gyroids (G), to
lamellae (L), when fa increases at a fixed y N above 10.5.3337*8 Morphology inversion occurs with
increasing fa when fo>0.5 (L -G —» C —» S — CPS — disordered). The morphologies and their
transitions have been verified experimentally through polystyrene-polyisoprene diblock

copolymers (PS-b-PI).%°



%N « 10

52
i
2

Ordered

gy [T

Figure 1.1. Change of structure according to the combined parameter N for a symmetric, diblock copolymer with fa
=0.5. paand f refer to the local and stoichiometric (i.e. macroscopic) A-block volume fractions, respectively. When
xN~10, small variations in system entropy (~N!) or energy (y) leads to ordered (yN = 10) or disordered (yN < 10)

states. Adapted from reference .
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Figure 1.2. Morphology transitions of AB diblock copolymers in bulk: CPS = closely packed spheres, S = body-
centered cubic spheres, C = hexagonally packed cylinders, G = bicontinuous gyroid, L= lamellae. Adapted from
reference 16,

To summarize the above, morphological transitions depend on two competing factors: an

enthalpic contribution from interfacial energy between two blocks, and an entropic contribution
6



from chain stretching. Microphase separation occurs because chains stretch away from preferred
random coils to minimize interfacial area between two blocks in order to lower the interfacial
energy.® The degree of chain stretching depends on the volume fraction of one block relative to
that of the diblock. When fa is small, the A blocks tend to aggregate into spheres, with the B blocks
surrounded outside as coronas. As faincreases, the corona volume fraction decreases and interfaces

with lower curvature are formed. This leads to cylinders and lamellae. >3-4

1.1.1.2  Block copolymers in solution

Compared to BCP self-assembly in bulk, self-assembly of diblock copolymers in solution is
more complicated. As for A-B diblock copolymers, its self-assembly process involves six Flory-
Huggins solvent/polymer interaction parameters y, namely x , ., X, %450 Xzg' Xps» Xgsr Where
A and B represent the two blocks, G stands for the good solvent for both blocks, and S expresses
the selective solvent for one of the blocks.*? The complexity of a self-assembly process depends
on the number of components present in the solution. These parameters are furthermore directly
correlated with the solubility parameter & of the compounds. Knowing the “solubility parameter”
(8) of solvents and polymers is helpful for the selection of selective solvents, which is important

to induce the self-assembly of block copolymers in solution.

Similar with small molecule amphiphiles, block copolymers also self-assemble into spherical
micelles, cylindrical micelles, and vesicles in aqueous solution or organic solvent.*** The

morphology can be controlled by varying block copolymer compositions, and is determined by the

packing parameter p (p = % where v is the volume of the hydrophobic segment, a, is the
0tc



contact area of the head group, and I, is the length of the hydrophobic segment).*® Figure 1.3
shows the relationship between micelle structures and packing parameter p. When p < é spherical
micelles are formed; when % <p< % cylindrical micelles; when % < p < 1, vesicles and lamellae;
when p = 1, lamellae.*’

p=1

Spherical micelles Vesicles Lamellae

Figure 1.3. Representation of micelle structures formed by block copolymers. The structure depends on the packing

parameter p. Reproduced from reference 7.

Thermodynamics of block copolymer micelles

Micelle morphologies of block copolymers are determined by a balance among the free
energy contributions of the interfacial energy, core chain stretching, and corona chain repulsion at
equilibrium. The balance is described by two theories: scaling approaches and mean-field
theories.*® The scaling approaches provide us with useful and simple relations of how the size of
the micellar core and corona depend on the degree of polymerization of the different blocks. Mean
field theories apply a potential field to the configurations of chain molecules, to effectively study

how the degree of polymerization of different blocks and polymer/solvent interaction parameters



. influence the micelle aggregation number, domain sizes, micellar volume fraction, and critical
micelle concentration.*®4® Scaling theories work best for systems with strong excluded volume
interactions, while mean field theories work best for systems with weak polymer-solvent
interactions and excluded volume interactions.*®
In scaling theories, micellization of AB-diblock copolymers is discussed. It assumes that the
micelles are monodisperse and their concentration is too low for the micelles to interact with each
other. A micelle consists of an incompressible spherical core from A blocks and a spherical shell
from B blocks (corona). The total free energy of a micelle is approximated according to the
interfacial tension (enthalpic) and the chain stretching (entropic): F = Finterface + Feore + Foneus
where Fiyterrace describes the interfacial free energy, F... represents the stretching free energy
of A blocks in the core, and Fg,;; is the repulsion free energy of B blocks in the shell.
Minimization of Fi;erface IS the driving force to form micelles. Fiperfqce IS determined by the
following equation (2):
Finterface = YRA” (2)
in which R, is the micelle core radius, yis the interfacial tension, and the symbol ~ denotes equal
within a numerical factor of one order of magnitude. F,,,. is due to chains uniformly stretching in

the core and is expressed as the following equation (3);

FCOTE RA

e = PG’ 3

in which k is Boltzmann’s constant, T is temperature, [ is the segment length, p represents the
aggregation number and N, is the degree of polymerization of A blocks (core). Fgp,;; is due to the
repulsion of chains in the shell, which is different for two limiting cases: the large core case for

N4 > Np (“crew cut micelles”) and the small core case for Ny < N (“hairy micelles”) (See Figure

9



1.4). In the case of the large core, the volume fraction of B segments is constant in the shell, while
in the case of small core, the volume fraction of B segments is assumed to decrease with increasing
distance from the core.*® Therefore, for crew cut micelles,

Fshell Rp 2
~~ 4
T p(NBl/Zl) (4)

in which Ry is the thickness of the shell.*64® As for hairy micelles,

Fsheu . . 3/2
el ~ p (5)

R,, Ry are also correlated to Ny, Ng, p, and [,

RA3 ~ pN,yI® (6)
Ry =~ pY/°Ng*/°1 ()
Substitution of Fipterracer Frorer Fsneut INF = Finterface + Frore 1 Fsneu USING equations (2-
5) and elimination of R4, Rg by employing equations (6-7) leads to two free energy expressions
of a single micelle for two limiting cases respectively, where the aggregation number p is the only
unknown parameter. The aggregation number can be determined by minimization of the free

energy per polymer chain, F/p. For the case of large cores ( Ny > Ng ), Feore > Fsneurs
p = YNy (8)
Ry = V1/3NA2/3l )

In the opposite limit with small cores (N4 < Np), Fzpre < Fspens

p = yIN,YP (10)
Ry ~ y?/5N,*°1 (11)
Rp ~ y5/25N, 25 Ng3/51 (12)
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To summarize the scaling approaches, the aggregation number and size are dependent on the
degree of polymerization of the core and corona block (N, Np), interfacial tension (y), and the
segment length (1).5°-°2 It provides theoretical proof of tuning micelle structures by controlling the
composition of block copolymer and solvent selectivity. Scaling theories have been proven

experimentally by PS-b-PAA copolymers.>
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Figure 1. 4. Schematic representation of crew-cut micelles (left) and hairy micelles (right) of AB-diblock copolymers
as considered by scaling theories. The volume faction profiles (¢g, ¢a)are attached for the large core case (N4 > Ng)

and the small core case (N, < Ng). Adapted from reference “6.

In mean-field theories, the various interactions described by Flory-Huggins x-parameters are
considered. Similar with scaling approaches, core-shell models are applied, which assumes the
physical separation of the two different blocks of the copolymer into two domains, the core and
the shell (corona). Based on this separation, a free energy expression represents the free energy of

the micelle with respect to some reference state as the following equation (13):

F= (Finterface + Felastic - TSshell) + Fsolution - TSmixing (13)
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where Fi,errace denotes the interfacial free energy of the interface between the core (A-blocks)
and the shell (B-blocks), F.;qs:ic arises from the elastic deformation of the copolymers in the
micelle, TSgpe; represents the mixing free energy of solvent molecules with the B-blocks in the
shell, Fsorution aNd TSpixing Stand for the free energy of the homogeneous solution outside the
micelles and the free energy of mixing the micellar aggregates in the micellar solution. These free
energy variables are dependent on a few parameters, such as Flory-Huggins y-parameter, domain
sizes, and micellar volume fraction. After minimizing F with respect to these parameters, the
equilibrium properties of the micellar solution can be obtained. The detailed math will not be

discussed here.*®

Kinetics of block copolymer micelles

Micelle structure and morphology depend on not only thermodynamic factors, but also kinetic
factors, such as copolymer concentration, solvent changes, pressure/temperature jumps, and the
presence of additives. In general, two kinetic mechanisms are responsible for changes in micelle
size and structure: single chain exchange and micelle fusion/fission (Figure 1.5).>*%® In single
chain exchange, a polymer chain diffuses through solution after being discharged from one micelle,
and then rejoins into another micelle. Fusion occurs when two micelles collide and recombine into
a larger micelle. Fission is the reverse process where a larger micelle breaks into two smaller

micelles.

12



Figure 1. 5. Schematic representation of single chain exchange (A) and fusion/fission (B). Adapted from ref. 5758,

Near equilibrium, single chain exchange dominates the dynamics in block copolymer
micelles.*® The rate of chain exchange is dependent on the solvent selectivity for each of the block
copolymers. Chain exchange is relatively slower in highly selective solvents than in mildly
selective solvents.®%! On the other hand, the length of corona blocks and micelle sizes can also
influence the chain exchange rate.52-%

Before equilibrium, the dominant dynamic process in micellar systems is still unclear. Choi
monitored the chain exchange events in the spherical micelle formation of diblock copolymers by
time-resolved small-angle neutron scattering (TR-SANS).%’ In contrast, Dormidontova suggested
that fusion is the preferred growth mechanism in micelles.®® Cui applied fusion to explain the
sphere-to-cylinder morphological transition of PAAgs-b-PMA103-b-PSs4 when THF was
introduced to an aqueous solution of the polymer micelles.>* Recently, Sun described the new
morphology of dumbbells of tubules formed by fusion of tubules, which originate from the self-
assembly of P4VP-b-PS.5” Ren also observed the fusion of adjacent vesicles when photosensitive

micelles were irradiated with green light.®® However, Rharbi argued that fusion may also occur at
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equilibrium as well as single chain exchange, although the fusion is much slower.>® Thus, the
mechanisms governing micelle structure evolution are still unsolved and a better understanding of

macromolecular assemblies are required.

1.1.2 Morphology characterization

Various morphologies have been obtained by BCP self-assembly in solution, some of which
are thermodynamically induced, while others are kinetically controlled. These morphologies have
been studied by the following characterization techniques: dynamic light scattering (DLS), small
angle X-ray and neutron scattering (SAXS and SANS), transmission electron microscopy (TEM
and Cryo-TEM), scanning electron microscopy (SEM), and atomic force microscopy (AFM).

Although with the drawback that it is model-dependent, DLS provides quantitative
information on the micelle sizes and size distribution, as well as critical micelle concentration
(CMC). DLS can be used to screen the effects of processing techniques on BCPs and select
samples for further studies. More detailed nanostructure characterizations are performed using
both SAXS and SANS, which can distinguish the different shapes of micelles by g-range, and
analyze the core and corona of the micelles separately using a contrast variation method.®® TEM,
SEM and AFM can provide direct visualization of block copolymer micelles. Recently, nanoscale
coronal segregation in rod-like micelles was visualized by TEM.”® As for Cryo-TEM, it even
allows direct observation of micelles in a glassy water phase and accordingly determines the
characteristic dimensions of both the core and swollen corona.

However, TEM requires stain techniques to improve the electronic contrast of block

copolymer micelles containing light elements (such as C, H, N, O). Drying and staining can

influence the resulting morphology of micelles, leading to misinterpretation of solution assemblies.
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And Cryo-TEM is most frequently performed in water instead of in organic solvents. AFM may
deform micelles by tip-convolution effects, or by specific interactions between the substrate and
some moieties of the block copolymer. The selectivity of suitable techniques to characterize the
macromolecular assemblies requires consideration of BCP composition and self-assembly
conditions.

Alongside the development of the above characterization techniques, a wide range of
nanoscale structures has been identified from the self-assembly of BCPs. For example, crew-cut
aggregates include more than 20 morphologies, such as spherical micelles, rods, bicontinuous
structures, lamellae, vesicles, large compound micelles (LCMs), large compound vesicles (LCVs),
tubules, “onions”, “eggshells”, etc.*”" Among these morphologies, some are thermodynamically
controlled, such as spheres, rods, bicontinuous rods, lamellae, and vesicles. Others are kinetically
controlled, such as LCVs and tubules. The most commonly observed morphologies will be
described further here.

Spherical micelles consist of a spherical hydrophobic/solvophobic core surrounded by
hydrophilic/solvophilic coronal chains. It is required that the longest hydrophobic/solvophobic
chain in its planar zigzag configuration must always be longer than the radius of the core. Spherical
micelles have been applied extensively to study thermodynamics of BCP assemblies, such as the
“crew cut micelle” model and “hairy micelle” model for scaling theories.® They also can be
considered as the starting morphology for other aggregates.’>”® For example, David J. Kinning
proved that structural transitions can occur from spherical to non-spherical micelles by increasing
the molecular weight of homopolymer additives.’ In addition, spherical micelles are able to carry
dyes and hydrophobic drugs in their hydrophobic cores, while the surrounding hydrophilic shell

allows for high solubility and stability of the micelles themselves.”
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Rods (cylindrical or wormlike micelles) are composed of a cylindrical core and a corona
surrounding the core. Since long cylinders allow uniform curvature across the entire aggregate,
they are generally more energetically favoured than shortened cylinders.”” Recently developed
“living self-assembly” strategies have achieved good control of the rod length in cylindrical
micelles as well, as the crystalline nature of polyferrocenyldimethylsilane (PFS) is a key feature
that promotes the formation of cylinders.”®’® Moreover, worm-like micelles have shown a high
drug loading capacity and increased in vivo circulation time by overcoming biological processes
responsible for clearance of nanocarriers.®’ Therefore, cylindrical micelles are ideal for flow-
intensive drug delivery applications.

Bilayers (lamellae and vesicles) occur in the next stage due to the change of block
compositions or environment parameters, such as solvent contents and solvent polarity. Lamellae
are flat or slightly curved bilayers, while vesicles are closed bilayers, namely hollow spheres with
a bilayer wall sandwiched by internal and external coronas. Vesicles are more frequently seen than
lamellae owing to their higher thermodynamic stability.*®#%2 Upon manipulating one block length,
initial copolymer concentration, organic co-solvent and water content, a wide range of vesicles
have been discovered, such as multi-compartment vesicles, Janus vesicles, onion-like vesicles,

tubule-like vesicles, etc.?*

1.1.3 Potential applications of macromolecular assemblies

Studies towards fundamental theories (thermodynamics and Kkinetics) and characterization
techniques allow us to explore the various morphologies of macromolecular assemblies. By
controlling the composition of individual block components and self-assembly conditions, the

nanostructures of macromolecular assemblies can be tailored to some specific applications, such
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as drug delivery,3 diagnostic imaging,?* photonic crystals,*® emulsion stabilizers,® nanoreactors,®’
oil recovery,® nanopatterning,®® etc. Recently, Choudhury developed a facile way of preparing
porous carbon cathodes for lithium-sulfur batteries by using a self-assembled nanostructured block
copolymer as template.®® Moreover, Tamate summarized the BCP self-assembly in a new media
(ionic liquids), which can be further applied to electric double layer capacitors, lithium-ion
batteries, and electroactive soft actuators.®® Described below is the detailed motivation and
background for several well-developed block copolymer nanomaterials towards specific potential

applications.

Nanomedicines

Over 100 years ago, ‘drug delivery’ was defined as a ‘magic bullet’ by Nobel Laureate Paul
Ehrlich, which describes a therapeutic concept that the effective dose of active drug must be
maintained until it reaches the site of action.®> However, for most drugs, several barriers exist in
such a process, including the fast degradation of many drugs in the complex in vivo environment,
inadequate pharmacokinetics, lack of selectivity for the targeted tissues, and widespread
biodistribution after systemic administration, which is a potential cause of toxicity.*?

To solve these problems, some of the earliest nanomedicines were developed based on self-
assembled liposomes, in which water-soluble drugs are encapsulated within the hydrophilic cores
of vesicles, and hydrophobic drugs are entrapped in the phospholipid bilayer. Using liposomes to
trap drugs can allow their stable circulation in the blood compartment, avoid harmful interactions
with blood cells, and effectively eliminate accidental extravasation.’* However, some problems
have limited the manufacture and development of liposomes, such as stability issues, batch-to-

batch reproducibility, and particle size control.
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The use of amphiphilic block copolymers to develop drug nanocarriers has been pioneered by
Kabanov and Kataoka to overcome the problems of liposome nanomedicines.®>* Polymer-based
drug nanocarriers are advantageous in the following aspects: synthetic versality, tunable sizes,
larger drug payload capacity, extremely low CMC, and stability against dissociation under highly
diluted conditions in bodily fluids. Some details about specific advantages of polymeric
nanomedicines will be discussed in the following section: size control and low CMC.

Nanomedicine sizes are directly related to the enhanced permeability and retention (EPR)
effect, which results in the accumulation of drug carriers in target tissues and is based on the high
permeability of malignant vasculatures to macromolecules.®”%® Accordingly, the size of assemblies
should be large enough to allow ‘passive targeting’ of tissues such as tumors by the EPR effect,
but not so large to limit deep penetration through the tumor tissues. The most effective size has
been reported to be between 10 and 100 nm in diameter, although for tumors with low permeability,
nanomedicines with size below 50 nm should be favourable.®® Moreover, extremely low CMC
indicates the stability of polymeric micelles derived from the greater interfacial free energy of the
larger insoluble segments, compared to low molecular weight surfactants.’®® The segregation of
blocks in the micellar core can generate a variety of intermolecular forces to further lower the
CMC. Drug payloads can also stabilize the micellar core through their interactions with the core-
forming segments.

To design a good drug delivery vehicle, several criteria need to be considered. First, polymers
must be biocompatible, nontoxic and biodegradable. Second, corona blocks need to achieve
effective steric stabilization of micelles with the aim of extending the half-life of proteins in blood,
reducing their immunogenicity, and avoiding proteolytic degradation. Third, hydrophobic core-

forming segments must have interactions with hydrophobic drugs, which is the driving force for
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the formation of micelles and drug encapsulation efficiency. These interactions include hydrogen
bonding, host-guest interactions, n-rt stacking, electrostatic interactions, etc. The core blocks can
be further designed to trigger the release of the drug load in response to the specific signals in
bodily fluids, such as pH and redox potential.

For example, polyethylene glycol (PEG) has been used widely as the corona-forming segment
in biocompatible BCPs because of its hydrophilicity, linearity, chain flexibility, and availability in
a wide range of MWs with low PDI.1%! Other than PEG, other choices typically involve the use of
biocompatible hydrophilic polymers, including poly(glycerol) (PG)!%, poly(N-vinyl-2-pyrolidone)
(PVP)1%, poly(vinyl alcohol) (PVA)®, poly(acrylamide) (PAAM)%, poly[N-(2-hydroxy-propyl)
methacrylamide]  (PHPMA)!®,  poly(oxazolines)  (POxs)}?’,  poly(acrylic  acid)®,
polysaccharides.’® For core-forming segments, the most commonly used polymers are
polyethersi®, polyesters, and polyamino acids*'!. Some polyesters and polyamino acids have been
clinically approved because of their biodegradability and high loading capacity, such as poly(D,

L-lactide) and poly(glutamic acid).

Nanoreactors

In biological systems, chemical reactions happen in a confined environment and are closely
connected to each other such that the product of one reaction is the catalyst of another. To create
a well-defined reaction environment for the coupling of reactions in time and space, synthetic
nanoreactors have been developed, which are capable of encapsulating reagents inside. Self-
assembled block copolymers have attracted great attention in the field of nanoreactors.
Hydrophobic substrates and catalysts can be effectively entrapped in the cores of macromolecular

assemblies, which can increase the solubility of reagents while protecting them from degradation.
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Specifically, amphiphilic block copolymers can form micelles to stabilize and synthesize metal
colloids or metal oxides, since the polymeric shell around the metal particles can prevent their
agglomeration and precipitation.

To obtain metal nanoparticles from metal-containing BCPs, there are mainly two approaches.
One is to first complex the metal ions to the monomers, which will be polymerized and then form
aggregates of polymer-metal hybrids. Another is to synthesize block copolymers first, then form
micelles to entrap metal salts, where chemical reactions happen and products (metal particles)
aggregate to larger size by nucleation and growth. Stable hybrid materials of BCPs and inorganic
compounds are very important for the process, which requires sufficient adhesion between the
polymer chains and the metal particles. Therefore, BCPs have been synthesized with functional
blocks, such as acidic, basic coordinating blocks or neutral ligands. The chemical reactions
occurring in the micellar core usually are reduction reactions for forming metal colloids, are
oxidation reactions for forming metal oxides, or involve the addition of H2S to form metal sulfides.
For example, it has been reported that Pd particles were successfully synthesized inside diblock
copolymer micelles of polystyrene-b-poly(4-vinylpridine) from anionic polymerization.**?

Polymeric micelles can also be applied in the hydrogenation of olefins and acetylenes, C-C
coupling reactions, and enzymatic reactions. Catalytically active metal colloids or enzymes are
buried inside the micelle core and the reactants must pass through the shell to reach the interior. It
is advantageous because catalyst recovery is straightforward by performing ultrafiltration or
precipitation in poor solvents for the polymer. For the hydrogenation of olefins and acetylenes,
advances have been made in chemo-, stereo-, and regioselective hydrogenations of various
substrates. For example, the Tao group used Pt nanoparticles stabilized by PVP to reduce the

carbonyl group in cinnamaldehyde to cinnamic alcohol, while leaving the double bond intact.'*3
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For C-C coupling reactions, a good example was presented by EI-Sayed and coworkers, who used
the Suzuki coupling as a test reaction to investigate the effect of the polymeric stabilizers on both
the catalytic activity and the stability of Pd colloids.''* For enzyme reactions, one example has
been reported by Meier that a pH-sensitive enzyme proved to be catalytically active within the

vesicles, yielding an insoluble fluorescent product from a soluble non-fluorescent substrate.'*®

Nanopatterning

Nanopatterning is a fundamental technology for semiconductor device fabrication. Self-
assembly of block copolymers have attracted a great deal of attention in this field because they can
form ordered, periodic arrays of spheres, cylinders, or lamellae with a typical feature size in the 3-
50 nm region. 518 Compared to traditional photolithography, self-assembly nanopatterning has
a variety of benefits, including molecular scale pattern precision, ultrafine line edge roughness,
and low-cost processing.*°

Here is a classic example of nanopatterning using BCPs.'?° Park et al. developed periodic
arrays of similar 10! holes/cm? using pattern transfer from spherical microdomains in PS-b-PB or
PS-b-PI to an underlying semiconductor substrate by dry etching. First, a block-copolymer film
(PS-b-PB or PS-b-PI) solution was coated on the surface of silicon nitride. In bulk, PS-b-PB
microphase separates into a cylindrical morphology and produces hexagonally ordered PB
cylinders embedded in a PS matrix; PS-b-Pl exhibits a spherical morphology and produces Pl
spheres in a PS matrix with body-centered-cubic order. To produce holes in silicon nitride, PB (or
PI) spherical microdomains in the film were etched away by ozonation. Then the patterns were

transferred into silicon nitride using CF4 RIE on the mask of the hole structure in a PS matrix. On
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the other hand, to produce dots in silicon nitride, the PS matrix was etched away using OsO4

staining after cross-linking the PB. The morphology was transferred into silicon nitride by RIE.

1.2 Introduction to molecular polymer brushes

Bottlebrush copolymers (BBCPs) are a type of branched or graft polymer with polymeric
side-chains attached to a linear backbone. Due to the steric interactions among the densely grafted
side chains, the backbone usually adopts entropically unfavored extended chains, which leads to
worm-like morphologies of molecular polymer brushes if the backbone is longer than the side
chains. Therefore, BBCPs do not entangle, and can self-assemble into ordered nanostructures with
large domain sizes, up to several hundred nanometers. In solution, BBCPs can form micelles with
amuch lower critical micelle concentration compared with linear block copolymers, which enables
applications such as detection or sensing in biological media that requires dilute conditions.
Bottlebrush polymer side-chains can also be functionalized by elements for specific properties,

such as introducing fluorescent groups for bioimaging and adding target groups for recognition.

1.2.1 Strategies for the synthesis of molecular brushes

Bottlebrush polymers were first synthesized in the early 1980s, and early work was primarily
focused on the development of synthetic strategies.'?* Using living polymerizations and ring-
opening polymerizations, the lengths of backbone and side-chain as well as the compositions of
BBCPs can be controlled precisely. Generally, there are three strategies to synthesize molecular
brushes: grafting from, grafting to, and grafting through, as shown by Figure 1.6. The grafting-
from method is used to grow side chains by the polymerization of monomers using a polyinitiator

as a backbone. Grafting-to methods attach the side chains to a backbone which was synthesized
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separately. Grafting-through methods polymerize the functionalized chain end groups of pre-
polymerized macromonomers. Each method has its own advantages and drawbacks, as will be
discussed in the following section. The selection or the combination of these strategies depend on

the targeted structures of molecular brushes.

W Macroinitiator

Monomers

Macromonomers with
polymerizable chain-
end group

EERNT3

Figure 1. 6. Three strategies to construct bottlebrush copolymers: “grafting-from”, “grafting-to”, and “grafting-

through”.

The grafting-from strategy requires the synthesis of a backbone macroinitiator with multiple
initiation sites which is subsequently used to polymerize the monomers of side chains. The
initiator groups can be directly polymerized into the polymer backbone or protected and introduced
later after the backbone polymerization. The grafting-from strategy is favorable when bottlebrush
copolymers with very long backbones need to be prepared. The grafting density can also be

controlled by co-polymerizing more than one monomer during backbone synthesis.*?? In addition,
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core-shell type bottlebrushes can be synthesized by a sequential polymerization of different
monomers used in constructing the side-chains. However, several drawbacks also need to be
considered for the selection of the grafting-from strategy. First, there are significant steric effects
from the initiation groups close to each other along the backbone, which might lead to low
conversions of side-chain monomers. Second, it can sometimes require multiple protection and
deprotection steps, which increases the complexity of the synthetic process.?®

The grafting-to approach involves the synthesis of the bottlebrush backbone and side chain
separately, followed by a coupling reaction that attaches the side-chains to the backbone. This
allows for good control over the compositions and lengths of BBCPs and leads to well-defined
architectures. However, the limitations of the grafting-to strategy are obvious. With increasing
grafting density, steric hindrance along the backbone may impede the attachment of side-chains,
which is already entropically unfavorable as random coiled side-chains are forced to stretch.
Therefore, high grafting densities are difficult to achieve, and they are usually lower than 60%,
although some exceptions have been reported.?*12% Also, incomplete coupling of side chains may
also result in difficult purifications for brushes prepared in this manner.

The grafting-through strategy requires the preparation of macromonomers as side-chains, of
which the functionalized end groups will be polymerized into a backbone of bottlebrush copolymer.
Usually, different lengths of side chains can be obtained by varying the mole ratio of monomers
and initiators, while changing the mole ratio of macromonomers and catalyst can precisely control
the lengths of the bottlebrush backbones. Controlled radical polymerizations and living anionic
polymerizations have been widely applied to the synthesis of macromonomers. Details will be
discussed in the next section 1.2.2. To enable the polymerization of macromonomers in very dilute

solution, avoiding high solution viscosities due to the high MW of macromonomers, highly active
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catalysts are needed to achieve high conversion and control over molecular weight. Fortunately,
Grubbs catalysts have been developed as a perfect fit to finish the second step of bottlebrush
copolymer synthesis, which can polymerize norbornenyl macromonomers by ring opening
metathesis polymerization (ROMP) with high efficiency.*?®!?” Ring opening polymerizations can
also be used for the polymerization of macromonomers.*?

The pros and cons of each synthetic approach are related to specific requirements and
applications of bottlebrush copolymers. For applications involving bulk materials or bottlebrush
coatings, the grafting-from strategy would be optimal. The grafting-to strategy produces BBCPs
with lower grafting densities and less stretched side chains, which may benefit coatings and
additives. The grafting-through strategy can precisely control over the lengths of backbones and

side-chains with high grafting densities, which contributes to fundamental studies of structure and

function and has been used for imaging and detection, 22130

1.2.2 Polymerization techniques for “grafting-through” bottlebrush synthesis

The grafting-through strategies are divided into two steps: macromonomer synthesis and
bottlebrush copolymer synthesis. To obtain macromonomers with polymerizable end groups,
either initiators with functional groups must be used, or chain ends should be modified after
polymerization. Living/controlled polymerization techniques have been used widely to obtain
bottlebrush copolymers, such as, for the macromonomer synthesis step: reversible-deactivation
radical polymerizations (RDRP) and living anionic polymerization, and for the bottlebrush
copolymer synthesis step: ring opening polymerization (ROP) and ring opening metathesis
polymerization (ROMP). RDRP includes nitroxide-mediated polymerizations (NMP), atom

transfer radical polymerizations (ATRP), copper (0) reversible-deactivation radical
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polymerization (Cu(0)-RDRP), and reversible addition-fragmentation chain transfer (RAFT).
Together, these methods can be applied to a wide range of monomers, and many have good
functional group tolerance and use simple reaction conditions. Some of these polymerization

techniques will be discussed in detail here, as well as their mechanisms.

RAFT Polymerization

Scheme 1.1 shows the general mechanism of RAFT polymerization.’3! The process is
achieved by a chain transfer agent in the form of a thiocarbonylthio compound, which initiates and
propagates radicals. In the early stages of the polymerization, addition of a propagating radical
(Pn) to the thiocarbonylthio compound followed by the formation of an intermediate radical
generates a polymeric thiocarbonylthio compound and a new radical (R-). The new radical
combines with monomers to form another propagating radical (Pm-). Chain equilibrium between
the active propagating radicals (Pn- or Pm-) and the polymeric thiocarbonylthio compound provides

equal probability for all chains to grow into narrow dispersity polymers.
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Scheme 1. 1. General mechanism of RAFT polymerizations. Adopted from reference 31,

ATRP & Cu(0)-RDRP

Scheme 1.2 shows the general mechanism of ATRP, which was discovered by
Matyjaszewski.3 The initiating radicals are generated from alkyl halides through a reversible
redox process by a transition metal complex (Mt™/L represents the transition metal species in
oxidation state m and L is a ligand). ATRP is controlled by an equilibrium between propagating

radicals (Pn-) and dormant species, mainly in the form of initiating alkyl halides or macromolecular

species (PnX).
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Scheme 1.2. General mechanism of transition-metal-catalyzed ATRP. Adopted from reference 32,

Based on the activation-deactivation equilibrium of ATRP, a transition metal complex in the
lower oxidation state can be Cu'/L or Cu%L. In this case, Cu(0)-RDRP has been developed, and it
is also called SET-LRP or SARA ATRP, which is mainly used to polymerize acrylic polymers.
The SET-LRP mechanism assumes essentially exclusive activation by Cu® species with
deactivation by Cu'. In contrast, the SARA ATRP mechanism indicates that the activation of
radicals by Cu' and deactivation of radicals by Cu'" take responsibility for the process, and Cu®is
a supplemental activator and reducing agent. However, there remains significant debate about the

true nature of the Cu(0)-RDRP mechanism.***

ROMP

Ring opening metathesis polymerization (ROMP) has been developed to polymerize strained
cyclic olefins to produce low-dispersity polymers and copolymers.t® Scheme 1.3 shows the
general mechanism of ROMP. ROMP uses metal-alkylidene complexes as well-defined olefin-
metathesis catalysts, such as molybdenum-based complexes (Schrock’s catalysts) or ruthenium-
based complexes (Grubbs’ catalysts). Metal-alkylidene complexes coordinate with strained cyclic
olefins to form a four-membered metallacyclobutane intermediate through [2+2]-cycloaddition.

This intermediate provides a new metal alkylidene by a cycloreversion reaction. The increasing
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size of the new metal complex does not influence its reactivity towards cyclic olefins. Analogous
catalytic cycles occur continuously until all the monomers are consumed. ROMP reactions are
commonly quenched through the addition of ethyl vinyl ether. The driving force of ROMP

reactions is the enthalpy released from the release of ring strain, and thus the polymerization is

irreversible.
Initiation m O
—= [2+2] L
M=+ () — : — | M]f' LM=— =
. R pr— LnM :\ n R R
metal alkylidene R metallacyclobutane

Propagation

LnMQ— 4@- LM m;R 2*_. LHM{)%R

R

Termination

el e+ B,
m R m R

Scheme 1.3. A general mechanism to a typical ROMP reaction. Adapted from reference 3.

1.2.3 Potential applications of bottlebrush copolymers

The advances in synthetic methods discussed above enabled the self-assembly of molecular
brushes to develop as a precise and tunable approach for preparing various nanostructures. Their
unique worm-like structures result in a number of potentially useful properties, such as high
molecular weight, lack of entanglement, large domain sizes of self-assembled structures and dense

functionality of bottlebrush side-chains. Therefore, the self-assembly of bottlebrush copolymers
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has emerged as a promising strategy for advanced applications, such as the preparation of photonic

139 140

crystals, ™’ lithographic patterning,'® bioimaging®*® and drug delivery.
Photonic crystals

Photonic crystals, which are ordered composite structures with periodicity comparable to the
wavelengths of visible light, require good control over their bandwidths and center frequencies.
Traditional fabrication of photonic crystals uses “top-down” techniques, such as layer-by-layer
stacking'*! and electrochemical etching'#?, which can meet the requirements but are very
complicated to process. However, self-assembly of bottlebrush block copolymers has been
discovered as a simple way to prepare photonic crystals under mild processing conditions. It is
advantageous because of the efficient synthesis process, the ability to access large domain spacings,
and fast self-assembly kinetics.

The simplest photonic crystals consist of alternating layers of high and low-refractive-index
materials. At each interface of these structures, some light at certain wavelength can be reflected.
The intensity of the reflected light (R) depends on the refractive index contrast (n2/n;) and the
number of layers of the multilayer film, as shown by Equation 14.

oo [T
1+(Z—i)

While the refractive index contrast between each layer in a BBCP film is relatively small,

(14)

increasing the number of layers can be helpful to obtain a large reflectivity. Blending with high-
index components, such as linear homopolymers and nanoparticles, can also increase the
reflectivity by increasing the refractive index contrast.**®* Moreover, the wavelength of reflected

light depends on the optical thickness of each layer in the BBCP films for a normal incident beam
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(6 = 0), which is a product of the refractive index and the thickness of the layer, as shown by
Equation 15.

A =2(nydy +n,d,) (15)
These equations provide guidance for designing photonic crystals with the desired properties by
controlling the thickness and the number of layers in BBCP films.

There are several ways to tune the nanostructures of BBCP films. Xia et al. investigated the
influence of polymer sequence (i.e., random or block) on domain spacing in brush copolymer
nanostructures. They found that a domain spacing of 116 nm was measured by SAXS for
symmetric block copolymers while a domain spacing of 14 nm was determined for random
polymers, which consist of polylactide and poly(n-butyl acrylate) side chains.** On the other hand,
the Grubbs group has studied the effects of BBCP molecular weight and assembly method on the
photonic properties of BBCP films constructed from poly(hexyl-isocyanate) and poly(4-phenyl-
butyl-isocyanate). They concluded that the film preparation method plays an important role in
photonic properties, from the fact that films of one sample cast from CH>Cl,, THF, or that were
thermally annealed appeared blue, green, or red respectively. They also found that the maximum
reflectance wavelength was a linear function of molecular weight for all self-assembly techniques
analyzed.'®®

Bottlebrush block copolymers have been demonstrated as promising materials for preparing
photonic crystals, although opportunities still exist in understanding the thermodynamics of

ordering and optimizing protocols for their self-assembly.
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Polymeric sufactants

Polymeric surfactants containing lyophilic and lyophobic segments are ideally suited to
explore the compartmentalization of soft-matter nanosystems, with lower critical micelle
concentrations (CMCs) and more easily controlled solvophilic/solvophobic interactions relative to
their small-molecule counterparts.®® As a result, thermodynamically stable polymeric assemblies
with remarkable complexity can now be prepared which can draw on the immense diversity of
techniques available for polymer functionalization to create tailor-made assemblies. Such
hierarchical assemblies are increasingly finding applications in drug delivery,'*° bioimaging and
detection.

More recently, molecular polymer brushes have emerged as a powerful building block for the
assembly of soft matter. Characterized by pendant polymer chains protruding from a central
polymer chain, these structures favor extended cylindrical morphologies owing to the steric
repulsion between side chains.'*® As a result, bottlebrush polymers experience limited chain
entanglement compared to traditional linear polymers, significantly reducing the entropic cost of
reorganization into larger assemblies. Amphiphilicity can be readily incorporated into a
bottlebrush structure either radially in a core-shell structure, side-by-side along the length of the
bottlebrush to create a ‘Janus-type’ structure, or in a block-by-block fashion along the length of
the backbone chain. This versatility has led researchers to prepare amphiphilic bottlebrushes for
use as giant surfactants.

For example, Johnson et al. developed a series of functionalized bottlebrushes as responsive
water-soluble drug nanocarriers, where anticancer drugs doxorubicin (DOX) and camptothecin
(CT) were attached to bottlebrush copolymers via photocleavable linkers.**° Miki et al. designed

water-soluble bottlebrush copolymers with near-infrared fluorescence dye and targeting agents
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covalently attached to the bottlebrush backbone, which can be used to image malignant tumors.*%

Sleiman and coworkers prepared bottlebrush copolymers containing a hydrophilic PEG block,
biotin functionality for binding to streptavidin, and luminescent ruthenium, iridium, or osmium
polypyridine complexes, of which the assemblies can be used as biodetection assays.'*’

Although work with bottlebrush polymeric surfactants has advanced greatly, a more

comprehensive understanding of the phase behavior, kinetics, and stability of micelles is needed

to prepare well-defined nanomaterials with desired properties for biomedical applications.

1.3 Scope of the thesis

Our group recently demonstrated that multiblock bottlebrush copolymers (BBCPs) could be
prepared from organic semiconductors, giving nanomaterials with well-defined interfaces
analogous to p-n junctions on single macromolecules.'*® This strategy was used to prepare
multiblock nanofibers with the hierarchical structure of multilayer organic light-emitting diodes
(OLEDS) on single polymer chains, providing new opportunities for the study of charge transport
at nanoscale junctions. We then reasoned that similar organic semiconductors could be
incorporated into amphiphilic BBCPs, giving giant polymeric surfactants capable of building
complex optoelectronic function into larger assemblies. These BBCPs can be further modified for
some potential applications, such as bioimaging and detection.

In this dissertation, we describe the synthesis of amphiphilic BBCPs composed of a soluble
n-butyl acrylate (nBuA) macromonomer block and a carbazole-based benzyl acrylate (CzBA)
organic semiconductor block, and their self-assembly to give micellar structures in selective
solvents. Carbazole moieties are found in many of the most common host materials used in OLEDs,

capable of efficient energy transfer to a wide range of luminescent dopant molecules. Based on
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this principle, we then incorporate a deep-blue emitting acrylic dye molecule into the carbazole
segment of an amphiphilic bottlebrush polymer, giving giant polymer micelles with a quantum
yield of unity after self-assembly.

More specifically, a highly efficient, versatile “grafting through” synthetic methodology is
shown in Chapter 2 by combining Cu(0)-reversible deactivation radical polymerization, ring
opening metathesis polymerization, chain end modification (azide exchange) and “click chemistry”
(CuAAC). We have achieved the preparation of diblock molecular brushes with well-defined
structures and compositions. In Chapter 3, we optimized the self-assembly conditions to obtain
spherical micelles with various sizes. Their size distribution and morphology were characterized
by dynamic light scattering (DLS) and transmission electron microscopy (TEM). Their polymeric
properties and fluorescent properties were also investigated. Chapter 4 will discuss the

conclusions from this work and the outlook for future studies.
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Chapter 2: Synthesis and characterization of bottlebrush diblock copolymers

This chapter describes experimental procedures for the synthesis of well-defined diblock
bottlebrush copolymers using a “grafting-through” strategy, as well as techniques to characterize
the resulting materials, including *H-NMR, SEC, DSC, and AFM. These procedures allow for
accurate control over the BBCP composition, which enable the further investigation of their self-

assembly behaviors in solution and thin films.

2.1 Introduction

Bottlebrush copolymers (BBCPs) have shown promise as building blocks for self-assembled
nanomaterials due to their reduced chain entanglement relative to linear polymers and their ability
to self-assemble with remarkably low critical micelle concentrations (CMCs). Concurrently, the
preparation of bottlebrush polymers from organic electronic materials has recently been described,
allowing multiple optoelectronic functions to be incorporated along the length of single bottlebrush
strands.'*® For example, Sivula et al. developed donor-acceptor copolymer brushes (P3HT-b-
PCBM) via a sequential grafting-through polymerization for solar cell applications.'*

To enable the successful incorporation of semiconducting functionalities into bottlebrush
copolymers, an appropriate synthetic route is necessary. The two-step “grafting through” strategy
is ideally suited to the synthesis of bottlebrush block copolymers as it gives high grafting densities
with good functional group tolerance. This procedure requires two principal steps: first,
macromonomers are synthesized incorporating a polymerizable functional group at the chain end.
Next, these chain ends undergo a second “grafting through” polymerization to give the BBCP. For
the first step, living/controlled radical polymerization (CRP) has been used extensively in literature

due to its precise control over molecular weight, although the polymerization is usually quenched
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at moderate conversions (50-70%)when norbornenyl end groups are used to prevent side reactions
such as radical addition across the norbornene olefin.'*° In some cases, the separation of unreacted
monomers from macromonomers at this stage can also present a challenge if the solubilities of the
macromonomer and monomer are similar. Scheme 2.1 depicts several examples of macromonomer
synthesis. The second “grafting through” step to give BBCPs is more challenging due to the low
concentration of polymerizable end groups and high level of steric hindrance of the
macromonomers. Ring opening metathesis polymerization (ROMP) is ideally suited to these
reactions, as high catalyst activity and relief of ring strain can drive the reaction to high conversion.
The degree of polymerization of ROMP can be easily tuned by controlling the ratio of

macromonomer to catalyst.
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Scheme 2.1. Examples of the direct synthesis of norbornenyl macromonomers by (A) RAFT, (B) ATRP, and (C) ROP.

Adapted from reference 36

In an alternative strategy, the chain ends of well-defined polymers synthesized from CRP can

also be capped with norbornenyl or other polymerizable units through post polymerization
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modification. This is usually achieved by substituting ATRP-initiating (or Cu(0)-RDRP-initiating)
halides with azides, followed by copper-catalyzed alkyne-azide cycloaddition (CUAAC) with
alkynyl-functionalised norbornenes to yield macromonomers.4415:152 The CUAAC reaction is
efficient and highly functional group tolerant, and can also be conducted in a wide variety of
solvents. Scheme 2.2 represents the mechanism of the CUAAC generating the 1,4-regiosiomer of

the distributed triazole compound.
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Scheme 2.2. Mechanism of the copper-catalyzed azide-alkyne cycloaddition. Adapted from reference 5.

For the second polymerization step to give BBCPs, the selection of an appropriate catalyst
for ROMP is critical. Most of the well-defined olefin-metathesis catalysts are molybdenum-based
Schrock’s catalysts or ruthenium-based Grubbs’ catalysts. Figure 2.1 shows the three generations

of Grubbs catalysts. Wooley and coworkers found that the propagation in ROMP of
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macromonomers is often terminated unexpectedly when using first-generation Grubbs (G1)
catalyst.**® The activity of G1 is low because of the similar association and dissociation rate at
equilibrium. For second-generation Grubbs catalyst (G2), an N-heterocyclic carbene (NHC) ligand
takes the place of one of the phosphine ligands, leading to enhanced activity. NHC ligands are
stronger o-donors, such that phosphine ligands are more likely to dissociate due to trans effect.!*
However, Wooley also found that ROMP was poorly controlled using G2 because it initiates
slowly and propagates fast.!¥® As such, third-generation Grubbs catalyst (G3) is ideally suited to
ROMP as it initiates rapidly as a result of substitution of the phosphine in G2 with weakly bound

heterocyclic ligands such as pyridine.*>
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Figure 2.1. Grubbs catalysts of first (G1), second (G2), and third (G3) generations. Adapted from reference %,

In this chapter, synthetic routes are developed to access functional diblock bottlebrush
copolymers containing n-conjugated materials, due to their high fluorescence quantum yields and
photochemical stability, which are of interest in labeling and imaging. More specifically, carbazole
and their derivatives were examined as they have been well-studied as host materials capable of

efficient intramolecular electron transfer in optoelectronic devices. !>
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2.2 Results and Discussion

Direct-Growth Synthesis of Macromonomers

The synthesis of macromonomers of n-butyl acrylate (nBuA) was first attempted using
norbornenyl-functionalized initiators through copper(0) reversible-deactivation radical
polymerization (Cu(0)-RDRP), as shown in scheme 2.3. This method has the advantage of giving
polymers in which every chain is functionalized with a norbornene handle at the a-terminus, but
it was necessary to quench the reactions at very low conversions (< 40%) to prevent biradical
coupling or atom-transfer radical addition. The latter side reaction additionally results in o,®-
dinorbornenyl telechelic macromonomers,** which can act as crosslinkers during ROMP and
resulted in bottlebrush polymers with a high-molecular weight shoulder and/or broadened
molecular weight distribution following the grafting-through step. It was also found that the
configuration of atoms linking the polymer to a polymerizable norbornene handle has influence
on the kinetics of ROMP.'®" To maximize the conversion of macromonomers (MMs) in ROMP,
rapid propagation rates are required in order to maximize conversion during the lifetime of the
active catalyst species. Since MMs functionalized with an exo-norbornene anhydride derivative
have been shown to propagate more slowly than simple functionalized norbornenes, the
polymerizable norbornenyl chain end was substituted for exo-5-norbornylmethylpent-4-ynoate, as

shown in Scheme 2.4.
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Scheme 2.3. Unsuccessful synthesis of nBuA macromonomers using short-spacing (A) and long-spacing (B)
norbornenyl-functionalized initiators. Using NB-initiator 2 (B) is supposed to increase the flexibility of side-chains

and reduce the steric hindrance of macromonomer polymerization.

Synthesis of Macromonomers by Post-Polymerization Functionalization

To avoid atom-transfer radical addition, a two-step synthesis of macromonomers was then
identified in which azide-functionalized polymers synthesized by Cu(0)-RDRP could be
functionalized with norbornenyl units via CUAAC (Scheme 2.4). Unfortunately, polymerizable
macromonomers with a bimodal molecular weight distribution were obtained, as shown in Figure
2.2. Since the catalysts used for CUAAC are similar to those used in ATRP or Cu(0)-RDRP, it is
likely that biradical combination of prepolymers occurred during the CUAAC reaction due to the
reactivity of the bromine chain end. The modification of the polymer w-terminus was then

attempted to prevent this undesired reactivity.
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Scheme 2.4. Unsuccessful synthesis of nBuA macromonomers via post polymerization modification (CUAAC).
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Figure 2.2. Bimodal molecular weight distribution of nBuA macromonomers by scheme 2.4.

Macromonomers of nBuA and CzBA were then successfully synthesized by Cu(0)-RDRP,
(Scheme 2.5). Alternatively termed SET-LRP or SARA-ATRP, these room-temperature
polymerization reactions make use of simple Cu(0) wire as catalyst, providing scalable routes to
multigram quantities of both materials. Using ethyl-a-bromoisobutyrate (EBIiB) as initiator,
bromine-terminated polymers poly(nBuA)-Br (Mn = 5200, B = 1.16) and poly(CzBA)-Br (M =

4800, b = 1.16) were prepared. While poly(nBuA)-Br can be easily purified by reprecipitation
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from CH2Cl; into 80:20 MeOH:H20, the solubility characteristics of the m-conjugated CzBA
monomer and its corresponding polymer are very similar, making reprecipitation unsuitable in a
wide range of solvent combinations. Fortunately, residual CzBA monomer can be easily removed
from poly(CzBA)-Br by passing the crude product over a reusable polystyrene-co-divinylbenzene
resin to give pure polymer product.

These bromine-terminated polymers were then converted into norbornene-containing
macromonomers suitable for grafting-through bottlebrush synthesis via ring-opening metathesis
polymerization (ROMP).}** The bromine end groups were first exchanged for azide groups by
stirring with sodium azide in dry DMF at room temperature, after which a norbornene group could

be added using CUAAC and a norbornene-functionalized alkyne.
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Scheme 2.5. Successful synthesis of macromonomers nBuA-MM and CzBA-MM.

Xia and coworkers have recently shown that this ‘growth then coupling’ strategy for
controlled radical macromonomer synthesis can reduce molecular weight broadening during
ROMP compared to directly grafting a polymer chain from a norbornene-functionalized

initiator."*® By adding the norbornene group to the polymer w-terminus after the polymerization
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reaction, any chain-chain coupling events during the radical polymerization simply result in
unreactive chains during ROMP, as the terminal bromine atoms are no longer available for
substitution. This is in contrast to direct grafting methods, in which chain-chain coupling would
instead result in bifunctional polymers with norbornene groups at both ends, and thus able to act
as crosslinkers.®1>® As such, a growth-then-coupling approach was used for macromonomer
synthesis here, though we note that direct growth methods can also be used in the preparation of
low-dispersity bottlebrushes if chain-chain coupling events can be minimized during the initial
radical polymerization step.*! Notably, both the azide exchange and CuAAC reactions proceeded
with no significant change in the SEC trace of either polymer after both reactions (Figure 2.3). The
polymeric properties of prepolymers and macromonomers by scheme 2.5 are shown in the Table
2.1 and Table 2.2. Their molecular weights were controlled around 5000 Da with a narrow
polydispersity (PDI ~1.1), which contributed to the synthesis of well-defined diblock BBCPs. The
DP of poly(CzBA)is-Br (or poly(CzBA-co-PAPOMA)15-Br) calculated by SEC was higher than
the one we expected from its [M/I] at 78% (or 73%) conversion , which may be due to systematic

errors and experimental errors such as the quality of solvent (THF).

(A) (B)
poly(nBuA),-Br poly(CzBA),-Br
poly(nBuA);-N, poly(CzBA), N,
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Figure 2.3. SEC refractive index (RI) traces for poly(nBuA)-Br, poly(CzBA)-Br, and their azide- and norbornene-

functionalized analogues.

43



Table 2.1. Synthesis of prepolymers.

Entry M,* (Da) DP? [M/1)® D Conv. (%)¢
Poly(nBuA)0-Br 5200 39 40 1.16 95
Poly(CzBA)1s-Br 4800 13 15 1.16 78

Poly(CzBA-co-PAPOMA):5-Br 5700 14 15 1.12 73

@Determined by SEC in THF
®Monomer to initiator ratio.
°Determined using *H NMR.

Table 2.2. Synthesis of macromonomers.

Entry Mn (Da) b
nBuA-MM 5600 1.14
CzBA-MM 5200 1.15

(CzBA-co-PAPOMA)-MM 6000 1.12

A grafting-through approach via ROMP was then used to give diblock copolymers with
backbone degrees of polymerization between 72 and 110, varying the ratio of nBuA and CzBA
macromonomer units in the chain from ~1:3 to ~7:1 (Table 2.3). Narrow dispersities of 1.08-1.11
were obtained for these diblock copolymers with tailing at low molecular weights likely due to a
small percentage of chain death after growth of the first block. Unreacted macromonomer is easily
removed by filtering the BBCPs through a column of hydroxylated methacrylic resin, giving pure
BBCPs suitable for self-assembly studies. The short, cylindrical morphology of the bottlebrush
copolymers can also be observed by atomic force microscopy (AFM) on highly-oriented pyrolytic

graphite (HOPG), with heights of approximately 1.8 nm when dried (Figure 2.4 (C)).
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Figure 2.4. (A, B) Synthesis of amphiphilic bottlebrush copolymers via ROMP. (C) Atomic force microscopy image
of (nBUA-MM)19e-b-(CzBA-MM)ss on HOPG, scale bar = 120 nm. (D) SEC RI traces for four (hBuA-MM)-b-

(CzBA-MM) diblock BBCPs.

Table 2.3. Synthesis of bottlebrush diblock copolymers.

Polymer Mn, nsua? (kDa) M, total (KDa)? D wt.% nBUuA
(NBUA-MM )1s-b-(CzZBA-MM)ss 104 454 1.09 23%
(NBUA-MM)so-b-(CzBA-MM)a2 276 692 1.09 40%
(NBUA-MM )gs-b-(CzBA-MM )23 345 640 1.11 54%
(NBUA-MM )ss-b-(CzBA-MM)14 538 853 1.10 63%

@Determined by SEC in THF. DP=degree of polymerization of poly(norbornene) backbone

We then sought to use these techniques to incorporate low concentrations of highly
fluorescent dye molecules directly into the BBCP using the CzBA polymer as an organic

semiconductor host to facilitate energy transfer. We synthesized a blue fluorescent acrylic dye
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PAPOMA ((4'-(5-(4-(bis(4-(tert-butyl)phenyl)amino)phenyl)-1,3,4-oxadiazol-2-yl)-[1,1'-
biphenyl]-4-yl)methylacrylate) including a triphenylamine-based donor and oxadiazole-based
acceptor, as similar donor-acceptor pairs have been used previously to give high quantum yield
materials used for emitters in OLEDs.'%%!6! Copolymerization of CzBA with 10 wt.% PAPOMA
by Cu(0)-RDRP gave poly(CzBA-co-PAPOMA)15-Br (Mn = 5700, B = 1.12, Table 2.1), which
was then converted to macromonomer (CzBA-co-PAPOMA)-MM (Table 2.2) by azide
substitution and CuAAC with a norbornene-functionalized alkyne (Figure 2.5). This
macromonomer was then used to synthesize a diblock BBCP (nBuA-MM)s1-b-(CzBA-co-
PAPOMA-MM)3s via ROMP M, = 689,000, b = 1.08, 34 wt.% nBuA). The short, cylindrical
morphology of the diblock can be observed by atomic force microscopy (AFM) on highly-oriented

pyrolytic graphite (HOPG), with heights of approximately 1.8 nm when dried (Figure 2.6).
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Figure 2.5. (A) Synthesis of CzBA macromonomer doped with 10 wt.% fluorescent PAPOMA dye. (B) Schematic

representation of the ROMP of nBuA-MM with (CzBA-co-PAPOMA)-MM to give giant fluorescent polymer

surfactants. (C) SEC RI traces of (CzBA-co-PAPOMA)-MM and the corresponding diblock bottlebrush copolymer.
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Figure 2. 6. AFM images for nBuAusi-b-(CzBA-co-PAPOMA)z9 on HOPG substrate. Scale Bar = 120 nm.

The thermal properties of these macromonomers and diblock copolymers were then
investigated by differential scanning calorimetry (DSC), which is important for understanding the
annealing process when preparing self-assembled films of diblock BBCPs. This is essential as
these polymers should be annealed above the glass transition temperatures (Tgs) of both blocks, to
ensure that side-chains are flexible enough to allow ordered structures to form from microphase
separation.*® For the macromonomers, the T4 of NBUA-MM and CzBA-MM were found to be -
53 T and 103 <T respectively. After being polymerized into diblock bottlebrush copolymers, the
Tg of the nBuA blocks and CzBA blocks all increased, to different extents (Table 2.4 and Figure
2.8), although the T4 of the CzBA blocks could not be observed for diblock BBCPs with a large
weight percentage of nBuA, such as (NnBuA-MM)ee-b-(CzBA-MM)23 and (nBuA-MM)ge-b-

(CzBA-MM)14.
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Figure 2.7. DSC traces of macromonomers (A) NBUA-MM and (B) CzBA-MM run at a rate of 10 < min* under a

60 mL min~! flow of nitrogen. Two consecutive heating and cooling cycles were performed, the second is shown.

Table 2.4. Glass transition temperatures of bottlebrush diblock copolymers.

Entry Tg, nBuA (°C) Tg, CzBA (°C)
(nBuA-MM)19-b-(CzBA-MM)s6 -27.9 112.5
(nBuA-MM)so-b-(CzBA-MM)42 -22.4 109.2
(nBuA-MM)e9-b-(CzBA-MM)23 —25.7 —a
(nBuA-MM)6-b-(CzBA-MM)14 -32.6 —a

(nBuA-MM)1-b-((CzBA-co- 963 1193

PAPOMA)-MM)39

Not observed.
2Not observed.
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Figure 2.8. DSC traces of bottlebrush diblock copolymers (A) (nBUuA-MM)19-b-(CzBA-MM)sg, (B) (NBUA-
MM)so-b-(CzBA-MM)a2, (C) (NBUA-MM )ee-b-(CzBA-MM )23, (D) (NBUA-MM )ss-b-(CzBA-MM )14, (E) (NBUA-

MM)41-b-(CzBA-co-PAPOMA-MM)3s9
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2.3 Conclusions

A scalable and efficient synthetic route using “grafting through” strategy was successfully
developed to synthesis well-defined diblock bottlebrush copolymers with low dispersity (PDI from
1.08 to 1.11), high grafting density and well controlled compositions. This synthetic route was
achieved by two steps, which are macromonomer synthesis and bottlebrush copolymer synthesis.
The first step used the growth-then-coupling method by combining Cu(0)-RDRP and two high
yield reactions (azide exchange and CuAAC), which successfully removed the active bromine
chain ends of prepolymers and efficiently prevented bifunctional macromonomers with
norbornene groups at both ends from chain-chain coupling. In the second step, diblock bottlebrush
copolymers with well-defined side chains were obtained by sequent ROMP, of which the
advantages include time efficiency and functional group tolerance. The backbone length ratio of
nBUA and CzBA block in diblocks was well controlled from ~1:3 to ~7:1 by varying the ratio of
macromonomer and catalyst (G3). To ensure the high purity of diblock BBCPs for next step
investigation of self-assembly behaviors, we also developed an efficient purification method to
remove the unreacted macromonomers by filtering the BBCPs through a size exclusion column
packed with hydroxylated methacrylic resin.

Using the same synthetic route, we also successfully incorporated low concentrations of
highly fluorescent dye molecules directly into the BBCP using the CzBA polymer as an organic
semiconductor host to facilitate energy transfer. The structures and compositions of
macromonomers and diblock bottlebrush copolymers were fully characterized by *H-NMR, SEC
and AFM. The short, cylindrical morphology of the bottlebrush copolymers can be observed by

AFM, with heights of approximately 1.8 nm when dried. The thermal properties of BBCPs were
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investigated using DSC, which provided us the values of Tgs to ensure the annealing temperature
for BBCP self-assembly in film.
2.4 Experimental details
241 General considerations

Dry solvents were purchased from Caledon Laboratories, dried using an Innovative
Technologies Inc. solvent purification system, collected under vacuum, and stored under a nitrogen
atmosphere over 4 A molecular sieves. All reagents were obtained from Sigma-Aldrich or Alfa
Aesar and used as received unless otherwise stated. Tris[2-(dimethyl-amino)ethyl]amine
(MesTREN), ethyl o-bromoisobutyrate (EBiB), mesitylene, dry tetrahydrofuran (THF),
trifluoroethanol

(TFE) and dry dimethylformamide (DMF) were degassed by three freeze-pump-thaw cycles,
then stored under a nitrogen atmosphere. N-butyl acrylate (nBuA) was passed through a short
column of basic alumina to remove inhibitors, degassed by three freeze-pump-thaw cycles, then
stored under a nitrogen atmosphere. N-methyl-2-pyrrolidone (NMP) was distilled, then degassed
and stored under N2 atmosphere. Dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-
imidazolidinylidene](benzylidene)bis(pyridine) ruthenium(Il) (G3) was prepared according to
literature procedures.'®? 4-(9H-carbazol-9-yl)benzyl acrylate (CzBA) and (4'-(5-(4-(bis(4-(tert-
butyl)phenyl)amino)phenyl)-1,3,4-oxadiazol-2-yl)-[1,1'-biphenyl]-4-yl)methyl acrylate
(PAPOMA) were synthesized according to previous literatures (see structures below).!%% 1% The
'H nuclear magnetic resonance (NMR) spectra were measured on a Bruker AV III HD 400 MHz

spectrometer with chloroform-d (CDCl3) or benzene-ds (CsDs) as the solvent.
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CzBA PAPOMA

Size Exclusion Chromatography (SEC)

SEC experiments were conducted in chromatography-grade THF at concentrations of 1 —
10 mg mL* using a Malvern OMNISEC GPC instrument equipped with a Viscotek TGuard guard
column (CLM3008), and Viscotek T3000 (CLM3003) and T6000 (CLM3006) GPC columns
packed with porous poly(styrene-co-divinylbenzene) particles regulated at a temperature of 35 °C.
Signal response was measured using differential viscometer, differential refractive index,
photodiode array and right-angle and low angle light scattering detectors. Calibration of
interdetector distances was performed using a polystyrene standard from Malvern Inc. Refractive
index increments (dn/dc) were determined using 100% mass recovery methods from Malvern
OMNISEC software version 10.2 with each polymer sample being run at least five times to ensure

reproducibility of the calculated refractive index increment.

Thermal Analysis
Glass transition temperatures were determined using differential scanning calorimetry
(DSC) ona NETZSCH DSC 214 Polyma instrument. The diblock copolymer samples were placed

in an aluminum pan and heated from —50 to 180 <C at 10 < min~* under a flow of nitrogen for 2
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heating/cooling cycles, while nBuA and CzBA macromonomers were heated from —30 to 100 C

and 25 to 180 <TC respectively.

Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) images were obtained using an Asylum Instruments Cypher
S AFM system in tapping mode at scan rates of 0.30 Hz. Samples were prepared by spin-coating
solutions of polymer onto freshly cleaved highly-oriented pyrolytic graphite (HOPG) at 4000 rpm
for 30 s at concentrations of ~0.001 mg mL-1. For best results, 1,2-dichloroethane was used as the
solvent for nBuA19-b-CzBA56 and nBuA41-b-(CzBA-co-PAPOMA)39. Samples were placed in
a vacuum oven (60 <€) for at least 2 h before images were obtained using Mikromasch
HQ:NSC14/No Al or HQ:NSC19/No Al probes, with typical resonance frequencies f and spring

constants k of (f = 160 kHz, k =5 N/m) and (f = 65 kHz, k = 0.5 N/m) respectively.

2.4.2  Synthetic procedures of macromonomers
Synthesis of poly(nBuA)so-Br by Cu(0)-RDRP

Modified from a previously reported procedure.® In a nitrogen atmosphere glovebox, a
20 mL vial equipped with a magnetic stir bar was filled with nBuA (4.00 g, 31.2 mmol, 40.0 eq.),
EBiB (115 uL, 0.780 mmol, 1.00 eq.), 1.00 mL of a solution of MesTREN in TFE (20.0 pL mL?;
MesTREN: 1.80x1072 g, 7.80x10 mmol, 0.100 eq.). Following the addition of TFE (half the
volume of monomer, 2.2 ml), the mixture was stirred at room temperature for 10 minutes to allow
all reagents to fully dissolve. Concurrently, a 10 cm piece of 18 gauge copper (0) wire was soaked
in concentrated HCI for 15 minutes to remove surface impurities, then washed with water followed

by acetone three times each, dried in an oven at 60 <C for 5 minutes and transferred to the glovebox.
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The wire was added to the mixture to initiate the polymerization. The polymerization was stirred
at 25 T in the glove box for 5 hours, then quenched by removing the copper wire and passing the
solution through a short column of neutral alumina in CH2Cl,. The solution was concentrated in
vacuo, then precipitated into 20% water in MeOH three times. The final product was dried in vacuo

overnight. Yield = 2.8 g. M, (SEC) = 5200 Da (dn/dc = 0.057), B = 1.16. *H NMR: see Figure 2.9.

ppm

Figure 2.9. TH NMR spectrum of poly(nBuA)4-Br in CDCls,
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Synthesis of poly(CzBA)1s-Br by Cu(0)-RDRP

Prepared according to a modified literature procedure.’®® In a nitrogen atmosphere
glovebox, CzBA (2.00 g, 6.11 mmol, 15.2 eq.), 59 uL of a solution of EBiB in NMP (Cggig =50
mg mL; EBiB: 78 mg, 0.40 mmol, 1.0 eq.), and 1.5 mL of a solution of CuBro/MeTRENGg in
NMP (Ccy = 3.75 mg mL%; CuBr,: 5.8 mg, 2.6 <102 mmol, 0.065 eq.; MesTREN: 6.3 mg, 2.7 %
1072 mmol, 0.068 eq.) was added to a 20 mL vial. 8.4 mL of NMP was then added to dissolve the
mixture. Concurrently, a 20 cm piece of 18 gauge copper (0) wire was soaked in concentrated HCI
for 15 minutes to remove surface impurities, then washed with water followed by acetone, dried
in vacuo and taken into the glovebox. The wire was added to the mixture to initiate the
polymerization. The reaction was stirred at 25 <C in the glove box. After 6.5 hours, a 25 uL aliquot
was taken and diluted with CDCls, and the conversion monitored by 'H NMR. At approximately
78 % conversion (after 8 hours), the polymerization was quenched by removing the copper wire
and adding deionized water, then the crude polymer was isolated by centrifugation. Further
purification was done by preparatory size exclusion chromatography (Bio-Rad Bio-Beads S-X1
Support) in THF to remove residual monomer. The fractions containing polymer were determined
by SEC analysis. All fractions containing polymer were collected and dried in vacuo overnight.

Yield = 1.73 g. Mn (SEC) = 4600 Da (dn/dc = 0.1946), B = 1.16. *H NMR: see Figure 2.10.
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Figure 2.10. *H NMR spectrum of poly(CzBA)is-Br in CDCls. * = THF; + = BHT.

0]

Br
R

~N

Synthesis of poly(CzBA-co-PAPOMA)15-Br by Cu(0)-RDRP
Poly(CzBA-co-PAPOMA)15-Br was synthesized in analogy with poly(CzBA)15-Br. In a
nitrogen atmosphere glovebox, to a 20 mL vial equipped with a magnetic stir bar was added CzBA

(0.452 g. 1.38 mmol, 13.7 eq.), PAPOMA (48.8 mg, 0.0750 mmol, 0.750 eq.), 14.7 puL of a
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solution of EBiB in NMP (Cegiz=1.33 g mL™'; EBiB: 19.5 mg, 0.100 mmol, 1.00 eq.), and 0.387
mL of a solution of CuBr2/MesTREN in NMP (Ccy = 3.75 mg mL™!; CuBr2: 1.5 mg, 6.5 x 1073
mmol, 0.065 eq.; MesTREN: 1.6 mg, 6.8 x 107> mmol, 0.068 eq.). The total volume was kept to
2.9 mL of solvent. The mixture was stirred at room temperature for 10 minutes to allow all reagents
to fully dissolve. A 5 cm piece of 18 gauge copper (0) wire was soaked in concentrated HCI for 10
minutes to remove surface impurities, then washed with water followed by acetone, dried in vacuo
and taken into the glovebox. The wire was added to the mixture to initiate the polymerization.
After 4 hours, a 25 uL aliquot was taken and diluted with CDCl3, and the conversion monitored
by 'H NMR. At approximately 73 % conversion (after 7.5 hours), the polymerization was
quenched by addition of water followed by filtration. The polymer was dissolved in CH2Cly, dried
over MgSO4 and concentrated in vacuo. The residue was purified by preparatory SEC in THF
(Bio-Rad Bio-Beads S-X1 Support) and fractions containing polymer were determined by SEC
analysis. All fractions containing polymer were collected and dried in vacuo overnight. Yield =

381 mg. M, (SEC) = 5700 Da, D = 1.12. '"H NMR: see Figure 2.11.
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Synthesis of azido-terminated poly(nBuA)4o-N3

Prepared according to a modified literature procedure.!?® To a 20 mL vial capped with a
Teflon-lined lid and equipped with a magnetic stir bar was added poly(nBuA)40-Br (2.40 g, 0.462
mmol, 1.00 eq.), sodium azide (60.1 mg, 0.924 mmol, 2.00 eq.), and 12 mL of dry DMF. The
reaction was stirred at 25 °C in the glovebox for 24 hours. The mixture was concentrated in vacuo,
then dissolved in CH2Cl,, washed 5 times with 100 mL deionized H20, dried over MgSQzu, filtered

and concentrated in vacuo. Yield = 1.80 g. M, (SEC) = 5300 Da (dn/dc = 0.057), D = 1.12. 'H
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NMR: see Figure 2.12.

ppm

Figure 2.12. 'H NMR spectrum of poly(nBuA)a4o-Nsz in CDCls,

»

Synthesis of poly(CzBA)1s5-N3

To a 20 mL vial capped with a Teflon-lined lid and equipped with a magnetic stir bar was
added poly(CzBA)15-Br (1.67 g, 0.361 mmol, 1.00 eq.), sodium azide (46.9 mg, 0.722 mmol, 2.00
eq.) and 10 mL of dry DMF. The reaction was stirred at 25 °C in the glovebox for 24 hours. The
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mixture was concentrated in vacuo, then dissolved in CH2Cl,, washed 5 times with 100 mL
deionized H20, dried over MgSOs, filtered and concentrated in vacuo. Yield = 1.52 g. M, (SEC)
= 5000 Da (dn/dc = 0.1946), D = 1.16. '"H NMR: see Figure 2.13.
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Figure 2.13. 'H NMR spectrum of poly(CzBA)15-Ns in CDCls. * = DCM; + = THF; * = DMF.
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Synthesis of azido-terminated poly(CzBA-co-PAPOMA)15-N3
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To a 20 mL vial capped with a Teflon-lined lid and equipped with a magnetic stir bar was
added poly(CzBA-co-PAPOMA)is-Br (381 mg, 7.50 x 102 mmol, 1.00 eq.), sodium azide (9.8
mg, 0.15 mmol, 2.0 eq.) and 2.5 mL of dry DMF. The reaction was stirred at 25 °C in the glovebox
for 24 hours. The mixture was concentrated in vacuo, then dissolved in CH2Cl,, washed 5 times
with 100 mL deionized H20, dried over MgSOs, filtered and concentrated in vacuo. Yield = 309

mg. M, (SEC) = 5800 Da, D = 1.11. 'H NMR: see Figure 2.14.
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Figure 2.14. *H NMR spectrum of poly(CzBA-co-PAPOMA)15-Ns in CDCls. * = DMF; + = BHT.
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Synthesis of exo-5-Norbornylmethylpent-4-ynoate (1)
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A 100 mL round-bottom flask equipped with a magnetic stir bar was charged with exo-5-
norbornene-2-methanol (1.63 g, 13.1 mmol, 1.00 eq.), 4-pentynoic acid (1.42 g, 14.5 mmol, 1.10
eq.), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (3.02 g, 15.8 mmol, 1.20
eq.), and 4-dimethylaminopyridine (0.527 g, 4.31 mmol, 0.328 eq.). The flask was then degassed,
and 40 mL of degassed anhydrous CH2Cl, was added using a syringe under N2. The mixture was
stirred at 25 <C under N2 for 24 hours. The reaction was extracted with CH2Cl2 and washed with
H20 (50 mL) and brine (50 mL), dried over MgSOs, filtered and concentrated in vacuo to yield 1
as a colorless oil. Yield = 2.36 g (88%). *H NMR (400 MHz, Chloroform-d): § 6.13-6.04 (m, 2H),
4.18 (dd, J =10.9, 6.5 Hz, 1H), 4.00 (dd, J = 10.9, 9.2 Hz, 1H), 2.83 (dg, J = 3.0, 1.6 Hz, 1H), 2.70
(dt, J = 2.9, 1.4 Hz, 1H), 2.62 — 2.46 (m, 4H), 1.97 (t, J = 2.5 Hz, 1H), 1.72 (dddd, J = 10.6, 8.0,
5.3, 1.3 Hz, 1H), 1.41-1.21 (m, 3H), 1.15 (ddd, J = 11.8, 4.5, 3.5 Hz, 1H) ppm; 3C NMR (101
MHz, Chloroform-d): 6 171.80, 136.93, 136.17, 82.51, 69.02, 68.81, 44.94, 43.63, 41.58, 37.95,
33.43, 29.55, 14.43 ppm. HRMS (EI) m/z: [M**] calcd for [CisH1602°Na]*, 227.1048; found,

227.1046; difference: —0.9 ppm.
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Synthesis of Macromonomer nBUA-MM via “Click” Coupling of Prepolymer and S1
Prepared according to a modified literature procedure.'”® In a nitrogen atmosphere

glovebox, to a 20 mL vial capped with a Teflon-lined lid and equipped with a magnetic stir bar

was added poly(nBuA)40 -N3 (1.59 g, 0. 302 mmol, 1.00 eq.), S1 (124 mg, 0.604 mmol, 2.00 eq.),
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83 uL of a solution of CuBt/PMDETA in THF (Ccy = 7.90 mg mL™%; CuBr: 6.5 mg, 4.5 x 1072
mmol, 0.15 eq.; PMDETA: 8.2 mg, 4.8 x 102 mmol, 0.16 eq.), 125 pL of a solution of MEHQ
(Cmeng = 3.0 mg mL™Y; MEHQ: 0.37 mg, 3.0 X 102 mmol, 0.01 eq.), and 11 mL of THF. The
mixture was stirred at 50 °C in a glovebox for 30 hours. After reaction the catalyst was removed
by passing the mixture through a short neutral alumina column in THF. The residue was then
purified by preparatory SEC (Bio-Rad Bio-Beads S-X1 Support) in THF and fractions containing
polymer were determined by SEC analysis. All fractions containing polymer were collected and
dried in vacuo overnight. Reprecipitation in MeOH was used to remove BHT introduced by THF
after preparatory SEC. Yield = 1.40 g. M, (SEC) = 5600 Da (dn/dc = 0.057), D = 1.14. 'H NMR:

see Figure 2.15.
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Figure 2.15. *H NMR spectrum of nBUA-MM in CDCls.
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Synthesis of Macromonomer CzBA-MM via “Click” Coupling of Prepolymer and S1

In a nitrogen atmosphere glovebox, to a 20 mL vial capped with a Teflon-lined lid and
equipped with a magnetic stir bar was added poly(CzBA)15-N3 (1.41 g, 0. 281 mmol, 1.00 eq.), 1
(115 mg, 0.562 mmol, 2.00 eq.), 1 mL of a solution of CuBr/PMDETA in THF (Ccy = 5.94 mg
mLt; CuBr: 6.0 mg, 4.2 x 102 mmol, 0.15 eq.; PMDETA: 7.7 mg, 4.4 x 102 mmol, 0.16 eq.),
116 pL of a solution of MEHQ (Cwmeng = 3.0 mg mL; MEHQ: 0.35 mg, 2.8 x 10~ mmol, 0.010
eq.), and 10 mL of THF. The mixture was stirred at 50 °C in a glovebox for 30 hours. After reaction
the catalyst was removed by passing the mixture through a short neutral alumina column in THF.
The residue was then purified by preparatory SEC (Bio-Rad Bio-Beads S-X1 Support) in THF and
fractions containing polymer were determined by SEC analysis. All fractions containing polymer
were collected and dried in vacuo overnight. Reprecipitation in MeOH was used to remove BHT
introduced by THF after preparatory SEC. Yield = 1.35 g. M, (SEC) = 5200 Da (dn/dc = 0.1946),

D =1.15. '"H NMR: see Figure 2.16.
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Figure 2.16. *H NMR spectrum of CzZBA-MM in CDCls.
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Synthesis of Macromonomer CzBA-co-PAPOMA-MM via “Click” Coupling of Prepolymer
and S1

In a nitrogen atmosphere glovebox, to a 20 mL vial capped with a Teflon-lined lid and
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equipped with a magnetic stir bar was added poly(CzBA-co-PAPOMA)15-N3 (305 mg, 5.20 x 10~
2 mmol, 1.00 eq.), S1 (21.2 mg, 0.104 mmol, 2.00 eq.), 153 pL of a solution of CuBr/PMDETA in
THF (Ccy = 8.39 mg mL%; CuBr: 1.1 mg, 7.8 x 10> mmol, 0.15 eq.; PMDETA: 1.4 mg, 8.2 x 10~
¥ mmol, 0.16 eq.), 21 pL of a solution of MEHQ (Cmero = 3.0 mg mL*; MEHQ: 0.064 mg, 5.2 X
10 mmol, 0.010 eq.), and 2 mL of THF. The mixture was stirred at 50 °C in a glovebox for 30
hours. After reaction the catalyst was removed by passing the mixture through a short neutral
alumina column in THF. Then the residue was purified by preparatory SEC (Bio-Rad Bio-Beads
S-X1 Support) in THF and fractions containing polymer were determined by SEC analysis. All
fractions containing polymer were collected and dried in vacuo overnight. Reprecipitation in
MeOH was used to remove BHT introduced by THF after preparatory SEC. Yield = 270 mg. M,

(SEC) = 6000 Da, D = 1.12. '"H NMR: see Figure 2.17.

. ppm
Figure 2.17. *H NMR spectrum of (CzBA-co-PAPOMA)-MM in CDCls.

66



2.4.3  Synthetic procedures of diblock bottlebrush copolymers

The following is the general procedure for the synthesis of (nBuA-MM)-b-(CzBA-MM)
BBCPs via ROMP. Typical experiment for the preparation of (nBuA-MM)so-b-(CzBA-MM)42:
To a 2 mL vial capped with a Teflon-lined lid and equipped with a magnetic stir bar was added
nBuA-MM (56 mg, 9.9 <103 mmol, 50 eq.) and 200 pL of THF (dry, degassed, filtered through
basic alumina). Using a glass microsyringe, 69 pL of a solution of Grubbs’ 3™-generation
ruthenium catalyst (bis(pyridine), G3)** in THF (Cg3=2.0 mg mL™'; G3: 0.14 mg, 2.0 x 10~ mmol,
1.0 eq.) was added to the dissolved polymer rapidly in one portion. The mixture was stirred at
room temperature for 1 h. Two 5 uL aliquots were taken for *H NMR and SEC analysis, before
addition of CZBA-MM (52 mg, 9.9 x 103 mmol, 50 eq.) dissolved in 200 pL of THE. The mixture
was stirred at room temperature for an additional 2 h. Two 5 pL aliquots were taken for *H NMR
and SEC analysis, and the polymerization was removed from the glove box, quenched with one
drop of ethyl vinyl ether, and immediately purified by preparatory SEC (Toyopearl HW-55F resin)
in THF and fractions containing polymer were determined by SEC analysis. All fractions
containing polymer were collected and dried in vacuo overnight. Reprecipitation in MeOH was
used to remove BHT introduced by THF after preparatory SEC. Yield = 68 mg. The BBCPs with
different block ratios were prepared as above, using 100 mg total macromonomer varying ratios
of nBuA-MM and CzBA-MM follows: (nBuA-MM)19-b-(CzBA-MM)se (20:80, Yield 72 mg);
(nBuA-MM)e9-b-(CzBA-MM)23 (70:30, Yield 60 mg); (nBuA-MM)ss-b-(CzBA-MM)14 (90:10,
Yield 65 mg). (nBuA-MM)41-b-(CzBA-co-PAPOMA-MM)39 was prepared as above using 50 mg
nBuA-MM and 50 mg CzBA-co-PAPOMA-MM, Yield 84 mg. "H NMR spectra for all BBCPs

are shown in Figure 2.18.
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Figure 2.18. 'H NMR spectrum of bottlebrush diblock copolymers in CDCls. The integrated areas of peaks a and b

were used to determine the degree of polymerization of poly(norbornene) backbone for the CZBA-MM block. For the
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Chapter 3: Self-assembly of bottlebrush diblock copolymers in solution and in
film

This chapter describes self-assembly methods in detail using well-defined diblock bottlebrush
copolymers and demonstrates the complementary use of scattering and microscopy techniques to
characterize self-assembled nanostructures in solution or in film. Specifically, dynamic light
scattering (DLS) was used to determine the critical micelle concentration (CMC) and micelle size
distribution in solution. TEM and cryo-TEM were used to characterize the morphology and
structure of self-assembled BBCPs in solution before and after being dried. Moreover, the

luminescent properties were further investigated using fluorescence and UV-vis spectroscopy.

3.1 Introduction

As discussed in Chapter 1, the self-assembly of bottlebrush copolymers has attracted great
attention given their unusual architectures resulting in a number of unique and potentially useful
properties. These include reduced entanglement with high molecular weights, rapid self-assembly
Kinetics to give structures with large domains, extremely low CMCs in a selective solvent, and the
ability to functionalize bottlebrush side-chains for recognition, imaging and drug delivery.129137.140
To understand the nanomaterials constructed from BBCP self-assembly and take full advantage of
these properties, appropriate self-assembly techniques and characterization methods need to be

explored first.
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3.1.1 Self-assembly techniques

The self-assembly of bottlebrush copolymers can be accomplished in solution, in thin and
bulk films, and at interfaces,'#® with each process requiring different self-assembly techniques. In
solution, bottlebrush polymeric surfactants can be developed for encapsulation,®® delivery,'4
signaling, and detection.'#%16” These applications require the ability to tune the size and shape of
BBCPs through changes in the backbone and side-chain molecular weights, and make use of the
very low CMC of BBCPs. In thin and bulk films, the self-assembly of BBCPs has been used for
applications such as photonic crystals and lithographic patterning, due to their large domain sizes
and rapid self-assembly kinetics.*® This requires that the assembled domain size and lamellar
spacing can be tuned by controlling brush grafting density, the degree of polymerization of the
brush backbone, and the symmetry of molecular brushes. At the interface, BBCPs may be
employed as compatibilizers in polymer melts and mixtures, to increase the mixing of
homopolymers and maintain the order of phase-separated films by creating boundaries between
individual polymer domains.'®®

Self-assembly in solution, also termed micellization, occurs in dilute solutions of bottlebrush
copolymers in a selective solvent at a fixed temperature above a concentration called the critical
micelle concentration (CMC), below which only molecularly dissolved unimers are present.®® The
selection of solvent depends on the solubility of each block in the BBCP, requiring a solvent which
acts as a good solvent for one block and non-solvent for the other. The simplest method for
preparing micelles is the direct dissolution of copolymer samples in a selective solvent with
thermal treatment and/or ultrasonic agitation.%® This procedure is recommended only for
bottlebrush copolymers with low molecular weights and short side-chains. Alternatively, the

copolymer is dissolved in a common solvent first, which can completely dissolve both blocks.
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Subsequently, changes in the composition of the solvent or temperature can be used to cause the
formation of micelles. The change of solvent composition can be achieved by the addition of a
non-solvent to a common solvent, or the addition of a common solvent to a selective solvent. In
addition, in order to prevent the formation of aggregates, dialysis from a good solvent for both
blocks into a selective solvent can also be used to form micelles.

Self-assembly in thin and bulk films is very straightforward, and is typically performed by
controlled evaporation from a common solvent or spin-coating on the substrate, followed by
annealing at a temperature higher than the Tgs of all blocks. Grubbs and coworkers found that
using a less volatile common solvent formed larger and better-ordered domains, since it affords
improved chain mobility and allows chain rearrangement before the solvent has evaporated.**’

Together, these studies illustrate that for a given copolymer sample, the morphology and
domain size of the self-assembled structures that can be formed depend heavily on the techniques

employed for the self-assembly process.

3.1.2 Characterization techniques
Dynamic light scattering (DLS)

DLS is a rapid characterization technique and can quickly provide quantitative information
on micelle sizes and size distribution. DLS is often a crucial technique for screening the effects of
processing techniques on block copolymer assemblies and can be used to select samples for more
in-depth studies, which are more expensive and difficult to operate, such as TEM or AFM.

In solution, macromolecules are buffeted by solvent molecules, which leads to a random
motion of the molecules called Brownian motion. As light scatters from the moving

macromolecules, this motion imparts a randomness to the phase of the scattered light, such that
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the scattered light from two or more particles is added together constructively or destructively.
This results in time-dependent fluctuations in the intensity of the scattered light, which are
measured by a fast photon counter'®® These fluctuations in intensity are mathematically related

through the intensity autocorrelation function G2(7),

Go(2) == [ 1)1t + 7)dr (3.1)

where I(t) is the average intensity of the scattered light at time t, and t represents the delay time."
The experimentally measured intensity correlation function Gz(t) can be related to the electric

field correlation function, Gi(t) by the Siegert relationship,
G,(r) =B[1+ ,3|G1|2] (3.2)

where B is the baseline of the correlation function at infinite delay, g is the correlation function
amplitude at zero delay. The electric field correlation function G, (t) describes the correlation

particle movements that decay exponentially in time with a decay rate 7, as expressed by Eqg. 3.3,
G1(7) = exp(—1) (3.3)

For particles undergoing Brownian motion, the decay rate can be converted to the diffusion

constant D for the particle via the relation:
I'= Dgq? (3.4)

in which g is the magnitude of the scattering vector, and is given by the change of an incident
wavevector with magnitude 271 after it is elastically scattered by the sample particle, considering

solvent-induced changes in the wavelength,!’*
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__4mn

q=— sin(g) (3.5

in which n is the refractive index of the solvent. This equation describes Rayleigh scattering, which
requires that the particles are much smaller than the wavelength of the light. Finally, the diffusion
constant can be interpreted as the hydrodynamic radius Rn of monodisperse spheres via the Stokes-

Einstein equation:

R, = <L (3.6)

- 6mnD

where k is Boltzmann’s constant, T is the temperature in K, and 7 is the solvent viscosity.
Accordingly, larger particles diffuse more slowly and the autocorrelation function decays more

slowly, as depicted in Figure 3.1.
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Figure 3. 1. Comparison of autocorrelation functions for small and large particles. Adapted from reference *.
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However, in most experimental systems, the particles are not perfectly monodisperse and the

measured decay is the intensity-weighted sum of the individual particle decay functions,
G1(7) = X Ajexp(—1; 1) (3.7)

in which Aj is the intensity-weight coefficient, and A; « c;M;P; in which ¢; and M; are the
concentration and molecular weight of the species, respectively, and P; is the shape factor of the
particle. There are several models to account for polydispersity in DLS data. One of the simplest
models is the cumulant expansion which assumes that there is a monomodal distribution of

particles that can be described by a Gaussian-like distribution.’
G1(7) = exp(—=I7T)(1 + %Tz + ) (3.8)

in which 7" is the average decay constant (to calculate the average hydrodynamic radius R) and
the higher order terms is related to the polydispersity of the sample. For samples with a broad
distribution of sizes or multimodal distributions, more complex fitting functions are required, such
as Dynals algorithm and the CONTIN method.'® However, the fitted size distribution does not
always provide an accurate representation of the actual size distribution of the particles in

solution.1’

In this chapter, DLS was used to understand the effects of polymer composition and solvent
on the size and size distribution in BBCP micelles using Cumulant analysis and Dynals algorithm.
Using DLS to measure CMC, the intensity of scattered light detected from concentrations below
the CMC is similar to that obtained from pure solvent. In addition, the autocorrelation functions

obtained (G, (7)) showed very poor signal to noise ratios, and no size distribution information
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could be obtained from this data. However, once the CMC was reached, the intensity of scattered
light increased dramatically and proportional to micelle concentration, giving smooth
autocorrelation functions with higher intercepts. By plotting the concentrations of copolymers
versus the intensity of scattered light, the CMCs of self-assembled micelles were successfully

determined.1”

Transmission electron microscopy (TEM and Cryo-TEM)

TEM enables the direct visualization of self-assembled morphologies of BBCPs on
nanometer length scales, and the development of cryogenic TEM makes the direct visualization of
micelle morphology in solution possible.

In TEM, a sample is hit by a monochromatic electron beam, whose focus and magnification
are controlled by a series of lenses, under high vacuum conditions to prevent scattering of the beam
by air or other impurities.!”® Some electrons directly pass through the sample, while other electrons
are scattered by the atoms in the sample, which are blocked by the objective aperture, as shown by
Figure 3.2.%° More electrons are scattered by heavier atoms (larger atomic number) or by a thicker
sample, resulting in a darker image since less electrons reach the image plane. Therefore, the
contrast is due to differential scattering of electrons by the material resulting from differences in
composition or thickness of the material.

In polymeric samples, the TEM image contrast is generally poor since the samples are often
composed of low molecular weight elements (H, C, O, and N). Sometimes heavy metal stains such
as OsO4 and RuO4 are needed to improve the contrast for polymeric systems. However, the image
contrast in cryo-TEM is enhanced by using phase contrast, which is caused by interference

between the electron waves from directly passed and elastically scattered electrons and is
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strengthened by imaging the sample at an underfocus.’"*’® The disadvantages of underfocus
imaging are the reduced image resolution and image artifacts.!”® Although heavy metal staining is
not necessary, the sample preparation for cryo-TEM is more troublesome and demanding. It

requires the ultra-fast freezing of the sample in a thin layer of solvent, and solvent volatility can

be a problem if organic solvents are used.

electron gun

first condenser lens

condenser aperture

] ]
second condenser lens
. * |
objective lens \ '
3 ¥ o
I\ EE— objective aperture
image plane < ]

Figure 3. 2. A simplified TEM with important components. The condenser lenses and aperture focus and align the

beam. The objective lens and aperture refocus and filter the bean after it passes through the sample. Adapted from

reference 2,
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Cryo-TEM images can suffer from several potential artifacts, and representative images are
presented in Figure 3.3.4° Sometimes sample grids are poorly vitrified, which results in poorly
spread samples and cracks in the thin ice layer (Figure 3.3 a-c). Hexagonal and vitreous ice
contamination is possible for cryo-TEM images (Figure 3.3 d). Samples can also experience
radiolysis by the electron beam (Figure 3.3 €). An uneven film can also result, which leads to the
aggregation of micelles (Figure 3.3 €) or size segregation (Figure 3.4), where large particles are

located at the edge with thickest ice.

Figure 3.3. Common artifacts in cryo-TEM: (a-c) poorly vitrified samples, (d) water crystals, (¢) beam damage, (f)

micelle aggregation. Adapted from reference, scale bar = 100 nm 2.
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Figure 3.4. Schematic representation of size segregation of particles due to sample preparation, with larger particles

at the edges of the holes and smaller particles in the center. Adapted from reference 2.

3.2 Results and Discussion
3.2.1 Self-assembly in solution of bottlebrush diblock copolymers (nBuA-MM)x-b-
(CzBA-MM)y

The nBuA block provides excellent solubility in a variety of common organic solvents, and
acetone and 2,2,2-trifluoroethanol (TFE) were identified as suitable selective solvents for self-
assembly of these BBCPs. Self-assembly experiments were performed by dropwise addition of
100 L of a 50 mg/mL solution of BBCP in THF into either acetone or TFE, followed by brief
sonication to aid in dispersing the BBCPs and standing for 24 hours (Figure 3.5). By dynamic light
scattering (DLS), remarkably low CMCs of < 50 g/mL were determined for all four BBCPs,
corresponding to molar concentrations of 3.0 nM to 54 nM in TFE and 2.3 nM to 8.2 nM in acetone
(Figure 3.6 and Figure 3.7). Specifically, for each micelle sample, the CMC in acetone was lower
than the CMC in TFE. Consistent with the results of Rzayev,'® this indicates that these
semiconductor-based bottlebrush surfactants are capable of forming stable micellar structures at
extremely low concentrations, which is advantageous in applications such as intravenous drug
delivery or fluorescent sensing where high dilution may be required. As expected, the highest
CMC in both solvents was observed for (nBuA-MM)es-b-(CzBA-MM)14, the BBCP with the

longest solvophilic block.8!

78



Add 100 L
into TFE

7

THF solution (50 mg/mL)

TFE solution (1 mg/m

Figure 3. 5. Schematic illustrations of self-assembly of diblock copolymers in TFE.
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Figure 3.6. Dynamic light scattering plots of intensity of scattered light (black circle) and hydrodynamic radius (blue

square) obtained for bottlebrush diblock copolymers (A) (nBuA-MM)1e-b-(CzBA-MM)ss, (B) (nBUA-MM)so-b-

(CzBA-MM)42, (C) (NBUA-MM)ss-b-(CzBA-MM)23 (D) (nBUA-MM)ges-b-(CzBA-MM)14,at various concentrations

in trifluoroethanol. The intersection of the two lines in the intensity data corresponds to the critical micelle

concentration (CMC).
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Figure 3.7. Dynamic light scattering plots of intensity of scattered light (black circle) and hydrodynamic radius (blue
square) obtained for bottlebrush diblock copolymers (A) (nBuA-MM)1e-b-(CzBA-MM)ss, (B) (NBUA-MM)so-b-
(CzBA-MM)s2, (C) (nBuA-MM)se-b-(CzBA-MM)23, (D) (nBuA-MM)es-b-(CzBA-MM)14, at various
concentrations in acetone. The intersection of the two lines in the intensity data corresponds to the critical micelle

concentration (CMC).

The self-assembly process can also be readily observed with the aid of a handheld laser
pointer, as assembly to form micelles gives rise to strong Tyndall scattering observable to the
naked eye (Figure 3.8 b). By TEM, the BBCPs were found to self-assemble into narrowly-
dispersed spherical micelles for all block ratios investigated here, remaining stable in solution for

several months without flocculation (Figure 3.9). For our cryo-TEM images, we observed the size
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segregation and micelle aggregation in trifluoroethanol (TFE) (Figure 3.10 a). In acetone, hardly
any sample was seen and the film appeared damaged by the beam (Figure 3.10 b-c). Micelles
showed a remarkably consistent diameter in the range of 63 - 86 nm by DLS for all samples despite
significant differences in the volume fraction of the core, indicating that the overall length of the
bottlebrush chains was more critical in determining the micelle size. The dispersity of the micelle
samples was also relatively narrow at 9.8-23.8% in TFE and at 5.5-21.8% in acetone. Specifically,
for each micelle sample, the dispersity of micelle sizes in acetone was narrower than the
corresponding one in TFE. For both solvents, the narrowest distribution was obtained for the
micelles with the nBuA-MM:CzBA-MM block ratio closest to 1:1, and the broadest distribution
was obtained for micelles with the longest nBuA-MM blocks (Figures 3.11 and Figure 3.12).
From this phenomenon, we concluded that the symmetry of the two blocks of bottlebrush
copolymers and the nature of the selective solvent influenced the quality of self-assembled
micelles, such as dispersity and CMC. Each micelle sample showed the characteristic absorbance
and purple fluorescence of the CzBA polymer,'% with a fluorescence quantum vyield of 0.46
(Figure 3.13 and Table 3.1), which means that the self-assembly process and the block length

variation did not influence the fluorescent properties of the CzBA polymer.

50x dilution
—_—

TFE or Acetone

50 mg/mLin THF

Figure 3.8. (a) Schematic representation of the assembly of (nBuA-MM)-b-(CzBA-MM) BBCPs to form micelles
(red: nBuA, purple: CzBA). (b) Tyndall scattering observed in a 0.1 mg/mL solution of (nBuA-MM)so-b-(CzBA-
MM)42 micelles in TFE.
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Figure 3.9. TEM images of micelles (A) (nBuA-MM)19-b-(CzBA-MM)ss, (B) (nBUA-MM)so-b-(CzBA-MM)42, (C)
(nBUA-MM)go-b-(CzBA-MM)23, (D) (NBUA-MM)gs-b-(CzBA-MM)14, (E) (NBUA-MM)19-b-(CzBA-MM)ss . For
A-D, micelles were formed at 0.06 mg/ml in trifluoroethanol and dried for TEM imaging. For E, samples were directly

dissolved in acetone at 1 mg/ mL and dried for TEM imaging.

Figure 3.10. Cryo-TEM images of (nBUA-MM)19-b-(CzBA-MM)sg in TFE (a) and (NnBUA-MM )so-b-(CzBA-MM )2

in acetone (b-c), scale bar = 100 nm for a and b, = 50 nm for c.
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Figure 3.11. Size distribution by dynamic light scattering for micelles of bottlebrush diblock copolymers (A) (nBuA-
MM)19-b-(CzBA-MM)ss, (B) (nBuA-MM)s0-b-(CzBA-MM)42, (C) (nBuA-MM)go-b-(CzZBA-MM)23, (D) (nBuA-

MM)y6-b-(CzBA-MM)14 at 0.06 mg/mL in trifluoroethanol.
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Figure 3.12. Size distribution by dynamic light scattering for micelles of bottlebrush diblock copolymers (A)
(nBuA-MM)19-b-(CzBA-MM)s6, (B) (nBuA-MM)s0-b-(CzZBA-MM)42, (C) (nBuA-MM)e9-b-(CzBA-MM):23, (D)

(nBuA-MM)-b-(CzBA-MM)14, at 0.06 mg/mL in acetone.

84



—
>
=
—
o]
N

1.0 1.0
5 2 s 2
o T o o)
c 053 £ 05 3
@ = © =
.E =< _E <
3 5 g s
el o e c
< - < -
.0 T T T 0.0 0.0 T T T 0.0
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
©) (D)
1.0 1.04 1.0
5 2 5 El
E s & L
9 T 9 =
c L0.5 3 c 0.5 L05 @
] = w© <
0 < 0 2
5 —_ 5 c
? ¥ 3 =
< £ 2 o
0.0 T T 7 0.0 0.0 - T - T . 7 0.0
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 3.13. Normalized absorbance (dashed) and photoluminescence (solid) spectra for micelles of bottlebrush
diblock copolymers (A) (nBuA-MM)19-b-(CzBA-MM)ss, (B) (nBuA-MM)s0-b-(CzBA-MM)42, (C) (nBuA-MM)eo-

b-(CzBA-MM)23, (D) (nBuA-MM)96-b-(CzBA-MM)14, in trifluoroethanol at 0.1 mg/mL. Aex = 300 nm.

Table 3. 1. Polymer photophysical properties.

Entry Mwat Dt e e ot
(nBuA-MM)19-5-(CzBA-MM)s6 293 350 349 351
(nBuA-MM)so-b-(CzZBA-MM)42 293 350 349 368
(nBuA-MM)69-b-(CzZBA-MM):3 293 350 349 348
(nBuA-MM)os-b-(CzZBA-MM);4 293 349 348 362

Concentrations = 0.1 mg mL™. 8Measured in TFE.
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3.2.2  Self-assembly in solution of functionalized bottlebrush diblock copolymer (nBuA-
MM)a1-b-(CzBA-co-PAPOMA-MM)s3g

For (nBuA-MM)41-b-(CzBA-co-PAPOMA-MM)39, the same self-assembly methods and
characterization techniques were used to analyze the self-assembly behaviors of this functionalized

diblock bottlebrush copolymer functionalized with a fluorescent dye (Figure 3.14).

(A) (B)

THF  Acetone TFE

50x dilution
inTHF @ @—»
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Figure 3.14. (A) Schematic representation of the self-assembly of luminescent BBCPs into spherical micelles. (B)
Photographs of (nBuA-MM)41-b-((CzBA-co-PAPOMA)-MM)39 BBCPs at 0.1 mg/mL in THF (left), acetone (center),

and TFE (right) under 365 nm irradiation.

As previously, self-assembly in TFE gave spherical micelles with diameters of 61 nm and
dispersities of 12.9% (Figure 3.15 b and Figure 3.16), though the sample now exhibited strong
fluorescence with Amax = 484 nm (Figure 3.17 a). Importantly, no emission was observed from the
CzBA host following self-assembly despite its relatively high quantum yield, indicating that rapid
and efficient energy transfer was occurring to the dopant. This is in contrast to the emission
spectrum of the BBCP in THF prior to self-assembly (Figure 3.17 b) in which some host emission

can still be observed, indicating that the collapse of the CzBA-co-PAPOMA block into a micellar
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core improves energy transfer substantially. Most remarkably, the quantum efficiency of these
micelles in solution was measured to be 1.04 + 0.05, representing an emission quantum yield of

unity for a self-assembled structure with a CMC below 10 nM.

Figure 3.15. TEM images of micelles of (nBuA-MM)a1-b-((CzBA-co-PAPOMA)-MM)3 in acetone (A) and in TFE
(B). For A, samples were directly dissolved in acetone at 1 mg/ mL and dried for TEM imaging. For B, micelles were

formed at 0.06 mg/ml in trifluoroethanol and dried for TEM imaging.
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Figure 3.16. (A) Dynamic light scattering plots of intensity of scattered light (black circle) and hydrodynamic radius
(blue square) obtained for functionalized bottlebrush diblock copolymer (nBuA-MM)41-b-((CzBA-co-PAPOMA)-

MM)39, at various concentrations in trifluoroethanol. The intersection of the two lines in the intensity data corresponds
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to the critical micelle concentration (CMC). (B) Size distribution by dynamic light scattering for micelles of (nBuA-

MM)41-b-((CzBA-co-PAPOMA)-MM)39 at 0.06 mg/mL in trifluoroethanol.
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Figure 3.17. (A) Absorption and emission spectra of micelles of (nBuA-MM)41-b-(CzBA-co-PAPOMA-MM)39 in
TFE. (B) Emission spectra for (nBuA-MM)41-b-(CzBA-co-PAPOMA-MM)39 at 0.1 mg/mL in THF and TFE. Acx =

300 nm.

3.2.3  Self-assembly in films

Self-assembly of bottlebrush block copolymers in films has been used to fabricate one-
dimensional photonic crystals, which consist of alternating layers of high- and low-refractive-
index materials and have the periodicity comparable to the wavelength of light.23"1% Due to the
refractive index contrast of the nBuA and CzBA blocks, we then reasoned that similar one-
dimensional photonic crystals could be developed by the self-assembly of our bottlebrush diblock
copolymers. A series of films was prepared by spin-coating the solution of bottlebrush diblock
copolymer (nBuA-MM)-b-(CzBA-MM) or (nBuA-MM)-b-(CzBA-co-nBuA-MM) in THF on
the surface of prewashed quartz slides (Figure 3.20 A). As observed by TEM, these films exhibited

disordered lamella morphologies with a lack of well-defined domains (Figure 3.18). Further
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studies on improving the periodicity of these films and charactering domain sizes using small-
angle X-ray scattering (SAXS) or small-angle neutron scattering (SANS) are required. The
fluorescent properties of these films were also investigated. Interestingly, the peaks in the emission
spectrum of BBCPs in films were broader than the previous ones in solution (Figure 3.19 and
Figure 3.13), although the Amax didn’t change (Table 3.1). The annealing process influenced the
emission spectrum to different extents, with more influence for the less symmetric (nBuA-MM)19-

b-(CzBA-MM)ss and (NBUA-MM)gs-b-(CzBA-MM)14.

Figure 3.18. TEM image for (nBuA-MM)s0-b-(CzBA-MM)a4: film. A film was spin-coated on a Formvar-coated TEM

grid using 1 mg/mL THF solution.
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Figure 3.19. Solid state photoluminescence spectra of bottlebrush diblock copolymers (A) (nBuA-MM)1e-b-(CzBA-

MM)ss, (B) (NBUA-MM)so-b-(CZBA-MM)az, (C) (NBUA-MM)s9-b-(CzBA-MM)23, (D) (NBUA-MM )s6-b-(CzBA-

MM)u4, before (solid) and after (dashed) annealing. Spin-coated on quartz glass substrates. Annealed at 150 °C. kex =

293 nm.
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Figure 3.20. (A) Photographs of (nBuA-MM)a1-b-((CzBA-co-PAPOMA)-MM)3zs BBCPs as a thin film in the solid

state under 365 nm irradiation. (B) Solid state photoluminescence spectra of (NBuA-MM)a-b-((CzBA-co-
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PAPOMA)-MM)ss before (solid) and after (dashed) annealing. Spin-coated on quartz glass substrates. Annealed at
150 °C. Aex =293 nm.

3.3 Conclusions

Bottlebrush copolymers composed of a soluble nBuA block and a carbazole-based organic
semiconductor block successfully self-assembled into narrowly dispersed spherical micelles in
selective solvent, which could potentially be functionalized further for use as giant amphiphilic
surfactants in applications such as bioimaging and drug delivery. The sizes of these micelles
ranged from 60 nm to 90 nm, which perfectly fit in the range of effective sizes of enhanced
permeability and retention (EPR) effect®® - large enough to accumulate inside the tissues such as
tumors. Other advantages of these self-assembled micelles are their extremely low CMCs (below
54 nM) and stability over periods of months.

Moreover, the incorporation of a blue fluorescent acrylic dye PAPOMA didn’t influence the
self-assembly behaviour of bottlebrush diblock copolymers, maintaining a narrow dispersity and
low CMC at 10 nM), although it introduced strong fluorescence into the self-assembled micelles
resulting in a quantum yield of ~100%. This provides opportunities to incorporate higher-order
function into the organic semiconductor block to give functional micelles with large sizes, narrow

dispersities and very low CMCs.

3.4 Experimental details
3.4.1 General considerations
Dynamic Light Scattering (DLS)
DLS experiments were performed with a DynaPro Titan DLS instrument (Wyatt

Technology Corporation) equipped with a 60 mW helium-neon laser (A=832.15 nm) and
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thermoelectric temperature controller. Measurements were taken at a 90 scattering angle in a 3 <
3 mm quartz cuvette on solutions that had been equilibrated to 25 <C. The laser power was
controlled to 8-10%. The sample solutions were diluted in 2,2,2-trifluoroethanol (TFE) or acetone
and filtered prior to analysis (syringe filter, 0.2 um pore size, PTFE filter membrane, Fisher
Scientific). The concentrations of the analyzed sample solutions were from 1 mg mL™ to 0.0001

mg mL™t. The lowest analyzed concentration of each sample varied depending on its critical

micelle concentration (CMC). Dispersity by DLS was determined as a percentage, as:

, . standard deviation\ >
Dispersity = ( mean radius )

The software packages are DYNAMIC versions 6.10.0 with analysis methods using Dynals

algorithm and cumulant expansion.

Transmission Electron Microscopy (TEM)

TEM images were collected at the UBC Biolmaging Facility on a FEI Tecnai G2 TEM
(200 kV LaBs6 filament) equipped with a high-speed AMT 2K side mount CCD camera, and a
high-resolution FEI Eagle 4K bottom mount CCD camera for capturing digital images. The sample
solutions were deposited on a Formvar-coated TEM grid and allowed to evaporate to dryness

before imaging.

Fluorescence and Absorbance Measurements
Absorbance measurements were made on a Cary 60 spectrometer and fluorescence
measurements were performed on an Edinburgh Instruments FS5 spectrometer. Absolute

photoluminescence quantum vyields were determined using an Edinburgh Instruments SC-30
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Integrating Sphere Module; toluene was used as the solvent and spectra obtained at concentrations
of 0.01 mg mL1.18

3.4.2  Self-assembly methods

Self-assembly of BBCPs in 2,2,2-trifluoroethanol (TFE)

A concentrated solution of (nBuA-MM)-b-(CzBA-MM) or (nBuA-MM)-b-(CzBA-co-
PAPOMA-MM) in THF (50 mg/mL) was prepared. 100 uL of this solution was then added into
4.9 mL of TFE to form micelles driven by phase separation, followed by 2 minutes of sonication
in an ultrasonic bath and standing for 24 hours. A red laser pointer can be conveniently used to

monitor the formation of diblock copolymer micelles via the Tyndall effect.

Preparation of Films Based on nBuA-b-CzBA or nBuA-b-(CzBA-co-nBuA)

Quartz slides (25 x 25 x 1 mm, Chemglass) were sonicated with deionized water, acetone and
isopropyl alcohol in sequence and then dried in vacuo. 30 uL of a nBuA-b-CzBA (or nBuA-b-
(CzBA-co-nBuA)) solution in THF (5 mg mL1) was spin-coated on the surface of the quartz glass.
The glass was left for 1 hour at room temperature under air to allow the solvent to evaporate. The
dried film was then annealed on a hot plate at 150 <C for two hours. A film on a quartz slide before

and after annealing was utilized for solid-state fluorescence analysis.
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Chapter 4: Conclusion and Future work

4.1 Conclusion

This dissertation focuses on the development of giant amphiphilic surfactants synthesized
from bottlebrush copolymers composed of a soluble nBuA block and a carbazole-based organic
semiconductor block (CzBA), of which the self-assembled structures exhibit spherical
morphologies and can be stable over periods of months with CMCs below 54 nM.

By taking advantage of recent advances in controlled living radical polymerization and ring
opening metathesis polymerization techniques, we have successfully applied an efficient and facile
“grafting through” strategy to synthesis a series of well-defined bottlebrush diblock copolymers
with different backbone length ratios. Carbazole moieties are found in many of the most common
host materials used in OLEDs, capable of efficient energy transfer to a wide range of luminescent
dopant molecules.?* Based on this principle, we then proved the accessibility of incorporating a
deep-blue dye PAPOMA with bright luminescence into the carbazole segment of our BBCPs
without losing control over their composition and structure, giving giant polymer micelles with a
quantum yield of unity after self-assembly. These macromonomers can also be ‘doped’ with a
small amount of other semiconductor materials, if their functional groups are compatible with the
Grubbs’ catalysts, such as iridium-based and platinum-based compounds with emissions of tunable
wavelengths.183184 Details about the design and realization of the “grafting through” synthetic
route can be found in Chapter 2.

In Chapter 3, we have demonstrated a simple process that assembles these bottlebrush
diblock copolymers into narrowly dispersed spherical micelles with very low CMCs (2.1 nM —54
nM), although we disproved the hypothesis that the morphologies of micelles would be influenced

by the backbone length ratios of BBCPs. These micelles showed a remarkably consistent diameter
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in the range of 63 - 90 nm by DLS despite significant differences in the volume fraction of the
core, indicating that the overall length of the bottlebrush chains was more critical in determining
the micelle size. For the self-assembly of these BBCPs in films, disordered lamella morphologies
were observed by TEM. More studies on improving the periodicity of these films and charactering
their domain sizes using small-angle X-ray scattering (SAXS) or small-angle neutron scattering
(SANS) are required. If good control over the ordering and domain sizes of these films can be
realized, they can be further used as photonic crystals.

Above results demonstrate that organic semiconductors can be incorporated into soft-matter
nanostructures formed from bottlebrush copolymers, taking advantage of their reduced chain
entanglement to give highly regular self-assembled structures. Furthermore, it is possible to
incorporate higher-order function into the organic semiconductor block to give functional micelles
which remain self-assembled even at very low concentration, making these structures promising

candidates for further studies in high-dilution applications such as drug delivery and bioimaging.

4.2 Future work

For the self-assembly of BBCPs in solution, additional factors to influence the morphologies
of the micelles obtained should be investigated, such as the use of different self-assembly
techniques (e.g. dialysis) and variations in the lengths of side-chains. Future studies will also
examine the applications of self-assembled bottlebrush micelles formed from optoelectronic
materials, as well as the hierarchical assembly of multiblock bottlebrushes to give higher-order
nanoscale assemblies.

For example, bottlebrush diblock copolymers can be expanded to triblocks, into which

another block such as polystyrene can be introduced. This will increase the complexity of
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macromolecular architectures, leading to hierarchical self-assembled nanostructures. Further
exploration on appropriate self-assembly techniques are required, such as the choice of selective
solvents for different blocks.

For the self-assembly of BBCPs in films, methods to improve the lamellar order and more
characterization techniques to measure the domain sizes can be further explored. For example, a
more quantitative understanding with the influence of side chain length and backbone length on

controlling the domain sizes can be further investigated.
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