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Abstract

This Ph.D. thesis reports the discovery and study of several morphologies of
ABC triblock copolymer assemblies in block selective solvents. One block
copolymer self-assembled into helices (mostly double and some triple helices),
and the other block copolymer formed a mixture of structures resembling

hamburgers and striped cylinders.

The helices, biomimmetic structures which are unusual from block copolymer
self-assembly, were prepared from the triblock copolymer poly(n-butyl
methacrylate)-block-poly(2-cinnamoyloxyethyl methacrylate)-block-poly(tert-butyl
acrylate) (PBMA-b-PCEMA-b-PtBA). They were formed spontaneously in
several binary solvent mixtures including dichloromethane/methanol,
tetrahydrofuran (THF)/methanol, and chloroform/methanol. They were formed in
the composition ranges where the mixtures were good for the PtBA block, poor
for the PCEMA block, and marginal for the PBMA block. The structure was
studied and established by TEM, AFM, DLS and 'H NMR and by TEM

tomography. The mechanism and kinetics of helix formation was examined.

The Hamburger and striped cylinder structures were produced from poly(tert-
butyl acrylate)-block-poly(2-cinnamoyloxyethyl methacrylate)-block-
poly(succinated glyceryl monomethacrylate) or (PtBA-b-PCEMA-b-PSGMA) in
mixtures of THF, (-)-sparteine and 1- or 2-propanol. Here THF solubilized all the

blocks of the copolymer, while propanol was a precipitant for the middle block
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(PCEMA), and the chiral amine, (-)-sparteine, complexed with PSGMA and made
it insoluble. Within the Hamburger-like structure, the “filling” was made of the
complexed PSGMA chains and the "buns" were made of PCEMA. The striped
cylinders were made of stacking alternating PCEMA and PtBA stubs. The PtBA
chains were located on the outer surfaces of both of these structures. With the
hamburger structures, after PCEMA crosslinking, we were able to remove the
chiral amine by dialysis and make the PSGMA chains soluble again in solvents
such as N, N-dimethylformamide. The hamburgers were thus separated into two
halves, with each half existing as a Janus particle, which had PtBA chains on one
side and PSGMA chains on the other side. The Janus particles might have

interesting applications, such as in Pickering emulsion stabilization.
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Chapter 1 — Introduction

This thesis studies the assembly of linear ABC triblock copolymers in
block-selective solvents. These block copolymers assemble to make interesting
structures on the nano-scale. Chapter 2 will discuss the self-assembly of an
ABC triblock copolymer to form double and triple helices in block-selective
solvents. The assembly of an ABC triblock copolymer under the influence of a
diamine to form Hamburger and striped cylinder aggregates will be the subject of
discussion in Chapter 3. This chapter will introduce some relevant background
material for the research. Included is the definition of block copolymers, block
copolymer aggregation (and the uses of block-selective solvents), assembly

(self-assembly and directed assembly), and chemical modification.

1.1 Block Copolymers

Block copolymers are macromolecules made of two or more distinct polymers
that are covalently joined together. Linear triblock copolymers are polymers that

have three such blocks joined linearly in a head-to-tail fashion (see Scheme 1.1).

Block copolymers can be made with different architectures. These include linear,
branched, star, mikto-arm and graft. Block copolymers can also be made with

varying numbers of blocks: diblock (2), triblock (3), tetrablock (4), for example.

Block copolymers can be used for a number of possible applications including

self-assembly to make nanosized objects,’? creation of membranes,® and for



drug delivery systems.*®

The self-assembly of block copolymers can yield a
variety of architectures including nanospheres, nanofibers, nanotubes, among
other structures.™ Block copolymers can also be used to make membranes that
have pores on the nanoscale. Finally, block copolymers can be used in drug

delivery applications, to either supply a drug at a steady rate, or to a specific

location inside the body of the patient.

CH, CH,
—l—CH2 l ] [ CH \ ] [ CH,—CH ']_
I l n l / l m I I 1
CII *O(CH,),CH, .C O(CH,),00CCH =CH COOC(CH,),

.

0 o

)

Scheme 1.1. Structure of a linear ABC triblock copolymer
(PBMA-b-PCEMA-b-PtBA), used in Chapter 2.

1.2 Block Copolymers in Block-Selective Solvents

1.2.1 Solvent Quality

Many polymers readily dissolve in liquid media. If a significant amount of a
polymer dissolves in a solvent it is said to be good for the polymer. Better
solvents will dissolve larger amounts of the polymer. Conversely, poor solvents
do not dissolve significant amounts of a given polymer, and can cause
precipitation of the polymer if the poor solvent is added to a polymer solution.
Marginal solublility conditions are defined as the point where a given polymer
starts to precipitate from a given polymer solution. For example, when you
dissolve a polymer in a good solvent and then slowly add a poor solvent under
vigorous stirring, the point at which precipitation starts to occur is said to be

marginal.



1.2.2 Diblock Copolymers in Block-Selective Solvents

Block copolymers have been seen to self-assemble to form aggregates with a
number of different morphologies in block-selective solvents.®® In order to form
dispersed aggregates, the copolymer is dissolved in a solvent that is a good
solvent for all blocks, and then a poor solvent for one of the blocks is added.
This causes one block to aggregate, while the other block remains well solvated

and keeps the structure dispersed.

The simplest and most commonly studied block copolymers are AB diblock
copolymers. The most common morphologies of micelles formed from AB
diblock copolymers (Figure 1.1) are spherical micelles, cylindrical micelles, and
vesicles.® In these systems, typically, solvent mixtures are used that constitute a
good solvent for one block and a poor solvent for the second block. Eisenberg et
al.®® have done extensive work on these systems. They have found that
poly(styrene)-block-poly(acrylic acid) (PS-b-PAA) can form a number of different
morphologies as the relative block lengths are changed under different
conditions. As the soluble block is shortened to a fixed length relative to the
insoluble block, the morphology changes from spheres (Figure 1.1A), to cylinders
(Figure 1.1B), to vesicles (Figure 1.1C), and finally to large compound micelles
(Figure 1.1D). This morphology change is due to the change in the size ratio of

the insoluble and soluble block. Similar morphological changes have been seen



due to factors such as solvent composition changes, polymer concentration, ion

content, among others.?

Figure 1.1. Common morphologies produced by an AB diblock copolymer
(taken from reference 8):® (A) spheres from PSsgo-b-PAAss, (B)
rod-like micelles from PS1g90-b-PAAzo, (C) vesicles from PS410-b-
PAA3, and (D) large compound micelles from PSyg-b-PAA,.

1.2.3 Linear ABC Triblock Copolymers in Block-Selective Solvents

ABC triblock copolymers have more complexity in their structure than diblock
copolymers because they contain three distinct blocks. Since this thesis focuses
on linear ABC triblock copolymers, other polymers (ABA, mikto-arm or star) will
not be discussed here. Linear ABC triblock copolymers can form a much larger
diversity of morphologies compared to AB diblock copolymers, which are

facilitated through solvent choice.



Table 1.1 lists some possible block-selective solvent combinations for linear ABC
triblock copolymers. The triblock copolymers in solvent systems 1, 2, 4, and 5
produce most likely core-shell-coronal structures with similar characteristics to
AB diblock copolymers. Solvent system 3 leads to either phase separated
coronal chains if the blocks are highly incompatible, or mixed coronal chains if
the solvated blocks are compatible.

Table 1.1. Linear ABC triblock copolymer, block-selective solvent
combinations.

Solvent System Block A Block B Block C
1 Poor Good Good
2 Good Good Poor
3 Good Poor Good
4 Good Poor Poor
5 Poor Poor Good
6 Poor Good Poor

The use of solvent system 6 will lead to micelles with a looped central block
tethered at both ends to the core.® The insoluble blocks should phase separate
to form the core of these particles. At high concentrations, the A and C blocks

can be incorporated into different micellar cores, resulting in a network structure.®

It is also possible with ABC triblock copolymers to target solvent systems where
one of the blocks is marginally soluble, by changing the ratio of good to poor
solvents in the solvent system. The use of marginally soluble blocks is
interesting, because solvent composition can be used to control the degree of
swelling (by tuning the solvent composition) of this marginally soluble block and

this can be used to control the collapse of this marginally soluble block.™



Table 1.2 lists some possible linear ABC triblock copolymer-solvent combinations
where at least one block has marginal solubility. In these systems the poorly
soluble block should form the core of the aggregates, while the well solvated
block should serve to stabilize these structures. The marginally soluble block of
the copolymer may be located at the interface between the poorly soluble block
and the well solvated block depending on the system. The self-assembly of an
ABC triblock copolymer in solvent system 12 was studied and it was discovered
that the copolymer self-assembled into helices in this solvent system. This
system will be discussed in Chapter 2.

Table 1.2. Possible linear ABC triblock copolymer marginally soluble block
combinations.

Solvent System Block A Block B Block C
7 Poor Marginal Good
8 Good Marginal Poor
9 Poor Good Marginal
10 Marginal Good Poor
11 Good Poor Marginal
12 Marginal Poor Good
13 Good Marginal | Marginal
14 Marginal { Marginal Good
15 Marginal Good Marginal
16 Poor Marginal Marginal
17 Marginal Marginal Poor
18 Marginal Poor Marginal

The cases where two blocks are marginally soluble (solvent systems 13-18) are
included for completeness in Table 1.2. However, either the aggregates of these
systems will not have a well structured core (lacking a poorly soluble block), or
they will not be readily dispersed (lacking a well solvated block). This last case

may be impractical because without a soluble block the polymer may precipitate.



In practice all possibilities with two marginally soluble blocks might have limited
application in linear ABC triblock systems, because most polymers have different
solubility limits, depending on solvent systems. Similar solubilities are possible

when using ABA triblock copolymers in place of ABC triblock copolymer systems.

1.2.4 The Use of Complexing Agents in Block Copolymer Aggregation

Complexing agents (such as amines) can be used in block copolymer systems to
induce aggregation in a system where it would not otherwise occur. Aggregation
may be due to different forces (including electrostatic, charge complex formation,

or other forces) and is typically reversible unless covalent bonds are formed.

Complexation has occurred between metal ions and polyacids, to prepare
aggregates of approximately 100 nm."’ Polyamines have been combined with
DNA to make micelle-like aggregates (MAs).">"® Block copolymers containing
polyamines have been combined with block copolymers containing polyacids to
make MAs by complex formation.™"® Block copolymers containing polyamines
and polyacids have also been combined with synthetic homopolymers (either

polyacid or polyamine) to form MAs by complex formation.®

1.2.5 The Use of Complexing Agents in AB Diblock Copolymer Aggregation

Complexation in AB diblock systems can lead to MA formation. This is the most
studied type of complexation among block copolymers, because AB diblock

copolymers are the simplest type of block copolymer. Complexation of AB



diblock copolymers will form a number of different morphologies, including

spherical MAs, cylindrical MAs, and vesicles."

1.2.6 The Use of Complexing Agents in Linear ABC Triblock Copolymer
Aggregation

Complexation can also be used in linear ABC triblock copolymer systems to
produce MAs of different types. Complexation can also introduce another degree
of control when working with these block copolymer systems. Aggregate
formation by complexation can be reversible if a method exists that allows the

reversible disintegration and formation of the complexes.

Table 1.3. Possible linear ABC triblock copolymer solvation conditions

where one block is complexed.

Solvent System Block A Block B Block C
20 Complexed Good Good
21 Good Good Complexed
22 Good Complexed Good
23 Complexed Poor Good
24 Good Poor Complexed
25 Good Complexed Poor
26 Poor Complexed Good
27 Complexed | Marginal Good
28 Good Marginal | Complexed
29 Good Complexed | Marginal
30 Marginal | Complexed Good

In linear ABC triblock copolymer systems, one can use both state of solvation
(good, poor or marginal) and complexation to form aggregates (see Table 1.3).
Similar to aggregate formation in block-selective solvents, one block of the
copolymer should remain soluble, so that the newly formed aggregates remain

well dispersed in the system. Complexation can be done either before or after



the addition of the poor solvent to the system. This may allow for the formation

of different architectures in the same system when producing nanoaggregates.

Aggregate formation becomes more complicated when block-selective solvents
are used as well as complexation. It is possible to produce structures that will
exhibit phase separation in the core of the aggregates due to the collapse of
multiple blocks (solvent systems 23-26). Chapter 3 will discuss examples of

morphologies of a linear ABC triblock copolymer dispersed in solvent system 24.

Aggregate formation by complexation can also include the use of a marginally
soluble block (solvent systems 27-30). In these systems the complexed block
should form the core of the aggregates, while the marginal block should be at the
interface, with the soluble block stabilizing the structures. This may lead to some
interesting structures that have some tunable properties due to the marginal

solubility of that block.

1.3 Chemical Modification in Block Copolymer Nanostructures
Chemical modification can transform block copolymer nanostructures into new
and interesting structures by changing the molecular properties of the block(s).
Chemical modifications can include: the creation of permanent structures

(through  block  cross-linking),'®"

sculpted structures (through block
degradation),?® the creation of hybrid structures (introduction of inorganic
materials into templates),?! double assembly?® and the coupling of different

nanostructures.? Using chemical processing, we can create patterned



structures including Janus particles and membranes with nanochannels among

other structures.?*%°

Polymer design . . Hier. Coupled
structures ———— ctures
Blodk Hier. Hier l
0¢ assembly . Coupling
copolymers Self- assembly
' b assembly [ Micelles or h Crosslink. f Permanent \Degrad.
Assembly block-segregated '
r— \solid w nanostructares Permanent
Intermediates sculpted
Directed ) nanostructures
assembly [ Novelblock- ) Degrad. | Sculpted i
‘ Reaction segregated nanostructures
| structures J e — S L 1
r———
Architectured
polymers

Scheme 1.2. Methodology showing assembly techniques usin%block
copolymers that prepare various nanostructures.

Permanent structures are created from previously prepared structures using
various chemical and/or photochemical methods by the cross-linking of one block
of the copolymer.’®'® Block copolymer degradation through block degradation
can be used to make sculpted nanostructures including nanotubes,? hollow
nanospheres? and the nanopatterning of a surface.?® Hybrid nanostructures can
be created by the incorporation of different inorganic materials into template

block copolymer nanostructures.?’

Hierarchical-assembly involves the assembly
of previously created nanostructures (including double assembly).? Coupling
can also be used to create new nanostructures by combining two or more
structures to make a new one.”® The creation of patterned nanostructures of

block copolymer systems, including Janus particles and membranes with

nanochannels, have been created using self-assembly and other techniques.?*%
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Scheme 1.2 shows the methodology mentioned above. All of these structures

can be further modified to make more complex structures.

1.3.1 The Creation of Permanent Block Copolymer Nanostructures

Typically, block copolymer nanostructures are formed by self-assembly in
solution or in bulk phase. These structures can be used as created, or their
properties (chemical nature, properties or other features) may be changed for
their final application. It is useful to create permanent nanostructures from
self-assembled transient structures, so that post-production modification can be
done. This allows for the use of solvents and other reactants that would
otherwise degrade the transient nanostructures. One popular method is to cross-
link one block of the copolymer in these structures to stabilize or lock in the

structure.”®'® This crosslinking can be done by chemical,?® photochemical,'®°

Dawdh

R
> oo
R

or other methods.

s,Cl,

R R;
\ﬁ_—/\Rz
cl S
-%\/R‘ )L</R4
R; ’
Scheme 1.3. Crosslinking reaction of polyisoprene by sulfur monochloride to
form a sulfide bridge, an example of chemical cross-linking.*°
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Chemical cross-linking can be done by the cross-linking of isoprene with sulfur
monochloride (Scheme 1.3) to form a sulfide bridge, which can stabilize the

desired nanostructures.*®

Permanent nanostructures can also be made by photochemically cross-linking

one of the blocks (Scheme 1.4),18'19

which is a convenient way to produce
structures that may degrade if they are exposed to harsh chemicals before
cross-linking. Photochemical methods will be used in Chapter 3 to make a

permanent nanostructure, which will then be further chemically modified.
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Scheme 1.4. Photochemical dimerization of poly(2-cinnamoyloxyethyl
methacrylate) to form a cross-linked structure after exposure to
UV light.

1.3.2 The Sculpting of Nanostructures through Block Degradation

Block copolymer nanostructures that have been created by self-assembly can be
sculpted by the degradation of one of the blocks of the copolymer. This is
usually done after block cross-linking. Block copolymer degradation can be used

to make nanotubes,”® hollow nanospheres® and nanopatterned surfaces.?®

12



One method for nanosculpting is the degradation of the poly(isoprene) block by
ozonolysis to remove the block from the nanostructure. This has been used by
Liu et al. to make hollow nanotubes and nanospheres.?’ Block degradation can
also be used to provide a nanopattern on a surface. Boker et al. thermally

degraded fluorinated side chains that provided a laterally patterned surface.?®

1.3.3 The Creation of Patterned Block Copolymer Nanostructures

Patterned block copolymer nanostructures can be created by various methods.
Recent advances have allowed the production of different types of particles
including Janus particles,?* membranes with nanochannels,? patched particles,?
patterned surfaces,®’ and vesicles with different interior and exterior

functionality.®?

One type of patterned nanostructure produced from block copolymers is patched
particles, which includes spheres with patched surfaces.®® A second type of
patterned structure is patterned surfaces.®’ Several groups have synthesized
vesicles with varying interior and exterior functionality.**** Njikang et al. have
studied the partitioning of different chains on the surface of vesicles.®*>*
Janus-type particles are an interesting type of patterned nanostructure that has

been synthesized by various groups.?* A new synthetic route to the production of

Janus particles is shown in Chapter 3.
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1.3.4 The Creation of Hybrid Block Copolymer Nanostructures

Block copolymers combined with inorganic materials create hybrid materials.
The creation of hybrid nanostructures of block copolymers can involve the
reaction of block copolymer nanostructures with inorganic nanoparticles,?' or the

use of block copolymer structures to template the formation of nanostructures.?’

Hybrid nanostructures are made by the combination of block copolymer
structures with other nanostructures. Inorganic particles, including cobalt or iron
oxide nanoparticles, can be made using block copolymers as surfactants to
produce magnetic spheres.35'36 Inorganic particles can also be incorporated into
the domains of block copolymer morphologies, such as nanospheres or
nanotubes.®*° Block copolymers can also be used to template the formation of
inorganic structures by the use of patterned surfaces to produce inorganic

patterned surfaces,*' or by pyrolysis to produce nanoporous carbon.*?

1.3.5 Composite Structures from Block Copolymer Nanostructures

Block copolymers have also recently been used to create more complex
structures by various methods. These methods include: hierarchical-assembly

(double assembly to form cage-type structures),®

coupling of multiple
nanostructures together (to form a new and more complex structure),22 and the
complexation of block copolymers with various agents17 (as discussed previously

in sections 1.2.4, 1.2.5 and 1.2.6).
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Hierarchical-assembly includes double assembly, which initially involves the
assembly of one structure, followed by the further assembly to form a more
complex structure. This type of assembly has been used to make cage-type
structures.? It is also possible to make different types of nanostructures, and
then couple them together by reaction of the functional groups on their surfaces.
Coupling techniques can be used to functionalize different nano-objects.22 These
coupled structures can also be used to further assemble into larger and more

complicated structures, such as super micelles.*®

1.4 Thesis Objectives

This thesis will examine two different morphologies that were found during the
examination of two different block copolymers that were dispersed in different
solvent systems. One system that was studied produced a helical morphology
from a linear ABC triblock copolymer. This system will be discussed in Chapter
2. The second system that will be discussed produced both a Hamburger-type
and striped cylinder morphology, also from a linear ABC triblock copolymer. This

second system will be discussed in Chapter 3.

The objective of the first phase of the project was to study a helix formed by an
ABC linear triblock copolymer. The helix morphology was obtained using poly(n-
butyl methacrylate)-block-poly(2-cinnamoyloxyethyl methacrylate)-block-poly(tert-
butyl acrylate) (PBMA-b-PCEMA-b-PtBA as shown in Scheme 1.5) in a solvent

system where the first block was marginally soluble, the second block was
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insoluble, and the final block was soluble. The helix morphology is extensively
studied, including, the evaluation of the dynamics of the structural change, and
the dimensions of these MAs. We also propose that helices are the most

thermodynamically stable structure for this ABC triblock copolymer in this solvent

system.
i N
| L ] L _]_
—[-CH21 T, [CH. 7lm I\,HZ-CIH p
CII “O(CH,),CH, .L O(CH,),00CCH=CH COOC(CH,),
0 o

Scheme 1.5. Structure of PBMA-b-PCEMA-b-PtBA the ABC triblock copolymer
used in Chapter 2 to make helices.

The objective of the second section of the project was to study the structures
formed by a linear ABC triblock copolymer, including both Hamburger-type and
segmented cylinder aggregates. This morphology was formed using
poly(tert-butyl  acrylate)-block-poly(2-cinnamoyloxyethyl — methacrylate)-block-
poly(succinated glyceryl monomethacrylate) (PtBA-b-PCEMA-b-PSGMA, as
shown in Scheme 1.6) in a solvent system where the first block was soluble, the
second block was insoluble, and the final block was complexed with (-)-sparteine
(a hindered chiral diamine) to form an insoluble phase. An extensive study of
this morphology was done, including the mechanism and kinetics of formation, as
well as the dimensions of the MAs. We include possible reasons for the
formation of this ABC triblock copolymer morphology, including the fact that it is a
kinetically trapped, as opposed to a thermodynamically stable, morphology. We

also chemically modified this structure first to make a permanent structure, and

16



then later to form Janus-type particles. This is a simple and novel way to

produce Janus-type particles, which can be used as molecular building blocks

and for further assembly.

[ | [ CH\3 rH3C\
} ]
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C— OC(CHy) C. COCH,CHCH,—0—C
& . o7 "O(CH,),COO-CH=CH || 2

CH,),COOH
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Scheme 1.6. Structure of PtBA-b-PCEMA-b-PSGMA the ABC triblock

copolymer used in Chapter 3 to make Hamburger-type and striped
cylinder aggregates.
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Chapter 2 — Helical Morphology made by an ABC Triblock
Copolymer in a Mixed Solvent System.

2.1 Preface

The material in this chapter has been published as, Self-Assembled ABC
Triblock Copolymer Double and Triple Helices, in Angewandte Chemie,

International Edition, 2009, 48, 6144-6147.

2.2 Introduction

Many block copolymers self-assemble into various structures in block selective
solvents. These structures can include spheres,’ vesicles,?® nanotubes,®® and
cylinders. They are the result of the insoluble blocks of the copolymer
aggregating to form micelle-like aggregates (MAs) stabilized by the soluble
blocks, etc. The composition of the block copolymer, the interfacial tension
between the solvent and the insoluble block and other factors determine the

morphology of these systems.

The cylinder structures can be linear,®"® branched," looped,®>'*™ and
segmented.““15 Occasionally, cylinders may exhibit secondary structures, such
as cylinder helices, or segmented cylinders. Diblock copolymers containing a
chiral block can produce cylinders that twist into single-handed helices, due to
the orientation in the cylinder cores.'®"” Achiral ABC triblock copolymers have

recently been shown to self-assemble in block-selective solvents into cylinder
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helices'® or twisted cylinders with helical sections'® due to the interplay of unique

surface forces.

While there have been no reports of cylinder helix formation from achiral diblock
copolymers in block selective solvents, and such reports have been rare for
achiral triblock copolymers, the helical morphology has been observed in block
copolymer solids. For example, Krappe et al.*° discovered the formation of
helical B cylinders on the surface of straight C cylinders in an ABC triblock
copolymer solid. Recent work by Jinnai et al. has found that the assembly of an
ABC triblock copolymer forms a solid double helical morphology.21 Helical
cylinders have also been observed for the A block of an AB diblock copolymer
that had undergone self-assembly in the confinement of the tubular pores of an

anodized alumina membrane.?

In this chapter we report the formation of a cylinder helix by direct self-assembly
of an achiral ABC triblock copolymer in block-selective solvents. There have
been two examples of achiral self-assembly by ABC triblock copolymers to form
helices in solvent systems. Pochan, Wooley and coworkers'® reported an
assembly of an achiral triblock copolymer, aided by the addition of a complexing
agent (multiamines), while Liu and coworkers'® have produced twisted cylinders
by an indirect method. Pochan, Wooley and coworkers'® found that the
complexing agent interacted with one of the blocks and twisted the cylinders,

presumably due to the uniaxial compression of the cylinders along the cylinder
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axis. Liu and coworkers'® produced twisted cylinders with helical sections from
an ABC triblock copolymer, by an indirect method, in a selective solvent for the
terminal A and C blocks. This twisting was thought to occur for two reasons.
First, the A and C blocks were highly incompatible and segregated out on the
surface of the B cylinders. Second, the A chains were much longer than the C
chains and the repulsion between the surface A chains was thus stronger than
that between the C chains and this lateral force imbalance was thought to drive
the twisting of these cylinders. We have found a system that directly produces a
regular block copolymer double helix with no other aggregating agents other then

block-selective solvents.

The helices in this study were prepared from the triblock copolymer poly(n-butyl
methacrylate)-block-poly(2-cinnamoyloxyethyl methacrylate)-block-poly(tert-butyl
acrylate) (PBMA-b-PCEMA-b-PtBA shown in Scheme 2.1), where the number of
BMA units (n) was 350, the number of CEMA units (m) was 160, and the number
of tBA units (/) was 160. This determination was made by a combination of NMR

and light scattering GPC.

CH, CH,
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—[-CH2 ] CH:—>"] [CH,~GH
R VAL | Y
C“'()(CH2)3CH3 ,p O(CHZ)ZOOCCH =CH COOC(CH3)3
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Scheme 2.1. Structure of PBMA-b-PCEMA-b-PtBA, polymer used for helix
formation.
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Cylinder helices with highly-regular pitches were prepared in mixtures of
dichloromethane (DCM) and methanol (MeOH), where DCM solubilizes every
block of the copolymer and MeOH is selective to dissolve PtBA. The solubility of
PBMA was found to be marginal when the helices were formed. Initially, the
PCEMA block segregated from the solvent phase and formed the cores of the
spherical micelle-like aggregates (SMAs) and the PBMA and PtBA chains formed
the mixed corona. However, the SMAs fused with time into short cylinders. In
these solvent mixtures, the PCEMA blocks segregated from the solvent phase
and formed the cores of the SMAs and the PBMA and PtBA chains formed the
mixed corona. Since the PBMA chains were only marginally soluble, with
presumably a compact conformation, insufficient steric stabilization was provided
by PBMA and PtBA, and the SMAs fused with time into short cylinders. These
cylinders and SMAs then fused further into short helices and eventually long
helices. The helices probably formed in order to decrease unfavorable contact

between PBMA and the solvent.

2.2.1 Obijectives

This chapter will study a triblock copolymer helix formed from
PBMA-b-PCEMA-b-PtBA. This morphology formed by this copolymer will be
extensively studied, including the mechanism and kinetics of formation, the
particle dimensions, the solvation condition of the blocks and the hydrodynamic
diameter, and will be discussed. We will also propose a thermodynamic

structure for the ABC triblock copolymer helices.
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2.2.2 Experimental Design Considerations

The study of a series of PBMA-b-PCEMA-b-PtBA polymers was done in various
solvents. This choice of this polymer was made for several reasons. First the
PCEMA block can be stained by OsO4 and made visible for TEM, while the other
blocks will be unstained. PCEMA can also be photocrosslinked to lock in
self-assembled structures and make permanent nanostructures. The PtBA block
of the polymer can be hydrolyzed to PAA. Once hydrolyzed the PAA can be
stained with UO>(AcO), while the other two blocks are unstained. PAA also

makes the sample water dispersible.

The choice of solvent system was also made for several reasons.
Dichloromethane, tetrahydrofuran and chloroform are good solvents for all of the
blocks of the copolymer. Methanol is a known poor solvent for PCEMA and was
found to be poor for PBMA. Solvent composition is very important as the helical
morphology forms for only a very small window of solvent range (~81-85%

methanol).

2.3 Experimental
2.3.1 Materials

Chloroform (ACS reagent), methanol (99.8+%), and dichloromethane (99.5+%)
were purchased from Fisher Scientific, and used as received. Inhibitor-free
tetrahydrofuran (THF) was purchased from Fisher Scientific, and was passed
through an Innovative Technology purification system equipped with two alumina
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columns before use. Osmium tetraoxide (OsO,4) and uranyl acetate [UO,(AcO),]
were purchased from Electron Microscopy Sciences and were used as received.
Pyridine (Aldrich 99+%) was refluxed with calcium hydride (Aldrich, reagent
grade, 95 %) overnight and distilled prior to use. Cinnamoyl chloride (98%,
predominantly trans), trifluoroacetic acid (99+%) and triethylsilane (99 %) were
purchased from Aldrich and were used as received. Methanol-d4 (D, 99.8%),
methylene chloride-d; (D, 99.9%) and pyridine-ds (D, 99.5%) were purchased

from Cambridge Isotope Laboratories Inc. and used as received.

2.3.2 Polymers

To establish the solvation states of the different blocks of the triblock copolymer
PBMA-b-PCEMA-b-PtBA under helix formation conditions, three homopolymers
PBMA, PCEMA, and PtBA as well as a diblock copolymer PCEMA-b-PtBA were
used. These polymers, including the triblock copolymer, were all derived from
precursors prepared by anionic polymerization. The anionic polymerization
conditions used have been previously described by our group,?*% the conditions

used are included in Appendix A.

All polymers were characterized by an Agilent size-exclusion chromatograph
(SEC) equipped with a Wyatt Dawn Helios-Il light scattering detector (LS), and
an Optilab rEX refractive index detector. The light operating wavelength of both
detectors was 658 nm. The SEC columns used were Waters uStyragel HR 5, HT

4 and HT 500 A and the eluant used was THF. The specific refractive index
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increments dn, /dc were determined using the Wyatt Optilab rEX refractive index

detector. The repeat unit number ratios between the different blocks of the
triblock copolymer and diblock copolymer were determined from 'H NMR by
comparing the integrals of the proton peaks from the different blocks in

pyridine-ds. Table 2.1 summarizes the molecular properties of the polymer used.

Evidently, all polymers used in this study had low polydispersity. The number of
repeat units for the BMA, CEMA, and tBA triblock copolymer were 350, 160, and
160 respectively. In the diblock copolymer there were 80 and 250 units of CEMA
and tBA, respectively. The repeat unit numbers for the PtBA, PBMA and PCEMA
homopolymers were 100, 460 and 200, respectively. All molecular block lengths

are accurate to £10 units.

Table 2.1. Characteristics of the polxmers used in this studx.

Sample | dn, /dc SEC SEC-LS NMR N M /
(mLig) | M, /M, | 10*xM, n/mjl
(g/mol)

Triblock 0.118 1.06 11 2.2/1.0/1.01 350 160 160
Diblock 0.111 1.05 5.2 0/1.0/3.3 80 250

PtBA 0.053 1.05 1.4 0/0/1 100
PBMA 0.067 1.08 6.5 1/0/0 460
PCEMA 0.156 1.01 5.1 0/1/0 200

2.3.3 Polymer Solubility Tests

Visual inspection revealed that PtBA1op was soluble in DCM/MeOH, CHCI3/MeOH

and THF/MeOH with the f,,.,,, (methanol fraction) value ranging between 0 and
100%. To determine the critical methanol fraction f* , above which PBMAsg
and PCEMAyy became insoluble, the following protocol was utilized. All
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solubility measurements were done at room temperature which was

approximately 20 °C.

PBMA4s or PCEMA,o was first dissolved in DCM at 5 mg/mL. Methanol was

then added to these polymer solutions. After a rough estimate was obtained for

f.;w from a visual turbidity test, several samples with a f,,,,, interval of 2.5%
were prepared near the estimated fij value. The samples were observed

immediately and one day after MeOH addition for turbidity. The required f,,,,, to

induce cloudiness immediately after MeOH addition was 47.5% for a solution of
PCEMA2y in DCM and 87.5% for a solution of PBMA4go in DCM. Only 46.0% of

MeOH was required for turning a DCM solution of PCEMA, cloudy one day

after MeOH addition. Meanwhile for PBMA4go, the fij value was 85%.

A similar protocol was followed for f,,,, in the CHCls/MeOH and THF/MeOH
systems. The f;OH values after one day for the THF/MeOH mixtures were

80.0% for PBMA and 49.0% PCEMA. In CHCIz/MeOH these values were 85.0%

for PBMA and 49.0% for PCEMA.

2.3.4 Helix Preparation

Helix preparation in DCM/MeOH involved first dissolving the triblock copolymer in
DCM at 5 mg/mL. To this solution in a vial under vigorous stirring, MeOH was

added quickly (~1 min) to reach a f,,,, Vvalue of 82 %. The vial was sealed and
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placed in a closed dessicator containing a reservoir of DCM/MeOH mixture with a

Sfuwonr Value of 82 %, in order to minimize evaporation-induced solvent

composition change inside the vial. The solution was stirred for at least 3 weeks

before observation by TEM. Helices in DCM/MeOH at other f,,,,, values and in

THF/MeOH or CHCI3/MeOH were prepared similarly.

In order to follow the helix formation process, samples were taken at pre-
designated times, and were aspirated on carbon-coated copper grids for TEM
analysis. Cross-linking of the PCEMA domains of the MAs was achieved by
irradiation for three hours in a UV cell under magnetic stirring using a focused UV
beam from a 500-W mercury lamp. The light was filtered with a 270 nm cut-off

filter to remove higher energy UV light.

In order to hydrolyze the PtBA chains of the cross-linked MAs and facilitate the
TEM observation of the resultant poly(acrylic acid) (PAA) chains, the samples
were first dried by rotary evaporation. The solids were then dispersed in DCM
before triethylsilane, at three molar equivalents relative to the tBA groups, and
trifluoroacetic acid, at 1/3 the volume of DCM, were added. This mixture was
stirred overnight before removal of volatile components by rotary evaporation.
To ensure complete removal of residual acid, methanol was added, followed by
additional rotary evaporation of the volatile components. This procedure was
repeated thrice. The sample was then redispersed in 10 mL of pyridine, and the

pH of the resulting solution was ~7.
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2.3.5 NMR Studies

The triblock or diblock copolymer were stirred in DCM-d, (~8 mg/mL) for one h in
order to ensure molecular dissolution. This solution was then filtered into a clean
vial through a 0.45 ym PTFE syringe filter. Filtered d-MeOH was then added
until the desired solvent composition was reached (70-92 % (v/v) d-methanol).
The samples were stirred for one hour before the samples were sealed in an
NMR tube, and 'H NMR was run on a 500 MHz Bruker AM-500 spectrometer.

Signal intensities were obtained by performing line fitting using WinNuts.?®

2.3.6  Transmission Electron Microscopy

MAs were aspirated onto carbon-coated copper grids. After drying at room
temperature for one h, the specimens were stained by OsO4 for two h or with
UO,(AcO), staining techniques before Transmission Electron Microscopy (TEM)
observation. Staining by UO,(AcO), was done by equilibrating a grid with drops
of a UO2(AcO);, solution in MeOH/DCM at v/v = 80/20 for 25 min. After removing
the droplets, excess staining reagent was removed by rinsing the grids with
methanol droplets ten times. All TEM observations were made on a Hitachi 7000

instrument operated at 75 kV.

2.3.7 Transmission Electron Tomography

After helix sample aspiration and staining by OsO4, some 10-nm Au colloidal
solution (GCNO0O05, BBInternational Ltd., UK) was sprayed on a TEM grid. TEM

tomography analysis was done using a JEM-2200FS (JEOL Co. Ltd., Japan)
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instrument operated at 200 kV. Only the transmitted and elastically scattered
electrons with energy loss between 0 and £15 eV were used for imaging. The
images or projections were collected at sample stage tilting angles ranging
from -70° to +75° in 1°intervals. The series of images were aligned by the
fiducial marker method®” using the Au particles. The 3-D images were
reconstructed based on the filtered back projection method.?® The mean
alignment error, averaged over all of the fiducial markers, was 0.76 nm, which

was less than the pixel resolution, regardless of the tilt angles.

2.3.8 Atomic Force Microscopy

Specimens were prepared by aspiration of solution samples onto cleaned silicon
wafers or freshly cleaved mica surfaces. All samples were analyzed by
tapping-mode atomic force microscopy (AFM) using a Veeco multimode
instrument equipped with a Nanoscope llla controller. The tips used were
AppNano ACT Tapping mode AFM probes with tip radii of 5-6 nm, tip aspect
ratios of 3:1 to 5:1, force constants of 25-75 N/m and resonance frequencies of

200-400 kHz.

2.3.9 Dynamic Light Scattering Measurements

Dynamic light scattering (DLS) measurements were carried out at room
temperature on a Brookhaven BI-200 SM instrument equipped with a BI-9000AT
digital correlator and a He-Ne laser (632.8 nm). Measurements were done at

90°. Samples were clarified by filtration through 0.1 ym PTFE filters. The data
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was treated by the Cumulant method® to yield particle hydrodynamic diameter
d, and polydispersity K22/K4, the square root of which gives the percent
standard deviation. The refractive index n, of a DCM/MeOH mixture was
estimated using the following equation®

1, =1, fugeon + 12U~ Fireon) (1)
where n,, and n,, are the refractive indices of MeOH and DCM, respectively.
The viscosity, 7, of a solvent mixture was calculated using:*'

Inp=¢ 1nn, +4¢,1nn, (2)
with 7, and 7, representing the viscosities of solvents 1 and 2, respectively, and

¢, and ¢, being the molar fractions for solvents 1 and 2.

2.4 Results and Discussion
Cylindrical  helices were prepared from the triblock copolymer

PBMA-b-PCEMA-b-PtBA by stirring the polymer in DCM/MeOH with f,,..,

between 82% and 85% for three weeks or longer. Immediately after MeOH
addition, only spherical and cylindrical MAs were observed. To elucidate the
structure and the mechanism of formation of the helices, the helix formation

process was followed in a DCM/MeOH mixture having a f,,,,, value of 82%.

2.4.1 Spherical and Short Cylindrical Micelle-like Aggregates.

The initial spherical and cylindrical MAs were first characterized. Figure 2.1a

shows a TEM image of MAs aspirated on a carbon-coated copper grid for ten
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min after their preparation in DCM/MeOH with f,,. ., = 82%. The specimen was
stained by OsO4 which selectively stains the PCEMA block. To observe the PtBA
chains in the MAs, we irradiated a freshly prepared MA solution with UV light to
cross-link the PCEMA block, and then treated the resultant cross-linked MAs with
trifluroacetic acid in order to hydrolyze the PtBA block to PAA. This was then

followed by redispersion of the MAs in pyridine. Figure 2.1b shows such a

sample with PAA stained by UO2(AcO),.

. ¢ ) 4 ¢ - oy g i i s
300 nm 300 nm

Figure 2.1. TEM images of MAs aspirated from DCM/MeOH with f,,.,,, = 82%.
The specimen for image (a) was stained by OsO,4. The sample for
image (b) was first irradiated with UV light to cross-link PCEMA and

then treated with trifluroacetic acid to hydrolyze PtBA. The resultant
PAA chains were stained by UO3(AcO),.

Dark circles and some elongated objects are seen in Figure 2.1a. Many of the
dark circles seem to be separated from one another by a light gray boundary.
The average diameter of the dark circles is 18+2 nm. In Figure 2.1b light circles
and elongated light objects are seen. They are all surrounded by dark rims.

Around the individual or isolated (not clustered) light circles, the dark rims were
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fairly uniform along the whole periphery, except for occasional dark bumps or
broken sections. The average diameter of the light circles shown in Figure 2.1b
is 20+2 nm, which correlates within measurement error to the size of the dark

circles in Figure 2.1a.

The circles are projections of the PCEMA cores of spherical MAs. The cores
appeared dark in Figure 2.1a from OsOy staining, and light in Figure 2.1b due to
the lack of staining by UO2(AcO),. The rather uniform dark rims in Figure 2.1b
suggests that PAA or its precursory PtBA chains occurred throughout the whole
shell. The slightly elongated objects would have been projections of the PCEMA

cores formed by the fusion of the spherical MAs.

Two sets of experiments were performed to probe the location of PBMA chains.

In one set, we determined that a f,,,, value of 87.5 vol% was required to

induce, within minutes, the phase separation of a homopolymer of PBMA with
460 repeat units from DCM/MeOH solution. Given enough time, such as one
day, the homopolymer at ~1 mg/mL phase separated from DCM/MeOH at a

lower f,,.., value of 85%. Since the PBMA block in the triblock was 350 units
long, shorter than 460 units, a critical f,,,, above 85% should be required to

induce its insolubility. Thus, the PBMA block was marginally soluble and would

not have segregated out from the solvent phase at f,, ., =82% . The PBMA

block should have existed as a part of the corona.
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In the second set of experiments we used 'H NMR to learn about the structure of
the aggregates. Solution NMR allows us to probe the structure of the polymer by
observing the differences in the peak intensities. The peak intensity will change
when you change the solvation conditions of the individual blocks of the

copolymer.
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Figure 2.2. Plot of variation in 7., /1%, (8), e/ Iocen (¢), and
st/ Loss (A) as functions of f,,.,, -

We dissolved the triblock copolymer at 5.0 mg/mL in DCM-d, and determined the
intensity of some characteristic PBMA peaks between 3.8 and 4.0 ppm relative to
that at 5.3 ppm for CHDCIy, an impurity in the solvent DCM-d,. This relative peak

intensity was given the symbol I;,,,. Similarly, we determined the relative

intensity 7., for PCEMA peaks between 4.0 and 4.4 ppm and I,,, for the

PtBA singlet peak between 1.35 and 1.5 ppm. This sample was then diluted with

different amounts of MeOH-d4 and the resultant samples were analyzed within

one to three hours for the relative intensities /,,,,,, Iz > @nd I,,,. Figure 2.2

pIOtS ]RBMA/II(;BMA ’ IRCEMA /IlgCEMA ’ and IRtBA/]gtBA as funCtlonS Of fMeOD -
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The data of Figure 2.2 shows that the PBMA signals decreased gradually when
Sfiwop Was increased from 70% to 85% and became invisible for f,,,, > 89%.
The PtBA signals experienced an abrupt decrease between f,,,,= 80% and
Sfiwon = 82% and then stabilized above f,,,, = 82%. The PCEMA signals were

not seen in DCM-dy/ MeOH-d4 with f,,,,,, between 70% and 93%.

The disappearance of, or a decrease in the intensity of a NMR signal of a proton
can be caused by a slower tumbling of the proton. This slower tumbling motion
can be caused by the compaction of a polymer coil or the total collapsing of a
block from the solvent phase. The gradual slowing down of the tumbling motion
first leads to peak broadening, and eventually makes the peaks undetectable.*
The absence of PCEMA peaks when f,,,, values were between 70% and 93%
was in agreement with our observation that a PCEMA homopolymer with 200
CEMA units started to precipitate out of solution from DCM/MeOH at

Sron = 47.5%, a value well below f,,.,, = 70%. These results confirm the TEM
observations, which indicated that at f,,,,, = 82% the PCEMA formed the core

of the spherical and cylindrical MA structures.

The decrease of the PBMA signals with increasing f,,,, values between 70%

and 89% suggests that the gradual compaction of the PBMA chains as the

solvent quality deteriorated for PBMA. The disappearance of the PBMA signals
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somewhere between f,,,, = 85% and 89% was in agreement with our polymer

solubility test results, which indicated that the PBMA homopolymer started to

phase separate immediately from DCM/MeOH at f,,,,, = 87.5% and slowly at
Siworwr = 85%. The low residual PBMA signals at f,,,, = 82% suggest that

PBMA had a somewhat compact conformation at this solvent composition but did
not completely collapse from the solvent phase. The marginal solubility of PBMA

also suggests the presence of PBMA in the corona of the MAs.

The distribution of two soluble blocks in the coronas of MAs can be intriguing. As
first hypothesized by Hoppenbrowers et al.,® the solubilized A and C chains on
the surface of the insoluble B core of a triblock copolymer can be either uniformly
distributed throughout the corona, or segregated. Depending on the

incompatibility, the segregation may yield MAs with patched surfaces®

or
Janus MAs" (with half of the surface covered by A and half by C). The following
observations suggest that the PtBA and PBMA chains were randomly mixed with
one another in the corona. First, the two polymers are very similar structurally.
Their compatibility in the solvated state is supported by the very close solubility
parameters calculated for them based on group contributions,*® which were 15.5

and 16.1 MPa"?, for PtBA and PBMA respectively. Second, our NMR analysis of

a PCEMA-b-PtBA diblock copolymer in DCM-d»/MeOH-ds with f,,.,, = 85%

yielded 1,,,/1%,, ~ 100%. If the PtBA and PBMA blocks were segregated on

the surface of the MAs, one would expect to see a significantly larger
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Losi/Ins, for the PtBA block with the triblock copolymer. In reality, the PtBA

RtBA

signals decreased with the PBMA signals. Third, the TEM image in Figure 2.1b

suggests that the PtBA chains are distributed evenly on the surface of the MAs.

Scheme 2.2 illustrates our current understanding of the chain distribution in the

triblock copolymer spherical MAs at f,,.,, =82%. The PCEMA collapsed from

the solvent phase to form the core. The PBMA chains assume more compact
conformations than those of PtBA due to the deterioration of the solvation
conditions. The PtBA and PBMA chains are randomly distributed among one

another, while the PtBA chains serve to stabilize the MAs.

}
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Scheme 2.2. Schematic representation of the chain packing within the
spherical MAs.

Besides the TEM and 'H NMR analyses, we also performed a DLS study of the

MAs two hours after their preparation at f,, ., = 82%. The average

hydrodynamic diameter (d,) and DLS polydispersity (K22/K4) were 68 £ 1 nm
and 0.06 (24.5% deviation), respectively. That the value of d, was greater than

that of d,,, is expected, because DLS probed the size of the solvated MAs
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including the coronal PBMA and PtBA chains. When comparing these measured
values, one should also realize that the sample contained not only spherical MAs
but also some short cylinders and fused spherical MAs (which we did not

measure for d,,, ), which would produce a d, value larger than that for the

spherical MAs.

We finish this section by noting that the TEM PCEMA core radius of ~10 nm is
small. At 160 units, the PCEMA block has a fully-stretched chain length of 40

nm. Assuming a characteristic ratio C, of 6.0, a typical value for atactic

poly(methyl methacrylate),®” the root-mean-square end-to-end distance of this
chain in the unperturbed state was estimated to be 6.7 nm. The core chains of
diblock copolymer spherical micelles should normally be stretched more than

those in the unperturbed state.’®3%3°

We cannot conclude this with certainty
here, because we do not know how much smaller the actual radius of the
spherical MAs was than the TEM radius of ~10 nm, and we expected the
observed MAs were flattened somewhat when aspirated from solvent onto a
TEM grid.2 This smaller triblock copolymer MA size is common and has been

4041 and by us.** This reduced MA size, and thus

seen before by others
aggregation number, might have resulted from the fact that the B core chain of
an ABC triblock copolymer is more likely to stretch across the whole core with the

terminal A and C blocks emanating from the opposite sides of the core.
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2.4.2 Multiple Helices.

Stirring a triblock copolymer dispersion in DCM/MeOH with f,,.,, values

between 82 and 85 % for a long time converted the spherical and cylindrical MAs
seen initially, into cylinder helices. Our results indicated that a polymer
concentration of ~1.0 mg/mL was optimal for the production of individual helices.
Higher polymer concentrations led to entangled helices, or helix lumps. We also
noticed that longer equilibration times, up to the longest tested equilibration time
of three months, helped produce the most individual helices. Figure 2.3a and b
show TEM images of a helical sample that was obtained from equilibrating a

triblock copolymer with DCM/MeOH at f,,,, = 82% for three months, then

aspirated on a carbon-coated copper grid, and then stained with OsO,.

K
it

. b

Figure 2.3. TEM images (a) at low and (b) at high magnification of the helices
aspirated from DCM/MeOH at f,,,,,, =82%, three months after the

triblock solution preparation stained with OsQj,.

Since OsOy stained only the PCEMA domains, the TEM images (Figure 2.3a and

b) suggest that the PCEMA domains formed helices. Most of the helices seemed
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to be double helices, while occasionally triple helices were observed, with two

examples marked by arrows in Figure 2.3a.

A normal TEM image gives the projection of a 3-D structure at one observation
angle and this information can be misleading. To confirm the conclusion of our
results of Figure 2.3, we performed TEM tomography analysis of a helix sample.
Such an analysis involved taking projections of the helices on the sample stage
rotating angles from -70 to 75° at 1° intervals, and then computer assisted 3-D
reconstruction of the images from the many projections. Figure 2.4a shows the
3-D images of a left-handed double helix confirming unambiguously the results of

Figure 2.3. Figure 2.4 b shows a section of a right-handed triple helix.

ca. 60 nm

Figure 2.4. Computer reconstructed images of double (a) double and triple (b)
helices, aspirated from DCM/MeCOH at f,,,,, = 82% three months

after the triblock sample preparation. The reconstruction was done
by computer after TEM tomography imaging.
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Although the structures are slightly flattened due to aspiration and the images are
slightly pixilated due to computer reconstruction, both double and triple helices

are clearly depicted here.

Since the majority of the helices were double helices, our discussion hereafter
will focus on the double helical structure, the major product. A quantitative
analysis of the 3-D images of several double helices indicated that the PCEMA
cylinders had an elliptical cross-section with a width of 14 nm, and a height of 10
nm. The helices flatten substantially after aspiration from solution as they had an
average height of 19 nm and a width of 48 nm. The average pitch length was 76

nm.

9‘6‘&\*--_
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Scheme 2.3. Schematic representation of chain packing in the double helix.
The PBMA layers were given slightly different colors (black vs.
gray) in the two associating cylinders in the helix to facilitate the
visual differentiation of the two.
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Based on our observations made on the chain distribution in the spherical MAs,
we believe that the PBMA and PtBA chains should be again more or less evenly
distributed in the corona. Scheme 2.3 shows the double helix structure
according to our understanding. Thus, the apparently “void” space deduced from
TEM between the two PCEMA cylinders is due to the solvent-swollen PBMA and

PtBA chains in the native solvated state of the double helices.

The absence of actual void space was confirmed by AFM analysis. Figure 2.5a
and Figure 2.5b show a 3-D topography and a 2-D phase image of a helix
sample, respectively. The average height and width of these helices were 37 + 4
and 97 £ 13 nm, respectively. While some roughness was indeed detected on
the surface of these helices (such as in the marked regions), no void spaces

were detected between the ridges, below which PCEMA cylinders most likely lay.

0.25 0.50 0.75 1.00 um
Figure 2.5. AFM topography (a) and phase (b) images of a helix sample where
the black arrows show left-handed and the white arrows show
right-handed helices.
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The helical structure of the PCEMA domains is evident in the phase image of
Figure 2.5b. The slanting directions of the PCEMA domains seem to suggest
that the helices marked by white arrows are left-handed and those by black
arrows are right-handed. The lack of single handedness was expected because

the polymer contained no chirality to induce single handedness.

2.4.3 Transition from Small MAs to Multiple Helices.

The transition of the MAs structure from small spheres to multiple helices was
observed using dynamic light scattering (DLS). Figure 2.6 shows how the

hydrodynamic light scattering diameters d, varied with time for aggregates of the
triblock copolymer prepared in DCM/MeOH at f,,,,, =82% . Larger structures

were formed over time as the aggregates increased in size after longer time.
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Figure 2.6. Plot of d, variation as a function of time for a MA sample prepared
in DCM/MeOH at f,,..,;, = 82%.

We followed the structural evolution in detail by taking samples for TEM analysis
at different sample aging times. Figure 2.7 shows TEM images of these samples

aspirated on carbon-coated copper grids and stained by OsQOg.
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300 nm 300 nm

Figure 2.7. TEM images of MAs aspirated from DCM/MeOH at f,,.,, = 82%

after one day (a), eight days (b), 16 days (¢). The short arrow
indicates a helical section, while the long arrow designates a
crossing section. At 24 days (d), the arrow indicates an isolated
helix, after the triblock sample preparation.

Immediately after MeOH addition to give a f,,,,, value of 82%, mostly spherical

MAs were observed (Figure 2.1a). After one day, more cylindrical MAs are seen
(Figure 2.7a). After eight days, the cylinders appeared to become elongated,
while the population of curved cylinders increased (Figure 2.7b). After 16 days,

most of the cylinders were curved, while some had aggregated to crosses, which
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are precursors to helices (Figure 2.7c). Short helical sections were also seen,
and are marked by arrows in the Figure 2.7c. At 24 days, isolated long helices
were observed, along with cylinders, which were in the process of converting to

helices (Figure 2.7d).

2.4.4 Driving Force for Double and Triple Helix Formation.

The fact that the spherical MAs fused initially into cylinders, and then these
cylinders intertwined into double and triple helices, suggesting that the helices
should be thermodynamically favorable compared to the spherical and cylindrical
MAs. As mentioned before, the PCEMA block would have collapsed and

phase-separated from the solvent phase at f,,,,,, ~ 46%, where the PBMA and

PtBA blocks were both well solvated. The spherical MAs were probably the
thermodynamically favored product at this point because the highly swollen PtBA
and PBMA chains were best accommodated in the corona of a spherical micelle,
which has the largest interfacial curvature among the typically observed
morphologies, including cylinders and vesicles. As the methanol fraction was

increased to f,,,, = 82%, the PBMA coronal chains compacted substantially,

trapping some of the soluble PtBA chains among them. According to the
geometric packing parameter theory, the size of the coronal block or the head
block had decreased significantly relative to the size of the tail or core block. The
most preferred MA geometry should be cylinders. This explains why we

observed the initial spherical to cylindrical MA transformation.
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The cylinders reassembled into helices as a result of the lower Gibb's free energy
of the helices, relative to straight cylinders. As we mentioned previously, PBMA

was marginally soluble in DCM/MeOH at f,,,, = 82%. In order to minimize the

contact between the PBMA block and the solvent, the cylinders could have
coagulated and precipitated out of solution. This did not occur for two reasons.
First, the soluble PtBA chains prevented precipitation, by stabilizing the structure.
Second, the solvent was marginal for PBMA, but not yet poor. A compromise
was for the cylinders to twist into double or triple helices, and thus minimize

PBMA-solvent contact, while still allowing the PtBA chains to remain in solution.

How double helix formation helped reduce PBMA and solvent contact is best
shown in Figure 2.8, which shows how a green and a red pipe cleaner are
twisted into a double helix. The metal wire core in this example would represent
the PCEMA core of the cylindrical MAs. The green and red bristles can be
viewed as the coronal PBMA and PtBA chains. The PtBA chains are equivalent
to the PBMA chains here, unless we dye some of the green and red bristles to a
different color. Obviously, there is more contact between the bristles and the air
(PBMA and solvent in the case of triblock cylinders) on the left side per unit pipe
cleaner length than on the right side where the pipe cleaners are twisted. In the
pipe cleaner case, the core wires retained their cylindrical cross-section.
Meanwhile the PCEMA cores deformed to acquire an elliptical cross-section,
mainly to ensure the formation of a compact double helix, and to minimization the

contact between the PBMA block and the solvent.
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Figure 2.8. Photograph of two pipe cleaners twisting into a double helix.

2.4.5 Multiple Helices in Other Solvent Systems.

Aside from DCM/MeOH, helices were found to form also in THF/MeOH and
chloroform (CHCI3)/MeOH mixtures. Figure 2.9 shows TEM images of helices

aspirated from THF/MeOH with f,.,, = 77% and CHCI3/MeOH with

eon = 83%. Again, the helices were formed only after weeks of equilibrating of

the triblock MAs systems.

Fiure 2.9. TEM images of helices aspirated from THF/MeOH with
Sowon = T7% (a) and CHCI3/MeOH with f,,,, = 83%. The MA

solutions were aged for three weeks before their aspiration. The
aspirated samples were stained by OsO4 for two hours.

To help understand helix formation in these cases, we again determined the

critical f,,,, for inducing visual cloudiness to the PBMA4s and PCEMAx
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solutions one day after MeOH addition. These were 80.0% and 49.0% for
THF/MeOH mixtures, and 85.0% and 49.0% for the CHCI3/MeOH mixtures.
While PtBA was soluble in all of these mixtures, the PBMA block of the triblock
copolymer was again in a marginally solvated state or compact state in these
THF/MeOH and CHCI3/MeOH mixtures. These results suggest the solvated
state of the blocks of the polymer (marginal for PBMA, poor for PCEMA, and
good for PtBA) rather than the exact solvent properties were the reason for the

formation of helices in this polymer system.

2.5 Conclusions

A PBMA-b-PCEMA-b-PtBA sample has been synthesized and characterized.
MAs were prepared in DCM and MeOH mixtures, where DCM was a common
solvent for all of the three blocks of the copolymer, and MeOH solubilized only

the PtBA block. Immediately after methanol addition to f,,.,, between 82% and

85% to a DCM solution of the triblock copolymer, the copolymer formed SMAs.
Our TEM analysis indicated that the PCEMA block formed the core of the SMAs.
'H NMR analysis indicated that the PCEMA block was fully collapsed from the
solvent phase, and that the PBMA coils had substantially shrunk, but were not

fully collapsed at f,,,, = 82%. The 'H NMR results also suggest that the PBMA

and PtBA chains were mixed in the corona in both the initially formed spheres
and the helices. With time, the SMAs fused first into short cylinders. The
cylinders and SMAs then fused further into short helices and eventually long

helices. The structure of the helices was established by routine TEM, AFM, DLS,
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'H NMR, and by TEM tomography. The helices were formed mainly to decrease
the unfavorable contact between PBMA and the solvent, and were stabilized by
the PtBA chains. While the helices had been reproduced in other binary solvent
mixtures including THF/MeOH and CHCIs/MeOH, it will be interesting to examine

if this morphology can be reproduced using other analogous triblock copolymers.
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Chapter 3 — Hamburger and Striped Cylinders from Assembly of
an ABC Triblock Copolymer

3.1 Preface

The material in this chapter has been accepted by Soft Matter for publication as,
ABC Triblock Copolymer Hamburger-like Micelles, Segmented Cylinders,

and Janus Particles.

3.2 Introduction

Block copolymers aggregate by self-assembly in block-selective solvents, to form
various micelles and micelle-like aggregates (MAs). It is also possible to use
other agents to cause block copolymers to aggregate and induce block collapse
by complexation.1 This block-complex formation can be used to induce the
formation of various types of MAs. The type of MA formed is dependent upon
the composition of the copolymer, the interfacial tension between the solvent,
and the block copolymer-complex, and also the amount and type of complexing
agent used. Block copolymer assembly can lead to various structures, including

® nanotubes,”® and various types of cylinders.'®'® These

spheres,? vesicles,>
structures have possible applications in nanofabrication, lithography, drug

delivery, and functional materials.

Various agents that form complexes with diblock copolymers have been used, in
order to direct the assembly of these copolymers. The amount of complexing

agent used (or the ratio of the complexing agent to the complexed block), and the
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type of agent used, can affect the properties of the aggregates that are
formed.""""® There have also been studies of the effect of the change of pH and
the addition of salts on the behavior of these systems.?® With the use of ABC
triblock copolymers, it is possible to use block-selective solvents, along with
complexing agents to further control the aggregate formation. Our group has
recently been investigating novel structures obtained from ABC linear triblock

copolymers.?'2

In this chapter, the formation of hamburger and striped cylinder MAs by assembly
directed by (-)-sparteine, a chiral diamine, in a block-selective solvent system is
reported. There have been several instances where similar structures have been
reported in the literature. Work by Lodge et al. with ABC mikto-arm triblock
copolymers has produced interesting nanostructures.>®?* From this work they
discovered that striped cylinders, disks with multiple lobes and compartment
micelles could be formed. Recent work by Pochan et al. with ABC linear triblock
copolymers with organic diamines®? has also lead to the formation of
interesting nanostructures. They have found that striped cylinders,?® disks,?
stacks of disks®’ and other lamellar-type structures could be prepared.”® Ma et
al. used theoretical calculations to explain the formation of striped cylinders and
hamburger-type MAs in ABC star triblock copolymer systems.29 They used

self-consistent field theory to model the polymer in dilute solution.
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This chapter reports the use of amine complexation in a block-selective solvent
system of an ABC linear triblock copolymer. In our system, the block copolymer
forms hamburger-type MAs as well as striped cylinders. Also in this chapter, the
transformation of hamburger-type MAs into flattened Janus-type particles is
discussed.  Janus-type particles are interesting structures due to their
segregated functionality. Janus particles are particles that have one type of
functionality on one side, and a second type on the other side. Different groups
have made various types of Janus particles including spheres, cylinders, sheets
and disks. Block copolymers have been used by several groups to make
different types of Janus particles. Notably, polystyrene-block-polybutadiene-
block-poly(methyl methacrylate) block copolymers have been used by several
groups to make Janus structures, and they include Janus spheres,* cylinders,"

and disks.°

The nanostructures in this study were prepared from poly(tert-butyl acrylate)-
block-poly(2-cinnamoyloxyethyl  methacrylate)-block-poly(succinated  glyceryl
monomethacrylate) (PtBA-b-PCEMA-b-PSGMA, as shown in Scheme 3.1),
where the number of tBA units (n) was 110, the number of CEMA units (m) was
190, and the number of SGMA units (/) was 120. This determination was made

by a combination of NMR and light scattering GPC.
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Scheme 3.1. Structure of PtBA-b-PCEMA-b-PSGMA polymer used for the study
discussed in this chapter.

The MAs were prepared by dissolution of the triblock copolymer into a mutual

solvent, THF, and complexation with (-)-sparteine at a molar ratio, r, of 0.20.

Scheme 3.2. Structure of (-)-sparteine.

Then 1- or 2-propanol was added to the polymer dispersions to give solvent
mixtures of THF and 1- or 2-propanol (THF / (1 or 2-Pro) with different 1- or 2-

propanol fractions, f, , before heating. Here 1- and 2-propanol are selectively

poor towards the PCEMA block (as shown by solubility studies). The particles
made from 1-propanol provided more hamburger-type MAs, while those made
from 2-propanol formed more striped cylinders. The PtBA block of the copolymer
was grafted out of the PCEMA phase and served to stabilize these structures.
The MAs prepared in this chapter were also crosslinked by exposure to UV light

in order to prepare permanent hamburger structures. This provides stability to
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the structures which allowed the subsequent removal of the sparteine by dialysis.
This yielded the fragmented particles, which were the Janus-type particles that

had PtBA chains on the convex surface and PSGMA chains on the flat surface.

3.2.1 Obijectives

This chapter will study the hamburger and striped cylinder morphologies, and
Janus particles made from, PtBA-b-PCEMA-b-PSGMA, an ABC triblock
copolymer, in mixtures of THF, (-)-sparteine and 1- or 2-propanol. The process
of formation, dimensions of the structures and the solubilities of the blocks of the
polymers were studied. A number of techniques were used to study these
morphologies. TEM was used to study the size of the structures and the
morphology formed, and with the help of selective staining to pinpoint the
location of the blocks of the copolymer. AFM was used to help study the size
and height of the structures. Solubility testing was used to help understand the
solvated states of the individual blocks of the copolymer in the mixture. 'H NMR
was used to help analyze the solvated states of the copolymer blocks in situ.

The formation of these interesting kinetically trapped structures is explained.

3.2.2 Experimental Design Considerations

A study of PtBA-b-PCEMA-b-PSGMA was done in various solvents. This choice
of this polymer was made for several reasons. First the PCEMA block can be
stained by OsO, and made visible for TEM, while the other blocks will be

unstained. PCEMA can also be photocrosslinked to lock in self-assembled
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structures and make permanent nanostructures. PSGMA can be stained by
UO2(AcO), while the other two blocks would be unstained. The PtBA block of the
polymer can be hydrolyzed to PAA. Once hydrolyzed the PAA can be stained
with UO3(AcO), with the PSGMA block. PAA will also make the structure water

dispersible.

The choice of solvent system was also made for several reasons.
Tetrahydrofuran is a good solvent for all of the blocks of the copolymer. Both 1-
or 2-Propanol are good solvents for PtBA and PSGMA. 1- or 2-Propanol are
known poor solvents for PCEMA and was found to be poor for the PSGMA
(-)-sparteine complex. The amount of (-)-sparteine used in this study has been

chosen to give well phase separated aggregates.

3.3 Experimental
3.3.1 Materials

Isopropanol (99.5+%), and methanol (99.8+%) were purchased from Fisher
Scientific, and used as received. Inhibitor-free tetrahydrofuran (THF) was
purchased from Fisher Scientific, and was passed through an Innovative
Technology purification system, equipped with two alumina columns before use.
Osmium tetraoxide (OsO4) and uranyl acetate [UO,(AcO),] were purchased from
Electron Microscopy Sciences, and used as received. RuO4 was prepared by the
addition of 1 mL of sodium hypochlorite (Aldrich 10-13 %) in water to 20 mg of
ruthenium tricholoride trihydrate (Aldrich) prior to use.*® Pyridine (Aldrich 99+%)
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was refluxed with calcium hydride (Aldrich, reagent grade, 95 %) overnight, and
distilled prior to use. Cinnamoyl chloride (98%, predominantly trans), 1-propanol
(99.5+%) and succinic anhydride (99+%) were purchased from Aldrich, and used
as received. Isopropanol-dg (D, 99%), tetrahydrofuran-ds (D, 99.5%) and
pyridine-ds (D, 99.5%) were purchased from Cambridge Isotope Laboratories,

and used as received.

3.3.2 Polymers

PtBA-b-PCEMA-b-PSGMA was derived from PtBA-b-PCEMA-b-PGMA, where
PGMA denotes poly(glyceryl monomethacrylate). The preparation of PtBA-b-
PCEMA-b-PGMA has been reported before,®* the procedure for the synthesis
is included in Appendix A. PtBA-b-PCEMA-b-PSGMA was then produced by the
reaction of the hydroxyl groups of the PGMA with succinic anhydride to yield
PSGMA groups by methods described previously.33 In order to ensure an
essentially quantitative reaction, the molar ratio used between succinic anhydride

and the hydroxyl groups of PGMA was 5.0.

PtBA-b-PCEMA-b-PSGMA was characterized in the PtBA-b-PCEMA-b-PSMA
form in order to ensure that there was no association between different polymer
chains due to H-bond formation. The structure of poly(solketyl methacrylate)

(PSMA) is given below:
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Scheme 3.3. Structure of PSMA.

This polymer was analyzed by 'H NMR in pyridine-ds to determine the repeat unit
number ratios //m/n. The specific refractive index increment dn/dc and light
scattering molecular weight of the copolymer were determined in THF. The
polydispersity index M,/M, of the sample was measured by SEC in THF, based
on polystyrene standards. By combining the information obtained from 'H NMR,
light scattering and SEC, the weight average repeat unit numbers /,, m,, and ny,,
for the triblock copolymer were calculated to be 110, 190 and 120 for the PtBA,
PCEMA and PSMA blocks, respectively (Table 3.1). The polydispersity index of
the polymer was low, as the precursor to this polymer was prepared by anionic

polymerization. All molecular block lengths are accurate to £10 units.

Table 3.1. Characteristics of polxmers used in this studx

Sample | dn,/dc SEC | SEC-LS NMR n m /
(mLig) | M, /M, {10*xM, n/mjl
(g/mol)
Triblock | 0.181 1.06 8.7 0.93/1.7/1.0{ 110 190 120
PtBA 0.053 1.05 1.4 1/0/0 100
PCEMA | 0.156 1.01 5.1 0/1/0 200
PSMA 0.067 1.04 1.4 0/0/1 70

Three homopolymers PtBA, PCEMA, and PSGMA were synthesized and used as

models to check the solubility of the three blocks of the triblock under different
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solvation conditions. Their characteristics are also listed in Table 3.1. The

polydispersity indices of these samples were also low.

3.3.3 Polymer Solubility Tests

Visual inspection revealed that PtBA1ooc and PSGMA7, were soluble in THF/1- or

2-propanol at any mixing ratios. To determine the critical propanol volume
fraction ( f,,,; ), above which PCEMA,q, became insoluble, PCEMA,q was first
dissolved in THF at 5 mg/mL. 1- or 2-Propanol was added to the polymer
solution until turbidity just developed. For 1-propanol, f,,, was found to be 54%

while it was found to be 50% for 2-propanol. In THF at 5 mg/mL, (-)-sparteine at
11 mol% relative to the SGMA groups was sufficient to cause a PSGMAy,
solution to turn cloudy. All solubility measurements were done at room

temperature which was approximately 20 °C.

3.3.4 Micelle-like Aggregate (MA) Preparation

Unless mentioned otherwise, the following protocol was used to prepare MAs.
Initially 2-3 mg of the polymer was dissolved in 0.15 mL of THF. To this was then
added a (-)-sparteine solution dissolved in 1- or 2-propanol at 8.4 M to a final
sparteine content of 20 mol% relative to the SGMA groups. The rest of 1 or

2-propanol was added over 5 min until f,,, reached 95%. The final P1

concentration was always ~1 mg/mL. This solution was then sealed in a vial and
stirred at 70 °C in an oil bath for a pre-designated time before spraying onto

nitrocellulose-coated copper grids for TEM observation.
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3.3.5 "H NMR Study

The triblock copolymer was first dissolved in THF-dg for 30 min. Next, a small
amount of (-)-sparteine (50 mol% to PSGMA groups) was added to the solution.
Isopropanol-dg was then slowly added to the mixture until the desired
concentration was reached (polymer concentration of ~2.0 mg / mL). The
solution was sealed in a vial, and then stirred at 70 °C in an oil bath for one day
before observation. The samples were then transferred into an NMR tube, and
analyzed on a 500 MHz Bruker AM-500 spectrometer. These samples were also
aspirated onto nitrocellulose-coated copper grids for TEM analysis. Signal

intensities were obtained by performing line fitting using WinNuts.*

3.3.6 Janus Particle Preparation from Hamburger-like MAs

Hamburger-like MAs in THF/1-propanol at f,,, =95% containing 20 mol%

(-)-sparteine were crosslinked for 30 min using light produced by a 500-W Hg
lamp and had passed through a 270-nm cutoff filter. This caused 35% of
PCEMA double bonds to undergo dimerization as determined by UV
spectroscopy of the peak height at 270nm. The sample was then transferred into
a dialysis bag (12-14000 MW cut-off, Spectra Pore) and dialyzed against acidic
methanol (1mL conc. HCI diluted with 150mL MeOH) for 24 h with the solution

outside the dialysis tube changed 3 times. The resulting MA solution was acidic,

63



and the MAs did not disperse well. A portion of this suspension, 0.5 mL, was
concentrated to < 0.10 mL before the addition of 2 mL of DMF. The mixture was
sonicated in Branson 1200 sonicator for 5 min before it was dialyzed against
DMF for 24 h with DMF, which was changed 3 times. After dialysis, the sample
was sonicated for 30 min and sprayed onto carbon-coated copper grids for

observation by TEM.

3.3.7 Transmission Electron Microscopy (TEM)

MAs were aspirated onto nitrocellulose or carbon coated copper grids and dried
at room temperature for 1 hour. The specimens were then stained by OsOq4
vapor for 2 h, RuO4 vapor for 45 min, or UO3(AcO), solution before TEM
observation. Staining solutions of UO,(AcO), were prepared in the solvent (or
mixture) from which the sample was sprayed. Staining was performed by
equilibrating a sprayed sample on a TEM grid with a drop of the UO,(AcO),
solution for 20 mins. After removing the droplet, the excess UO,(AcO), was
removed by rinsing the grid with droplets of solvent ten times. All transmission
electron microscopy (TEM) observations were made on a Hitachi 7000

instrument operated at 75 kV.

3.3.8 Atomic Force Microscopy (AFM)

Specimens were prepared by aspiration of solution samples onto cleaned silicon
wafers, or freshly cleaved mica surfaces. All samples were analyzed by

tapping-mode atomic force microscopy (AFM), using a Veeco multimode
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instrument equipped with a Nanoscope llla controller. The tips used were
AppNano ACT Tapping mode AFM probes with tip radii of 5-6 nm, tip aspect
ratios of 3:1 to 5:1, force constants of 25-75 N/m, and resonance frequencies of

200-400 kHz.

3.4 Results and Discussion

3.4.1 Triblock Copolymer Characterization

The PtBA-b-PCEMA-b-PSGMA  sample was characterized in the
PtBA-b-PCEMA-b-PSMA form to ensure that there was no association between
different polymer chains due to H-bonding. The repeat unit number ratios (I/m/n),
were calculated from the intensities of the '"H NMR peaks of the blocks of the
copolymer. The specific refractive index increment dn,/dc and light scattering
molecular weight of the copolymer were determined in THF. The polydispersity
index M,/M, of the sample was measured by SEC in THF based on polystyrene
standards. By combining the information obtained from '"H NMR, light scattering
and SEC the weight average repeat unit numbers |, my, and n,, for the triblock
copolymer were calculated to be 110, 190 and 120 for the PtBA, PCEMA and

PSMA blocks, respectively (Table 3.1).

3.4.2 Triblock Copolymer Stability

The MAs prepared in this chapter were made from PtBA-b-PCEMA-b-PSGMA in
a mixture of THF, (-)-sparteine and 1- or 2-propanol after heating at 70 °C. We

confirmed the stability of PtBA (a polymer that has a labile ester group) at these
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conditions. The polymer was studied using 'H NMR in deuterated THF which

showed cleavage of the tert-butyl under acidic conditions (Figure 3.1).%
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Figure 3.1. 'H NMR spectra of polymer in THF-dg run at RT: Black sprectrum —
'H NMR initially after heating for one hour at 70 °C, Blue sprectrum —
'H NMR run after heating at 70 °C for one day, Red sprectrum — 'H
NMR run after heating at 70 °C for two days.

After heating for 2 days at 70 °C, there was a 75% decrease in the intensity of

the PtBA proton peak at 1.7 ppm (Figure 3.2). This suggests the loss of 75% of
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the tert-butyl groups and confirmed the instability of the tBA groups under the
studied conditions (Figure 3.2).* However, if the polymer was heated in the
presence of (-)-sparteine (with a 0.50 molar ratio (r) of (-)-sparteine to SGMA) no
tert-butyl group cleavage was detected in either THF-dg or THF-ds/2-propanol-ds
(volume fraction of 95%). This was probably due to the reduced acidity of the
mixture after (-)-sparteine addition. Also, the addition of (-)-sparteine causes the
aggregation of the PSGMA block and the segregation of the PtBA block from the
PSGMA block. To retain electric neutrality, the dissociated protons of PSGMA
should remain close to the carboxylate anions. So the acidity experienced by the
PtBA block will be minimized when the PtBA and PSGMA blocks are segregated.
Thus the stability of the PtBA block ensured that the MAs observed in this study
were those of PtBA-b-PCEMA-b-PSGMA rather than those of the hydrolysis

products.

This '"H NMR analysis indicates that upon formation of the hamburger MAs, there

is no breakdown of the t-butyl groups of the PtBA block due to the complexation

of the PSGMA block. The difference in ratio of 7,5, , ., /ItBA_backbone between the

samples without isopropanol-dg (40-45) and the sample with isopropanol-ds (25)
is due to the difficulty of getting a good peak fit for the PtBA backbone peak of

the isopropanol-dg sample (due to over estimation).
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Figure 3.2. Plots of variation in ItBA_t_hmy,/ItBA_hackbone () in THF-ds,
]tBA—t—butyl/ItBA—backbnne (A) in THF-dsg/(-)-sparteine with r = 0.50, and
]tBA—t—butyl/ItBA—backbnne (X) in THF-dsg/(-)-sparteine/isopropanol-dg with
r=0.50 and f,, = 0.95, after heating at 70 °C with '"H NMR run at
70 °C.

3.4.3 Micelle-like Aggregates (MAs) in 1- and 2-Propanol

The MAs were prepared by heating the triblock copolymer at 70 °C for at least
one day. This elevated temperature was used, because the copolymer did not
disperse well at room temperature after either 1- or 2-propanol was added. In 1-
or 2-propanol, only the PCEMA block of PtBA-b-PCEMA-b-PSGMA was not
soluble, and the polymer formed a mixture of spherical and cylindrical MAs as
confirmed by TEM (Figures 3.3 and 3.4). There were minimal spherical MAs
formed by the polymer in 1-propanol and with more in the 2-propanol case. In
the case of samples prepared from THF/1- or 2-propanol only spherical MAs

were observed. In 1- or 2-propanol with (-)-sparteine with r = 0.20, bilayers and
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vesicular aggregates were formed. After spraying from THF/(-)sparteine with r =
0.20, ill-defined spherical particles with PSGMA cores were observed. The

addition of (-)-sparteine into a spherical, PtBA-b-PCEMA-b-PSGMA, MA solution

in THF/1- or 2-propanol at f, , = 95% led to the formation of what appeared to

be bilayers and vesicles. Figures 3.3 and 3.4 show typical TEM images of the
MAs mentioned above. The visible parts of the structures in Figures 3.3 and 3.4
are the PCEMA cores of PtBA-b-PCEMA-b-PSGMA because only the PCEMA
block was stained by OsO4. The object in the center of Figure 3.3b appears to
be a broken vesicle, while the two round items at the bottom left and right may be

bilayers (due to their uniform gray colour).

The addition of 1- or 2-propanol ( f,,= 95%) to a polymer in THF with

(-)-sparteine with r = 0.20 led to the formation of a mixture of hamburgers and
segmented cylinders (more hamburgers in 1-propanol, and more segmented

cylinders in 2-propanol).

Table 3.2 includes the average particle size of these samples. As mentioned
previously the morphology changed upon the addition of both THF and the chiral
amine, (-)-sparteine. In both 1- and 2-propanol, the polymer forms a mostly
cylindrical morphology (Figures 3.3a and 3.4a). When the solvent composition
includes 5% THF the morphology is exclusively spheres (Figures 3.3c and 3.4c).

This type of morphological transition has been seen before by Zhang et al.*’
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This is due to the change in the interfacial tension between the solvent, the

soluble PtBA and PSGMA, and the insoluble PCEMA blocks.

Figure 3.3. TEM images of MAs aspirated from: 1-propanol (a),
1-propanol/(-)-sparteine with r = 0.20 (b), THF/1-propanol
with £, , = 95% (c), and THF/1-propanol/(-)-sparteine with

Jro = 95% and r =0.20 (d). The staining agent used was OsOg.

The addition of (-)-sparteine to a solution of the polymer in THF, and addition of
1- or 2-propanol, induces the formation of the hamburger and striped cylinder
type MAs (Figures 3.5a and 3.5b). Here the reagent listing order is the same as
the sequence of THF, (-)-sparteine, and propanol addition into the polymer

sample. The formation of these aggregates starting in THF allows the collapse
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of the PSGMA block by complexation with (-)-sparteine before PCEMA block
collapse. THF also serves to plasticize the core blocks in the aggregates, and
allow for the formation of better-defined MAs. The effect of varying these
parameters (propanol content, (-)-sparteine content and reagent addition order)
was studied and is reported later in this chapter. Similar hamburger and striped
cylinder morphologies have been reported before by Li et al.?® in an ABC

mikto-arm system, and has been shown to be possible by theoretical calculations

by Ma et al.?® for ABC star triblock copolymers.

- 400nm 400 nm

Figure 3.4. TEM images of MAs aspirated from: 2-propanol (a),
2-propanol/(-)-sparteine with r = 0.20 (b), THF/2-propanol
with £, , = 95% (c) and THF/2-propanol/(-)-sparteine with

Jro = 95% and r=0.20 (d). The staining agent used was OsOg.
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Figure 3.5. TEM images of MAs aspirated from: THF/(-)-sparteine/1-propanol
with r=0.20 and f, , = 95% (a) and THF/(-)-sparteine/2-propanol

with r=0.20 and f, , = 95% (b). The staining agent used was
OSO4.

A surprising feature of Figure 3.5a was that most of the hamburgers seemed to
lie sidewise on the TEM grid so that the “filling” was visible. This behavior may
originate from the fact that most of the hamburgers were longer along their axial
direction. Due to their length, the hamburgers may have preferred to lie on their
side, providing more contact between the hamburgers and their substrate.
Despite this, we note the existence of a few solid dark circles which may
represent hamburgers that were standing upright. These particles may have

landed in a position intermediate between lying and standing upright.

The PCEMA domain size in the 1- and 2-propanol systems are similar within
error (27 vs. 25 nm), this is the diameter of the cylinders seen in these samples.
The asterisk beside these entries in Table 3.2 indicates that the PCEMA domain

size of these entries is the diameter of the cylinders in these samples as opposed
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to all other samples where the diameters are those of spherical particles. The
addition of a small amount of (-)-sparteine to either system causes a large
amount of aggregation to occur, and a large increase in the size of the average
PCEMA domain size (from 27 to 100 nm, and 25 to 58 nm). Meanwhile the
addition of a small amount of THF to the 1- and 2-propanol systems leads to
particles of a different morphology (spherical vs. cylindrical), and a slightly
smaller average PCEMA domain size (from 27 to 20 nm, and 25 to 20 nm).
These samples prepared in the different propanol systems also have the same
PCEMA domain size (20 vs. 20 nm). The total (whole particle) PCEMA domain
size of the aggregates from THF/(-)-sparteine and 1- or 2-propanol with r = 0.20

and f,., = 95%, are similar within error (55 vs. 52 nm).

Table 3.2. Characteristics of MAs prepared in this studx.

Solvent Sample Average PCEMA
domain size (nm)
1-Propanol Figure 3.3a 27* +/- 3
2-Propanol Figure 3.4a 25 +/- 2
1-Propanol/(-)-sparteine with r = 0.20 Figure 3.3b 100+
2-Propanol/(-)-sparteine with r = 0.20 Figure 3.4b 58 +/- 22
THF/1-Propanol with £, = 95% Figure 3.3c 20 +/- 3
THF/2-Propanol with f,,, = 95% Figure 3.4c 20 +/- 3
THF/1-propanol/(-)-sparteine with Figure 3.3d Irregular
Joro = 95% and r=0.20
THF/(-)-sparteine/2-propanol with Figure 3.4d Irregular
Joro = 95% and r=0.20
THF/(-)-sparteine/1-propanol with Figure 3.5a 55 +/-9
r=0.20and f, 6 = 95%
THF/(-)-sparteine/2-propanol with Figure 3.5b 52 +/- 13
r=0.20and f,, = 95%
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3.4.4 Solvent Composition

The solvent composition used to make the MAs was varied to see what impact it

had on the morphology of the aggregates produced.

9 . g .... o
L] . o$
.

Figure 3.6. TEM images of MAs aspirated from: 1-propanol/(-)-sparteine with
r=10.20 (a), THF/(-)-sparteine/1-propanol with r = 0.20 and
Joro = 98% (b), THF/(-)-sparteine/1-propanol with r = 0.20 and

Joro = 95% (c) and THF/(-)-sparteine/1-propanol with r = 0.20 and
Joro = 90% (d). The staining agent used was OsO,.

The aggregate structure in 1-propanol with no THF contained large disk-like MAs
of hundreds of nanometers in size (Figure 3.6a). When the solvent composition

began to incorporate THF, the structures changed to hamburger type aggregates
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and short chains (Figure 3.6b). Upon increasing the THF content, this produced

little change in the aggregate structure (Figure 3.6¢, d). A similar effect was seen

in the 2-propanol/THF system (Figure 3.7a-d).

Figure 3.7. TEM images of MAs aspirated from: 2-propanol/(-)-sparteine with
r=0.20 (a), THF/(-)-sparteine/2-propanol with r = 0.20 and
Joro = 98% (b), THF/(-)-sparteine/2-propanol with r = 0.20 and

Joro = 95% (c) and THF/(-)-sparteine/2-propanol with r = 0.20 and
Joro = 90% (d). The staining agent used was OsO;.

The lack of change of MA morphology with change in solvent composition may
be due to the presence of a small amount of THF. The addition of a small
amount (2 vol%) of THF appeared to be necessary to plasticize the PCEMA
domains of the MAs, and provide some chain mobility. Further increases of the
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THF content did not appear to significantly change the observed aggregate
structure, and it can be inferred that chain mobility and other properties did not

significantly change.

3.4.5 (-)-Sparteine Content

The amount of (-)-sparteine was varied to determine its impact on the formation
of the MAs. The polymer forms spherical MAs (20 +/- 3 nm) in 1-propanol/THF

with £, = 95% (Figure 3.8a). Hamburgers and striped cylinders were produced

by the addition of (-)-sparteine before the subsequent addition of 1-propanol.
With the incorporation of a small amount (r = 0.10) of (-)-sparteine into the

structure, the formation of hamburger type MAs were observed (Figure 3.8b).

Addition of (-)-sparteine causes complexation of the PSGMA block with
(-)-sparteine (discussed in Section 3.4.8) and aggregation of the PSGMA block.
An increase of the amount of (-)-sparteine leads to slightly larger aggregates (40
+/- 8 nm vs. 55 +/- 9 nm, as shown in Figures 3.8b vs. 3.8c). Increasing further
the (-)-sparteine content, the percentage of the striped cylinder morphology
increased (Figure 3.8d), and the formation of some disk-like MAs. This change
of morphology may be due to the increase in the amount of (-)-sparteine, which

allows for more interaction between the collapsed PSGMA and (-)-sparteine.
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Figure 3.8. TEM images of MAs aspirated from: THF/1-propanol
with £, = 95% (a), THF/(-)-sparteine/1-propanol with r = 0.10 and

Joro = 95% (b), THF/(-)-sparteine/1-propanol with r = 0.20 and
Joro = 95% (c) and THF/(-)-sparteine/1-propanol with r = 0.65 and
Joro = 95% (d). The staining agent used was OsOa.

Similar to the 1-propanol case, the polymer in THF/2-propanol solvent mixture
with £, , = 95% forms spherical MAs of 20 +/- 3 nm (Figure 3.4c). The addition
of r=0.10 (-)-sparteine before the 2-propanol addition, caused the formation of
MAs that were predominantly of the striped cylinder morphology (Figure 3.9a).
This contrasts with the predominant formation of hamburger type MAs seen in

the 1-propanol case. Increase in the amount of (-)-sparteine, to r = 0.20, lead to
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the formation of more hamburger type MAs (Figure 3.9b). Finally, the further
increase of the amount of (-)-sparteine leads to the formation of disk-like MAs

(Figures 3.9c and d).

400 nm

400 nm

Figure 3.9. TEM images of MAs aspirated from: THF/(-)-sparteine/2-propanol
with r=0.10 and f,,, = 95% (a), THF/(-)-sparteine/2-propanol with

r=0.20 and f,,6 = 95% (b), THF/(-)-sparteine/2-propanol with
r=0.50 and f, 6 = 95% (c) and THF/(-)-sparteine/2-propanol with
r=0.65and f,,6 = 95% (d). The staining agent used was OsOs.

There were minor differences between the systems prepared in 1- and
2-propanol cases that cannot be readily explained. In both cases, a small
amount of (-)-sparteine was needed to form the morphologies of interest, but in

the presence of 1-propanol, at low r, a majority of hamburger MAs were formed,
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while in 2-propanol, a majority of striped cylinders were formed. An increase of r,
the amount (-)-sparteine, in the 1-propanol system yields striped cylinders, while
in the 2-propanol case, it yields hamburger MAs. In both cases (r = 0.20, 0.50)
there appeared to be a mixture of striped cylinders and hamburger-type MAs
formed. Finally, further increases of the (-)-sparteine content eventually lead to
the formation of what appeared to be disk-like MAs for both propanol cases (r =
0.65). These aggregates are uniformly shaded, opposed to vesicular
aggregates, which would have a dark ring around a slightly lighter core. The
difference between the 1- and 2-propanol cases is the relative amount of

hamburger vs. striped cylinder aggregates.

3.4.7 Effect of Order of Reagent Addition on Polymer Aggregation

As seen earlier the addition of the reagents in a different order caused drastically
different morphologies to form. In all cases, the polymer was first dissolved in

THF. In the first case, 1-propanol was added to f, , = 95%, then (-)-sparteine

was added to r = 0.20. The polymer formed spherical MAs in 1-propanol/THF

with ., = 95% (Figure 3.10a) with the PCEMA block as the core of spherical

aggregates. After addition of (-)-sparteine, hamburger MAs were not formed (as
in Figure 3.10c). Instead the polymer formed only disk-like aggregates and
spherical MAs (Figure 3.10b). Thus, a change in the order of reagent addition
changed the final MA structure. If the hamburger-type morphology is a true

thermodynamic morphology, the same morphology should result, regardless of
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reagent addition sequence. Due to this reason, the hamburger-type MAs may be

a kinetically-trapped morphology.

400 nm | 400 nm 1 400 nm

Figure 3.10. TEM images of MAs aspirated from THF/1-propanol with
foro = 95% at 70 °C (a), the same system after addition (-)-

sparteine (r = 0.20) and heated at 70 °C (b) and THF/(-)-
sparteine/1-propanol with r=0.20 and f, 6 = 95%. The staining

agent used was OsOs.

Similarly, the polymer formed spherical MAs in THF/2-propanol (Figure 3.11a)
and the change in the addition order of the reagents caused formation of disk-like
MAs (Figure 3.11b), and other amorphous aggregates unlike when the

(-)-sparteine was added before 2-propanol (Figure 3.11c).

Bilayers and vesicles were prepared in THF/propanol/(-)-sparteine mixtures, but
predominantly hamburgers and segmented cylinders were prepared in
THF/(-)-sparteine/propanol when the propanol and (-)-sparteine addition
sequence was reversed. Thus, different types of MAs were prepared
simultaneously from a given protocol, and the types of MAs prepared changed

depending on the detailed protocol under a given set of final conditions. These
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38-39

are symptomatic of a nonergodic system, which is unable to reach its lowest

free energy state due to the slow kinetics of chain exchange. Nonergodicity

1,923 and for block

should not be surprising for block copolymer MAs in genera
copolymer MAs containing carboxyl and amino complexed domains in

particular.’

400 nm

Figure 3.11. TEM images of MAs aspirated from THF/2-propanol with
foro = 95% at 70 °C (a), the same system after addition (-)-

sparteine (r = 0.20) and heated at 70 °C (b) and THF/(-)-
sparteine/2-propanol with r=0.20 and f, , = 95%. The staining

agent used was OsOs.

3.4.8 Aggregate Structure

Four sets of experiments were used to probe the location of the polymer blocks
within the hamburger and striped cylinder structures. In the first set,
homopolymer solubility was used to model individual block solubility, and to
deduce their separate locations. It was determined that 54 vol% of 1-propanol
and 50 vol% of 2-propanol were required to induce the phase separation of the
PCEMA,y homopolymer. Then it was found that both PSGMA7, and PtBA1go

homopolymers were soluble in both 1- and 2-propanol. However, upon the
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addition of a small amount of (-)-sparteine (11 mol%), the PSGMAz
homopolymer was found to phase separate from THF with neither 1- or
2-propanol present. Thus in this system, only PtBA was solubilized, and should
form the corona, while PCEMA and PSGMA were insoluble and should form the

new phases.

In the second set of experiments, we used 'H NMR to learn about aggregate
structure. Solution 'H NMR allows us to probe the structure of the triblock
copolymer, by observing the differences in peak intensities The peak intensities
will change when you change the solvation conditions of the individual blocks of

the copolymer.

The 'H NMR plots in Figure 3.12 shows the 'H NMR spectra of the polymer in
various solvated conditions after heating for 2 days at 70 °C. The addition of
(-)-sparteine appears to cause the collapse of the PSGMA block, while all the
other peaks remain unchanged (blue spectrum). The subsequent addition of the
isopropanol-dg appears to cause the collapse of all the characteristic polymer
peaks (indicative of aggregate formation), although there appears to be a
significant amount of remaining PtBA, and a small amount of the PCEMA peaks

(red spectrum).
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Figure 3.12. 'H NMR spectra of polymer at 70 °C after heating at 70 °C for 2
days: Black spectrum — "H NMR in THF-dg, Blue spectrum — 'H
NMR in THF-dg/(-)-sparteine with r = 0.50, Red spectrum — in
THF-dg/(-)-sparteine/isopropanol-dg with r = 0.50 and f,., , =95%.

To quantify the changes seen in Figure 3.12, we determined the intensity of
some characteristic PCEMA peaks between 7.22 and 7.40 ppm in a solution of

the copolymer in THF-dg relative to an impurity in the solvent THF-dg at 3.58

ppm. This relative peak intensity was given the symbol I, ., . Similarly, we

0

determined the relative intensity /., for PSGMA peak between 2.51 and 2.78
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ppm, and I,,, for a PtBA peak between 2.22 and 2.43 ppm. The relative
intensities 7,q00.45 Lrepa» @Nd 1,,, Were also calculated for each sample. Figure

3.13 plots [RSGMA/[R?SGMA ’ [RCEMA/IR(?CEMA , and [RtBA/IgtBA as functions of the

solvation conditions of these samples, which were analyzed after two days of

heating at 70 °C, with the 'H NMR spectra also recorded at 70 °C.
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Figure 3.13. Plots of variation in 7.,/ 1o (A)s Lrcova/ Iocen (¢), and
Lot/ 1o, (X) for PtBA-b-PCEMA-b-PSGMA as functions of

solvation condition, at 70 °C.
The "H NMR results in Figure 3.13 show three things. First, as expected after
addition of (-)-sparteine, r = 0.50, there is complete collapse of the PSGMA block
of the copolymer. There is no change after subsequent 2-propanol addition

(forop = 95%). This is presumably due to the complexation of the carboxylate
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groups with (-)-sparteine, with no increase after 2-propanol addition (due to
stable complex formation). Second, there is partial PCEMA block collapse after
the addition of (-)-sparteine and complete collapse after 2-propanol addition. The
initial collapse of the PCEMA peak is due to the slowing of the tumbling, caused
by the collapse of the PSGMA groups. The subsequent, almost complete,
collapse of the PCEMA peak is due to the insolubility of the PCEMA block after
the addition of isopropanol-ds. Third, there is partial collapse of the PtBA block
after the addition of (-)-sparteine, and another slight collapse after the 2-propanol
addition. Both of these partial collapses are due to the collapse of the other
blocks (first the PSGMA block, and then the PCEMA block). The fact that the
PtBA signal remains is evidence that the PtBA domain is located on the exterior
of the formed structures and also that it remains solvated. 'H NMR data in the
hambuger and striped cylinder systems shows that both the PSGMA and

PCEMA blocks are collapsed, while the PtBA block remains partially solvated.

In the third set of experiments, selective staining was used to stain the polymer
blocks and study the MA structures. First the MAs of the polymer formed in THF
with (-)-sparteine were studied. Figure 3.14 shows the polymer solution after
addition of (-)-sparteine, r = 0.20. Some of the particles appear to have a light
core and a dark shell. Our belief is that the PSGMA block formed the core and

the PCEMA block formed the shell because OsO, stained the shell selectively.
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Figure 3.14. TEM image of MAs formed from a polymer solution in THF after
the addition of (-)-sparteine r = 0.20, stirred for 30 min. Sample
was stained with OsOg.

Next the triblock copolymer aggregates were observed in the THF/1-propanol

system with £, = 95%. In this system, we observed the formation of well phase

separated spherical domains (Figure 3.15a) of PCEMA that were stained by
OsOq4 of 20 +/- 3 nm in size. We also found localized dark patches (carboxylic
acid groups from PSGMA) on the surface of what appear to be spherical
aggregates (Figure 3.15b) when stained by UO,(AcO),. The interior of the dark
rim of these spherical aggregates is 23 +/- 3 nm in size, which is comparable to
the size of the PCEMA domains shown stained by OsO,. From the above
observations of the spherical MAs in the THF/1-Propanol system, the PCEMA
block is located at the core, while the PSGMA block is positioned on the surface.

The PtBA block is also presumably found on the surface of these aggregates.
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Figure 3.15. TEM images of MAs aspraed from THF/1-propanol with
Joro = 95%: stained by OsO;, (a), stained by UO,(AcO), (b). MAs
prepared from THF/(-)-sparteine/1-propanol with r = 0.20 and
Joro = 95%: stained by OsO;, (€), and stained by UO,(AcO), (d).

MAs formed in THF/(-)-sparteine/1-propanol with r = 0.20 and f, 6 = 95% were

observed to form the hamburger-type aggregates (Figure 3.15c, d). In Figure
3.15¢c we observe dark areas, which are PCEMA domains stained by OsO,4, and
appear to be separated from each other by significantly lighter areas (which
correspond to PSGMA domains). The inverse is observed in Figure 3.15d,
where the PSGMA domains stained by UO,(AcO), appear dark while the

intervening PCEMA domains appear lighter. The arrows in Figures 3.15c and d
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highlight this contrast. In Figure 3.15¢c some of the particles have two dark
domains sandwiching one light domain, while in Figure 3.15d, there appear to be
individual dark domains, surrounded by two domains of lighter material
(highlighted by arrows in Figure 3.15d). This means that the PSGMA (carboxylic
acid rich UO»(AcO), stained) domains are localized at the center of the
hamburger MAs (corresponding to the filling), while the PCEMA domains are
localized at the outer part of the hamburger MAs (representing the bun). TEM
does not show where the PtBA is located (because it is unstained), but it likely
coats the outside of the structure, and keep the aggregates dispersed in the
solvent (see Scheme 3.4). This makes sense since they are covalently linked to

the PCEMA groups and as such must stretch out of the PCEMA domains.

Quantitative analysis of Figure 3.15c yielded a total particle size of 55 +/- 9 nm
and an individual PCEMA bun thickness of 15 +/- 2 nm (center to edge) and a
width of 30 +/- 4 nm (edge to edge). The thickness of the PSGMA filling was 8
+/- 2 nm. From Figure 3.15d we get a thickness of 10 +/- 2 nm for the PSGMA

segments (see Scheme 3.5 for help understanding the details).

We also observed the polymer aggregates in the THF/2-propanol system

with f,,, =95%. Similar to the previous system (Figure 3.15a), we observed the

formation of cleanly phase-separated spherical MAs (Figure 3.16a) of PCEMA of
20 +/- 3 nm. These compared well with the interior of the aggregates (Figure

3.13b) when stained by UO;(AcO), that were 24 +/- 3 nm. The MAs formed from
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THF/(-)-sparteine/2-propanol with r = 0.20 and f,, = 95%, were striped cylinder

type MAs (Figure 3.16c, d). Figure 3.16¢c shows that the PCEMA phases
(stained by OsO4) of the MAs appear to be adjacent to the light areas, which
correspond to the PSGMA domains. Similarly, Figure 3.16d shows the PSGMA
phases (stained by UO2(AcO),) of the MAs which appear to be close to the light
areas, which correspond to the PCEMA domains. This can be seen when
looking at the ends of the MAs. For the PCEMA block staining (Figure 3.16c¢),
the MAs end in a dark domain (PCEMA stained by OsQO4). When PSGMA was
stained (Figure 3.16d), the structures end in lighter domains (corresponding to
the unstained PCEMA domains). The end capping of the cylinders with PCEMA
domains is logical because the PtBA chains can coat the end caps (if they are

PCEMA but not if they are PSGMA).

Quantitative analysis of Figure 3.16¢ yields a diameter of 24 +/- 2 nm and a
length of 19 +/- 2 nm for the PCEMA domains. The length of the complexed
PSGMA domains was 7 +/- 2 nm which was in agreement with 8 +/- 3 nm
determined from Figure 3.16¢c and d, respectively. This is best understood by

looking at Scheme 3.4.
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Figure 3.16. TEM images of MAs aspirated from THF/2-propanol with
Joro = 95%: stained by OsO; (a), stained by UO,(AcO), (b). MAs

prepared from THF/(-)-sparteine/2-propanol with r = 0.20 and
Joro = 95%: stained by OsOq (c), and stained by UO,(AcO), (d).
In the final set of experiments, AFM was used to study the MAs. The AFM

topography images yields information about the complete structure, as opposed

to previous techniques, which gave insight about individual blocks.

AFM (Figures 3.17a, b) probed the whole structure of the MAs of the
PtBA-b-PCEMA-b-PSGMA produced in THF/(-)-sparteine/1- or 2-propanol

systems. AFM also shows that there is a slight hourglass (grooves) structure to

90



the aggregates. The grooves in the structure were seen in both the 1- and
2-propanol systems, with both the hamburger and striped cylinder structures.
These grooves occurred because the PtBA was not grafted to the surfaces of the

PSGMA segments of the structures.

Figure 3.17. AFM height images of MAs aspirated on freshly cleaved mica
surfaces: from THF/(-)-sparteine/1-propanol with r = 0.20 and
oo = 95% (@), THF/(-)-sparteine/2-propanol with r = 0.20 and

Srea = 95% (b).

The hamburgers seem to become flattened significantly by spraying while the
segmented cylinders do not. Prying open the cylindrical stubs of the segmented
cylinder would require the motion of multiple parts of the cylinder, while prying
open a hamburger requires the motion of a single PSGMA domain. The two
buns are held together by PSGMA chains, which are soluble in the solvent
mixture in which the sample is dispersed. Since there is only 20 mol% of the (-)-
sparteine used in the system, some of which may have partitioned into the
solvent phase, the hamburgers are loosely held together by an insoluble fraction

of the PSGMA chains. Those chains not bound to the (-)-sparteine should be
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highly compatible with the solvent phase (since they are soluble in it). Thus, the
complexed PSGMA domains should be highly swollen and the phases should be

loosely bound together.

A quantitative analysis of the striped cylinders in Figure 3.17b yielded
PtBA/PCEMA height 31 +/- 8 nm (Figure 3.17b). This compared favorably with
the TEM diameter of 24 +/- 2 nm for the PCEMA stubs. This confirmed that we
have in fact prepared segmented cylinders as the vertical AFM diameter was

comparable to the horizontal TEM diameter.

Scheme 3.4. Schematic representation of chain packing in striped cylinder MAs.

The quantitative analysis of the hamburger particles in Figure 3.17a gave a
height of the bun of 18 +/- 7 nm. This was much smaller than the TEM diameter
of 55 +/- 9 nm for the whole hamburger particle, or even 30 +/- 4 nm for the
PCEMA domain in half of the particle. As will be shown later, the two halves of
the hamburger particles were treated and separated to yield Janus particles and
the TEM analysis of the Janus particles indicated a hemispherical shape. This
suggests that the buns were flattened or lay slanted on the silicon wafers, after

spraying for AFM from solution.
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Scheme 3.5. Schematic rep;resentation of chain packing in the hamburger-type
MAs.

Schemes 3.4 and 3.5 illustrate our current understanding of structure of the

hamburger particles. The PSGMA has complexed with the chiral amine,

(-)-sparteine, and collapsed to form the core of our structure. The PCEMA block

segregates out, to form the shell around these cores. Meanwhile, the PtBA

chains remain solubilized and serve to stabilize the structures.

The ratio of the root-mean-square end-to-end distance of the PCEMA chains in a
theta solvent, p-xylene, calculated for random flight chains, and the characteristic

ratio C, was 12.8.40 Using this the unperturbed root-mean-square end-to-end
distance R, of 10.9 nm was calculated for the PCEMA block with 195 repeat

units. Thus the PCEMA chains should be stretched somewhat at the center of
the buns, and more coiled near the edge of the buns as illustrated in Scheme 3.5
(@as 15 nm is larger than 10.9 nm while near the edge the PCEMA phase

thickness is considerably less).
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The C, value for PSGMA is unknown. Based on the bulkiness of the pendant
group of SGMA, the C, value should be fairly large.*’ Assuming it was close to
the 12.8 value for PCEMA (which also has a fairly bulky pendant group), we

calculated a R, value of 8.4 for the PSGMA block of 120 units. This value

compares well with the thickness determined experimentally for the PSGMA
filling of the hamburgers or the length of the PSGMA segments in the striped
cylinders. Therefore, the PSGMA chains should not be stretched significantly in

these structures as illustrated in Schemes 3.4 and 3.5.

3.4.6 Aqggregate Formation Process

The formation of hamburgers and segmented cylinders was observed by
analyzing the TEM samples sprayed at different times after 1- or 2-propanol
addition to the polymer solution containing (-)-sparteine. Figure 3.18 compares
TEM images of samples sprayed from THF/(-)-sparteine/1-propanol with r = 0.20

and f,, = 95%. Initially, after aggregate formation (Figure 3.18a) the MAs did

not appear to be well defined. After they were annealed for a short time at 70 °C,
the block segregation in the MAs appeared to become more distinct (Figures
3.18b-d). The elevated temperature provided mobility, which was a key
component for the phase separation of the MAs. The hamburger-type and
striped cylinder morphologies did not appear to change but the phase

segregation merely became more distinct after the initial observation time period.
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Figure 3.18. TEM images of MAs aspirated from THF/(-)-sparteine/1-propanol
with r=0.20 and f, , = 95%: initially after formation (a), heated for

one hour at 70 °C (b), heated for eight hours at 70 °C (c) and finally
heated for 18 hours at 70 °C (d). Samples stained by OsOj,.

In a similar manner to the 1-propanol case, the 2-propanol MAs also did not
appear well defined initially after aggregate formation (Figure 3.19a), and
proceeded to become more distinct as time progressed (Figures 3.19b-d). This
improvement in clarity is due to the improved phase separation that occurred

after annealing at 70 °C for several hours.
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Figure 3.19. TEM images of MAs aspirated from THF/(-)-sparteine/2-propanol
with r=0.20 and f,., = 95%: initially after formation (a), heated for

one hour at 70 °C (b), heated for eight hours at 70 °C (c) and finally
heated at 18 hours 70 °C (d). All samples were stained by OsOsj.

As mentioned previously, spherical MAs with PSGMA cores were formed first in
THF/(-)-sparteine before the addition of propanol. The addition of 1- or
2-propanol caused the PCEMA block to become insoluble. Normally this would
cause the formation of core-shell-corona MAs from a linear ABC triblock
copolymer system with insoluble B and C blocks. The interesting hamburger and
segmented cylinder MAs were formed because the PSGMA block was insoluble

in the solvent system only when complexed with (-)-sparteine. Despite the
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collapse of this block, the complexed PSGMA still contains a significant amount
of solvent, and the interfacial tension between the complexed PSGMA block and
solvent phase should therefore be low, perhaps due to incomplete complexation
of the PSGMA block. The favorable interaction between the PSGMA phase and
the solvent phase was the reason that the MAs formed hamburger-like structures
rather than the traditional spherical MAs with a PSGMA core, PCEMA shell and

PtBA corona.

The segment cylinders were formed by the fusion of multiple hamburgers. The
fusion of these hamburgers is possible because the PtBA block was relatively
short and unable to fully shield the PCEMA buns of the hamburgers from each
other. When two hamburgers approached each other, a fluctuation in the
concentration of PtBA chains may lead to the exposure of PCEMA bun surfaces
which would lead to the fusion of the two hamburgers. The repeat of this process

would lead to the "polymerization" of the hamburgers into segmented cylinders.23

3.4.10 Hamburger MAs as Precursors for Janus Particles

If the chains were packed as what were depicted in Scheme 3.5, the
hamburger-like aggregates may be broken apart to yield Janus particles. The
buns of the hamburger particles should be Janus particles, with the flat side
bearing grafted PSGMA chains and the convex side bearing the grafted PtBA
chains. To demonstrate this, one set of these hamburger-type aggregates

(THF/(-)-sparteine/1-propanol with r = 0.20 and f, = 95%) was treated to
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photocrosslink the PCEMA structure. In order to remove (-)-sparteine, we
dialyzed the crosslinked hamburgers against acidic methanol solution and DMF.
The hamburgers were eventually separated with the aid of ultrasonication.

Figure 3.20 shows TEM and AFM images of the separated buns.
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Figure 3.20. Janus particles made frorm
particles stained by RuO4 for 30 min (a), and AFM height image of
the Janus Particles sprayed on freshly cleaved mica (b).
Janus particles were produced by the cleavage of the hamburger-type particles
(Figure 3.20a, b). In Figure 3.20a, the dark PCEMA domains appear circular
(~30nm), which is similar to the diameter of the individual PCEMA domains from
Figure 3.5a. These suggest that the circular objects were probably the
hemispherical Janus particles lying flat in the plane of the image. Occasionally
we see a few particles (as indicated by arrows) lying sideways (Figure 3.20a)
showing their hemispherical shape. Similarly, in the AFM image, a few

hemispherical particles (as indicated by the arrows in Figure 3.20b) can be seen.

\O

8



amine-.comnioy

Scheme 3.6. Schematic representation of the transformation of hamburger-type
MAs (left) into Janus-type hemi-spherical particles (right).

These structures are interesting, because this method for the use of

hamburger-type MAs as precursors for Janus particles is new, and relatively

straightforward. This method can potentially be used to make more complicated

structures in the future. The carboxylic acid groups of these flattened Janus

particles can be used to attach to a variety of substituents such as functionalized

surfaces or vesicles.

3.5 Conclusions

The triblock copolymer PtBA-b-PCEMA-b-PSGMA has been synthesized and
characterized. All blocks of the copolymer were found to be soluble in THF. The
diamine (-)-sparteine was complexed with the carboxyl groups of the PSGMA
block and this complexation caused the PSGMA block to become insoluble. The

addition of 95% vol% of 1- or 2-propanol causes the PCEMA block to become
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insoluble as well. The polymer formed hamburger-type MAs and striped
cylinders if it was first complexed with (-)-sparteine in THF and then made to
aggregate by the addition of either 1- or 2-propanol. In the hamburgers, the
complexed PSGMA block formed the *filling', while the PCEMA block formed the
'buns' and the hamburgers were dispersed in the solvent mixture by the soluble
PtBA block which was grafted onto the surface of the 'buns'. The main body of
the cylinders was made from stacking alternating PCEMA and complexed
PSGMA segments with the PtBA chains grafted onto the PCEMA segments.
TEM, AFM and solubility tests were used to support these structural
assignments. More interestingly, we were able to separate the hamburgers into
two halves after crosslinking the PCEMA domain and removing (-)-sparteine from
the system by dialysis. These halves of the hamburgers were Janus particles
with PSGMA chains on one face, and PtBA chains on the other face of the buns.
These Janus particles should have application as dispersant agents for Pickering

emulsions.*?*3
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Chapter 4 — Conclusions

Two triblock copolymers, which produced two different and interesting
morphologies, were studied in block selective solvent systems. The first
copolymer, PBMA-b-PCEMA-b-PtBA, self-assembled to produce helical micelles
in several solvent mixtures. The second copolymer, PtBA-b-PCEMA-b-PSGMA,
formed hamburger or striped cylinder aggregates, by directed assembly, in THF
with (-)-sparteine and 1- or 2-propanol mixtures. The hamburger-like MAs were

used as precursors to prepare Janus particles.

Multiple helices were produced by the PBMA-b-PCEMA-b-PtBA triblock
copolymer in dichloromethane (DM)/methanol (MeOH), tetrahydrofuran
(THF)/MeOH, and chloroform/MeOH mixtures. DM, THF and chloroform are
good solvents for all the blocks of the copolymer, while the solvent composition
at which the helical micelles are observed, the PtBA is well solvated, the PCEMA
block is collapsed and precipitated from the solvent mixture, while the PBMA
block is marginally soluble. This is the first report of the formation of multiple
helices as the major product of solution self-assembly. Helical aggregates have
been seen before in other block copolymer systems, but they have always been
single helices or twisted cylinders. In most cases, the structures have not been
well characterized. In our case, TEM, AFM, DLS, and TEM tomography have
been used to establish the structure of the helices. The helices were formed
mainly to decrease the unfavorable PBMA-to-solvent contact, and were stabilized

by the PtBA chains. Due to the reproducible production of these helices in

104



several solvent mixtures, we believe that this helical structure may be the
thermodynamically favoured structure. It remains interesting to examine if this
morphology can be reproduced using other analogous triblock copolymers. It
may be possible to manipulate this system to form either exclusively double, or
triple helices. Other future work may include attempting to fine-tune the

conditions in order to produce either entirely right or left-handed helices.

Hamburger-like and striped cylinder MAs were produced by a
PiBA-b-PCEMA-b-PSGMA triblock copolymer in THF, with the addition of
(-)-sparteine, a chiral amine (CA) and 1- or 2-propanol. The hamburger-type
MAs were then used as precursors to form flattened Janus-type particles by a
few simple modification steps. This is the first instance of the use of Hamburger-
like or striped cylinder MAs as a precursor for the formation of Janus-type
structures. The PtBA-b-PCEMA-b-PSGMA formed cylindrical MAs in neat 1- or
2-propanol and spherical MAs in mixtures of 1 or 2-propanol and THF. The chiral
amine, (-)-sparteine, was used to complex with the carboxylic acid groups of the
triblock copolymer in THF which caused the aggregation of the PSGMA block.
The addition of 1- or 2-propanol caused the aggregation of the PCEMA block,
and led to the formation of hamburger and striped cylinder-like MAs. Similar
structures have been seen before, but they have not been extensively
characterized.  Solubility tests, in addition to TEM, AFM, and 'H NMR
experiments were used to establish the structure of the MAs. Our analysis

indicated that the PSGMA block complexes with (-)-sparteine to form the core of
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these aggregates (hamburger filling), while the PCEMA block collapsed to form
the hamburger structure (the bun) around the core, and that the PtBA block
remains solubilised, while serving to stabilize the structures. Our belief is that
these interesting structures result from amine complexation, along with solvation
differences of the polymer blocks. Future work could include trying to reproduce
these structures in other solvent systems, and with other complexing agents. |t
would also be interesting to examine if this morphology can be reproduced using
other triblock copolymers. Future work may include producing exclusively
hamburger, or striped cylinder-type MAs. It may also be possible to reassemble
the Janus-type particles using complexation (amine or other templates). Future
studies in this area could include the study of the properties of the Janus

particles, including their use to prepare Pickering emulsions.
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Appendix A: Polymer Synthesis

PBMA-b-PCEMA-b-PtBA

PBMA-b-PHEMA-TMS-b-PtBA  prepared by sequential living anionic
polymerization in THF at -78 °C using standard vacuum line techniques.
1,1Diphenyl-3-methylpentyllithium was used as the initiator and lithium chloride
was used to decrease the PDI of the resulting polymers. BMA, HEMA-TMS, and
tBA were all polymerized for 3 hours. The polymerization was terminated by the
addition of several drops of methanol. Stirring the triblock in THF/methanol
(75/25) overnight hydrolyzed the TMS groups to yield the PBMA-b-PHEMA-b-

PtBA. The polymer solution was then concentrated and precipitated in hexane.

The HEMA block was then converted to the PCEMA form by reacting with excess
(~1.5x) cinnamoyl chloride in dry pyridine at room temperature overnight. The
polymer solution was filtered to remove the pyridinium chloride salt and then

precipitated on ice to give the PBMA-b-PCEMA-b-PtBA polymer.

PCEMA-b-PtBA

PHEMA-TMS-b-PtBA was prepared by sequential anionic polymerization as
above. The HEMA group was converted to CEMA via a similar procedure to that

above.

PtBA

PtBA was prepared by anionic polymerization as above.
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Scheme A.1. Anionic polymerization and other reactions in the synthesis of
PBMA-b-PCEMA-b-PtBA.
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PtBA-b-PCEMA-b-PSGMA

PiBA-b-PHEMA-TMS-b-PSMA  was prepared by sequential anionic
polymerization as above. Stirring the triblock in THF/methanol (75/25) overnight
hydrolyzed the TMS groups selectively (but not the SMA groups) to yield the
PtBA-b-PHEMA-b-PSMA. The polymer solution was then concentrated and

precipitated in hexane.

The HEMA group was converted to CEMA via a similar procedure to that above.

The SMA group was then hydrolyzed in THF with 6M aqueous HCI. The triblock
(0.3g) was dissolved in a small amount of THF (20mL). Then 5.0mL of 6M HCI
was added and the solution was stirred for 3hours. The solution was then
dialyzed (MW cutoff 12-14K) against MeOH (solution change 3 times) to remove
the acid and other low molecular weight byproducts. The solution was then
concentrated to 10mL and precipitated in diethylether (150mL). The resulting
polymer was centrifuged at 3500RPM to recover and dried overnight to yield

PtBA-b-PHEMA-b-PGMA.

The PtBA-b-PHEMA-b-PGMA, polymer was dissolved in pyridine (5mL) and a 5x
molar excess of succinic anhydride was added. The sample was then reacted
overnight at room temperature. The polymer was then dialyzed against MeOH
overnight (MW cutoff 12-14K) (changed 3 times). The polymer then

concentrated to 2mL and precipitated in diethyl ether (100mL). The sample was
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then recovered by centrifuge (3500RPM) and then dried overnight under vacuum

to yield PtBA-b-PHEMA-b-PSGMA.

PCEMA

PHEMA-TMS was prepared by anionic polymerization as above. The HEMA

group was converted to CEMA via a similar procedure to that above.

PSGMA
PHEMA-TMS was prepared by anionic polymerization as above. The SMA

group was converted to SGMA via a similar procedure to that above.

PBMA

PBMA was prepared by anionic polymerization as above.
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