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CHAPTER 1

Introduction

1.1 General Information

Polymers are a remarkably significant class of materials with various properties
suitable for numerous applications. The suitability of a polymer for a particular application is
controlled by its molecular and structural characteristics such as molecular weight, molecular
weight distribution, microphase separation, architecture and functionality. Well-defined
polymers synthesized by living addition polymerization processes are a very useful tool to
understand the relationship between structure and properties. Therefore, great progress has
been achieved in living polymerization techniques over the past three decades by the
development of new polymerization technologies. Especially, living anionic polymerization is
the most important technique for synthesizing novel polymers with low heterogeneity and
well-defined structures. By using anionic polymerization, many new polymeric materials
have been synthesized with narrow molecular weight distributions and controlled
architectures, molecular weights and functionalities. Initially, most of the studies had been
limited to several hydrocarbon monomers (such as styrene, butadiene, isoprene etc.) due to
their controlled polymerization behavior. However, during the last two decades more
monomers, especially with functional groups, have been polymerized anionically [such as
ethylene oxide, methyl methacrylate, 2- and 4-vinylpyridine, hexamethylcyclotrisiloxane
(D53)] introducing an enormous variety of new properties and applications for polymeric
materials.

One of these monomers is also 1,3-cyclohexadiene (1,3-CHD). Its polymers (PCHD)
are of a great interest from both scientific and practical views. PCHD and its derivatives lead
to better thermal and chemical stability and higher mechanical strength due to their six-
membered ring structure in the main chain. It can be dehydrogenated to poly(paraphenylene -
PPP), a highly conducting polymer and also it can be hydrogenated to poly(cyclohexylene -
PCHE) which exhibits significantly increased glass temperatures (T, ~ 200°C for 95% 1,4-
PCHE and T, ~ 232°C for 52% 1,2-PCHE), low specific gravity, high heat resistance and high
flexural modulus etc'”.

Anionic polymerization of 1,3-cyclohexadiene has proven to be the most effective
technique among all others, despite the fact that it is less controlled than the polymerization of
other dienes due to side reactions, such as chain transfer and chain termination. These side
reactions have been almost restricted and controlled by using polar additives resulting in
narrower molecular weight distributions. Nevertheless, the maximum attainable molecular

weight of PCHD is limited approximately to 50.000 g/mol.



For this thesis, two types of samples were synthesized and studied. Initially, a series
of linear diblocks copolymers consisting of polystyrene and 1,4-poly(cyclohexadiene) were
synthesized. Particularly, seventeen (17) polystyrene-b-poly(cyclohexadiene) (PS-b-PCHD)
or poly(cyclohexadiene)-b-polystyrene (PCHD-b-PS) linear diblock copolymers were
synthesized via anionic synthesis polymerization by using the sequential monomer addition
method and high vacuum techniques. By using these methods and techniques, narrow
molecular weight distributions (> 1.1) were ensured as well as chemical and compositional
homogeneity. These diblock copolymers were synthesized in order to study their molecular
and especially their morphological behavior in terms of microphase separation in a wide
variety of volume fractions ranging from 95% to 25% for the PS block. For this reason, their
molecular weights range from 15.000 to 57.000 g/mol approximately resulting in a wide
range of values for the degree of polymerization N and consequently in microphase separation
near the order-disorder transition (ODT), the weak and the intermediate segregation limit. In
this way, a comparison with other well-known similar systems with theoretically and
experimentally confirmed phase diagrams was performed, such as the polystyrene-b-
poly(isoprene) system. Observing and analyzing the morphological characterization results, it
was possible to understand the mechanisms of self-assembly for this type of copolymers and
gather information concerning their interaction parameter, which has not been estimated yet,
and the ways that the molecular weight, the volume fraction and the conformational
asymmetry influence their microphase separation. Most of the samples synthesized are of PS
majority because it is difficult to increase significantly the molecular weight of the PCHD
block as the second monomer due to undesirable side and termination reactions that occur,
leading to homopolymerization of cyclohexadiene and increased molecular weight
distributions.

For the other type of samples, five (5) copolymers with complex architectures were
synthesized. The synthesis of one (1) linear triblock copolymer, one (1) linear pentablock
copolymer, one (1) H-type and two (2) super H-type copolymers is presented in this research,
by using the difunctional initiator sodium/naphthalenide and well established chlorosilane
chemistry. The use of this difunctional initiatior involved highly purified reagents and
challenging procedures, while the final materials were received after several weeks or months
(1,5-2) depending on the linking agent used and the targeted molecular weights. The main
purpose was to successfully synthesize the difunctional middle block, exhibiting low
molecular weight distribution and predictable molecular weight. Furthermore, the linking
reaction with the corresponding linking agent was of a great importance, in order to
synthesize precursors with suitable number of Cl atoms, as well as the final linking reaction
with the corresponding living arms for the synthesis of the final copolymer. The synthesis of

copolymers bearing PS as the backbone and PCHD or PS-b-PCHD as living arms, has never
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been reported in the literature, therefore, their successful synthesis provided information
concerning their molecular properties rising from the complex architectures. A schematic
representation of the complex architectures synthesized in this thesis is observed in Figure

1.1.

PCHDr PS5 PCHD
W

Lingar Triblock Copolymer
of the PCHD-b-PS-b-PCHD Type

s  PCHD Ps° PCHD PS
W

Lingar Quintoblock Copolymer
of the (P5-b-FCHD b PS5 -B-{ FCHD-b-P3) Type

P

PCHD PCHD

PCHD PCHD
Complex Block Copolyvmer Complex Block Copolymer
of the (PCHD p-g-P5-g-(PCHD): Type  of the (PCHD p-g-P5-g-(PCHD Y Type

PCHD» PCHD

Complex Block Copolbymer
of the (PS-b-PCHD -g-PS-g-{ PCHD-b-P% ) Tyvpe

Figure 1.1: Schematic of the complex architectures synthesized in this thesis.

The complete synthesis of all samples was accomplished by using anionic
polymerization and high vacuum techniques. The molecular characterization of the samples

was performed via size exclusion chromatography (SEC), in order to confirm the molecular

weight distribution, and membrane osmometry (MO) in order to confirm the M, values.
Also "H-nuclear magnetic resonance spectroscopy (‘H-NMR) was adopted to verify the type
of microstructure for the polydiene as well as to identify the composition of each segment in
the copolymers. Thermal analysis via differential scanning calorimetry (DSC) was also
performed in order to examine the variations of the glass transition temperature and its
dependence from the molecular weight and the weight fraction of each segment.
Morphological characterization via transmission electron microscopy (TEM) and small angle
X-ray scattering (SAXS) was performed only for the linear diblock copolymers in order to
verify their microphase separation and to provide significant information concerning the

different morphologies which are observed.



1.2 Overview

Chapter 2 provides information concerning the fundamentals of anionic
polymerization synthesis and the basic principles of scientific glassblowing. Furthermore,
information for the already reported cases of the polymerization of 1,3-cyclohexadiene and its
copolymerization with other well studied monomers such as styrene, isoprene and butadiene
are provided, as well as, information concerning the synthetic routes for linear diblocks and
complex architecture copolymers already established.

In Chapter 3, information concerning the physical properties of block copolymers and
their microphase separation is given.

Chapter 4 describes the basic theory and instrumentation used for the molecular
characterization and the thermal analysis of the synthesized samples [Size exclusion
chromatography (SEC), membrane osmometry (MO), proton nuclear magnetic resonance (‘H-
NMR) spectroscopy, differential scanning calorimetry (DSC)].

Chapter 5 details the theory and instrumentation for the morphological
characterization of the synthesized samples [transmission electron microscopy (TEM), small
angle X-ray scattering (SAXS)]. Tailored procedures, especially for the preparation of the
segments for TEM measurements, are exhibited.

In Chapter 6, the experimental procedures adopted for the synthesis of the linear
diblock as well as for the complex architecture copolymers are provided as well as detailed
description of the purification procedures in order to minimize the traces from the unwanted
reagents.

In Chapter 7, the thermal analysis and the molecular and morphological
characterization results of the synthesized samples are presented. Thorough investigation and
discussion of the results is performed in order to conclude on the observed morphologies for

the synthesized linear diblock copolymers.



CHAPTER 2

Anionic Polymerization

2.1 Basic Concepts

Anionic polymerization*” is the most well-known and most studied technique for
synthesizing well-defined polymers with controlled characteristics. Its main advantage, as
compared to radical and cationic polymerization, is the absolute control of the termination
step. For that reason, anionic polymerization is also described as living polymerization. This
concept indicates that the macromolecular living ends can be used further for polymerizing
additional monomer or for reacting with a suitable linking reagent in order to modify them. It
is clearly understood, therefore, that through anionic polymerization, architecture,
composition, molecular weight and molecular weight distribution can be easily controlled.

In each polymerization of vinyl monomers (anionic, cationic or radical) there are
three steps: initiation, propagation and termination. According to the above mentioned

criteria, in anionic polymerization only two steps exist as exhibited in Scheme 2.1:
Initiation

BuLi"+ CH,=CHY ——> BuCH,CHYLi"

Propagation

BuCH,CHW¥Li* + nCH,~CH¥ — Bu(CH,CH¥),CH,CH¥"Li*

Scheme 2.1: Initiation and propagation of living anionic polymerization.

Free radical polymerization, though, is considered to be the most common technique
from the industrial point of view since most industrial polymers are synthesized by this
procedure. Nevertheless, these polymers do not exhibit predictable molecular characteristics
and narrow distributions (over 1.5). Furthermore, in radical polymerization various chemical
reagents which lead to free radicals are used as initiators, as well as heat and/or light. Another
important difference between anionic and radical polymerization is that in the latter
uncontrolled termination reactions occur through redistribution or conjunction between
macromolecular radicals.

A very significant issue which limits the use of anionic polymerization in industry
and large scale applications is that the macroinitiator and the macroanions, due to their
reactivity, are very sensitive in oxygen, humidity and carbon dioxide traces. The reactions
that occur and describe this drawback are shown in Scheme 2.2. Consequently, it is of great
importance that all reactions must occur in the absence of atmospheric air and reagents

(initiators, monomers, solvents etc.) must exhibit high purity (> 99.9%). For that reason all



reactions occur under high vacuum conditions (10° - 107 mmHg) in purified and suitably

modified glass vessels.

s-BuLi + H,0 —>» s-BuH + LiOH
2s-Buli + CO, —— 3= s-Bu,C(OLi),
s-BuLi + 1/20, —— 3= s-BuOLi

Scheme 2.2: Termination reactions occurring for an anionic polymerization initiator with water,
oxygen and carbon dioxide.

The greatest advantage of anionic polymerization is that it can proceed up to 100%
yield. Practically, this means that the polymerization reaction will be completed when all the
monomer quantity has reacted during the propagation reactions. As a result, the molecular
weight of the final polymer can be easily estimated by the quantities of the monomer and
initiator, using the following equation:

— grmonomer

y =
moles.

initiator

2.1)

One very important feature of the polymers synthesized with anionic polymerization
technique is the narrow molecular weight distribution (< 1.1) which ensures the compositional
and molecular homogeneity. Low polydispersities are secured by the proper choice of the
solvent, monomer and initiator system in which it is crucial that the rate of the initiation
reaction must be higher than the rate of the propagation step. When these conditions apply,
polymerization of the monomer units starts simultaneously and almost identical numbers, of
monomer units are added to each chain, until they are consumed.

In non-polar solvents the initiation rate depends on the organometallic initiator used
and on the solvent composition (aliphatic or aromatic). Usually organolithium reagents are
used which form aggregates in hydrocarbon solvents, polar and non-polar. The lower the
aggregation rate of the initiator, the higher will be the reactivity. The organolithium initiator
structure affects its aggregation rate in each solvent. Consequently, organolithium initiators
normally form hexameric aggregates in hydrocarbon solvents, while those which are
branched on a- or B- carbon form quatermeric aggregates. Below, the reactivity sequence of
organolithium initiators for diene polymerization in hydrocarbon solvents is demonstrated

whereas in parenthesis the aggregation number is shown:

Methyllithium (2) > secondary butyllithium (sec-BuLi) (4) > isopropyllithium (i-PrLi) (4-6) >
tertiary butyllithium (tert-BuLi) (4) > normal butyllithium (n-BuLi) (6)

For the styrene polymerization in hydrocarbon solvents the same sequence is applied
except from a change that occurs between the two last organolithium initiators (n-BuLi > tert-

BuLi). The main parameters which decrease the aggregation rate are the following:

6



a) The concentration reduction.

b) The temperature increase.

c) The use of relatively strong solvating media (aromatic hydrocarbon solvents are
stronger than aliphatic ones).

During the propagation step the negatively charged polymer chains with the lithium
cation can also aggregate. The aggregation degree for (polystyryl)lithium (PSTLi") in
aromatic and aliphatic hydrocarbon solvents has been calculated to be equal with 2.
Furthermore, the aggregation degree for (polybutadienyl)lithium (PB'Li") in hydrocarbon
solvents is 4-6 and for (polyisoprenyl)lithium 3-4 respectively.

Nevertheless, it has been observed that the aggregation degree of initiators and
polymer chains is decreased in polar environments. It has been estimated through kinetic
studies that the aggregation rate of (polystyryl)lithium in tetrahydrofuran (THF) is decreased
from 2 to 1 while for (polybutadienyl)lithium and (polyisoprenyl)lithium the relative value is
decreased to 2. Such behaviour occurs since a minor quantity of the polar reagent can shift the
equilibrium between the aggregated and non-aggregated polymer chains towards the non-
aggregated ionic pairs (PS'Li"). All forms of ionic pairs for polystyrene (PS) segments can be

seen in Figure 2.1.

(PSTLi"), > 2(PSLi"y<> PS",Li" <> PS //Li* <> PS™ + Li"
Aggregated Non-aggregated In contact In distance Free ions

ionic pairs ionic pairs ionic pairs ionic pairs

Figure 2.1: Forms of aggregated and non-aggregated ionic pairs of (polystyryl)lithium in the presence

of polar reagents.

Each one of these ionic pairs can be considered as a living centre and can lead to
polymerization. Such free ions are extremely functional and can significantly increase the
propagation rate even in lower concentrations. In the presence of polar reagents, an increase
in the free ions’ concentration is observed leading to a relative increase in the propagation
rate.

Monomers subject to anionic polymerization are those which can create stable
anionic centres under certain polymerization conditions. A variety of monomers has been
polymerized through this method such as styrenic (e.g. a-methylstyrene, para-methylstyrene)”
1 dienes (e.g. isoprene'’, butadiene'?, 2-methyl-1,3-pentadiene’', 1,3-cyclohexadiene)'™'®,
methacrylic esters (e.g. methyl methacrylate)'” and cyclic monomers(e.g. ethylene oxide'®,

hexamethylcyclotrisiloxane)'”.



2.2 Scientific Glassblowing
2.2.1 General Information

Scientific glassblowing® is the process of creating pyrex glass apparatuses and
glassware systems used in research and production. Many chemical, medical, pharmaceutical
and engineering laboratories use scientific glassware extensively. Especially, in polymer
science and in anionic polymerization synthesis, scientific glassblowing is one of the most
basic skills that a scientist has to develop in order to respond to the requirements of this
method. Scientific glassblowing is performed by using a torch or burner so as to heat, form
and seal glass tubes, rods and preformed components into glass apparatuses. The type of glass
most commonly used in a laboratory is the borosilicate glass. It is a heat-resistant glass which
contains approximately 5% boric oxide. In addition to outstanding resistance in heat and
thermal shocks, borosilicate glasses are known for their chemical durability and low
coefficients of thermal expansion. Trade names one may be familiar with are PYREX (Dow
Corning), KIMAX (Kimple) and DURAN (Schott). In scientific glassblowing the glass comes

usually in tubing or rod forms with varying diameters, depending on the required needs.

2.2.2 Glass Strain and Annealing

Scientific glassblowers fabricate simple to complex apparatuses which are used under
laboratory conditions. Standard usage of these apparatuses can involve harsh chemical
exposure, high and/or low pressures and a variety of other hostile environments. An
awareness of product design is essential as well as the integrity of the glass structure by itself.
A critical product safety element is the fabrication of strain or stress-free glass apparatuses
and systems.

In order to fabricate the glassware, a torch or burner is used. The flame is adjusted to
varying degrees of sharpness ranging from a pinpoint for precision work, to large “bushy”
flame used for heating and forming broad areas. This process of heating, forming and cooling
will introduce strain, often referred to as stress, into the glassware. Invisible most of the times
to the naked eye, the strain is nevertheless present and is a potential point of failure in the
glass apparatus unless relieved. The degree of stress will be determined by a number of
factors including the intensity and size of the torch flame, glass wall thickness and the
complexity of the seal itself. The severity of stress may be enough to cause glass failure,
sometimes while the glass piece is under construction. It is therefore recommended to hand-
anneal the work during the fabrication process, with full furnace annealing at the end prior to

the usage of the apparatus or system.

Some glassblowers use a device called polariscope to help detect the presence of

glass strain. By looking through two polarized filters held in varying orientation, one can



visualize the stress patterns in a piece of glass (Figure 2.2). Relieving stresses in the glass can
be performed by hand annealing, which is a process of using a torch flame of diminishing
intensity and size over time, slowly and evenly allowing the glass to return to room
temperature. An alternative solution is to use a glass annealing furnace which can be
programmed to allow pre-determined ramps up to the annealing temperature and then back

down to room temperature.

Figure 2.2: Stress patterns in a piece of glass.

2.2.3 Glass Blowing Tools

Torches: Torches are most commonly used in glassware fabrication for anionic
polymerization procedures than burners. The gases normally used for working with
borosilicate glasses are propane or natural gas mixed with oxygen. A typical glassblowing

torch can be seen in the following Figure (Figure 2.3).

Figure 2.3: 4 glassblowing hand torch. The red valve adjusts gas and the green oxygen.

They are usually small and light in order to handle them easily. This kind of torch

uses a chamber within its body to mix propane/oxygen and it is the most popular type. The



experience gained by time in handling properly the torch and using the appropriate flame is

very important for making easier all glassblower’s tasks.

Callipers: Callipers are used by glassblowers to measure outer diameters, inner diameters,

wall thickness and other dimensions of the glassware. Vernier callipers and electronic

callipers are two of the most widely used types of callipers used (Figure 2.4). Electronic

callipers are relatively expensive compared to the standard vernier style but they are not as

tolerant to heat and chemical exposure. However, they are quite accurate and easier to read.

Figure 2.4: Vernier (up) and electronic (down) callipers.

Basic Hand Tools: Glassblowers use a wide assortment of standard and custom-made hand

tools and equipment in the fabrication of glass apparatuses. The following examples are

representative and very commonly used.

The glassblowing process produces visible and UV light transmissions that are
harmful to the eyes. Didymium lenses have been used for years by scientific
glassblowers, offering protection from glass shards and providing sodium light

filtration (Figure 2.5).
|

Figure 2.5: Various types of didymium lenses for glassblowing.

The blowhose and the attachments shown in Figure 2.6 are what glassblowers use to
blow air into the glassware. On the left of the image is a latex tube (blowhose) with a
mouthpiece at one end and a swivel at the other. The swivel is a device that serves as

a transition piece between the blowhose and the glass. The swivel allows glass
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rotation without any twisting and kinking of the flexible blowhose tubing. Latex or
rubber tubes and rubber stoppers of assorted sizes are used to connect to the glass.

e Graphite tools are used extensively in glassworking because they can withstand high
temperature exposures and are easy to machine and form into custom shapes.
Depending on their shape, they can be used in forming glass bottoms on glassware, in

reducing outer diameters of tubes or to enlarge a hole blown in a tube.

Figure 2.6: Blowhose, swivels and rubber tubes for glassblowing.

o In the following picture (Figure 2.7), some useful additional tools can be seen. From
left to right, two strikers or flint lighters can be seen which are used to light the torch

or burner.

Figure 2.7: Additional tools for glassblowing.

Nowadays the use of a simple lighter is more common. Tweezers can be used also to
pull or hold hot glass or tools. The next two tools are tungsten carbide glass knives or scorers
that are used to scratch glass surfaces when cutting tubes or rods. The tungsten pick on the

right is used to move small amounts of heated glass in order to help close small openings
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found during glass repair or fabrication. The scalloped piece of wood is normally used as a

rest for placing glass (hot or cold) components used during the fabrication.

2.3 Vinyl Monomers with Double C-C Bonds (Dienes)

Dienes are a significant class of chemical compounds as they exhibit very interesting
physical and chemical properties when polymerized. Poly(isoprene) (PI) and poly(butadiene)
(PB) were the first polydienes synthesized and studied extensively for their properties. They
belong to the category of elastomers, which are viscoelastic polymers generally having
noticeably low Young’s modulus and high yield strain compared to other polymers.
Elastomers are usually thermosets (requiring vulcanization) or thermoplastic. Thermosets are
vulcanized polymers (chemically forming networks between polymer chains in the presence
of other atoms i.e. sulfur) having the ability to reconfigure themselves in order to distribute an
applied external stress. The covalent cross-links ensure that the elastomer will return to its
original configuration when the stress is removed. As a result of this extreme flexibility
elastomers can reversibly extend from 5-700%, depending on the specific material. Without
the cross-links or with short, not easily reconfigured chains, the applied stress would result in
a permanent deformation. Thermoset elastomers have also low melt temperatures (T,,) and
glass transition temperatures (T,). Specifically, 1,4-poly(butadiene) exhibits T, = 6°C and
very low T, = -85 to -90°C, while cis-1,4 poly(isoprene) has T,, = 35°C and T, = -67°C*.
These two dienic polymers are widely employed in laboratory and industrial scale in a variety
of applications such as automobile tires, water proof membranes etc. Over the last two
decades scientists focused their interest to other polydienes also, such as poly(2-methyl-1,3-
pentadiene) which through hydrogenation is converted (up to >99%) to polypropylene,
exhibiting an almost perfect atactic structure with various architectures as well as unique
thermal and mechanical properties”. This interesting polydiene exhibits high 1,4-
microstructure (~99%) when polymerized via alkyllithium initiators (e.g. sec-Buli) and in
hydrocarbon solvents (e.g cyclohexane) and also exhibits higher glass transition temperature

than the polydienes previously mentioned (T, = 4°C)."

2.4 Homopolymers and Copolymers of 1,3-Cyclohexadiene

Another diene that has been successfully polymerized is 1,3-cyclohexadiene (1,3-
CHD), leading to poly(cyclohexadiene) with various percentages of 1,2 and 14
microstructure (Scheme 2.3) depending on the method of polymerization used, the solvent,

the initiator and the presence or not of polar additives.
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Scheme 2.3: Polymerization of 1,3-CHD leading to PCHD with 1,2- or 1,4-microstructure.

Poly(cyclohexadiene) can exhibit very interesting and different, from other
polydienes, properties such as increased thermal and chemical stability as well as improved
mechanical properties> due to its alicyclic rings in the main chain. The use of
poly(cyclohexadiene) has been reported in ion-exchange resins, photo resistance films and in
low density plastics for underwater applications™>*.

The first attempts of polymerizing 1,3-cyclohexadiene were performed via radical
polymerization using various initiators>’ but in all cases the results were not encouraging
since either oligomers were synthesised with very low yield or no polymer at all. Via radical
polymerization, though, 1,3-cyclohexadiene substituted in carbons 5 and/or 6 was
polymerized leading to polymers with high molecular weights, high yields (~90%) and with
1,4-microstructure  (~85-90%)***. These polymers were chemically modified to
poly(paraphenylene) or PPP.

Better results for the polymerization of 1,3-cyclohexadiene have been reported by

3034 The most effective report lies

using transition metals catalysts or Ziegler-Natta catalysts
upon the polymerization of 1,3-cyclohexadiene, substituted in carbon 5 and/or 6, with nickel
catalyst leading to 100% 1,4-poly(cyclohexadiene), which was then chemically modified to
PPP”. Also, via Ziegler-Natta catalysts, cyclohexadiene polymers were synthesized (80-90%
yield) with 1,4-microstructure but relatively low molecular weights®. Additionally, cationic
polymerization was adopted leading to similar results®’.

Anionic polymerization of 1,3-cyclohexadiene also displays several problems due to

transfer and termination reactions that occur during the polymerization (Scheme 2.4)*.
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Scheme 2.4: Termination and transfer reactions during the polymerization of 1,3-cyclohexadiene.

One main side reaction during the chain propagation is chain termination via hydride
abstraction. During the propagation of the polymerization and the creation of more polymer
chains, lithium is converted into LiH by reacting with one of the hydrogen atoms of the six-
member ring resulting in the termination of the polymerization (Scheme 2.4a). Another main
side reaction that leads to high distributions is chain transfer through proton elimination
(Scheme 2.4b). This occurs during the reaction of the monomer hydrogen as indicated in the
Scheme, with the chain lithium resulting in the termination of the living anion and the
creation of a new much smaller reactive anion. Finally, during chain propagation, is not
possible to control the 1,2- or 1,4-addition resulting in undesirable ratios of microstructure
(Scheme 2.4c).

Several studies have been reported in which anionic polymerization was adopted for
1,3-cyclohexadiene, leading to much better results than the previous mentioned methods of
polymerization, such as higher molecular weights and yields.

The polymerization of 1,3-cyclohexadiene is reported using alkyllithium initiator (n-
BuLi) in hydrocarbon solvents leading to high yields of 100% amorphous soluble
poly(cyclohexadiene) ~with increased percentage of 1,4-microstructure®™.  Also,
polymerizations in THF using various initiators such as n-BuLi, sodium naphthalene, lithium
naphthalene and potassium naphthalene were performed leading to polymers with both 1,4
and 1,2 microstructures. However, the formation of undesirable products such as benzene,
cyclohexene and 1,4-cyclohexadiene was observed due to termination and transfer reactions.
Furthermore, 1,4-cyclohexadiene is not polymerized but it decreases the molecular weight

and the yield of the polymerization of 1,3-cyclohexadiene®’. By lowering the temperature in
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both hydrocarbon solvents and THF, the decrease of these termination and transfer reactions
was accomplished leading to higher molecular weights and yields.

Francois and co-workers were the first that studied extensively the polymerization of
1,3-cyclohexadiene. They estimated that the aggregation degree of
(polycyclohexadienyl)lithium in cyclohexane is 2*', in agreement with Young’s** results who
estimated this value to be approximately 1,7 in hydrocarbon solvents. Francois and co-
workers reported that (polystyryl)lithium can inititate the polymerization of 1,3-
cyclohexadiene, but the synthesis of PS-b-PCHD diblock copolymers is performed
simultaneously with the formation of side products such as benzene, 1,4-cyclohexadiene and
homopolymer of poly(cyclohexadiene). The formation of the homopolymer was inevitable
especially in high concentrations of 1,3-cyclohexadiene. These termination and transfer
reactions were minimized by lowering the polymerization temperature from 20°C to 5°C or
even as low as -10°C resulting in the relative decrease of the formation of PCHD
homopolymer. These diblock copolymers of the PS-b-PCHD type were dehydrogenated
leading to diblock copolymers of the PS-b-PPP type®. In all these previous mentioned cases
of anionic polymerization of 1,3-cyclohexadiene, termination and transfer reactions were not
eliminated resulting in not well-defined polymers with molecular weights only up to 20,000
g/mol and broad molecular weight distributions.

Natori and co-workers reported the successful living anionic polymerization of 1,3-
cyclohexadiene in 1997". Termination and transfer reactions were eliminated, by using the
polar additive N, N, N’,N’-tetramethylethylenediamine (TMEDA) with n-BuLi as initiator in
a molar ratio nryepa/Ny.pui= 5/4, leading to a significant increase of the initiation rate. PCHD
homopolymers were synthesized following this procedure with well-defined molecular
weights, narrow molecular weight distribution and linear increase of the molecular weight in
terms of the yield. By adding styrene in (polycyclohexadienyl)lithium living ends, the
synthesis of a diblock copolymer of the PCHD-b-PS type is reported with well-defined
composition and narrow molecular weight distributions. The absence of polystyrene or
poly(cyclohexadiene) homopolymer proved that the termination and transfer reactions were
eliminated at a significant degree. The addition of the polar additive TMEDA led to the raise
of the 1,2-microstructure which was estimated by Natori et al. to be approximately to 54%"*.
Using this method, Natori et al. synthesized random copolymers of styrene, butadiene or
isoprene with 1,3-cyclohexadiene as well as triblock copolymers of the ABA type of styrene
or butadiene with 1,3-cyclohexadiene (PCHD-b-PS-b-PCHD and PCHD-b-PB-b-PCHD).
Natori et al. found that the glass transition temperature of PCHD is increased when higher
percentages of 1,2-microstructure are observed when compared to 1,4-microstructure, while
identical behavior was observed also during higher values of the number average molecular

weight. Furthermore, it was verified that the 1,2-microstructure in the polymer chain leads to
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better stretch strain and thermal stability3 than the 1,4-microstructure. Also, the PCHD-b-PB-
b-PCHD series of samples were hydrogenated into their derivative copolymers of
poly(cyclohexene-ethylene/butylene-cyclohexene) (PCHE-b-PEB-b-PCHE)>. Natori et al.
showed that both mechanical strength and heat-resistant temperature tended to increase with
an increase of 1,3-cyclohexadiene/butadiene ratio. Also, the heat resistance of hydrogenated
block copolymers was found to be higher than that of the unhydrogenated samples. However,
the mechanical strength was lower than those of the unhydrogenated block copolymers with
the same ratio of CHD to butadiene. The n-BuLi/TMEDA system was also used successfully
in synthesizing poly(cyclohexadiene) stars by reacting with the difunctional reagent
divinylbenzene (DVB)*. The difunctional initiator bis-(1-phenylethylene) benzene (PEB)
was also used with TMEDA for the synthesis of miktoarm star terpolymers of styrene,
isoprene and 1,3-cyclohexadiene by applying a “seeding” technique with small amount of
(polyisoprenyl)lithium as a capping reagent*®

Another polar additive, 1,4-diazabicyclo[2,2,2]octane (DABCO), was used with sec-
BulLi, in a molar ratio npapco/Nsec.puri = 2/1, for the polymerization of 1,3-cyclohexadiene by
Hong and Mays'®. The poly(cyclohexadienes) synthesized displayed controlled molecular
weights and smaller molecular weight distributions than the n-BuLi/TMEDA system, while
the microstructure was approximately 93% 1,4. Using this initiation system, at 20°C, the same
authors synthesized diblock copolymers of polystyrene and 1,4-poly(cyclohexadiene)
polymerizing either styrene or cyclohexadiene first (PS-b-PCHD or PCHD-b-PS). These
materials exhibited polydispersities less than 1.1 when the targeted molecular weights were
lower than 20 kg/mol and the compositions of PCHD lower than 30 wt %*". By using
trichloromethylsilane, PCHD stars with three arms [(PCHD);] as well as star block
copolymers containing PS and PCHD [(PCHD-5-PS); and (PS-b-PCHD);] were synthesized

1**. Under careful experimental conditions, fractionation with solvent/non-solvent

as wel
mixtures was possible leading to near-monodisperse materials. Miktoarm stars copolymers
with one poly(cyclohexadiene) arm and two or three poly(butadiene) arms were also prepared
using the same system and were transformed to the corresponding miktoarm stars of PCHE
and PE by complete hydrogenation®. A series of linear block co-, ter- and quaterpolymers of
1,3-cyclohexadiene with styrene, isoprene and butadiene were synthesized successfully using
either the TMEDA/n-BuLi or the DABCO/sec-BulLi initiation system by Hadjichristidis and
Mays groups. In order to minimize side reactions, they polymerized CHD in ~5°C when using
the DABCO/secBuLi system. The combined results from the molecular characterization
indicated a high degree of molecular and compositional homogeneity™. The synthesis of a
miktoarm star terpolymer of 1,3-cyclohexadiene, styrene and 2-vinylpyridine is reported also

using the difunctional initiator 1,4-bis-(1-phenylethylene)benzene (1,4-PEB) and the sec-
BuLi/DABCO initiation system’’. Further studies report the fluorination of
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poly(cyclohexadiene) homopolymers synthesized with both TMEDA/M-Buli and
DABCO/sec-BuLi systems via thermolysis of hexafluoropropylene oxide (HFPO) which
generates difluorocarbenes (:CF,). The results indicated that the optimum fluorination is
achieved, when the concentration of HFPO was 40g/L and the average fluorination time was
4-6 hours while the T, as well as the Tgecomp 0f the homopolymers increased with an increase

of the fluorination degree™.

2.5 Chemical Modifications of Poly(cyclohexadiene)

Poly(cyclohexadiene) is considered a very interesting polymer since it can lead to the
synthesis of two other significant polymers. By hydrogenation it is possible to transform it
into poly(cyclohexylene) or poly(cyclohexane) (PCHE), which consists of six-member rings
of cyclohexane directly connected in the main chain. Dehydrogenation of PCHD can lead to
the formation of poly(phenylene) (PPh), which consists of aromatic rings directly connected
in the main chain (Figure 2.5). PCHE exhibits a high glass transition temperature (T, =
231°C), which is among the highest from all hydrocarbon polymers’. Furthermore, it displays
other excellent properties such as low specific gravity (1,03 for PCHD and 0,99 for PCHE),
low dielectric constant (epcup = 2.5, €pcug = 2.3), low water absorption (< 0.01%), high heat
resistance, high transparency ( 92% for PCHD and 91% for PCHE), high flexural modulus
(4.0 GPa for PCHD and 6.1 GPa for PCHE), high UV resistance and similar refractive index
with glass (SiO,)". Dehydrogenation of PCHD with high 1,4-microstructure leads to the
formation of poly(paraphenylene) (PPP), which is a polymer with high thermal stability (Tge.
~ 660°C) and very low friction coefficient. Also PPP can be doped with AsFs becoming a
highly conductive polymer (conductivity as high as 500 S/m) leading to the use as an active
material and as an electrode of polymer batteries ",

Williamson and co-workers synthesized a series of poly(cyclohexadiene-alt-styrene)-
block-polystyrene copolymers using only sec-Buli in cyclohexane as a solvent and
chemically modified them with either hydrogenation or dehydrogenation in a controlled
fashion®. The hydrogenated copolymers exhibited improved thermal stability as expected
whereas the copolymers resulting from dehydrogenation, exhibited reduced thermal stability
in both oxygen and nitrogen environments.

Mays and Hong synthesized several star-shaped, star-block-linear and hyperbranched
poly(cyclohexadiene) polymers and copolymers with styrene through a convergent living
anionic  polymerization (CLAP) process by using (chlorodimethylsilyl)styrene,
divinylbenzene and DABCO®. The star-shaped PCHDs were chemically modified by
hydrogenation, dehydrogenation, fluorination and sulfonation in order to study the chemical
and physical properties of these materials. Fluorination and hydrogenation were found to

increase significantly the T, as well as the decomposition temperature (Tgecomp)-
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2.6 Block Copolymers

Block copolymers are polymers consisting of multiple sequences, or blocks, of the
same monomer alternating in series with different monomer blocks®’. The blocks are
covalently bound to each other leading to diblock, triblock etc. copolymers, terpolymers etc.
There are classifications based on the number of blocks they contain or how the blocks are
arranged such as di-, tri- or multi-block copolymers depending on the block number or linear,
star, hyperbranched etc. depending on the architecture. A block copolymer contains two or
more blocks (group of polymer chains) attached at their ends. Linear block copolymers are
comprised from two or more blocks in sequence, whereas, starblock copolymers are
comprised from at least three linear block copolymers attached at a common branch point. In
most cases, the different polymeric chains of block copolymers are thermodynamically
incompatible giving rise to a variety of microstructures in bulk and in solution. Therefore, the
microstructures are highly coupled to the chemical and physical characteristics of the
molecules of each block and materials with applications ranging from thermoplastic
elastomers and high-impact plastics to pressure-sensitive adhesives, additives, foams etc. can
be created. For example, thermoplastic elastomers are block copolymers of a rubbery state
(polyisoprene or polybutadiene) containing glassy hard domains (often polystyrene). This
block copolymer behaves as a rubber at ambient conditions but can be thermally treated at
relatively high temperatures due to the presence of the glassy domains that act like physical
crosslinks. In addition, block copolymers are very good candidates for potential applications
in advanced technologies such as information storage, drug delivery and photonic crystals.

Anionic polymerization is one well established technique for the synthesis of tailored
block copolymers®™. To prepare well-defined copolymers, the technique is demanding,
requiring high purity reagents and the use of high vacuum procedures to prevent accidental
termination due to the presence of impurities. Under appropriate experimental conditions®”’,
due to the absence of termination and chain transfer reactions, carbanions remain active after
complete consumption of the monomer. Such behavior leads to the formation of block
copolymers by introducing a second monomer into the polymerization mixture, which is the
simplest case. The need of combining even more properties in block copolymer systems have
directed recent advances in the synthesis of block copolymers with complex architectures,

71-74

such as miktoarm stars’'”’*, star block, H-shaped, super H-shaped’, ring-shaped copolymers”

etc.

2.6.1 Linear Diblock Copolymers (AB)
Linear diblock copolymers’ are the simplest case of copolymerization where two
blocks with different chemical structures are linked together via a common junction point.

The most common method to synthesize diblock copolymers is sequential monomer addition,
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where one of the two monomers polymerizes first and the second is added after complete
polymerization of the first, allowing to polymerize through the living macroanions of the first
block until its complete consumption. At this point a termination reagent is added and the
diblock copolymer is precipitated in a non-solvent, dried and collected.

The most important parameters that must be fulfilled in order to achieve the synthesis
of well-defined diblock copolymers are:

a) The macroanion of the first monomer must be a stronger nucleophile than the
corresponding one obtained from the second monomer in order to be able to
initiate its polymerization.

b) The initiation rate for the polymerization of the second monomer by the
macroanions of the first monomer must be higher than the propagation rate
during the polymerization of the second monomer. In this way, narrow
molecular weight distribution is ensured as well as molecular homogeneity.

c) The purity of the second monomer must be equally high with that of the first
monomer. Otherwise, macroanions of the first monomer can be partially
terminated leading to the presence of homopolymer in the final material.
Furthermore, there will be no control of the molecular weight as well as of
the composition of the second monomer (and consequently of the final
product) due to the decrease in the concentration of the active centers.

Taking into account all the above major parameters, a variety of AB diblock
copolymers has been synthesized by sequential addition of monomers. The most widely
studied diblock copolymers are those that consist of styrene and isoprene or butadiene’”’.
The styrene anionic centers can initiate efficiently the polymerization of dienes in
hydrocarbon solvents. Additionally, by using organolithium initiators, high percentage of 1,4-
microstructure is achieved for the polydienes leading to copolymers with thermoelastomeric
properties. Alternatively, copolymerization of dienes as the first block in hydrocarbon
solvents with styrene as the second block is possible by adding a small amount of polar media
(e.g THF) prior to the initiation of the polymerization of styrene. The presence of polar
reagents alters the stereochemistry and the activity of the polydiene macroanions, enabling a
fast initiation rate for the second monomer (styrene) and leading to diblock copolymers with
predictable molecular weights and narrow molecular weight distributions”

The copolymerization of styrene with other dienes, such as 2-methyl-1,3-pentadiene,
has also been investigated” leading to diblock copolymers with well defined molecular
weights, narrow molecular weight distributions and compositional homogeneity. As it has
been already mentioned, latest interest for dienes has been focused on the polymerization of
1,3-cyclohexadiene leading to several AB linear diblock copolymers of the PS-b-PCHD type
or PCHD-b-PS type, with controlled molecular weights and molecular weight distributions
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and almost complete elimination of side reactions by using polar additives (DABCO or
TMEDA). The use of polar additives for the polymerization of cyclohexadiene changes the
stereochemistry and enables a fast initiation rate for styrene leading to controlled
polymerization conditions, when styrene is used as the second monomer.

The synthesis of diblock copolymers containing styrene/styrenic monomers or dienes
(isoprene,butadiene) and (meth)acrylic monomers has been reported in the literature”. These
diblocks are synthesized by polymerizing first the styrenic monomer or the diene and then the
(meth)acrylic monomer. Polymerization of (meth)acrylic monomers requires low
polymerization temperatures (-78°C), polar solvents (usually THF)* and relatively less active
and more sterically hindered initiators in order to avoid side reactions of carboanions with the
active carbonyl group. For this reason, a non homopolymerizable reagent such as 1,1-DPE
(1,1-diphenylethylene) is usually used together with additives like LiCl, enhancing the control
of the polymerization of (meth)acrylic monomers even in higher temperatures (e.g. -30°C)"".

A large number of linear diblock copolymers containing only (meth)acrylic
monomers have been also synthesized due to the fact that there is a variety of different side
groups in this type of monomers [e.g poly(methylmethacrylate-b-poly(tert-butyl acrylate)]*’.
Depending on the desired properties, one can choose the suitable side groups on the
monomers that will be used for the copolymerization® ™.

Linear diblock copolymers containing 2- or 4- vinylpyridine and styrenic or dienic
blocks have also been synthesized in low temperatures and polar solvents in order to avoid the
attack of the anionic centers on the nitrogen atom at the pyridine ring of each monomeric unit,
therefore avoiding quaternization®™®’. Also, the nitrogen atom provides lower reactivity to the
monomer; therefore, the vinylpyridine monomers are added always second and the
propagation rate is rather fast. Furthermore, the ability to synthesize polyelectrolyte blocks
gives this kind of copolymer interesting properties and potential applications.

The synthesis of diblock copolymers of styrene and ethylene oxide has also been
reported in the literature using initiators with Na or K counteriors®>*. These materials present
unique properties due to the solubility of poly(ethylene oxide) in water and its ability to
crystallize. The C-O-Na or C-O-K centers have lower reactivity resulting always in the use of
ethylene oxide as the second monomer. Under appropriate conditions such as polar solvents
and polymerization temperatures above room temperature (~40°C to 45°C), propagation of
ethylene oxide proceeds rather slowly compared to initiation. Nevertheless, diblock
copolymers with no traces of homopolymer from the first block and narrow molecular weight
distributions can be prepared. Furthermore, a synthetic procedure involving Li reagents
initiated in the presence of strong phosphazene bases such as tBuP, has been reported” for the
synthesis of well-defined diblock copolymers containing styrene or dienes and ethylene

oxide.
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Another class of significant diblock copolymers is those containing siloxane
monomers and especially hexamethylcyclotrisiloxane. For the last few decades, siloxane
containing polymers are widely used in numerous applications leading to advanced research
on these materials as well as to their increased production. Anionic polymerization of
cyclosiloxanes has been investigated in synthesizing diblock copolymers with styrene or
dienes as the first block’'. Initiators containing Li as the counterion have been used as long as
the purity of the siloxane monomer is high enough and the back biting reactions have been

minimized by using low polymerization temperatures (-20°C)".

2.6.2 Linear Symmetric Triblock Copolymers Containing Two Different Monomers
(ABA)

Triblock copolymers, meaning polymers consisting of three block sequences of
monomers, provide a variety of different architectures since they can be comprised of either
two monomers (ABA type copolymers) or three (ABC type terpolymers). The case of ABA
triblock copolymers will be investigated. Linear symmetric triblock copolymers, containing
two different monomers arranged in such a manner where the first and the third block (outer
blocks) exhibit the same chemical nature and molecular weight while the second (middle)
block is of different chemical nature, can be synthesized by employing three procedures: a)
sequential addition of monomers, b) coupling of the living AB chains and c¢) use of a

difunctional initiator.

Sequential Monomer Addition: In this procedure, the first monomer is polymerized followed

by the polymerization of the second by simply adding the appropriate amount. After complete
consumption, an equal amount of the first monomer is added to the mixture resulting in the
synthesis of an ABA triblock copolymer’®. This technique provides a relatively easy way of
synthesizing symmetric triblock copolymers but the sequential addition of the monomers can
result in partial termination of the growing chains leading to the presence of undesirable
homopolymer A and/or diblock AB in the final product. Furthermore, it is possible that the
amount of the monomer used in steps one and three will be different, resulting in outer blocks
with different molecular characteristics (not perfectly symmetric). Additionally, the reactivity
of each monomer must be investigated and its ability to initiate the polymerization of the
other one and vice versa. This procedure cannot be applied in the case when the outer block is

a polydiene, since the second addition results in different ratios for the microstructures.

Coupling of Living AB Chains: In this technique, a living diblock copolymer of the AB type is

synthesized via sequential addition of monomers, having the same composition but half the
molecular weight of the final triblock copolymer. After this step, an appropriate coupling

agent is used, usually dichlorodimethylsilane, having two functional groups (Cl in this case)
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which can react with the living Li counteranions forming covalent bonds, resulting in the
formation of a symmetric triblock ABA copolymer. The advantage of this method is the
formation of an exact symmetric triblock copolymer with identical molecular characteristics
for the outer A blocks as well as the two step (instead of three) polymerization procedure. On
the contrary, this technique is more time consuming since the coupling of the living chains
lasts more. Furthermore, caution should be given on the stoichiometry of the coupling
reaction. For that reason, an excess of living anions is used to ensure that both groups (Cl) of
the coupling agent have reacted completely. Additionally fractionation of the final product is
needed in order to separate the undesirable products of the coupling reaction (unwanted

diblock of the AB type from the wanted ABA triblock copolymer).

Use of Difunctional Initiator: In this methodology, the symmetric triblock copolymer is

formed by using a difunctional initiator, i.e. an organometallic compound exhibiting two
anionic sites able to initiate polymerization in a two-step addition of monomers. The middle
block (B) is synthesized first followed by the polymerization of the second monomer (A).
This technique will be investigated more since it is the one that has been used for the
synthesis of the copolymers with the complex architectures of this thesis described in a
following chapter. The polymerization in polar as well as in non-polar solvents has been
reported’>”” in the literature for this technique. The most important issue in this method is the
quality of the initiator and its ability to lead in pure difunctional polymer. The chemical
structure of the initiator, the solvent and the chemical nature of the monomer used play
significant role in this approach. If the difunctional initiator cannot form pure difunctional
polymers, the final product will be a mixture of homopolymer, diblock and triblock
copolymer.

Well-defined symmetric linear triblock copolymers, with poly(butadiene) or
poly(isoprene) as the middle block and polystyrene as the outer (SBS and SIS respectively),
have been synthesized in hydrocarbon solvents using a difunctional initiator derived from 1,3-
bis(1-phenylethenyl)benzene (1,3-PEB) and Li compounds, which is a well-studied and
widely used type of difunctional initiators (DLi’s)’*">*.

Furthermore, a series of triblock copolymers with poly(butadiene) as the middle
block and methacrylic outer blocks, have been successfully synthesized by using difunctional
initiators based on the biadduct of tert-butyllithium (t-BuLi) to either 1,3-bis(1-
phenylethenyl)benzene or m-diisopropenylbenzene (m-DIB)”"'*.

Triblock copolymers with poly(isoprene) as the middle block and
poly(cyclohexadiene) as the outer blocks were synthesized in the presence of TMEDA and a

difunctional initiator derived also from m-diisopropenylbenzene (m-DIB) and Li. A multistep

seeding technique with isoprene was developed to promote the efficiency of the dillithium
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initiator. The PCHD-b-PI-b-PCHD triblock copolymers exhibited relatively wide molecular
weight distributions (I~1,5) despite the anionic polymerization techniques involved'®.

Symmetric triblock copolymers containing only methacrylic blocks, with the middle
block exhibiting low T, [poly(n-butyl acrylate) (PnBA) or poly(isooctylacrylate) (PIOA)] and
the outer blocks exhibiting relatively high T, [poly(methylmethacrylate)] have been
successfully synthesized showing interesting anti-oxidative properties'**'®.

The difunctional initiator derived from m-diisopropenylbenzene and t-BuLi has also
been used for the synthesis of ABA triblock copolymers where A was poly(4-vinylpyridine)
and B poly(butadiene)'®.

The synthesis of ABA triblock copolymers, where the middle block was poly(2-
vinylpyridine) and the outer blocks were poly(tert-butyl acrylate), has been reported by using
the difunctional initiator sodium tetraphenyldiisobutane in the presence of LiCl'”. The final
products, exhibiting narrow molecular weight polydispersities, were investigated in aqueous
solutions as a function of pH versus rheology and viscometry measurements.

Various symmetric linear triblock copolymers have been synthesized by using
difunctional initiators based on sodium, potassium or lithium naphthalene. In the early 90’s,
ABA triblock copolymers of the poly(tert-butyl acrylate)-polystyrene-poly(tert-butyl acrylate)
(PtBuA-b-PS-b-PtBuA) were synthesized by using naphthalene-Li added with Li-Cl as an
initiator for the styrene polymerization leading to final products with predictable molecular
weights and monomodal molecular weight distributions (I~1,2)”. Furthermore, by using the
same initiation system, symmetric triblock copolymers of the PMMA-b-PtBuA-b-PMMA or
PtBuA-b-PMMA-b-PtBuA type have been synthesized leading to well-defined polymers®. A
series of PEO-b-PI-b-PEO [poly(ethylene oxide)-poly(isoprene)-poly(ethylene oxide)]
symmetric triblock copolymers exhibiting a variety of block compositions and molecular
weights, have been synthesized by using sodium or potassium naphthalene as the difunctional
initiator'**. The final products had narrow molecular weight distributions while the PI block
obtained was mostly of the 3,4-microstructure (~ 60%). Triblock copolymers comprising of 2-
vinylpyridine (2VP) (middle block) and n-hexyl isocyanate (HIC) (outer blocks) were
synthesized by using the difunctional initiator Na-naphthalene'®''"’. The polymerization
temperatures were held at -78°C for 2-vinylpyridine and -98°C for n-hexyl isocyanate. The
initiation system was effective leading to well-defined final materials with narrow molecular

weight distributions.
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2.6.3 Non-Linear Copolymers of H- And Super H-Architecture

Non-linear block copolymers have attracted also the interest of polymer scientists in
an attempt to study the possible effect of macromolecular architecture on block copolymer
properties. A variety of block copolymers has been synthesized with complex
macromolecular architectures and many have proven to exhibit many interesting properties, in
many cases completely different from their linear precursors. Non-linear block copolymers
include star block, graft, miktoarm star and a variety of other complex architectures such as
graft block, H- and super H-shaped copolymers etc.

The synthetic approaches of synthesizing non-linear block copolymers via anionic
polymerization involve in many cases the combination of chlorosilane chemistry and
difunctional reactive sites. This technique has been applied for the synthesis of H- and super

H-shaped copolymers. The first attempt was reported by Roovers'"

who synthesized H-
shaped polystyrenes by wusing the difunctional initiator sodium-naphthalene and
methyltrichlorosilane (MeSICl;) as the linking agent. Later on, H-shaped copolymers were
synthesized by reacting initially PS'Li" with the same linking agent in a ratio SiCl:Li =
3:2.1'"2. In this approach, only two (2) Cl atoms are substituted reacting with the living
centers in a quantitative, fast and controlled way without the indication of undesirable
byproducts and resulting in a PS dimer with an active Si-Cl bond. The macromolecular
linking agent was then reacted in a 2.1:1 ratio with a difunctional PI chain synthesized by the

difunctional initiator derived from PEB and sec-BuLi in the presence of tert-butoxide,

forming the final H-shaped copolymer [(PS),PI(PS),] as shown in Scheme 2.5.

PS™ Lit + MeSiCli —= PS;MeSiCl

ten-OBul i
+ = —— TLiTPITLit
Benzene
(IL)

(D {excess) + (II) —= PS,PIPS;

(a)

Scheme 2.5: Synthesis reactions of a (PS),PI(PS), H-type copolymer by combining the chlorosilane

linking agent method and the difunctional polymerizable monomers method.

Super H-shaped copolymers were synthesized by first forming a difunctional
backbone of PS chain derived from the polymerization of styrene with the difunctional
initiator sodium naphthalene in a mixture of benzene/THF (1.2:1)'". The PS backbone was
then reacted with a large excess of tetrachlorosilane (SiCly) leading to a PS chain with three

(3) active sites at each end due to the existence of three (3) chlorosilane atoms. After
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removing the excess of tetrachlorosilane under high vacuum conditions, an excess of PI living
arms is added in a Li:SiCl = 6.1:1 ratio resulting in the final super H-shaped copolymer
[(PI);PS(PI);]. The excess of arms was eliminated by fractionation in a solvent/non-solvent

system (toluene/methanol) and the pure final product was received.
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CHAPTER 3
Physical Properties of Block Copolymers

3.1 Microphase Separation of Linear Diblock Copolymers

Block copolymers consist of incompatible polymer segments which are chemically
connected to each other with covalent bonds. Copolymers depend on the value of the Gibbs
free energy (AGy), for the simplest case which is the mixing of two chemically different

homopolymers, which is given by the following equation:

AG,, =AH,, -TAS,, (3.1)
where AHy and ASy are the enthalpy and entropy of mixing, respectively. For the phase
separation of a linear diblock copolymer, the final free energy F is given by the following
equation:

kiT = XanfPafs + (j\j]_/;] 1n(¢A) + [f\jf_ij 1n(¢B) (-2)

where ¢, and ¢, correspond to the volume fraction of block A and B respectively, N5 and

Np is the degree of polymerization of block A and B respectively which is proportional to the
molecular weight and y is the interaction parameter Flory-Huggins between A and B polymer

segments. The first two factors, ¢ and N, are related to the composition of the copolymer and

affect the entropy of mixing while y is a parameter related to the enthalpic interaction of the

blocks and is inversely proportional to the temperature according to the equation:
y=aT '+ (3.3)

where a and B are non-unit constants depending on the ¢ and N values. It is easily

understood, from equation 3.2, that entropic interactions are related to N’ and enthalpic
interactions are related to y, while y << N, resulting in a phase separation dependence on the
xN value.

Thermodynamics of block copolymers depend also on the fact that chains tend to
maintain their unperturbed dimensions. The entropic interactions enhance the mixture of the
polymeric phases while the enthalpic interactions promote their separation. Consequently, the
mechanism of phase separation in linear block copolymers depends on the following
parameters:

a) The interaction parameter y.
b) The total degree of polymerization N.

¢) The volume fraction ¢.
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At the equilibrium state, polymer chains tend to form such shapes that the total free
energy of the system is minimized. When the interaction parameter y is decreased (e.g. by
increasing the temperature) the junction points between A and B blocks are less favored. If
the value of the degree of polymerization N is relatively high, then the junction points of A
and B blocks are even less favored leading to the decrease of the chain conformation entropy.
The result is that the chains do not maintain anymore their unperturbed dimensions and the
enthalpy requirement for minimizing the junction points between dissimilar chain segments

leads to a local phase separation which is called microphase separation (Figure 3.1).

Disorder

¢ Junction points

Figure 3.1: Ordered state (left) and disordered state (right) of a symmetric linear diblock copolymer.
The ordered state consists of separated microphases of the two components with the junction points

located on the interface.

In the case where y or N decreases significantly, the entropic factors become greater
than the enthalpic factors leading the system to the disordered state. The change related to a
transition from a disordered state to a microphase ordered state is called order-disorder
transition (ODT) and the temperature where this change happens is called microphase

separation temperature or order-disorder temperature (Topr). For a symmetric copolymer (¢,

= ¢, = 0.5) with two symmetric blocks, the order-disorder transition is observed for yN~10.5,

which has been verified experimentally and from theoretical calculations.

The separated microphases assemble forming various structures. The morphology
that will be adopted by the polymeric melt, when it is microphase separated, is determined by
the entropic and enthalpic factors adjusting the free energy value. The enthalpic term is
related to the interaction energy and favors the minimization of the interface size which
separates the two different blocks. The entropic term is related to the extension energy of the
chains and favors chain conformations at both sides of the interface. The adopted morphology
of the copolymer at the equilibrium state is a result of the combination of these entropic and

enthalpic terms. For a symmetric diblock copolymer (¢, = @, = 0.5), the chains from both
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sides of the interface will have almost the same size (which means that they will have similar

conformation) leading to alternating lamellar formation. While the asymmetry between the
blocks from both sides of the interface is increased (¢, > 0.5, ¢, < 0.5), the asymmetry
between the chain size is also increased resulting in the formation of more curved interfaces

towards the block with the lowest content (@, ) (Figure 3.2)

Figure 3.2: The effect of the asymmetry of the blocks on the interface curving in a diblock copolymer.
The more asymmetric the macromonomer is, the larger the curving of the interface becomes. The

overall morphology of the system depends on the local curving of the interface.

At the beginning of the microphase separation, the system goes through the ODT to
the weak segregation limit (WSL) when yN ~ 10.5. At the weak segregation limit, the
thickness of the interface is not small but significant enough, due to the high mixing of the
two blocks and the macromolecular conformations are similar to the unperturbed dimensions.
The other regime is the strong segregation limit (SSL) for cases in which yN > 100, where the
interactions between the asymmetric blocks are so strong that the chains are almost
immediately separated in homogenous microdomains with very thin interfaces. Each
microphase contains only one of the two components and by moving from one microphase to
another there is a sharp change of the composition. It is important to emphasize that the
dimensions of the intermediate surface at the strong segregation limit are negligible in
contrast with the case of the weak segregation limit. Consequently, the enthalpic term of the
free energy is related only to the area of the interface since this is the domain where the
junction points between the two different blocks are located. The enthalpic term is
significantly reduced by the stretching of the chains away from the interface (the
macromolecular conformations are far from the unperturbed dimensions resulting in absolute

absence of mixing between the blocks. The third regime is the intermediate segregation limit
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(ISL) ranging between the two already mentioned above. Each regime is discussed separately

in the following paragraphs.

3.2 Strong Segregation Limit (SSL)
Many theories were developed in order to describe the strong segregation limit. The

114

first one was introduced by Meier * who estimated that the width of microphase A (D,) scale

with the molecular weight according to the equation:
Dy~ (N;+ Np)*~N?> (3.4)

Other theoretical studies followed and two of the most important are described below.

115-11 . .
17 Wwho introduced a self-consistent

The first was developed by Helfand and Wasserman
field theory with three principal contributions to the free energy: a) contact enthalpy between
the A and B microdomains at the interface, b) minimization of entropy due to the stretching of
chains and c) confinement entropy due to the localization of the junction points at the
interface. Their result for the microdomain thickness was:

d~aN%" (3.5

with & ~ 9/14 and v = 1/7. The second theoretical study was developed by Semenov'"® who
estimated the free energy in the asymptotic limit arguing that polymer chains are strongly
stretched. This situation resembles grafted polymer brushes and surfactant interfaces and
estimates that the microdomain size in the asymptotic limit is given by the following

equation:

d~ a]\[2/3)(1/6 (3.6)

Equation 3.6 predicts a strong dependence of the microdomain size on N and a weak
dependence on y. Since there is weak dependence of the interaction parameter y, the
experimental verification of this equation was a difficult task, however experiments in
symmetric diblock copolymers''® have shown a weaker dependence as d ~ N *°, for yN > 29,
with a bizarre N-dependence (d ~ N *%) at weaker segregation, implying that this SSL
predictions that d ~ N** are only correct for yN > 100.

3.3 Weak Segregation Limit (WSL)

This is the regime where most of the experiments are made, when yN is slightly larger
than 10.5. Leibler'”’ was the first who considered a monodisperse linear diblock copolymer
(AB) with equal monomer volumes and statistical segment lengths (as = ag). The conclusion

was that the morphological behavior is related to the interaction parameter y, the degree of
polymerization N and the volume fraction ¢ , which is a fraction of the copolymer molecular

composition f, according to the equation:
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¢A _ fAdA

=S4 37
Fudy + fd

where ¢, is the volume fraction of block A, d and dg are the densities of A and B blocks

respectively and f, and f are the molecular fraction values of A and B blocks respectively.
The molecular fraction of block A is given by the following equation:
Mn,A

fA =
Mus+Mup

(3.8)

The phase diagram obtained is shown on Figure 3.3. As it can be observed from the

phase diagram, the phase limits are more curved with the volume fraction as the segregation
becomes weaker. For a symmetric copolymer with volume fraction ¢ = 0,5 the order-disorder

transition is predicted that is happening when yN = 10.495, where a second order transition
from the disordered phase straight to lamellar domains occurs. For a specific range of
compositions and yN values larger than 10.5, for systems exhibiting large asymmetry between
the two blocks, Leibler predicted that at the ODT the system undergoes a first order transition

from the disorder phase to a body centered cubic (bcc) sphere phase.

| Disordered
G T . T % T | T 3 T ¥ T T T

02 03 04 05 08 07 08
f

Figure 3.3: Theoretical phase diagram for linear diblock copolymers within the mean-field theory
assuming equal monomer volumes and statistical segment lengths for the two blocks. On this phase

diagram, f corresponds to the volume fraction'".

By further increase of yN at specific volume fractions, and by using the mean-field
theory (MFT), the system undergoes a transition to hexagonally packed cylinder (hpc) phase
and then to lamellar phase. Mayes and Olvera de la Cruz'*' using the Hartree approximation
resulted in the following equation:

(xN)opr = 10,495 + 39,053 N (3.9)
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As it can be concluded and in contrast with strong segregation limit theory where d ~

N??, at weak segregation limit theory the microdomain size (d) is analogous to N 2.

3.4 Intermediate Segregation Limit (ISL)
The previously reported approaches from Helfand, Leibler and Semenov were very
successful in predicting the three classical phases but failed to account for the more complex

122
ones. Matsen

showed that a self-consistent field theory (SCFT) results, at intermediate
segregation, in more complex structures as it can be observed by the phase diagram given in
Figure 3.4. The most important aspect of this phase diagram is the existence of a new phase,
the double gyroid phase, in addition to the usual lamellar, hexagonal and spherical phases

predicted from Leibler’s work.
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Figure 3.4: Mean field phase diagram within the SCFT approximation for conformationally symmetric
diblock copolymers where f = volume fraction. The differences with Leibler’s MFT phase diagram
(Fig. 3.3) are notable. The phases are: L: lamellar, C: hexagonally packed cylinders, S: spheres
packed in a bee lattice, G: bicontinuous Ia3d cubic (double gyroid), Scp: closed packed spheres'®.

The SCFT predicts for intermediate segregation the sequence of lamellar-gyroid-
hexagonal-spheres-disordered phases as ¢ progresses from 0.5 to 0 or 1. Both perforated

lamellar (PL) phase and ordered bicontinuous double diamond (OBDD) phase are absent

from the diagram because they were found to be relatively unstable.
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3.5 Conformational Asymmetry

At 1997 Matsen and Bates'” suggested, through SCFT calculations, that
conformational asymmetry ({) plays a significant role to the order-order and order-disorder
phase boundaries. By compiling the free energy values found for classical and more complex
diblock copolymers, very interesting phase diagrams were produced corresponding to the
cases where as/og = 1.5 and as/og = 2 (Figure 3.5). The main effect of conformational
asymmetry is to shift the phase boundaries towards compositions richer in the blocks
exhibiting the higher stiffness. This asymmetry has been attributed to differences in monomer
volume and in chain flexibilities of the blocks, leading to an overall conformational

asymmetry described by equation 3.10.

Figure 3.5: Phase diagrams for linear diblock copolymers with different conformational asymmetries
within the SCFT with f = volume fraction. Top: ay/ag = 1,5; Bottom: ay/ag = 2: The ordered phases are

L (lamellar), G (gyroid), C (hexagonally packed cylinders), S (spheres in bee lattice), and Scp (spheres

in fee lattice)'™.

_an/6u,

e (3.10)

- a; /6u,
where u is the statistical segment volume and a the statistical segment length. As it can be
easily observed from Figure 3.5, the conformational asymmetry has a greater impact on the
order-order transitions (OOT) than on the order-disorder transitions (ODT) producing larger
shifts. The larger shifts in the OOT can be explained from the fact that as as/ap increases, the

A blocks become easier to stretch, while the opposite happens for the B blocks. The interface
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acquires the tendency to curve towards the A blocks, while allowing the B blocks to relax at
the expense of A blocks. At a certain composition ¢,, the lamellar phase will tend to

transform to the hexagonal one where cylinders of A blocks will be embedded in a matrix of
B blocks. This tendency causes the OOT to shift towards the larger A-block volume fractions.
On the other hand, the effect of conformational asymmetry on the ODT is much smaller. For
example, disordering from spherical structure formed by A block requires a thermal energy

applied on the blocks forming the spheres which is approximately yN¢,, thus independent of

the statistical segment lengths o, and og. Therefore, the ODT is relatively unaffected by the
conformational asymmetry. Apart from the differences on the phase state, conformational
asymmetry strongly affects the relative domain spacing between structures along their

boundaries. This is expected to affect the kinetics of the respective order-to-order transitions.
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Figure 3.6: Phase diagrams for linear ABA triblock copolymers with t = 0.25 (left) and © = 0.5 (right)

and f = volume fraction.

Milner showed also that chain architecture plays a significant role in the

morphological behavior of block copolymers'**

. More specifically, he showed that for a
specific volume fraction (e.g ¢ = 0.4), and assuming elastically symmetric blocks, diblocks
(ny = ng = 1) would form lamellae, Y polymers (ny = 2) would form cylinders and ¥
polymers (ns = 3) would form spheres. The mean-field theory (MFT) approach proposed by
Leibler was also used by Mayes'> to predict phase diagrams for ABA triblock copolymers.
The calculated phase diagrams are shown in Figure 3.6 for two ABA triblocks with T = 0.25

and T = 0.5, where t is a symmetry parameter (t = ¢, /¢, with the cases of T=0 and 1t = 1

corresponding to a diblock phase). These triblock phase diagrams are highly asymmetric due
to the high deformation of the central B blocks in order to accommodate the outer A blocks
into their domains. Increasing t creates important differences for each morphology at a given

composition. For example, at ¢= 0.5, a diblock copolymer goes for the disordered state
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directly to the lamellar, while for an ABA triblock copolymer for t = 0.25 at the same
composition, there are large areas with BCC and hexagonal cylinder phases. For more

symmetric triblock copolymers, these domains become narrower.

3.6 The Known Phase Diagrams of Diblock Copolymers
The most investigated systems in bulk of diblock copolymers are the poly(isoprene)-
b-polystyrene and poly(ethyleneoxide)-b-poly(isoprene). For the first case 16 samples were

synthesized while for the second case 25 samples were synthesized.
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Figure 3.7: Equilibrium morphologies experimentally observed for linear diblock copolymers of the
PI-b-PS type and corresponding phase diagram. The dashed line gives the spinodal line from Leibler’s

MFT, where f=volume fraction'*.

For the PI-b-PS phase diagram (Figure 3.7) the morphologies that were observed are
the following:

e Spheres of the minority component arranged in a body centered cubic (BCC) lattice
in a matrix of the majority component (Im3m).

e Hexagonally packed cylinders of the minority component in a matrix of the majority
component (HEX).

e Double gyroid, where two independently interpenetrating and not interconnected
bicontinuous networks of the minority component are formed in a matrix of the

majority component (la3d).
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e Hexagonally perforated layers (HPL — not equilibrium).

e Alternating lamellae of the two components (LAM).

As it can be observed, the phase diagram is asymmetric around ¢= 1/2. Furthermore,

the gyroid face is stabilized for a significant range of compositions and yN values, ranging
from 0.35 to 0.40 and from 0.64 to 0.69. For the second volume fraction this order-order
transition occurs also for a limited range of yN values.

For the PEO-b-PI phase diagram (Figure 3.8), which is constructed by 25 samples,
five ordered phases have been identified based on their scattering, TEM and viscoelasticity
results: crystalline lamellar (L), amorphous lamellar (lam), spheres in a bcc lattice, cylinders
packed in an hexagonal structure (hex) and finally the gyroid phase (shaded areas). In

addition a perforated lamellar structure was observed but found to be unstable.

Figure 3.8: Equilibrium morphologies observed for linear diblock copolymers of the PEO-PI type,

where = volume fraction.

This phase diagram allows order-order transitions between hexagonally packed
cylinders and gyroid phases for 0.38 < ¢, , < 0.46 and between lamellar and gyroid phases
for 0.66 < @,,,< 0.7. It is easily understood that there is a correlation of the phase asymmetry

with the conformational asymmetry parameter (. The higher the value of ¢, the more
asymmetric the phase diagram (it has been calculated that = 2.7 for the PEO-b-PI system).
Nevertheless, the high asymmetry does not seem to affect the gyroid phase which is present

for both ¢ < 1/2 and ¢ > 1/2 and also stabilized for a wide range of f'and yN values.
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CHAPTER 4

Instrumentation and Theory of Molecular Characterization and

Thermal Analysis

4.1 Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) or gel permeation chromatography (GPC) is
one of the most dynamic and most used methods for molecular characterization of polymers
in a laboratory and industrial scale'”’. The main reasons which make this method so widely

used are the simplicity, the fast rate of its analytical potential and the ability to estimate the

w

molecular weight distribution (] = % ) as well as the number and weight average

n

molecular weights (Mn and M. respectively). Furthermore, it is also used for monitoring
the progress of synthesis reactions such as linking reactions.

The main parts of size exclusion chromatography are: a) a reservoir of pure solvent,
b) a high pressure isocratic pump, ¢) a sample injection port, d) columns with porous material
(at least 3), e) UV and RI detectors, f) a recording system and g) a waste disposal reservoir. In

Figure 4.1 is a typical schematic scene of a size exclusion chromatography set-up is

presented.
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Figure 4.1: Schematic of a size exclusion chromatography set up.

The solvent that is mainly used is tetrahydrofuran (THF). Chloroform is used as well
as dimethylformamide for high temperature GPCs and distilled water for water soluble
polymers. Volumes (5-50 %) of triethylamine or pyridine are also used in mixtures with THF.
The pump secures stable flow of the solvent as well as high and stable pressure in order to
drive the solution throughout the columns. Separation columns are the most important part of

the instrument. One column with different pore size areas or many columns connected in
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series with a wide variety of pores (500-10°A) may be used. Columns of crosslinked
polystyrene with well-known pore size or specially treated silica gel are applied for organic
solvents. The separation procedure of an ideal polymer mixture consisting of two sizes of
macromolecules is presented in Figure 4.2. In the first frame, the sample is shown
immediately after injection at the top of the column. The liquid mobile phase (e.g. THF) is
passed through the column at a fixed flow rate, setting up a pressure across its length. In the
next frame, the sample polymer molecules pass into the column as a result of this pressure.
The smaller macromolecules are able to penetrate the pores as they pass through the column
but the larger ones are too large to be accommodated and remain mainly in the space between
the pores, as shown in the third frame. The smaller molecules are only temporarily retained
and flow down the column until they encounter other pores to enter. The larger molecules
flow more rapidly down the length of the column since they cannot reside inside most of the

pores. Finally the two molecular sizes are separated completely as shown in the fourth frame.
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Figure 4.2: SEC separation of two macromolecular sizes: 1) sample solution before entering the

column, 2) sample solution upon the head of the column, 3) size separation begins, 4) complete

. 127
resolution *'.

The detectors used in this equipment can vary and they all must be very accurate and
sensitive in order to respond to the dissolved polymer. The most common type is the
differential refractive index detector (DRI). It senses differences in refractive index between
the sample solution and a static reference of the mobile phase (solvent) using a split cell. It
responds well, at a moderate concentration level, to most polymer samples, provided that they
are different in refractive index from the solvent in which they are dissolved. It is generally
assumed that the response of the DRI is equally proportional to polymer concentration in all
molecular weight regimes. Unfortunately, this assumption does not stand at low molecular
weights (less than several hundred monomer units) at which the polymer end groups represent

a non-negligible portion of the molecular mass and change the refractive index of the
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material. Other common types of detectors are the ultraviolet (UV) and infrared (IR)
detectors. The IR detector is slightly more sensitive than the DRI detector while the UV
detector is several orders of magnitude more sensitive. The last is most commonly employed
for polymers containing aromatic rings or for calculating the molecular fraction of the
segment in a copolymer as long as one of the chains absorbs in UV wavelength (e.g. PS with
A =269nm). Detectors of laser light scattering (dual angle - DALLS, low angle - LALLS etc.)
are also employed providing accurate results for the weight average molecular weight, the
radius of gyration and the second Virial coefficient (A;). It is easily understood that
depending on the detector employed, one can estimate with great accuracy the molecular
characteristics of a polymer.

Size exclusion chromatography is an indirect method of molecular weight
characterization, which means that calibration is required in order to monitor the elution
volume time of novel monodisperse polymers with well-known molecular weights (e.g.
polystyrenes). The elution volume of each macromolecule of the polymer is given by the

following equation:

V,=V,+ K.V, (4.1)

sec

where V| is the void volume or total exclusion volume which is the volume of the column that
is not occupied by any porous material, K. is the ratio of the concentration i of the
macromolecule in the pores to the concentration of the macromolecule in V, and Vg is the
total volume of all pores. For macromolecules that cannot flow down the column it is known
that V. = V; (K. = 0) while for macromolecules that can reside inside all of the pores the
value of V. equals to V, + Vg (K. = 1). In these two situations, the macromolecular
separation is not successful and the columns must be replaced. Macromolecular separation is
applied when 0 < K. < 1 for all the macromolecular chains. Consequently, the pore size of
the column material is a very significant parameter for the effective and needed separation of
the various types of macromolecules. The pores size should be similar to the size of the
macromolecules in the solution and the column material should exhibit quite high overall pore
volume, usually 0.5 < Vg / V< 1.65. Therefore, in order to separate the polymer samples in a
wide range of hydrodynamic volume, either a series of columns each one covering a different
molecular size or columns connected in series with variable pore size should be used.
Calibration of the instrument can be performed by using novel polymers, meaning

polymers with well-known molecular weight and narrow molecular weight distribution

(Aiw <1,05). Depending on their hydrodynamic volume, these novel polymers will elute at

n

different elution volumes resulting in the calibration curve described as logM = f(V.) where

M is the molecular weight per sample (M,..) and V. the elution volume. It can be easily
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understood that macromolecular separation is directly associated with hydrodynamic volume

of the polymer, which is given by the following equation:

CV, =[nM = c1><§2>3/2 4.2)

1/2
where Vy, is the hydrodynamic volume, [n] is the intrinsic viscosity, <S > is the mean

square root of radius of gyration of the polymer chain and C and ® are constants. Therefore, it
can be easily understood that [n]M is proportional to the hydrodynamic volume. This product
versus elution volume [log([n]M) = f(V.)] for a number of chemically and architecturally
different polymers was investigated under identical SEC conditions and it was concluded that
all points lie on the same calibration curve. This calibration curve was established as universal

for all polymer types studied'?’.

4.2 Proton Nuclear Magnetic Resonance (lH-NMR) Spectroscopy

Proton nuclear magnetic resonance spectroscopy, commonly referred to as 'H-NMR,
is one of the most versatile tools for characterizing molecular structure, and its application to
polymer solutions has provided qualitative and quantitative information concerning these
materials'*®. Although larger amounts of sample are needed than mass spectroscopy, NMR is
non-destructive, and with modern instruments much information can be obtained from
samples weighing less than a milligram.

The nuclei of many elemental isotopes have a characteristic spin (I). Some nuclei
have integral spins (e.g. [ = 1, 2, 3...), some have fractional spins (e.g. | = 1/2, 3/2, 5/2...),
and a few have no spin, [ = 0 (e.g. 12¢, 190, 32S...). Isotopes of particular interest are 'H, B¢,
F and *'P, all of which have I = 1/2. The nucleus that has been widely used and studied in
NMR is that of the hydrogen atom (proton).

The following features lead to the NMR phenomenon:

1. A spinning charge generates a magnetic field. The resulting spin-magnet has a
magnetic moment (W) proportional to the spin.

2. In the presence of an external magnetic field (B,), two spin states exist, +1/2 and -1/2.
The magnetic moment of the lower energy +1/2 spin state is aligned with the external
field while that of the higher energy -1/2 spin state is opposed to the external field.

3. The difference in energy between the two spin states is dependent on the external
magnetic field strength and is always very small. At a field equal to B,, a formula for
the energy difference AE is given (I = 1/2):

AE=uB,/1 (4.3)
Strong magnetic fields are necessary for NMR spectroscopy. The earth’s magnetic

field is not constant, but is approximately 10* Tesla at ground level. Modern NMR
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spectrometers use powerful magnets having fields of 1 to 20 T (Figure 4.3). Even with these
high fields, the energy between the two spin states is less than 0.1 cal/mol. For NMR purposes
this small energy difference (AE) is usually given as a frequency in units of MHz (10°Hz),
ranging from 100 to 900 Mz for proton nuclei and depending on the magnetic field strength
(Figure 4.4). Irradiation of a sample with radio frequency (rf) energy corresponding exactly to
the spin state separation of a nuclei will cause excitation of this nuclei in the +1/2 state to the

higher -1/2 spin state.

Figure 4.3: 900 MHz, 21.2 Tesla NMR magnet.
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Figure 4.4: Proton spin energy differences (AE) for a range of magnetic field strength (By).

In order to obtain a good NMR spectrum, except from the external magnetic field,
homogeneity of the opposing local magnetic field near the sample is also required, which
means that the same power of magnetic field must be applied on the sample. This secondary
local field generates from the movement of the charged electrons responding to the external
magnetic field (By). Furthermore, this field shields the nucleus from the applied field, thus By

must be increased in order to achieve resonance (absorption of radio frequency energy). The
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increase is very small though and it is usually referred to as in units of parts per million
(ppm). Instead of designating a range of NMR signals in terms of magnetic field differences,
it is more common to use a frequency scale, even though the spectrometer may operate by
changing the magnetic field. Most organic compounds exhibit resonances that fall within a 12
ppm range and it is therefore necessary to use very sensitive and precise spectrometers.
Unlike IR and UV spectroscopy, where absorption peaks are uniquely located by a
frequency or wavelength, the location of different NMR resonance signals is dependent on
both the external magnetic field and the radio frequency. Since no two magnets will have
exactly the same field, resonance frequencies will vary accordingly and an alternative method
for characterizing and specifying the locations of the NMR signals is needed. The method of
solving this problem is to report the location of an NMR signal in a spectrum relative to a
reference signal from a standard compound added/or not to the sample. In the case of the
external standard compound the advantage of not reacting with the sample is very important,
since it lies in a different capillary tube, but the main disadvantage is that its magnetic
susceptibility is different from that of the sample. In the case of a reference standard added in
the sample, the magnetic susceptibility for both the reference standard and the sample is the
same but care should be taken for the reference standard to be chemically inactive. Also it
should be easily removed from the sample after the measurement and it should contain only
one type of magnetic nuclei as well as large number of nucleus in order to give a single sharp
NMR signal that does not interfere with the resonances normally observed for organic
compounds. Tetramethylsilane, (CH;),Si, usually referred to as TMS, meets all these
requirements and has become the reference compound of choice for proton NMR. Since the
separation of NMR signals is magnetic field dependent, one additional step must be taken in
order to provide a clear location unit. To correct the frequency differences from the field
dependence, they are divided by the spectrometer frequency (e.g. 100 MHz) resulting in
numbers that are very small (e.g. 2.15 for 215 Hz frequency difference). This operation gives
a locator number called chemical shift, having units of parts per million (ppm) and is
designated by the symbol 6. In order to take the NMR spectra of a solid, it is usually
necessary to dissolve it in a suitable solvent. This solvent must be deuterated in order to avoid
extremely sharp resonances of the solvent. Commonly used solvents are chloroform-d

(CDCLs3), acetone-ds (CD3;COCDs) and DMSO-dg (CD3SOCD;).

4.3 Membrane Osmometry (MO)
Determining the average molar mass of polymers is of considerable importance since
the chain length is a controlling factor in the evolution of solubility, elasticity, fiber formation

and mechanical strength properties. Membrane osmometry (MO) (Figure 4.5) is an absolute

method for determining the number average molecular weight of polymers (Mn) as well as
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the second Virial coefficient (A,), which means that no calibration with samples of known
molecular weight is needed such as in size exclusion chromatography. This technique is
useful in several molecular weight ranges (10.000-500.000 g/mol) and depends on the change

in osmotic pressure from polymers in solution.

Figure 4.5: [llustration of the membrane osmometer (Gonotec Osmomat 090) at the UOI Polymers
Laboratory.

In membrane osmometry, the solvent is separated from the polymer solution by a
semi-permeable membrane which is tightly held between two chambers as exhibited in Figure
4.5. One chamber is sealed by a valve with a transducer attached to a thin stainless steel
diaphragm which permits the measurement of pressure in the chamber continuously. The
solvent chamber is filled with pure solvent and is isolated from the atmosphere except from
the solvent passage through the membrane while the solution chamber is left open to the
atmosphere. The solution cannot flow towards the pure solvent in this case but the solvent can
flow through the membrane (that is the reason to use semi-permeable membrane). The
chemical potential of the solvent is much higher than that of the solution and therefore there is
a tendency for flow to occur from the solvent through the membrane to the polymer solution.
Since the solvent is permitted to flow through the membrane, a change in concentration
causes the solvent to diffuse to the solution side of the chamber. As this occurs, the pressure
of the solvent decreases until the pressure difference across the membrane just counteracts the
chemical potential difference caused by the solution. This pressure reduction which is
required in order to equilibrate the chemical potential on both sides of the membrane is
considered as the osmotic pressure. The osmotic pressure is related to the change in chemical

potential by the following equation:

(m-m;") =V, p (4.4)
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where m, is the chemical potential of the pure solvent, m; the chemical potential of the
solvent in solution, V; the molar volume of solvent in solution and p the osmotic pressure.
Examining the osmotic pressure in terms of the free energy of mixing phenomena, the change
in chemical potential can be related to the polymer molecular weight by substitution of the

above equation into the following:
(m-m’) =R T[c;Vi/My+n?(1/2-¢)) )] (4.5)

where M, is the molecular weight of the polymer, n, is the partial specific volume of the
polymer, c; the interaction parameter and ¢, the solution concentration. The relationship
between the molecular weight and the osmotic pressure is then given by the following

equation:
p/c=RT/M+RTn?/V,(1/12-¢)) ¢, (4.6)

The first term of this equation is the Van’t Hoff expression for osmotic pressure at
infinite dilution. The second term is the deviation from ideal behavior of the polymer solution
and is related to the second Virial coefficient. The relationship between the second Virial

coefficient and the interaction parameter c; is illustrated by:
A,=RTn,/ V(172 -¢)) 4.7)

When the interaction parameter c; is equal to 1/2 and the second Virial coefficient is
zero, then the osmotic pressure is governed by the ideal solution law. Experimentally, in
calculating the molecular weight, osmotic pressure must be measured at several different
concentrations. The factor p/c, is determined for each concentration and plotted p/c, versus c,,
extrapolating the concentration to zero. The slope of the resulting graph is the second virial

coefficient and the molecular weight is calculated by the intercept.

4.4 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry or DSC is a thermo-analytical technique in which a
physical property of the sample is monitored as a function of temperature, while the sample
and the reference undergo a thermal treatment, heating or cooling. It is widely used in
laboratory and industrial scale as a quality control instrument due to its applicability in
evaluating sample curing and also for polymer curing.

In differential scanning calorimetry two capsules made by Al;O, are placed in a
thermal insulated cell of the instrument. The reference capsule remains unchanged during
thermal treatment since it is empty, which means that the reference compound is air. The
second capsule contains the sample. Both capsules are thermally treated, independently, in

order for the temperature to be exactly the same. When a physical transformation occurs,
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more or less heat flow will need to flow in the sample than the reference in order to maintain
both at the same temperature. Whether less or more heat must flow in the sample depends on
whether the process is exothermic or endothermic. When the sample undergoes an
endothermic phase transition (e.g. melting), it absorbs heat and as a result more heat flow is
required to the sample to increase its temperature at the same rate as the reference. Likewise,
when the sample undergoes an exothermic phase transition (e.g. crystallization), it releases
heat and as a result less heat flow is required to increase its temperature at the same rate as the
reference. By monitoring the difference in heat flow between the sample and the reference,
differential scanning calorimeters are able to measure the amount of heat absorbed or released

during such transitions. A typical thermograph is shown in Figure 4.6.

heat
flow

Tg Te ETm
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Figure 4.6: DSC thermograph of a sample exhibiting three transformations, glass transition (Tg),
crystallization (T,) and melting (T,,).

Each thermograph can provide information about the glass transition (T,), the melting
temperature (T,) and the crystallization temperature (T.) of a material. Melting and glass
transition are endothermic transitions and crystallization is an exothermic transition.

The glass transition temperature is referred to amorphous polymers or semicrystaline
polymers with amorphous regions and is the temperature where a reversible transition occurs
from an amorphous, hard and relatively brittle state into an elastomeric, rubber-like state. The
transition from the glassy state to the elastomeric state is endothermic and it is not considered
a phase transition. Glass transition is still under continuous research whether some phase
transition is underlied within. In the amorphous state, partial movements of parts of the
polymer chains in a large scale are difficult to occur. By heating the amorphous material up to
the glass transition temperature, the sectional movements of the polymer chains are activated
and this transition is monitored and expressed via a characteristic curve in the DSC
thermograph (Figure 4.5).

Differential scanning calorimetry may provide useful information about the glass

transition temperature of block copolymers also. For a diblock copolymer, if two glass
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transition temperatures exist, similar to the glass transition temperatures of the corresponding
homopolymers, then the two different blocks are considered well separated. If three different
glass transition temperatures exist (two close in value with the corresponding homopolymers
and one somewhere in between), then the two phases are weakly separated due to partial
mixing. Finally, when only one glass transition temperature appears between the glass
transition temperatures of the two blocks, it normally means that there is a homogenous
mixture of these two components with no phase separation or that the two blocks exhibit glass

transition at identical temperatures as in this study (e.g. PS-PCHD diblocks).
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CHAPTER §

Instrumentation and Theory of Morphological Characterization

5.1 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM)'**"*° is a technique where an electron beam
is used in order to magnify sample images. This requires operation in vacuum since air
scatters electrons. The main advantage of using electrons instead of light is that they provide
at least three (3) orders of magnitude increased resolution since they are smaller than atoms.
The resolution provided by a visible-light microscope is approximately 200nm, while for an
electron microscope it can go down as low as 0.1lnm or lower. Many of the features that
control the properties of materials are on a scale well below 200nm, therefore, there is a need
in nano/materials science and engineering to image details, all the way down to the atomic
level, in order to understand and ultimately control the properties of materials. In electron
microscopy, the sample is exposed to an electron beam and through the interaction of the
electrons with the sample, information for its structure are received. Electron microscopes are
available for microscopic polymer analysis since 1940 where Knoll and Ruska first proposed
the idea for which the latter received the Nobel Prize in Physics at 1986, shortly before his
death in 1988.

Transmission electron microscope is a powerful instrument for studying the structure
of biological and polymer materials. The potentials of this technique are not limited only to
high resolution images, but also to the creation of small diameter domains for studying local
changes of the chemical composition or the crystalline structure which can be verified via
spectroscopy or scattering techniques respectively. Nevertheless, in order for the electron
beam to penetrate the sample as well as to secure restricted inelastic scattering (resulting in
better images), the sample is required to be quite thin regardless its type.

The operating principle of TEM is based on the fundamental principles of optics.

According to De Broglie, the wavelength 4 of electrons is equal to:
A=h/mv (5.1

where / is the Plank constant, m the electron mass and v its velocity. Observing equation 5.1,
it is obvious that the wavelength of electrons can be decreased by increasing their velocity. It
is easier to think of the image resolution for TEM studied in terms of the classic Rayleich
criterion for visible-light microscope (VLM), which states that the smallest distance that can

be resolved, J, is given approximately by the equation:

0=0.61 4/ nsina (5.2)
where 4 is the wavelength of the radiation, » the refractive index of the viewing medium and a

the semi-angle of collection of the magnifying lens. For the sake of simplicity, # sin a (which
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is also called numerical aperture) can be approximated to unity resulting in a significant
dependence of resolution with the wavelength of the radiation. Combining equations 5.1 and

5.2 and the above approximation, the following equation is concluded:
A=122/E" (5.3)

where E is the electron energy in electron volts (eV). The wavelength of light is
approximately 0.4nm-0.7um while for an electron with £ = 100kV it is almost 0.004nm,

which is much smaller than the diameter of an atom.
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Figure 5.1: Cross section scheme of a typical TEM instrument.

In reality, the resolution of TEM is limited due to the spherical aberration of electron
lenses but a new generation of aberration correctors has been able to partially overcome this
drawback in order to increase resolution. Hardware correction of spherical aberration for the
high-resolution transmission electron microscopy (HRTEM) has allowed the production of
images with resolution below 0.5 angstrom (50 picometers) and magnification above 50
million times. The general set up of a TEM is similar to that of a VLM. The only difference is
that the lenses are coils. A cross section of a TEM is given in Figure 5.1.

The transmission electron microscope consists of two basic parts, the illumination

(Figure 5.2) and the image projection systems (Figure 5.3). The illumination system
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comprises from the gun and the condenser lenses and its role is to take the electrons from the
source and transfer them into the specimen. The electron gun is normally fitted with a
tungsten filament cathode as the electron source. The electron beam is accelerated by an
anode typically at 100-200 keV, while advanced TEMs can reach up to 1MeV which provides
better examination of thicker specimens. The image projection system comprises from the
objective lens, the intermediate lens, the diffraction lens, the projection lens, the viewing
luminous screen for the observation of the specimen and the photographic camera. The first
and most important magnification of the sample is performed by the objective lens where the

rest of the lenses create the final magnification.
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Figure 5.2: The illumination system of typical TEMs using C1 and C2 lenses (condenser lenses) to

image the source at the front focal plane (FFP) of the upper objective-condenser lens, thus creating a

parallel beam".

The transmission electron microscope can produce the image of the specimen by
either the bright-field or the dark-field imaging methods. In bright-field mode, by inserting an
objective aperture into the back focal plane (BFP) of the objective lens, only the direct-beam
electrons are collected, while the scattering electrons are excluded. In this manner, the areas
of the specimen that do not cause electron scattering appear bright, while those that cause
electron scattering appear dark. In dark-field mode, by inserting a selected area diffraction
(SAD) aperture into the image plane of the objective lens, only the scattering electrons from a

specific diffracted beam are collected.
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Figure 5.3: The two basic operations of the TEM imaging system involve a) diffraction mode:
projecting the diffraction pattern (DP) onto the viewing screen (showing on the left) and b) imaging
mode: projecting the image onto the screen (showing on the right). In each case the intermediate lens

selects either the back focal plane (BFP) (a) or the image plane (b) of the objective lens as its object'”.

The creation of the image that appears on the viewing screen of a TEM depends on

the image contrast. The electron wave can change both its amplitude and its phase as it goes
through the specimen and both kinds of change lead to image contrast. Thus, a fundamental
distinction that is made in the TEM is between amplitude contrast and phase contrast. In most
cases, both kinds of contrast contribute to an image but there is a tendency to select conditions
so that one will dominate. There are two principal types of amplitude contrast: mass-thickness
and diffraction contrast. Mass-thickness contrast is resulted from variations in mass or
thickness of the specimen or a combination of the two because the electrons interact, by
incoherent elastic scattering, with more or less material which means more or less mass.
Alternatively, diffraction contrast rises from coherent elastic scattering and can only vary

locally since the specimen is not a perfect, uniformly thin film. Consequently, thicker or less

crystallized areas of the specimen scatter electrons more and appear darker.
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There are several ways to increase mass-thickness contrast by using smaller objective
apertures, by alternating the beam accelerating voltage or by chemically staining the sample
with heavy metal oxide compounds such as osmium tetroxide or ruthenium tetroxide. By
decreasing the dimensions of the objective aperture, more scattered electrons are excluded. In
contrast, by decreasing the objective aperture size, the radiation intensity is decreased, thus
the intensity of projecting image is decreased. When the beam accelerating voltage is reduced,
the beam energy is reduced also resulting in increased scattering and image contrast since in
this case electrons remain more time in the structure of the sample. The disadvantage is the
possible destruction of the specimen due to the increased remaining time of electrons in its
structure leading to increased interactions between the electrons and the sample molecules.

The third method for increasing image contrast and most commonly used in polymer
science is staining with heavy metal oxide compounds. Staining involves the incorporation of
electron dense atoms into the polymer structure in order to increase the density and thus
enhance image contrast. In block copolymers where one of the blocks is a polyiene, the most
commonly used staining compound are diluted vapors of osmium tetroxide (OsOy4) in an
aqueous solution which react with the carbon-carbon double bonds enhancing the image
contrast due to cross-linking and the electron scattering due to the heavy metal. This cross-
linking or bridging is a chemical reaction which causes hardening and increased density. The
high vapor pressure of OsQ, is beneficial, making vapor staining of sample sections possible.
However, this vapor pressure, along with the toxicity of the compound and the limited
exposure time, makes it extremely dangerous to use and appropriate care must be taken by

any means. The reaction that takes place is shown in Scheme 5.1:

Scheme 5.1: Reaction of osmium tetroxide (OsO,) with the double C-C bonds of a polydiene.

The result of this staining is that the polydiene phases appear darker while the phases
of the other blocks appear brighter. This method is commonly used in polystyrene-polydiene
copolymers as OsO, does not react with polystyrene. Similar results also are provided with
ruthenium tetroxide (RuO,) which reacts with polystyrene and it is primarily used for staining
copolymers of polystyrene with polyolefines. There are also other types of staining

compounds such as chlorosulfonic acid with uranyl acetate, phosphotungstic acid etc.
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5.2 Small Angle X-Ray Scattering (SAXS)

B! is one of the most important techniques of

Small angle X-ray scattering (SAXS)
molecular characterization of polymers and it is complimentary with transmission electron
microscopy. The method is accurate, non-destructive and usually requires a minimum of
sample preparation. The particle or structure sizes that can be analyzed range from 1-50 nm in
a typical set-up but can be extended on both sides by measuring smaller angles (Ultra Small
X-Ray Scattering, USAXS) or larger angles (Wide Angle X-Ray Scattering, WAXS) between
the typical 0.1° and 10° of SAXS.

In SAXS, X-rays are produced by a source irradiating a sample. Usually the source is
an X-ray tube but there are cases where the source can be also a synchrotron, especially when
high beam intensities or unusual wavelengths are required. X-rays are electromagnetic waves
just like visible light, but with shorter wavelength (~0.1nm). Sometimes, X-rays are described
as particles which are called photons, therefore, every interaction between X-rays and matter
can be described by two models, the oscillation model (wave) and the impulse-transfer model
(photon).

Scattering can occur with or without energy loss. This means that the scattered
radiation can have a different wavelength than the incident radiation, as in Compton
scattering (incoherent scattering),"”” or it can have the same wavelength with the incident
radiation, as in Rayleigh scattering (coherent scattering).'”> Compton scattering is produced
when a photon hits an electron and is bounced away. The scattering radiation has different
wavelength from the incident one and it cannot produce interference phenomena, therefore, it
does not provide any structural information and it is part of the background radiation.
Rayleigh scattering is produced when photons collide with strongly bound electrons. The
electrons start to oscillate emitting radiation with the same frequency as the incident radiation.
The waves produced are coherent which have the capability to interfere at the detector and
therefore, these interference patterns contain information concerning the particle structure of
the sample. This interference can be constructive or destructive depending on the orientation
of the particles, the observation angle 26 and the distance » of the light-emitting atoms from
each other (Figure 5.4). In constructive scattering the interference causes a bright spot at the
detector while in destructive scattering interference causes a dark spot at the detector since the
waves extinguish each other. The result is a 2D interference pattern, where the intensity varies
from position to position. The interference pattern is characteristic for the internal structure of
a material, which means the orientation of the particles and the distances between them are

very significant.
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Figure 5.4: Constructive (left figure) and destructive (right figure) scattering. When the wave is

parallel, the detector receives brightness and when the wave is anti-parallel the detector receives

132
darkness ~".

Scattering patterns are usually presented as a function of ¢ which is called either

length of the scattering vector or momentum transfer and is given by the following equation:
q=4nsin6/ i (5.4)

The form factor is a significant feature of scattering patterns. The scattering from one
particle, which includes many electrons/atoms, can be explained as the interference pattern
produced by the emitting waves that are sent to the detector from each one of these
electrons/atoms of the particle. By summing up all the wave amplitudes at the detector and
making the square of this sum, results in an interference (scattering) pattern which oscillates
in a fashion which is characteristic of the shape (form) of the particle and it is called form
factor. There is also an additional interference pattern which is called structure factor and it is
created when very densely packed particle systems (i.e. concentrated samples) are examined,
where the distances between the particles are so short that come into the same order of
magnitude with the distances inside the particles. As a result, the interference pattern of these
particles will contain coherent contributions of the neighboring particles as well. In SAXS
curves, concentration effects become visible by the formation of a descent in intensity and a
small overshoot at the edge. Eventually, this overshoot can be transformed into a peak when
the particles are well aligned and periodically oriented. This peak is called Bragg peak and the
position of its maximum (g) indicates the distance (d) between the aligned particles using
Bragg’s law:

d=2n/q (5.5)

By combining equations 5.4 and 5.5, the following equation is generated:

n A =2d sinf (5.6)

52



where n is an integral number, A the wavelength of the incident radiation, d the distance
between the lattices and 8 the observation angle between the radiation and the lattices (Figure

5.5).

Figure 5.5: Bragg’s law for a rectangular unit cell. In case (A) AB=B=d sinf and the wavelength
distance is AB+BI'=2 d sin 6. In case (B), which is more common, AB#BI but the wavelength distance

is the same as well.

Everything that is inserted inside an X-ray beam, even air, produces scattering,
therefore, the use of vacuum in the sample-to-detector distance is very crucial. Furthermore,
special sample holders are employed in order to fulfill the requirements of each sample (e.g.
heating measurements). Typical sample sizes for solids are 1x1 mm® to 1x20 mm® while the
sample thickness should be approximately smaller than or equal to Imm.

The basic parts of a SAXS instrument are the source, the collimation system, the
beam stop and the detector. In most cases, the source is an X-ray tube or a rotating anode and
alternatively synchrotron facilities are employed for higher photon flux or to cover more
wavelength requirements.

The most challenging part, is to separate the incoming beam from the scattered
radiation at small angles (0.1°). If the incoming beam has a larger divergence than this 0.1°
requirement, then it is difficult to distinguish the relatively weak intensity of the scattering
pattern of the sample from the much higher intensity of the direct beam. Therefore, the
divergence of the direct beam must be kept very small. Hence, a collimation system is
required. This is basically a system of pinholes or slits where the beam has to pass through
them. In order to reduce the beam intensity considerably, these pinholes/slits must be narrow
and/or somehow far away from each other. Additionally, the X-rays that come directly from
the source are polychromatic, which means that they produce photons with different
wavelengths. These photons are scattered into different directions, depending on their
wavelength, resulting in the broadening of the scattering curves (wavelength smearing). In
order to prevent this broadening, multi-layer optics can be inserted into the collimation
system. These optics diffract only one particular wavelength and this wavelength can be

selected by rotating the optics with respect to the direction of the incident beam. The

53



collimation systems that are employed for SAXS instruments are two, the point collimation

system and the line collimation system (Figure 5.6).

Point Collimation: Line Collimation:

Detector |

Pinholes

X-Ray Source X-Ray Source

Figure 5.6: The two collimation systems generally used in SAXS instruments'>.

The point-collimation system: This system has pinholes that shape the beam to a small
circular or elliptical spot which means that only a small domain of the sample is illuminated.
The beam dimensions on the sample are usually 0.3 x 0.3 mm®. The scattering is therefore
centro-symmetrically distributed around the illuminated spot and the 2D pattern in the
detection plane consists of concentric circles around the primary beam (Figure 5.6). An
advantage of this system is that the scattering patterns have only minor instrumental
broadening which is neglected in data evaluations. A disadvantage is that due to the small
illumination volume, the scattered intensity is relatively weak. Furthermore, it is quite
difficult to obtain a very narrow and clean beam, which generally results in poor resolution. In
order to overcome this, usually the distance between the sample and the detector is increased.
But this makes the instrument large and decreases the intensity at the detector. Consequently,
the time measurement with point-collimation systems is in the order of hours or sometimes
days.

The line-collimation system: In this system, the beam is confined only in one direction, so that

the beam profile is a long and narrow line with dimensions approximately 20 x 0.3 mm?’
(Figure 5.6). The illuminated sample volume is approximately 50 to 100 times bigger than in
point-collimation systems and the scattered intensity is, therefore, equally bigger. The beam
profile can be made narrow enough and much cleaner than in the point-collimation system
which results in smaller sample-to-detector distance. Consequently, the intensity is
approximately 10 times higher and the measurement time is 500 to 1000 times shorter than in

point collimation system. The large illumination volume of the sample however causes
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broadening of the scattering pattern. This broadening effect can be eliminated by an
additional mathematical treatment which is called desmearing and can be performed by
several software programs.

The beam stop is used in order to prevent the direct beam from hitting the detector.
Although some detectors are not necessarily destroyed from the direct beam, the intensive
back scattering from the detector material overshadows the relatively weak signal from the
sample. Two different types of materials are used as beam stops. One type consists of dense
materials such as lead or tungsten, that block off the direct beam completely. The other type
consists of transparent materials which attenuate the beam into an intensity that can be
handled safely by the detector.

Three different types of detectors are used in SAXS, the wire detectors, the CCD
(Charged-Couple Device) cameras and the imaging plates.

The wire detectors: These detectors have thin parallel wires inside an absorbing gas

atmosphere. They usually provide large pixel sizes (around 100pum) and therefore have a poor
spatial resolution. In order to cure this, larger sample-to-detector distances are employed at
the cost of decreased angular range and reduced intensity. Wire detectors can be easily
damaged by overexposure and they are costly to maintain.

The CCD cameras: They either detect X-ray photons directly (solid state detectors) by

counting the secondary electrons that are produced inside a semiconductor material or they
detect visible light that is produced by a fluorescent screen attached to a semiconductor chip.
Usually they suffer from high dark-count rate which depends on the chip temperature and the
acquisition time. Fortunately, these detectors are equipped with on-chip binning in order to
connect neighboring pixels and increase the sensitivity. The chip sizes are relatively small
though, which limits the angular range, but the pixel size is also small (around 25pum) which
provides high resolution results. The prices of CCD cameras are relatively high and depend

on the chip quality which is measured by number of failing pixels.

The imaging plates: These detectors are flexible sheets which are exposed like photographic
films and scanned by a separate device in a second step. They have the highest linear dynamic
range of all known detectors and they can be produced in any shape and size. But they need to
be scanned by an external device, which makes automated experiments difficult. The dark-
count rate depends on this scanner device but is usually small and easy to subtract. Also the
pixel size is depended on the scanner device and lies between 25 and 100um. The
maintenance cost of the imaging plates is relatively low and they are not easily damaged by
overexposure.

The scattering pattern produced by a well-organized sample, such as block
copolymers, has similarities with the scattering of a crystalline material. The only significant

difference is that the Bragg scattering occurs in smaller angles which correspond to larger
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repeating distances than those of the dimensions of a crystal unit cell. In the case of
copolymers that exhibit microphase separation in weak or intermediate segregation limit,
sometimes different phases are created with varying interface thickness depending on the
degree of separation. The existence of different phases in the unit cell structure results in a
significant decrease of the structure factor as a function of ¢ and the appearance of low
scattering patterns (absence of peaks in the Inl (¢) = f(g) diagram).

The scattering patterns received from small angle X-ray scattering are characteristic
for the structure of an equilibrium morphology for a block copolymer. For lamellar
morphology, a scattering pattern is expected where the ¢ ratio in regard with the first
scattering exhibits 1:2:3:4... values. This morphology is periodic in one dimension, while in
the case where ¢ = 0.5 the even order reflections are eliminated. For cylindrical morphology,
the hexagonal lattice of the cylinders is two dimensional and the corresponding group

symmetry allows only restricted number of reflections which are in agreement with the

1:4/3:4/4:4/7:4/9 ... ratio. For spherical morphology, the lattice is periodic in three

dimensions and the allowed reflections for a body centered cubic lattice are in agreement with

the /2 :4/4:46:~/8 :4/10 :4/12... ratio or simply the 1:4/2:4/3:4/4:45:6... ratio.

Generally, samples with spherical morphology exhibit relatively low order which results in a
small number of peaks in the scattering pattern. Finally, in cubic morphologies, such as the

gyroid*, the unit cell exhibits a cubic symmetry and the periodicity applies in three

dimensions. This morphology belongs in the la3d space group and the allowed reflections
are in agreement with the V6 :+/8 1414 : /16 :4/20 : 4/22... ratio or more simply with the

3 N4 A7 /8410 /11... ratio if the initial ratio is divided with/2 .
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CHAPTER 6

Experimental Part

6.1 The High Vacuum Technique

The synthesis of the linear diblock copolymers and the complex architecture
copolymers was accomplished via anionic polymerization by combining the high vacuum
technique and well-known purifying procedures for all reagents and solvents®’’. This
technique is used in order to remove impurities such as oxygen, carbon dioxide and moisture
from the reagents. These impurities, during the polymerization, can react rapidly with the
initiator or with the living anionic centers, according to the following reactions (Scheme 6.1),

leading to undesirable termination or/and transfer reactions.
a) Termination reactions of sec-BuLi with O, CO, and H,O
sec-Buli + 120, ——m  sec-BuOLi
2secBuli + CO, —— =  sec-BuyC(OLi),
sec-Buli + H,0 ——»  sec-BuH + LiOH
b) Termination reactions of living macroanions with O,, CO; and H,O

wnnnanneLit + 120 —— OLi

2o LT + COy ——»  (vwnnnvee hC(OL),
wnnnrnns L+ HyO —® snnnnnncH + LiOH

Scheme 6.1: Termination reactions of the initiator sec-BuLi as well as of the living macroanions with

02, COZ and HgO

The purification procedures of all reagents (monomers, solvents, initiators, linking
reagents, termination reagent) as well as the polymer synthesis procedures were performed on

the high vacuum line, which is exhibited in Figure 6.1.

Figure 6.1: Image of a high vacuum line in UOI Polymers Laboratory.
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The high vacuum line consists of an oil pump which is capable of producing vacuum
at an order of 10° mm Hg. Furthermore, by using a mercury diffusion pump and a
thermomandle, the distillation of mercury is possible, creating high vacuum (~ 10° mm Hg).
The operation of the diffusion pump is based upon the diffusion of mercury vapors through a
very narrow section which creates an increase in the speed of mercury molecules and
according to Bernoulli’s law, sub pressure, leading to a vacuum of the order of 10° mm Hg

(Figure 6.2).
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Figure 6.2: Schematic illustration of a high vacuum line”.

The expression of this law is as follows: “When an uncompressible liquid flows
through a pipe with variable dimensions, its velocity changes. When a part of the
uncompressible fluid is accelerated, its movement should be performed from a high pressure
area to a low pressure area in order to create the total force which accelerates the fluid.
Consequently, when the dimensions of the pipes are variable, the pressure changes too,
independently of the corresponding height difference”. During the contact of mercury with
the condenser walls, it condenses and returns in the heating glass vessel where the procedure
is repeated. There are two traps for the protection of the oil pump, one of them with liquid
nitrogen, which collects the volatile components from the reagents. The diffusion pump is
connected through glass tubes (pyrex) with the main part of the high vacuum line. In order to
manipulate the vacuum into the high vacuum line, Teflon high vacuum stopcocks are used
(their main parts are made of pyrex) which also help to isolate parts of the high vacuum line
when necessary. The connection with the vacuum line is performed through ground joints and
depending on the procedure (solvent purification, monomer distillation etc.), properly made

glass apparatuses are adjusted on these ground joints. Special safety features must be taken
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into account while working on the high vacuum line (safety glasses, lab robe etc.) as well as

great care must be taken during its use when specific reactions are taking place.

6.2 Solvent Purification
Benzene

Benzene is usually purified by transferring a proper amount, from the as
commercially received, in a round bottom flask containing fresh finely grounded CaH, and a
magnetic stir bar. Then it is attached carefully to the vacuum line, degassed and left for
reaction of moisture with CaH, overnight. All gasses in the flask (like O,, CO, and CO) are
removed via degassing. Then it is degassed again twice and distilled in a calibrated cylinder
containing n-BuLi and styrene in a 7:1 ratio which simultaneously react under vacuum
creating PSYLi"” living ends. The persistence of the bright orange color of PS”'Li" indicates
the purity of the solvent (Figure 6.3). Various quantities of the purified benzene are distilled

into the polymerization or initiator or other type apparatuses when necessary.

Figure 6.3: Picture of a cylinder with (polystyryl)lithium living ends in benzene attached on the

vacuum line.

Tetrahydrofuran (THF)

Tetrahydrofuran is usually refluxed over dispersed sodium (Na) for approximately 4
hours and it is collected in a round bottom flask containing fresh finely grounded CaH,. Then,
this flask is attached on the vacuum line, degassed and left for reaction of moisture with CaH,
overnight. The next day, THF is degassed again 2-3 times, distilled in a flask containing
sodium/potassium (Na/K) reactive alloy in a 1:3 ratio and stirred rapidly. The bright blue
color which develops due to the existence of free potassium electrons after stirring for some

time indicates that the solvent is free from impurities and especially humidity (Figure 6.4).
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Figure 6.4: Picture of the flask with THF in Na/K alloy attached on the vacuum line.

6.3 Monomer Purification
Styrene (St)

Proper amount of styrene as commercially received is transferred in a round bottom
flask containing fresh finely grounded CaH, which is attached on the vacuum line through a
short path distillation apparatus. It is degassed once and stirred overnight in order for the
CaH, to react with moisture. Then it is degassed again twice and distilled in a round bottom
flask containing an appropriate amount of dibutylmagnesium (Bu,Mg) in heptane
([monomer]/[Bu,Mg] = 25/1) which has been introduced via a pyrex attachment through an
elastic septum. Styrene is left to react with Bu,Mg for at least 3 hours over stirring, it is
degassed once more and it is finally distilled in calibrated ampoules and kept at -20°C. The
compound Bu,Mg for the final purification step is preferred due to its higher solubility in
hydrocarbon solvents. It is also important to mention that styrene should not remain in the
Bu,Mg solution additional time because since it will start to polymerize rapidly. Furthermore,
other organometallic compounds cannot be used as in the case of dienes (ex. n-BuLi) since

styrene is polymerized rapidly (in less than 30 minutes) and the reaction is highly exothermic.

1,3-Cyclohexadiene (CHD)

Initially, proper amount of as commercially received 1,3-cyclohexadiene is
transferred in a round bottom flask containing fresh finely grounded CaH,, attached on the
vacuum line, degassed and left for reaction of moisture with CaH, overnight. The next day it
is degassed again, distilled in a flask containing a sodium mirror and is left under stirring
overnight. Then, cyclohexadiene is degassed and distilled in two more flasks containing
sodium mirrors remaining at least one hour in each one. Afterwards, CHD is distilled in a

flask containing n-BuLi in hexane (the solvent is removed in the vacuum line) and left over
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stirring for half an hour at 0°C. Finally it is distilled in calibrated ampoules and kept at -20°C
for a short period of time (less than 10 days) (Figure 6.5).

%L?a«%z:m??

(IIII

(IIII

Creed

Figure 6.5: Apparatus with calibrated ampoules for the distillation of the purified 1,3-cyclohexadiene.

The same apparatus is used for the case of styrene as well.

6.4 Dilution of the Initiator sec-Butyllithium

For the synthesis of the homopolymers and the linear diblock copolymers of this
thesis, sec-BuLi was used as the initiator. This organometallic compound is very reactive,
especially with air components such as CO,, O, and H,O. These undesirable reagents can lead
to deactivation of the initiator, and therefore, uncontrolled polymerization might take place
leading to non-monomodal samples as well as to increased molecular weights and
polydispersities. The initiator sec-BuLi, as commercially received, is in high concentration
(1.4M in hexane solution) and a dilute solution is needed in order to be used sufficiently for
the required experiments. The dilution of the initiator is accomplished in a suitable apparatus

with pre-calibrated ampules as shown in Figure 6.6:

L

11
LI

Figure 6.6: Schematic of the apparatus used for the dilution of concentrated sec-BulLi with benzene or

hexane to the needed concentration.

First, the apparatus is connected on the vacuum line in order to achieve high vacuum.
An amount of sec-BuLi (1.4M) is injected into the apparatus and the hexane is removed.
Then, the necessary amount of benzene or hexane is distilled, the mixture is degassed and the

apparatus is removed from the vacuum line through sealing off at the appropriate constriction
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of the apparatus. The amount of benzene or hexane needed for the desirable concentration is

calculated through the following equation:
C1 V1: Cz V2 (61)

where C, is the initial concentration of sec-BuLi (usually 1.4M), V; the initial amount of sec-
BuLi injected in the apparatus, C, the final concentration needed and V, the appropriate

amount of benzene in order to achieve this concentration.

6.5 Purification of the Polar Additive DABCO (1,4-diazabicyclo[2.2.2]octane)
DABCO (molar mass = 112.2 g/mol) is a solid reagent (T,, = 158 - 160°C) and is
purified by triple sublimation via the apparatus shown in Figure 6.7. The appropriate quantity
of DABCO is inserted in area B through the ground joint A. The apparatus is attached on the
vacuum line through A and degassed. Then, DABCO is sublimated to location C using liquid
nitrogen while heating location B with warm water or oil bath. After the first sublimation, two
more are carried out transferring DABCO to areas D and E respectively. Afterwards, DABCO
is diluted with benzene into the calibrated ampoule (E) and removed from the apparatus by
heat-sealing on F, after degassing. This ampoule is adjusted to another apparatus and is

diluted again with benzene until the desirable concentration is reached.

Figure 6.7: Triple sublimation apparatus for the purification of DABCO.

6.6 Purification of Naphthalene

Figure 6.8: Photo of the apparatus for the purification of naphthalene, attached on the vacuum line.
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Naphthalene (molar mass = 128.17 g/mol, d = 1.14 g/cm’) is an organic compound
with molecular formula C,oHg. It is the simplest polycyclic aromatic hydrocarbon and is a
white crystalline solid (T,, = 80°C) with a characteristic odor that is detectable even at
concentrations as low as 0.08 ppm. The purification procedure (Figure 6.8) is the same as the

purification procedure of DABCO.

6.7 Purification of the Linking Agents Dichlorodimethylsilane [(CHj3),SiCl;],
Trichloromethylsilane (CH3SiCl;) and Tetrachlorosilane (SiCly)

The purification procedure is the same for all these three linking reagents. Initially
each one of them is transferred into a round bottom flask containing fresh finely grounded
CaH,. Then, it is attached on the vacuum line, degassed and left for reaction of moisture with
CaH, overnight. The next day the round bottom flask is degassed again three to four times
and a small amount is distilled into the whole apparatus with the calibrated ampoules in order
for the corresponding silane to react with any possible impurities that may exist in the glass
ampoule apparatus and to deactivate them. The remaining amount which has already reacted
is distilled in the nitrogen trap through the vacuum line. After the completion of this
procedure, the proper amount of silane is distilled into the calibrated ampoules and kept at -

20°C for significant time (~ 6 months).

6.8 Purification of Methanol (MeOH)
Methanol is transferred in a round bottom flask containing fresh finely grounded
CaH,, attached in the vacuum line, degassed and left for reaction of moisture with CaH,

overnight. The next day is degassed again 3-4 times and distilled in small quantities into the

:

necessary ampoules (Figure 6.9).

Figure 6.9: Apparatus for the distillation of purified methanol into ampoules.

Methanol is used as a termination reagent for anionic polymerization due to the following

reaction (Scheme 6.2):

\/\/\/\/\/\/\.Li* + CH;0H ——>» ~~~~~H + LiOCH;

Scheme 6.2: Termination reaction of macroanions with MeOH.

6.9 Synthesis of Linear Diblock Copolymers
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The synthesis of the linear diblock copolymers of polystyrene-b-
poly(cyclohexadiene) (PS-b-PCHD) or poly(cyclohexadiene)-b-polystyrene (PCHD-b-PS)
type was accomplished by the use of anionic polymerization and high vacuum techniques via
sequential monomer addition. The main scope of the synthetic route adopted, was to
synthesize diblock copolymers with narrow molecular weight distributions, predictable
molecular weights and high 1,4-microstructure (~90%) for the PCHS segments. Seventeen
(17) diblock copolymers were synthesized with varying molecular weights and volume
fractions of the corresponding components. All polymerizations were accomplished by using
benzene as solvent, sec-BuL.i as the initiator and methanol as the termination reagent. For the
successful polymerization of 1,3-cyclohexadiene in order for the final PCHD to exhibit high
1,4-microstructure (> 90%), the polar additive DABCO was used. The synthetic route that
was adopted for both PS-b-PCHD and PCHD-b-PS diblock copolymers is shown in Scheme
6.3 and Scheme 6.4 respectively.

Benzene
CHo=—CH + gec-Buli —— PSLi" (I)
Room Temp

Styrene

DABCO
O+ EE— PS-b-1,4-PCHD
6’C

1,3-Cyclohexadiens

Scheme 6.3: Synthetic route for the synthesis of the PS-b-PCHD diblock copolymers.

DABCO
m +  sec-Bul.i —_— PCHDLi" (1D
6°C
1,3-Cyclohexadiene
Benzene
(1) + CH,—CH —_— PCHD-5-PS

Room Temp

Styrene

Scheme 6.4: Synthetic route for the synthesis of the PCHD-b-PS diblock copolymers.
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The synthesis of the diblock copolymers was accomplished in the following apparatus

(Figure 6.10):

Samplers for
collecting aliguots

Figure 6.10: Initial apparatus used for the synthesis of the PS-b-PCHD or PCHD-b-PS linear diblock

copolymers.

Initially, the appropriate glassblowing is performed and the ampoules of the
monomers, the initiator, the polar additive and the termination reagent are attached on the
apparatus. Then, the apparatus is attached to the vacuum line through the ground joint C,
checked for pinholes by use of the Tesla coil and degassed. At this point, flame drying with a
hand torch in order to accelerate degassing and remove any moisture traces is very useful.
After the completion of degassing, a small amount (2-3 ml, depending on the solvent volume)
of n-BuLi in hexanes is added with a syringe through the elastic septum at the side arm (small
extinction in flask (B) at Figure 6.10. The elastic septum is rinsed and detached afterwards by
sealing the constriction at (D) point and the small amount of hexane is distilled away into the
nitrogen trap. The appropriate amount of benzene (solvent) is distilled from a purified
reservoir, by using liquid nitrogen, into the spherical flask B through the vacuum line and as
soon as the mixture is degassed, it is detached from the vacuum line by sealing off the
constriction at area (C). The solution of n-BuLi and benzene is thawed and transferred 2-3
times to all the inner glass surface of the apparatus by carefully tumbling it. In this way, n-
BulLi reacts with impurities that might exist in the apparatus and were not removed during its
purification at ambient conditions. Then, the solution is collected at the purge recovery flask
(B) which is placed into a hot bath of water (~45°C) in order to rinse the apparatus and
condense the solvent throughout it. This solvent is collected in the reactor flask and poured
back into the purge recovery flask by carefully tilting the apparatus. Repeating this procedure
periodically 10-15 times allows the collection of the remaining n-BuLi, along with its reaction
products with impurities on the surface of the glass, back to the recovery flask (B). Then, the
solution is collected in the purge recovery flask (B) and the pure solvent is gently distilled to

the reactor flask (A) (Figure 6.11). The purge recovery flask (B) is immersed in a water bath
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(~40°C) while the reactor flask (A) following a procedure as exhibited in Figure 6.11 in an ice

bath (~0°C).

- Styreme
+— 13 CHID

- DABCOD

4—— see-Buli

- MeOH

Samplers for
collecting
aliguots

Water Bath (~40°C)
Water Bath {~0%C)

Figure 6.11: Procedure adopted for distilling the pure solvent in the major polymerization flask (A).
After the complete distillation of the solvent, the purge recovery flask is detached

from the apparatus by sealing the constriction at point (E). The final polymerization reactor is

shown in Figure 6.12.

-« SIVrene
-+ 1.3CHD

- DABCO
- sec-Buli
MeOH

- Samplers for
collecting
alliguots

Figure 6.12: The final polymerization reactor for the PS-b-PCHD or PCHD-b-PS linear diblock

copolymers.

When the solvent is warmed to room temperature, the break seals of the necessary
reagents are ruptured through magnets sealed in pyrex glass and controlled by outside
magnetic rods.

In a typical experiment for the synthesis of a PS-b-PCHD copolymer, 4 g of styrene
(38.4 mmol) are added to the solution followed by the insertion of an appropriate amount of

2.85 ml of sec-BuLi solution (concentration of the initiator was 0.4M). In order to synthesize
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PS chains of approximately M .= 35.000 g/mol, the characteristic orange-red color is
obtained immediately indicating the initiation of polymerization. In order to accomplish the
mixing of the contents, one should carefully tumble the apparatus, rinse the ampoules well
and collect all contents back to the reactor flask (A). Depending on the targeted molecular
weight, the reaction is left to proceed between 12 to 24 hours. After the complete
polymerization of styrene, a small aliquot for molecular characterization via SEC is obtained
inside one of the attached samplers. Then, a 2.05 ml aliquot of the polar additive DABCO
(0.111 mmol/ml in benzene) is introduced into the solution and is left to react for
approximately 10 minutes. Prior to the addition of 1,3-cyclohexadiene, the solution is gently
cooled down to ~6-7°C. After the introduction of 2.69 g of 1,3-cyclohexadiene (33.6 mmol)
into the reactor flask, the color of the solution changes into light-yellow which indicates the
initiation of polymerization of the second monomer. The polymerization of 1,3-
cyclohexadiene is left to proceed for 6 hours under stirring at constant low temperature and
equal to 6-7°C. Finally, the active copolymer is deactivated by rupturing the seal of the
methanol, precipitated into methanol stabilized with proper antioxidant reagent, dried under
vacuum at room temperature and finally stored at -20°C for future use.

In the case of PCHD-b-PS copolymers, the initiator is first introduced into the reactor
flask (A) followed by the addition of the polar reagent DABCO which is left to react for 10
minutes. Afterwards, 1,3-CHD is added in the mixture and left for polymerization for 6 hours
under stirring at constant low temperature and equal to 6-7°C. After the complete
polymerization of the first block a small aliquot of the solution is obtained inside the attached
samplers, as previously, for molecular characterization. At the final step, styrene is introduced
in the solution and left to react until completion. In this case, the polymerization of styrene
lasts shorter period of time due to the existence of the polar additive DABCO which changes
the polymerization environment from non-polar to polar and therefore the aggregation degree
is lower leading to faster kinetics. The rest of the synthesis steps are identical as in the PS-b-
PCHD case. The PCHD-b-PS copolymers were synthesized in order to obtain higher
molecular weights and volume fractions for the PCHD blocks. This occurs due to the fact that
when 1,3-CHD is polymerized as the second monomer, termination and transfer reactions
prevent the attainable molecular weight to reach high values in most cases.

One point that needs to be highlighted during these procedures is when rupturing the
breaking seals of the ampoules. One should be aware of the vapor pressures of both sides and
high volatile reagents (e.g. dienes, polar additives) should be cooled before the seal is broken
in order to avoid moving the breaker (magnet inside pyrex glass) too forcefully and risking
shattering it. A crucial point that needs attention is during the final rinsing of the

polymerization reactor and during the final distillation of the solvent to the polymerization

67



reactor. It is very important to prevent the reacted n-BuLi solution to go through from the
purge flask into the polymerization reactor. This unwanted procedure is avoided easily with a
lower temperature differential than the motive of distillation making through the distillation
of the pure solvent to last much longer.

Another important aspect is that for these diblock copolymers, fractionation in a
solvent/non-solvent system was sometimes necessary. This occurred especially for higher
molecular weights for the PCHD block where the termination and transfer reactions are
stronger, leading to the broadening of the molecular weight distribution and to the termination
of several anionic centers of either 1,3-CHD or styrene, depending on which monomer is
polymerized first. For the fractionation of PS-b-PCHD copolymers, where needed, toluene
was used as a solvent and methanol as non-solvent. For the fractionation of PCHD-b-PS
copolymers, where needed again, toluene or chloroform was used as a solvent and a mixture

of hexane/methanol as non-solvent.

Fractionation Procedure: Fractionation is the separation process in which a certain quantity

of a mixture (solid/liquid) is divided up in a number of smaller quantities (fractions) in which
the compositions change. In this case, the mixture comprises of the corresponding copolymer
with the unwanted byproducts (which need to be removed), a solvent and a non-solvent.
Depending on the polymer blocks that a copolymer comprises of, various systems of
solvent/non-solvent can be adopted. Fractionation is performed in a separation flask equipped
with a stopcock. Initially, the polymer mixture that needs fractionation is diluted in the chosen
solvent under soft stirring, creating usually a solution of 2% wt or less, depending on the
molecular characteristics of the mixture. The separation flask, without the stopcock, is placed
in an annealing oven at approximately 150°C and remains there until the following procedure
is completed. The non-solvent (usually methanol) is added carefully to the diluted polymer
mixture until the solution becomes cloudy, a procedure which depends exclusively on what
are the molecular characteristics of the unwanted byproducts. If homopolymer exists, for
example, the solution needs to become very cloudy in order to have in the lower phase the
higher in molecular weight diblock copolymers. Then, the mixture is warmed up until it
becomes transparent again, the separation flask is removed from the annealing oven, the
stopcock is placed back again and closed, the mixture is transferred to the warm separation
flask and is left to cool slowly down to ambient temperatures. During the introduction into the
separation flask, the mixture should not touch the walls of the flask in order to maintain its
homogeneity. It is of critical importance that the temperature of the mixture and the
separation flask should be approximately the same during the introduction of the mixture into
the separation flask. In this manner, the higher molecular weight macromolecules (higher

fractions) will precipitate first by forming a lower layer of a more concentrated phase, while
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the lower molecular weight macromolecules will form an upper phase. The two phases are
described as the polymer rich phase and the polymer poor phase. The percentage of the
wanted polymer in each phase depends on the molecular weight and the chemical
composition. This type of fractionation is called “successive precipitation fractionation” and
its success is monitored by usually taking small aliquots of the lower and upper phase for
molecular characterization via SEC. If the results are not satisfying, the lower phase is

collected and fractionated again until the complete elimination of the undesirable products.

6.10 Synthesis of the Linear ABA Triblock Copolymer
For the synthesis of the linear ABA triblock copolymer, where A is

poly(cyclohexadiene) and B is polystyrene, sodium naphthalenide'**

was used initially as the
difunctional initiator for the polymerization of styrene as the middle block. For the
conjugation with the living PCHD'Li" macroanions, the linking agent dimethyldichlorosilane
was added to the difunctional polystyrene, followed by the addition of the PCHD as the outer
blocks, forming the final PCHD-b-PS-b-PCHD triblock copolymer. The main purpose for the
synthesis of this linear ABA triblock copolymer was to exhibit low molecular weight
distribution, predictable molecular weight, appropriate microstructure for the polydiene and to

successfully link the living outer blocks of poly(cyclohexadiene) with the difunctional

polystyrene.

Synthesis of the Difunctional Initiator Sodium Naphthalenide

The initiation of the polymerization of styrene and dienes form sodium naphthalenide
is very fast due to the electron transfer that occurs. The formation of this initiator depends on
the nature of the polar and the hydrocarbon solvent mixture used. The polar/non-polar solvent
mixture helps the electron transfer from sodium to naphthalene leading to stabilization of the
forming compound through intramolecular exchanges with available electrons. The
mechanism of the reaction relies on the electron transfer that occurs, leading to the formation
of radical-anions of styrene that react rapidly with each other forming di-anions which are
able to react with the remaining monomer units. In this way the propagation of the
polymerization occurs leading to the formation of the a,m-difunctional polystyrene.

For the synthesis of the difunctional initiator sodium naphthalenide, special
procedures are followed. It is important to mention that the synthesis was performed under a
polar environment and under controlled conditions while the concentration never exceeded
0.03 g/ml due to its pure solubility in higher concentrations. Initially, an appropriate glass
apparatus (Figure 6.13) consisting of a purge section (A) which is also the main reactor and a

collection flask (B) is made. It should be noted that this initiator is very sensitive in
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impurities, therefore, special care is given on the purification of the polar solvent THF by

adding purification steps as described below.

Collection
Flask

Purge Section

Figure 6.13: Apparatus for the purification of THF.

One ampoule containing a small amount of styrene (~1ml) and one properly formed
side arm containing 3-4 small cubes of sodium, which will be used for the formation of a
sodium mirror, are adjusted on the purge section (A). The collection flask (B) is connected
with the purge recovery flask via a glass filter with an appropriate porous size in order to
prevent sodium pieces from transferring into the collection flask. The apparatus is attached to
the vacuum line, flame dried for any moisture traces and degassed. Then, with a soft-
annealing flame, the formation of the sodium mirror is performed very carefully. When this
procedure is completed, the appropriate amount (~80 mL) of the polar solvent THF is distilled
into the main reactor and the apparatus is degassed again. It is detached from the vacuum line
by sealing the constriction (C) and thawed to room temperature with tepid water. THF is
transferred in the inner glass surface of the purge section and checked for its purity, since
there will be deactivation of the sodium mirror if there are any impurities or moisture. Then,
the styrene is introduced into the reactor and the orange-red color of the PSNa" anions is
obtained which is characteristic of the reactivity and the purity of the solution. Polystyryl
sodium in THF is left to react under stirring for one hour and then is transferred to the inner
glass surface of the apparatus 2-3 times. In this way, polystyryl sodium reacts with any
impurities that might exist. The solution is collected back to the reactor which is placed into
warm water (~40°C) in order to rinse the apparatus and condense the solvent throughout it.
The solvent is collected in the collection flask and poured back into the main reactor (which is

also the purge recovery flask) by carefully tilting the apparatus. Repeating this procedure
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periodically 10-15 times allows the collection of the remaining polystyryl sodium, along with
its reaction products with impurities on the surface of the glass, back to the main reactor.
Then, the solution is gently distilled to the collection flask by immersing the purge section in
a water bath (~25°C) and the collection flask in an ice bath (~0°C). Prior to the removal of the
collection flask with the purified solvent (THF) by sealing the constriction above the glass
filter (constriction D), the solution needs to be frozen since THF is very sensitive to thermal
treatment.

For the synthesis of the sodium naphthalenide difunctional initiator, the apparatus

shown in Figure 6.14 is used.

Naphthalene/CsHg

Purified THF

Figure 6.14: Apparatus used for the synthesis of sodium naphthalenide.

On the apparatus an ampoule of an appropriate amount of naphthalene (1 mL),
properly diluted to the desired concentration in benzene (0.069 mmol/ml), the collection flask
with the purified THF and a side arm which contains sodium are adjusted. The collection
flask is again connected to the main reactor through a glass filter to prevent sodium pieces
from transferring into it. The apparatus is attached on the vacuum line, degassed and the
sodium mirror is created. It is detached from the vacuum line and the purified THF is
introduced in the main reactor where it remains for several minutes in order to verify the
purity of the solvent (otherwise the sodium mirror would have decomposed). Then, the
naphthalene solution is introduced in the THF and the transparent solution turned into dark
but clear green indicating the reaction of naphthalene with the sodium excess and the creation
of the radical-anions of sodium naphthalenide. Then, the solution is left under stirring for at
least two hours for the reaction to be completed, is transferred to the collection flask that
initially contained purified THF, is cooled with liquid nitrogen and is removed from the
apparatus by sealing the constriction above the glass filter. The difunctional initiator is ready
to use and until the preparation of polymerization apparatus, it can be kept at -20°C for

approximately 12 hours. The reaction that takes place is shown in Scheme 6.5.
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THF L
+ Na ——— = Na

Naphthalene Sodium Napthalene

Scheme 6.5: Synthesis reaction of the difunctional initiator sodium naphthalenide.

An important aspect that needs to be mentioned is that the equation between the final
molecular weight of the corresponding polymer (polystyrene in this case) and the difunctional

initiator is the following:

ar —_ grmonomer

" 1/ 2moles,

initiator

(6.2)

Through equation 6.2, the concentration of the difunctional initiator is estimated in

mmol/ml.

Synthesis of Difunctional Polystyrene and the Final PCHD-b-PS-b-PCHD Linear

Triblock Copolymer

The apparatus that was used for the synthesis of the difunctional polystyrene is shown

in Figure 6.15:

N

Saulimm
MNaphihabene

s
P

Sampler

Figure 6.15: Apparatus for the synthesis of the difunctional polystyrene.

The ampoule containing styrene (1.6 g, 15.3 mmol) is connected with the
polymerization reactor through a glass nozzle since styrene will be introduced in the reactor
dropwise. The polymerization apparatus is attached on the vacuum line, degassed and 2-3ml
of n-BuLi in hexane are injected. It is degassed again and the appropriate amount of benzene
is distilled (100 ml), in order to adjust the ratio requirement of C¢Hg : THF = 1.2:1. The
system is degassed again and is detached from the vacuum line. The apparatus is rinsed by the
same procedure described previously for the diblock copolymer synthesis and the purge

section is removed. The polymerization procedure is different from the one previously
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mentioned where manufactured initiators were used. Actually, through the double
functionality, the polymerization initiates by synthesizing the middle block and then the outer

blocks.

N S -
| +Na +THF =—= ||| Nz (THF)
ZF Z

Naphthalene

Col- Q000 -

CH=CH, CH==CH,

Na" CH—CH,— CHy,— CH- Na®

2[ ] Nt —— @ D wpsNat ()

CH=Ck>

(I) + (excess) (CH3),Si(Cl), —  CI(CH;3),SiPSSi(CH3),Cl (1) + 2NaCl + (CHs),Si(Cl),

5-6°C S
n 1,3-cyclohexadiene + sec-BuLi ————= 14-PCHD Li*

DABCO

(I) + (excess) 1,4-PCHD'Li" ——=  PCHD-PS-PCHD + ZLiCl

Scheme 6.6: Synthesis reactions of the difunctional polystyrene, of the living poly(cyclohexadiene)
arms and of the final PCHD-PS-PCHD linear triblock copolymer.

The reactions that take place during the synthesis of the PCHD-b-PS-b-PCHD
triblock copolymer are given is Scheme 6.6. Initially, benzene is mixed with sodium
naphthalenide in THF. The solution must maintain its dark green color, which is an indication
that the solution is very well purified, in order to proceed to the polymerization reaction. The
solution is cooled down to -25°C by using a mixture of isopropanol and nitrogen and is kept
under stirring. Then, styrene is introduced dropwise into the polymerization reactor and the
color changes immediately to red indicating the initiation of the polymerization. It is crucial
to avoid local excess of styrene therefore the distillation from the ampoule to the main reactor
is performed rather quickly and by using a warm water bath. The polymerization is left to
complete for one hour by carefully keeping the temperature approximately at -25°C and then a
small aliquot is taken in the sampler for molecular characterization through SEC, while the
rest of the solution is collected to the main reactor. Both the sampler and the main reactor of
the apparatus are cooled down with liquid nitrogen in order to remove the sampler by sealing

off. At the same time the empty ampoules of styrene and sodium naphthalenide are also
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removed from the main reactor. It is very important to keep the living difunctional
polystyrene frozen with liquid nitrogen in order to avoid deactivation of the living anions
during thawing through decomposition of the polar media (THF).

For the linking reaction of dimethyldichlorosilane [(CH;),SiCl,] with the living
difunctional polystyrene Na®??PS”/Na, the apparatus observed in Figure 6.16 is used.

Sampler

l «— (CH),SicCl,

:

Figure 6.16: Apparatus for the linking of the difunctional Na”?PS?“'Na with the

dimethyldichlorosilane linking agent.

This apparatus consists of the purge section and the main reactor which will be used
for the linking reaction. Initially, the apparatus is attached on the vacuum line, degassed and a
small amount of n-BuLi is introduced from the elastic septum, rinsed and sealed. The
apparatus is degassed again and approximately 50 ml of benzene are distilled into the purge
section, cooled with liquid nitrogen and degassed again. The apparatus is detached from the
line by sealing off the constriction (A), the benzene solution is thawed and the solution of
benzene and n-BulLi is transferred in the inner glass surface of the apparatus as described
previously. Then, the apparatus is rinsed by continuous benzene reflux in order to remove
traces of n-BuLi as well as its reaction products with impurities. Approximately half amount
(25 ml) of the solvent is left in the main reactor in order to reduce the vapor pressure of the
volatile linking agent during the introduction of the living anions of the difunctional
polystyrene and the purge section is removed. The ampoule of the linking agent (5 ml, 41.1
mmol) is ruptured, the solution is homogenized and the empty ampoule of the silane is
removed. The collection ampoule with the Na®™PS?“)Na is attached to the one side arm
which is constricted with a glass nozzle as shown in Figure 6.17. The connection part is
degassed very carefully on the vacuum line by flame drying 2-3 times, the apparatus is
detached by sealing off constriction (A) and the apparatus is now ready in order to initiate the

linking reaction.
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Figure 6.17: The reactor for the linking reaction connected with the collection flask containing the

difunctional polystyrene.

The following procedure is the most crucial part of the synthetic route. Special care
must be given in two parameters:

First, the amount of the chlorosilane linking agent must be a large excess when
compared with the amount of the active polymer chains (at least 100 to 200-fold excess).

Second, the solution of the active polymer must be added to the chlorosilane as
quickly as possible, without permitting the chlorosilane to transfer back to the connection
part, or even worse, back to the flask with the difunctional polystyrene. For this reason the
linking reactor with the linking agent in benzene is placed into an ice bath (0-5°C) under soft
stirring. The flask with the difunctional polystyrene is warmed and both break-seals are
ruptured if possible simultaneously. The apparatus is tilted and a towel soaked in warm water
is placed on the flask with the active difunctional polystyrene in order to help the insertion of
the living polystyrene into the linking reactor. This procedure is pictured in Figure 6.18. The
living polystyrene is, therefore, added in one continuous motion into the linking reactor where
vigorous stirring is applied. After the addition is completed, the apparatus may be allowed to
lie flat at room temperature. The most crucial aspect of this linking reaction is the reaction of
the living polystyrene chain with only one chlorine atom of the linking agent leading to the
intermediate product: CI(CH,)Si-PS-Si-(CH,)CI. This reaction is generally accomplished
within only a few minutes. A visual indication is that as the red colored living anions are
incorporated into the chlorosilane, their color completely fades and becomes colorless.

An important procedure for the successful synthesis of the final PCHD-b-PS-b-PCHD
linear triblock copolymer is the removal of the linking agent [C1,Si(CH,)] since even a small

amount of unreacted chlorosilane could lead to undesirable products in the final material.
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Figure 6.18: Addition of the active difunctional polystyrene into the linking reactor’.

This volatile reagent is removed by adopting a specified procedure on the high
vacuum line. The apparatus of Figure 6.19 is attached on the vacuum line through one of the

two remaining break-seal entries (C).

Figure 6.19: Apparatus for the quantitative removal of the unreacted chlorosilane linking agent.

The stopcock to the reactor for the linking reaction is opened and the glass part is
degassed thoroughly. The seal is ruptured and the contents, benzene/THF and chlorosilane,
are distilled to a waste collection flask attached on the high vacuum line until the solution
becomes viscous to stir. Freshly purified benzene (~70ml) which is stirred on the vacuum line
is distilled into the linking reactor and the contents are stirred for 30 minutes at approximately
30°C in order to fully redilute the chlorofunctional polymer. In this manner the inner glass
surface of the apparatus is rinsed from the remaining chlorosilane traces. The contents are
again distilled to the waste collection flask and the procedure is repeated for at least two more
times. After the third distillation of the contents to the waste collection flask, the reactor may
be opened to the vacuum line for a period of time. Depending on the amount of chlorosilane

and the attainable molecular weight of the polymer, this period of time can last from 5 days to
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a couple of weeks. The reactor is usually warmed up to ~40°C (depending on the polymer) for
a slightly faster evacuation. The main liquid nitrogen trap must be cleaned after the first day.
It is important to fill the liquid nitrogen trap frequently (4-5 times per 24 hours).

Another significant aspect that needs extreme care is the distillation process of the
freshly purified benzene into the reactor. During this process, it is extremely dangerous to use
liquid nitrogen for the distillation procedure since the system freezes in an inhomogeneous
manner, meaning that two layers of the substances are created, one of the concentrated
polymer solution and one of the incoming solvent. The result is that a lot of stress is placed on
the flask and the glass might create cracks since the mechanical failure cannot be prevented.

The existence of high vacuum is an indication that all the chlorosilane amount has
been removed from the apparatus. Purified benzene is again distilled into the reactor and the
apparatus is detached from the vacuum line by sealing off constriction (D). Then, the reactor
is connected, through the last break-seal entry, with the polymerization reactor of the living
PCHDLi" forming the apparatus which is observed in Figure 6.20. A very important detail is
that the poly(cyclohexadiene) living ends should exhibit a 20% molar excess in relation to the
Si-Cl living ends of the linked polystyrene. In this way, it is certified that the corresponding
Si-Cl ends will fully react with the living ends of PCHD'Li".

=

i"(A)

Samplers }

I

PCHDLi"

Cl1-8i-PS-Si-Cl

Figure 6.20: Apparatus for the linking of the living PCHD'Li" with CI(CH,)Si-PS-Si(CH,)CI and the
formation of the final linear triblock copolymer of the PCHD-b-PS-b-PCHD type.

The apparatus is attached carefully on the vacuum line, degassed thoroughly by flame
drying 3-4 times or until high vacuum is achieved and is detached from the vacuum line by
sealing off constriction (A). Then, the break seal of the living PCHD arm, which is in excess,
is ruptured and the solution is transferred to the inner glass surface of the apparatus. In this

way, the excess of the living anions reacts with any impurities and deactivates them.
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Following this procedure, the break seal of the linked difunctional polystyrene is ruptured and
the two solutions are mixed thoroughly. An indication of the linking reaction is the change of
the color of the living arms from light yellow-green to an almost colorless solution. The final
mixture is collected to the reactor of the linked difunctional polystyrene and the final linking
reaction is left to proceed for a long period of time. Depending on the number of arms that are
going to react, this period of time varies from one month to approximately two months.
During this linking procedure, small aliquots of the mixture for molecular characterization via
SEC are taken in order to monitor the progress of the linking reaction. After completion of the
linking reaction, the material is precipitated in stabilized methanol, dried under vacuum and
fractionated in a solvent/non-solvent mixture at approximately 3:1 ratio. The solvent used was
a mixture of chloroform, which provides good solubility especially for the PCHD blocks, and
toluene, which provides good solubility for the PS blocks and average solubility for PCHD. A
mixture of methanol and hexane was used as non-solvent. The fractionation of the PCHD-b-
PS-b-PCHD triblock copolymer was quite difficult due to the existence of PCHD

homopolymer in the final material.

6.11 Synthesis of the (PS-b-PCHD)-PS’-(PCHD-b-PS) Linear Pentablock
Copolymer

For the synthesis of the ABA'BA linear pentablock copolymer of the (PS-b-PCHD)-
PS’-(PCHD-b-PS) type, the same procedures where used as in the case of the PCHD-b-PS-b-
PCHD linear triblock copolymer. The difunctional initiator sodium naphthalenide was used
for the polymerization of the middle PS” block and the chlorosilane linking agent
dichlorodimethylsilane [(CH;),SiCl,] was used for the linking reaction with the active arms.
In this case the active arms were not of the PCHDLi" type but of the PS-b-PCHD'Li" type (in
20% excess). The synthesis reactions are shown in Scheme 6.7.

It is important to mention that the middle PS block has totally different molecular
characteristics from the PS block of the linear diblock copolymer used for the arms of the
final product. The fractionation of this sample was easier due to the fact that in this case the
final copolymer comprises of PS as the outer blocks. Consequently, by using
toluene/methanol-hexane as solvent/non-solvent mixture, fractionation of the final linear

pentablock copolymer was accomplished.
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Scheme 6.7: Synthetic route for the synthesis of the (PS-b-PCHD)-b-PS’-b-(PCHD-b-PS) linear

pentablock copolymer.

6.12 Synthesis of the (PCHD),-g-PS-g-(PCHD), H-Type Copolymer

For the synthesis of the (PCHD),-g-PS-g-(PCHD), H-type copolymer, the same
procedures were established as described previously for the case of PCHD-b-PS-b-PCHD
linear triblock copolymer. Sodium naphthalenide was used as the difunctional initiator and a
20% excess of living PCHD'Li" was used as the outer block. The only significant difference
was that instead of the dichlorodimethylsilane linking agent, the trichloromethylsilane
(CH;SiCl;) linking agent was used for the linking reaction with the difunctional polystyrene.
The alternation of the linking agent led to the synthesis of an H-type copolymer (Scheme 6.8).
The fractionation of this sample was performed by using a mixture of toluene-
chloroform/methanol-hexane as solvent/non-solvent, but it was more difficult to obtain the

final pure H-type copolymer comparing to the PCHD-b-PS-b-PCHD copolymer due to
the higher number of the outer blocks and there being PCHD.
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Scheme 6.8: Synthetic route for the (PCHD),-PS-(PCHD), H-type copolymer.

6.13 Synthesis of the (PCHD);-g-PS-g-(PCHD); Super H-Type Copolymer

The synthesis of the (PCHD);-g-PS-g-(PCHD); super H-type copolymer was
accomplished by using the same procedure performed for the synthesis of the PCHD-b-PS-b-
PCHD linear triblock copolymer. The procedure has already been described thoroughly. The
difunctional initiator sodium naphthalenide was used for the synthesis of the PS middle block
and the linking agent tetrachlorosilane (SiCly) was used for the linking reaction with the
excess of the active PCHD'Li" arms. The synthesis reactions are shown in Scheme 6.9. For
the fractionation of this sample, a mixture of toluene-chloroform/methanol-hexane was used
as the solvent/non-solvent system, similar to the ABA copolymer and A,BA, H-type

copolymers.
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Scheme 6.9: Synthetic route for the (PCHD);-PS-(PCHD); super H-type copolymer.

6.14 Synthesis of the (PS-b-PCHD);-g-PS’-g-(PCHD-b-PS); Super H-Type
Copolymer

Again for the synthesis of the (PS-b-PCHD);-g-PS’-g-(PCHD-b-PS); super H-type
copolymer, the procedure described previously was adopted. The difunctional initiator used
for the polymerization of the middle block was sodium naphthalenide while for the linking
reaction with the excess of PS-PCHDLi" arms, SiCl, was used. The synthesis reactions are
represented in Scheme 6.10. The fractionation of this type of copolymer was somehow easier
to perform, since the outer blocks were PS, and the toluene/methanol-hexane mixture was

adopted as a solvent/non-solvent system
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Scheme 6.10: Synthetic route for the (PS-PCHD);- PS’-(PCHD-PS); super H-type copolymers.

6.15 Molecular Characterization

6.15.1 Size Exclusion Chromatography (SEC)

A size exclusion chromatograph (SEC), equipped with an isocratic pump

(SpectraSystem P1000), column oven (LabAlliance) heated at 30°C, three columns in series
(PLgel 5 mm Mixed-C, 300x 7.5 mm), refractive index (RI, Shodex RI-101) and ultraviolet
absorbance (UV, SpectraSystem UV 1000) detectors, and tetrahydrofuran (THF) as the eluent,
was calibrated with eight PS standards (M,: 4.300 to 3.000.000 g/mol). In every case, prior to
calculating the polydispersity indices (PDI) of the synthesized polymers as well as prior to

making an estimation on the average molecular weights (A_/[n and M. ), a series of standard
PS solutions were always tested in order to examine the accuracy of the measurements. All

measurements were performed at the Polymers Laboratory of the Department of Materials

Science Engineering in the University of loannina.
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6.15.2 Proton Nuclear Magnetic Resonance ('"H-NMR) Spectroscopy

Proton nuclear magnetic resonance ('H-NMR) spectroscopy was used for determining
the composition and the isomeric microstructures of poly(cyclohexadiene) blocks and was
carried out in CDCl; at 30°C using a Bruker AVANCE II spectrometer, located at the
Chemistry Department in the University of loannina. Data were processed using UXNMR

(Bruker) software.

6.15.3 Membrane Osmometry

Membrane osmometry (MO) was adopted to determine the number average

molecular weight M., by using a Gonotec Osmomat 090 in 35°C. The solvent used was
toluene, distilled from CaH,, while the membrane was from regenerated cellulose. The

12 as a function

number average molecular weight was estimated by creating a graph of (p/c)
of ¢, where 7 is the osmotic pressure and c the concentration of the corresponding solution in

g/ml.

6.16 Thermal Analysis
6.16.1 Differential Scanning Calorimetry (DSC)

For the glass transition temperatures and the melt temperatures of the materials,
differential scanning calorimetry (DSC) was employed. The measurements were
accomplished with a 020 TA instrument, property of the Center for Nanophase Materials
Science (CNMS) of Oak Ridge National Laboratory at Oak Ridge, Tennessee, USA. The
heating ramp was 10°C/min and the temperature range from 25°C (room temperature) to
250°C. A small amount of 2-5 mg was used from each sample and placed in an aluminum
pan, which was sealed properly and introduced into the sample holder of the instrument. Two
heating and one cooling procedures were performed and the results of the second heating

were reported and analyzed using Advantage v5.4.0 (TA instruments) software.

6.17 Morphological Characterization
6.17.1 Transmission Electron Microscopy (TEM)

The observation of the samples was performed in a Zeiss Libra 120 energy filter
transmission electron microscope (EFTEM) operating at 120 kV in bright field mode. The
Zeiss Libra 120 EFTEM is equipped with Kohler illumination system, which is suitable for
high resolution since it provides parallel beams to the optical axis resulting in aberration-free,
homogeneous illumination and higher depth of field. Furthermore, it is equipped with an in-
column OMEGA filter which prevents inelastically scattered electrons from hitting the
sample improving therefore the contrast, and with an oil-free pumping system. In order to

study the morphology of the seventeen (17) synthesized linear diblock copolymers, the
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preparation of thin films that exhibit microphase separation was required. Thermodynamic
equilibrium ensures enhanced self-assembly of the sample, leading eventually to
distinguishable microphase separation. The preparation of the samples and the observation via
EFTEM of the equilibrium morphologies were performed in the Center of Nanophase
Materials Science (CNMS) of Oak Ridge National Lab at Oak Ridge, Tennessee, USA.

Casting-Annealing: Initially, for the preparation of the thin films, a 5% w/v solution of each
sample in toluene was prepared. For one sample exhibiting PCHD majority, chloroform was
used instead of toluene. The solvents should be non-selective for both blocks of the
copolymer. The samples were casted for approximately 5 days in a properly established
saturated environment under a beaker in a hood. In this way, the solvent is evaporated slowly
from the solution. Thin films with thickness approximately 1 mm were formed and half parts
of them were placed in an oven for annealing. Initially, the films were kept at 50°C for twelve
(12) hours, at 90°C for other twelve hours and finally the temperature was adjusted at 120°C,
which is above the glass transition temperature of both polystyrene and poly(cyclohexadiene)
(100-110°C), and remained there for 5 days. Then, each film was removed from the annealing
oven and immersed in liquid nitrogen for a few seconds (quenching). This procedure was
adopted since there is a possibility that the formed morphology might alter, if the sample is

cooled slowly to room temperature.

Ultramicrotomy: Ultramicrotoming can be defined as the technique of cutting ultra-thin
sections suitable of polymers, biological and biomedical objects for transmission electron
microscopy (TEM), scanning electron microscopy (SEM) or atomic force microscopy (AFM).
As a result of developments in the design of electron microscopes it is now possible to
examine much thicker sections (ultrathin) up to approximately 30 nm thick or less.
Improvements in preparation techniques over the last few decades have demonstrated that
thin sections of different materials that are free from artifacts can be successfully prepared for
electron microscopic investigations. Therefore, successful sectioning now depends primarily
on the experience of the experimentalist rather than on the instrumentation used. In order to
avoid sectioning-induced errors and to fully exploit the capability of an ultramicrotome, one
must master the optimum specimen preparation technique. The traditional application of
ultra- and cryoultramicrotomy involves the sectioning of soft materials such as the
aforementioned biological and biomedical substances and polymers. Recent experiences
demonstrate that even hard materials can be successfully ultramicrotomed. In addition to soft
materials such as aluminum or copper, materials as hard as steel, ceramics or even very hard
substances like sapphires and carbides have been successfully sectioned by ultramicrotomy.
These developments show that the technique of ultramicrotomy can be expected to extend to

other sectors of materials science, supplementing existing preparation techniques.
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For the research work involved in this thesis, environmental ultramicrotoming was
performed in a Leica Ultracut UCT ultramicrotome (Figure 6.21), located in the High
Temperature Materials Laboratory (HTML) of the Oak Ridge National Laboratory at Oak
Ridge, Tennessee, USA. Cryogenic conditions were not employed for two main reasons: the
hardness of each sample was improved even more by embedding in a suitable media and the
glass transition temperatures of both polystyrene and poly(cyclohexadiene) are approximately
100-110°C.

Figure 6.21: The Leica Ultracut UCT ultramicrotome used for ultra-sectioning of the samples.

Embedding Media:'> There are three media for general use: epoxy, polyester and acrylic

resins. The ease of sectioning and stability in the vacuum and the electron beam are
important, with the epoxy resins being more stable. Variations can be made to each procedure
for the appropriate medium to change its hardness. In the case of the synthesized copolymers,
the araldite 502 kit by PELCO was employed. This epoxy resin was cured for one day at
50°C.

Equipment: The ultramicrotome consists of a specimen-holder assembly and a knife support,
which allows for any orientation of the sample via specimen rotation/tilt. This rotation and tilt
are provided through a goniometer and 3D displacement movements of the knife (Figure

6.22).
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Figure 6.22: Ultramicrotome arm/specimen holder and knife assemblies'™.

The procedure consists of removing a small volume of the sample by trimming it into
a pyramidal shape, with a very small surface area at one end, and placing it into a specimen
holder. This assembly is then mounted on the ultramicrotome, against the knife, which is
gently moved as close to the specimen as possible. The knife is fixed and the specimen is

advanced on a precise path with an arranged cutting speed.

Trimming of the Specimen: Cutting the sample to make a pyramid is performed normally

under a stereoscopic microscope so as to cut the specimen without damaging the sample.
Using a razor blade or better still a specimen trimming device, the far end of the specimen is
cut into a pyramid base a few millimeters tall. In the case of this research work, the Leica EM

TRIM system was employed (Figure 6.23).

Figure 6.23: The Leica EM TRIM model used for trimming the specimen blocks.

The cutting surface will be reduced to a square or rectangular with sides between 0.5
and 2 mm. The edges of this surface must be perfectly clean and smooth. Two sides must be

strictly parallel to each other and the other two can form a square or trapezoid (Figure 6.24).
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Figure 6.24: Trimming the specimen block to the appropriate dimensions and shape'™.

The pyramid should not be too sharp to prevent any vibration phenomena during
cutting. It is better to prepare the sample a few hours earlier, allowing it to return to a stable

state.

Glass and Diamond Knives: The knives used for sectioning are usually made of glass or
diamond. Which type of knife will be used depends on the cutting thicknesses required, as
well as on the sample ductility and brittleness. Glass knives are produced with a 45° angle and

diamond knives are manufactured with angles of 35° and 45° (Figure 6.25).

Figure 6.25: Diamond knives, 35° and 45° angle.

Glass knives are sharp-edged glass prism manufactured from special glass strips free
of reams. Strips 400mm long and 25mm wide with thickness of 6.4 mm, 8 mm or 10 mm are
on the market. When selecting the thickness of a glass strip, it is important to take into
consideration the requirements of the specimen (in terms of its nature and size) as well as the
aim of the subsequent microscopic examination. The knife edges are formed at the narrow
sides of the strip of glass and consequently these surfaces must be clean and relatively
smooth, although a slight waviness is acceptable. Care should then be given on handling the
glass so as not to get finger marks on the narrow sides of the strip. Special equipment (a knife
maker) is necessary for the production of glass knives of high quality. The best results are

obtained with the so-called balanced break method. This technique enables a standard
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400mm-long strip of glass to be broken continuously into equal halves. The resulting flat-
sided squares are broken in the next step into two glass knives.

Diamond knives are extremely delicate and expensive tools which can be really
expensive based on the length of the edge. Simply touching the edge or cutting a section
greater than 1 um may permanently damage it. The benefits to using a diamond knife lie in its
hardness. Proper care results in a knife that is sharp for years and can cut numerous sections.
As the edge loses its sharpness, a progressive change in the quality of the sections slowly
occurs. Regular cleaning of a diamond knife edge is very important to prevent a build-up of
small fragments of embedding material which will cause scratches on the sections. These
fragments may come from sections or parts of sections that have been allowed to dry out on
the knife, or from fragments of resin torn out from soft material or partially-polymerized
blocks. If this resin is not removed it may polymerize on the surface of the diamond knife and
will then be impossible to remove. Diamonds knives are a great advantage when very long
series of sections is required, since it is inconvenient to keep changing a glass knife with the
constant realignment that is necessary. A good diamond will also be able to cut thinner
sections (less than 30 nm) than the average glass knife. A common problem in using a
diamond is that it is quite hydrophobic which prevents wetting of the knife edge. The remedy
involves carefully running an eyelash along the inside edge of the diamond with the boat full.
A recent addition to the types of knives used in ultrathin sectioning is the sapphire knife. As
with the diamond knife, the sapphire is permanently mounted in a trough and is superior to
the glass knife. It is however inferior in quality to the diamond knife and is incapable of

cutting hard samples without damaging the edge.

Knife Orientation and Water-Level Adjustment: The knife is placed on a support that can be

oriented so as to slightly tilt the diamond knife edge, in order to have a clearing angle
between 3° and 9°, most often 6°. Usually the blade knife is equipped with a trough filled with
purified water, upon which the sections will spread out. The water level in the trough must be
precisely adjusted so as to form a low meniscus with the knife cutting edge. This can be
verified by checking under the microscope whether a white shiny color over the surface of
water has been produced (meniscus). Successive sections float on the surface of the water and
thus can be easily picked up. The microscope is also used to align the sample with regard to

the knife edge, as well as to make any adjustments and monitor operations during cutting.

Adjustments of the Specimen Block: The specimen block should be securely clamped in its

holder and orientation head to prevent any movement during sectioning. Ideally the jaws of
the holder should be parallel to each other and to the sides of the block to ensure adequate
rigidity without squeezing the block out of the holder. A protrusion of approximately 3 mm is

recommended for ultramicrotomy or else vibrations may occur during sectioning. The
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specimen arm is set to the center of its vertical movement and to the same height with the
knife edge. The specimen block face and the top edge of it is aligned to be parallel with the
knife edge, so that the whole surface of the block is included in the first section and to ensure

that the sections form a straight ribbon.

Adjustments of the Knife: To avoid damaging the knife it is advisable to attach the specimen

holder to the specimen arm prior to fixing the knife. The knife height sets the cutting point
and should ideally coincide with the mid-point of the specimen arm movement. The knife
holder is tilted to set the clearance angle (4°, 5° is suitable initial angle, if using a diamond
knife the manufacturer’s recommended clearance angle should be 6°). Ensure that the screw
on the knife holder is tightened. Initially, a coarse adjustment is performed by making the
approach to the specimen block visually and by checking that the knife edge is far enough
from the block. Then, a secondary adjustment is performed which is also the most important.
Fine adjustment is performed under the microscope and the knife and specimen block are
placed together at the stereoscopic field of view, at low magnification. The block is moved
manually in front of the knife with a 2 um step and when it is close enough, a reflection of the

knife on the block is created (Figure 6.26).

Capsule ———
Lighted Slice Surface

Dark strip illuminated from T \
below. This strip represents the —
distance remaining between the !

block and the knife. > \

Water in Knife Trough =

Figure 6.26: Schematic representation of the reflection of the knife on the specimen block during the

fine adjustment'>,

A reverse image with illumination below the knife is produced, enabling the user to
see the distance between the knife and the block, from the dark line visualized. The approach
is completed by changing the step to 1 pm and by reducing the dark line as much as possible.

Now the system is ready to begin sectioning.

Sectioning: Ultrathin sectioning can be disturbed by low-frequency vibrations which can
emanate from rotating electrical machinery such as refrigerators or air-conditioners or from
heavy vehicular traffic. It is essential that each ultramicrotome is placed on a separate table or
bench as anyone else working on the same surface will certainly cause disturbances. The
support table should be free-standing. The suitable equipment for sectioning is listed below:

e A small eyelash probe for manipulation of the sections (Figure 6.27a).

e A special “perfect loop” tool.
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o A small bottle of clean trough liquid (usually water).

e A small syringe, pipette or trough-filling device.

e A small quantity of lens tissue and filter paper.

e A supply of specimen grids (300-600 mesh) (Figure 6.27b).

e A pair of fine tweezers, curved or straight, for handling the grids (Figure 6.27c¢).

e A Petri dish with 2 layers of filter paper for short-term storage of the grids with the
collected sections

e A covered grid box or container for long-term storage of the grids

e A diamond knife with a cleaning stick and a small bottle of ethanol or detergent

Figure 6.27: a) Small eyelash probes, b) Specimen grids, c) Tweezers, curved or straight.

After all the adjustments described previously are performed, the system is ready for
cutting specimen sections. Initially, a first slice, as thin as possible (approximately 0.5-1 pm)
is cut. This is the most delicate part of the sectioning procedure because the specimen block is

very close to the knife and its very brittle edge must not be damaged.

Prilm Dk

Figure 6.28: Ultrathin sections forming ribbon during cutting'®’.

The cutting window, i.e. the slow-speed range, is adjusted with the control unit of the
ultramicrotome, and then the automatic movement of the specimen block begins. Cutting

speed (usually adjusted between 1 to 2 mm/sec) and thickness are selected. At the beginning,
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a few semi-fine sections can be cut (200-500 nm) in order to produce a shiny, smooth cutting
surface before moving on to thinner sections. Then, thin fine slices of 50-75 nm thickness are
made. These sections are made in the form of ribbon if both faces of the block are well

aligned and parallel to the knife edge (Figure 6.28).

Retrieval of Sections: The user must be very careful during the collection of sections from the

trough. It is essential to avoid touching the knife blade with the edge of the grid. To do this,
an eyelash whose end is first dipped into the water trough is used. The sections that are close

to the knife edge are moved away and they are recovered on a grid (Figure 6.29).

Figure 6.29: Retrieving sections: 1) proper technique for retrieving slices far from the knife edge, 2)
improper retrieval, too close to the knife edge, risk of damaging the knife edge, 3) section retrieval with

a grid from above (a) or below (b) and 4) section retrieval with a special “perfect loop”” tool.'*®

Three methods are possible as illustrated in Figure 6.29. In the first method, if the
grid has a support film, the section ribbon is retrieved by simply touching the grid to the
surface of the water where the sections are located. In the second method, if the grid is bare,
the sections are recovered by immersing the grid into the water trough and the sections are
gathered by carefully raising the grid out of the water, while keeping the ribbon of slices over
the grid using an eyelash. This method was employed for the retrieval of grids for this
Diploma Thesis. For both methods, the excess water is removed by gently placing the grid
vertical to the level of a filter paper. In the third method, the sections can be retrieved with a
special “perfect loop”. The sections are retrieved from above and then the water is removed

using the corner of a filter paper. In all cases, the grids are stored in a grid holder.

Staining: Staining was performed in the Chemistry Department of the University of
Tennessee (UT) at Knoxville, Tennessee, USA. All grids were exposed for approximately 45
minutes in fresh osmium tetroxide (OsO,4) vapors in an aqueous solution (2% OsQ, in water)

order to be stained (Figure 6.30).
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Figure 6.30: Staining of specimen grids in a covered Petri dish filled with OsO, vapors in an aqueous

solution.

The procedure was performed under high safety conditions in a Petri dish filled with
Os0O, vapors in a properly formed hood. In this way, the required contrast for TEM image
observation is performed with the polydiene phase of the copolymers being stained and
appearing darker in the TEM images. The polystyrene phase appears white since it does not

react with OsO,.

6.17.2 Small Angle X-Ray Scattering (SAXS)

Small angle X-ray scattering was performed with Anton Paar SAXSess mc” (Figure
6.31) in the Center of Nanophase Materials Science (CNMS) of Oak Ridge National Lab at
Oak Ridge, Tennessee, USA.

Figure 6.31: Anton Paar SAXSess mc’ instrument for SAXS measurements'".
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The X-ray source is a sealed-tube suitable for both point and/or line collimation
mode. The temperature ranges from -150°C to 300°C enabling also thermal SAXS
measurements. Various sample holders are available such as quartz capillaries for liquids,
high temperature sample holder for solids, paste cell for viscous samples etc. The beam stop
is transparent with precision drive for vertical and tilt alignment. It is also equipped with two
types of detectors, either imaging plate detector (with 2D data acquisition) or CCD camera
detector (with 2D data acquisition) while the accessible q-range is from 0.03 nm™ (quin) to 28
nm" (qma) and the measurable d size from 0.1 nm to 200 nm. The data analysis was

performed via SAXSquant™ data acquisition & analysis software.
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CHAPTER 7

Experimental Results — Discussion - Conclusions

7.1 Molecular Characterization Results for the Linear Diblock Copolymers

The molecular characterization results are presented and discussed for the seventeen
(17) linear diblock copolymers of the PS-b-PCHD and PCHD-b-PS type synthesized for this
thesis. All samples, as already mentioned were synthesized via anionic polymerization by
using the sequential monomer addition method and high vacuum techniques. High 1,4-
microstructure was adopted for all PCHD blocks by using the polar additive DABCO. All
polymerizations were performed by using sec-BuLi as initiator, in a sec-BuLi/DABCO:1/2
molar ratio, and benzene as the solvent.

As it was mentioned in previous chapters, several methods were adopted for the
molecular characterization of these samples. Size exclusion chromatography (SEC) with THF
as the eluent at 30°C was used extensively in order to verify the narrow molecular weight
distributions of the first blocks, as well as of the final linear diblock copolymers and to
receive information concerning the number average molecular weights of the initial blocks
and the final materials. As the instrument was always calibrated with PS standards, only the
number average molecular weight values for the PS block were considered accurate, when
styrene was polymerized first. In order to verify the total number average molecular weight
values for each sample, as well as the values for each PCHD block, membrane osmometry

(MO) with toluene at 35°C was adopted. By combining the results from these two

characterization methods and using them in the /] = —— equation, information about the

weight average molecular weight of the final materials were obtained. Furthermore, another
method used for the molecular characterization of the samples, and especially to verify the
high 1,4-microstructure for the PCHD blocks (~90%) as well as the chemical and
compositional homogeneity of the samples, was proton nuclear magnetic resonance ('H-
NMR) spectroscopy.

In Table 7.1 the most significant molecular characteristics of the seventeen linear

My
Mn,A +M .5

diblock copolymers are summarized. By using equation 3.8 ( f, = , with A

corresponding to PS and B to PCHD block respectively), where the relationship between the
number average molecular weight and the molecular composition f'is given, the values of the

two last columns in Table 7.1 were estimated (fps and fpcnp)-
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Table 7.1: Molecular characterization results for the linear diblock copolymers. The samples are

sorted in descending values for fps (weight fraction of PS). The bolded samples are those in which 1,3-

CHD was polymerized first.
Mo\ | W | M |y fiwt) | ot
Samples block block | diblock | diblock | ——diblock | PS | PCHD
(aghingl) (g/mol) | (g/mol) (g/mol) M, block | block
PS-PCHD-10 | 43.470 | 2.100 45.570 47.850 1,05 95,40 4,6
PS-PCHD-8 | 37.600 2.400 40.000 42.800 1,07 94,0 6,0
PS-PCHD-2 | 41.820 | 4.520 46.340 48.200 1,04 90,2 9,8
PS-PCHD-1 | 44.750 6.020 50.770 52.800 1,04 88,1 11,9
PS-PCHD-5 | 30.200 | 6.400 36.600 38.800 1,06 82,5 17,5
PCHD-PS-15 | 12.300 | 45.000 | 57.300 64.200 1,12 78,0 22,0
PS-PCHD-17 | 21.700 | 7.300 29.000 31.030 1,07 75,0 25,0
PS-PCHD-14 | 28.100 | 15.600 | 43.700 50.700 1,16 64,3 35,7
PS-PCHD-3 | 11.200 | 6.600 17.800 19.050 1,07 62,9 37,1
PS-PCHD-12 | 24.500 | 15.500 | 40.000 43.600 1,09 61,2 38,8
PS-PCHD-18 | 10.700 6.900 17.600 19.360 1,10 60,8 39,2
PS-PCHD-11 | 24.500 | 16.100 | 40.600 44.660 1,10 60,3 39,7
PS-PCHD-16 | 19.600 | 13.400 33.000 34.300 1,04 59,4 40,6
PCHD-PS-9 | 22.000 | 29.200 | 51.200 61.400 1,20 57,1 429
PS-PCHD-19 | 18.400 | 21.100 | 39.500 42.260 1,07 46,6 53,4
PS-PCHD-4 | 15.500 | 20.100 35.600 39.900 1,12 43,5 56,5
PCHD-PS-13 | 34.700 | 13.000 | 47.700 58.670 1,23 27,2 72,8

*Molecular weight distribution results were estimated via SEC (THF in 30°C) and number average

molecular weight results via membrane osmometry (toluene in 35°C).

As it can be observed, a variety of results can be concluded from Table 7.1. The

lowest total molecular weight of the final materials is 17.600 g/mol while the highest is
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57.300 g/mol. The molecular weight distributions are narrow implying that the samples
exhibit chemical and compositional homogeneity. Furthermore, there is a large variety of
compositions ranging from 95.4% down to 25% for PS block. Fourteen (14) of the samples
synthesized are of PS majority, while three (3) are of PCHD majority. Additionally, three (3)

are also the samples where 1,3-cyclohexadiene was polymerized first. The theoretical

calculations for M , values of PS block were always in accordance with the experimental

results from SEC and MO, while some differences were observed between the theoretical

calculations and experimental results for M, values of several PCHD blocks. This
phenomenon is due to the fact that termination and side reactions described in a previous
Chapter may occur during 1,3-cyclohexadiene polymerization, especially when higher
molecular weights are necessary, increasing in this way the molecular weight distribution and
reducing the amount of monomer that reacts with the living anions. In all SEC
chromatographs, the lines corresponding to the distributions of the final linear diblock
copolymers (black ones) are displayed in higher molecular weights than the lines
corresponding to the distribution of the first polymerized block (red ones), indicating the
successful copolymerization for all synthesized samples. As it can be easily understood, the
main challenge on synthesizing these linear diblock copolymers was to succeed in the
formation of PCHD blocks with the desirable molecular characteristics and without any side
or termination reactions. By using high vacuum techniques, which led to well-purified
reagents, and the polar additive DABCO, these termination and side reactions were limited

leading to the synthesis of well-defined final materials.

7.1.1 Size Exclusion Chromatography (SEC) Results

In Figures 7.1 to 7.17, the chromatograms for all seventeen linear diblock
copolymers are represented, as well as for their first block precursors, following the pattern of
Table 7.1 (i.e. from the sample with the highest PS majority to the sample with the lowest
one). Prior to every measurement, the chromatogram was calibrated with PS standards with
well-known molecular weights.

It is easily observed from the SEC chromatograms (Fig. 7.1, 7.2 and 7.3) of these
three linear diblock copolymers (PS-b-PCHD-10, PS-b-PCHD-8 and PS-b-PCHD-2
respectively) that they exhibit very narrow and monomodal molecular weight distributions
implying high chemical and compositional homogeneity. Additionally, the fact that they all
exhibit a PS majority composition above 90% and very low molecular weights for the PCHD
blocks, leads to the conclusion that any termination and/or side reactions during the
polymerization of 1,3-cyclohexadiene were absent. In the cases of the PS-b-PCHD-1and PS-
b-PCHD-2 samples, the difference between the peaks of the final material (black) and the first
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block (red) is very low, which is something reasonable since the PCHD blocks for these two
samples exhibit very low number average molecular weights.
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Figure 7.1: SEC chromatograms of the PS block with M = 43.470 g/mol and of the linear diblock

copolymer PS-PCHD-10, with Mﬂ,tot =45.570 g/mol, I = 1,05 and fps = 95,4%.
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Figure 7.2: SEC chromatograms of the PS block with M », = 37.600 g/mol and of the linear diblock

copolymer PS-PCHD-8, with Mﬂ,tot =40.000 g/mol, I = 1,07 and fps = 94%.

By observing the SEC chromatograms (Fig 7.4 and 7.5 respectively) of these two
linear diblock copolymers (PS-PCHD-1 and PS-PCHD-5), it is clearly understood that their
molecular weight distributions are monomodal. The presence of only one peak and their low
polydispersity indices indicates their chemical and compositional homogeneity as well as the
absence of any side and/or termination reactions during the polymerization of 1,3-

cyclohexadiene.
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Figure 7.3: SEC chromatograms of the PS block with M , = 41.280 g/mol and of the linear diblock

copolymer PS-PCHD-2, with Mﬂ,tot =46.340 g/mol, I = 1,04 and fps = 90,25%.
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Figure 7.4: SEC chromatograms of the PS block with M , = 44.750 g/mol and of the linear diblock

copolymer PS-PCHD-1, with Mﬂ,tot =50.770 g/mol, I = 1,04 and fps = 88,1%.
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Figure 7.5: SEC chromatograms of the PS block with M », = 30.200 g/mol and of the linear diblock

copolymer PS-PCHD-35, with Mﬂ,tot = 36.600 g/mol, I = 1,06 and fps = 82,5%.

Furthermore, it is observed that as the volume fraction of the PS block decreases, the
difference between the two corresponding peaks increases towards higher molecular weights,

since the molecular weight of the second block increases as well.
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The SEC chromatogram of Figure 7.6 represents the one of the three linear diblock
copolymer cases where 1,3-cyclohexadiene was polymerized first (PCHD-PS-15). The aim of
this change in the used monomer addition sequence was primarily the increase of the PCHD

block composition in order to synthesize a final material exhibiting PCHD majority.
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Figure 7.6: SEC chromatograms of the PCHD block with M , = 12.300 g/mol and of the linear

diblock copolymer PCHD-PS-15, with Mn,mt = 57.300 g/mol, I = 1,12 and fps = 78%.

Cyclohexadiene, when polymerized first, leads to higher molecular weights with very
low traces of side and/or termination reactions, depending on the polar additive. Such
behavior occurs during the propagation of the polymerization it can reach higher values when
compared to the propagation through polystyrene anions. A disadvantage of polymerizing
1,3-cyclohexadiene first, is that the molecular weight distribution of the final copolymer is
slightly increased. For this sample, the increase of the PCHD block composition in order to
synthesize a final material with PCHD majority was not successful. This might be attributed
to the fact that an amount of the monomer did not react with the initiator. However, the
symmetric peak from SEC and the relatively low polydispersity index (I = 1,12) indicates that
the final linear diblock copolymer exhibits relatively good chemical and compositional
homogeneity. The polymerization of styrene as the second monomer from the macroinitiator
composed of the PCHD living ends was successful and the propagation proceeded as
expected. Additionally, it is important to mention that the existence of the polar additive
DABCO, which is already introduced in the solution, changes the polarity and reduces the
aggregation degree of polymerization. The polymerization of styrene as the second monomer,
therefore, lasted shorter period of time which was approximately one hour. Finally, a large
difference between the SEC peaks of the PCHD block (red line) and of the final material
(black line) due to the high molecular weight of the second block (PS) is observed.

In Figures 7.7 and 7.8 the SEC chromatograms of samples PS-PCHD-17 and PS-
PCHD-14 with fps = 75,0% and fps = 64,3% respectively are represented. Analyzing the SEC
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chromatogram for the PS-PCHD-17 linear diblock copolymer, one monomodal peak with
very narrow polydispersity index (I = 1,07) is observed, indicating high chemical and

compositional homogeneity for this sample as well.
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Figure 7.7: SEC chromatograms of the PS block with M » = 21.700 g/mol and of the linear diblock

copolymer PS-PCHD-17, with Mﬂ,tot =29.000 g/mol, I = 1,07 and fps = 75%.
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Figure 7.8: SEC chromatograms of the PS block with M » = 28.100 g/mol and of the linear diblock

copolymer PS-PCHD-14, with Mﬂ,tot =43.700 g/mol, I = 1,16 and fps = 64,3%.

For the PS-PCHD-14 sample, it is the first of time that the molecular weight of
PCHD block is relatively high (M ,pep = 15.600 g/mol), if compared to the previous
samples, leading to quite broad SEC peak and increased polydispersity (I = 1,16). The
increase of the molecular weight for the PCHD block, and eventually for the final copolymer,
concluded to broadening of the total molecular weight distribution. Nevertheless, the rather
symmetric peak indicates that the degree of chemical and compositional homogeneity is high
and any homopolymer is absent.

In the two following Figures (Figures 7.9 and 7.10) the SEC chromatograms are
exhibited for the PS-PCHD-3 and PS-PCHD-12 samples respectively. Analyzing the SEC
chromatograms of these two copolymers it is evident that their molecular weight distributions

are narrow and monomodal indicating a high degree of chemical and compositional
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homogeneity. Furthermore, in the case of the PS-PCHD-12 sample, a small broadening of the
peak towards to lower molecular weights can be attributed to the increased molecular weight
of PCHD block, as already mentioned for samplePS-PCHD-14.
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Figure 7.9: SEC chromatograms of the PS block with M » = 11.200 g/mol and of the linear diblock

copolymer PS-PCHD-3, with Mﬂ,tot =17.800 g/mol, I = 1,07 and fps = 62,9%.
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Figure 7.10: SEC chromatograms of the PS block with M » = 24.500 g/mol and of the linear diblock

copolymer PS-PCHD-12, with Mﬂ,tot =40.000 g/mol, I = 1,09 and fps = 61,25%.

The next two SEC chromatographs correspond to samples PS-PCHD-18 and PS-
PCHD-11 (Figures 7.11 and 7.12 respectively). Both samples (PS-PCHD-18 and PS-PCHD-
11) exhibit narrow and monomodal molecular weight distributions indicating no traces of
uncontrolled termination and/or side reactions during the synthesis of the first block (red
line), thus high degree of chemical and compositional homogeneity can be concluded. In both
samples it is evident that the polymerization of CHD was accomplished since the change in

elution volume for the initial first block and the final material is straightforward.
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Figure 7.11: SEC chromatograms of the PS block with M , = 10.700 g/mol and of the linear diblock

copolymer PS-PCHD-18, with M i = 17.600 g/mol, I = 1,10 and fps = 60,8%.
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Figure 7.12: SEC chromatograms of the PS block with M , = 24.500 g/mol and of the linear diblock

copolymer PS-PCHD-11, with Mﬂ,tot =40.600 g/mol, I = 1,10 and fps = 60,3%.

In Figures 7.13 and 7.14 the SEC chromatograms for the samples PS-PCHD-16 and
PCHD-PS-9 are given. In the case of PS-PCHD-16 linear diblock copolymer, high chemical
and compositional homogeneity can be concluded, since the molecular weight distribution is
very narrow and monomodal (I = 1,04). Furthermore, one should expect higher values for the
polydispersity index, since the molecular weight of the PCHD block is not so low (13.400
g/mol), but the well-purified reagents and the use of high vacuum techniques has lead to
better kinetics for the synthesis of the necessary diblock.

Observing the SEC chromatogram corresponding to PCHD-PS-9, one can clearly
understand that it is a similar case with the PCHD-PS-15 linear diblock copolymer which was
discussed previously. The molecular weight distribution is monomodal but there is a
broadening, especially at lower molecular weights, which is a result of the relatively high

molecular weight for the PCHD block as well as for the final diblock.
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Figure 7.13: SEC chromatograms of the PS block with M , = 19.600 g/mol and of the linear diblock

copolymer PS-PCHD-16, with M . = 33.000 g/mol, I = 1,04 and fps = 59,4%.
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Figure 7.14: SEC chromatograms of the PCHD block with M = 22.000 g/mol and of the linear

diblock copolymer PCHD-PS-9, with H,,,m, =51.200 g/mol, I = 1,20 and fps = 57,1%.

The aim of synthesizing a final diblock copolymer with PCHD majority was not
accomplished again, probably due to an amount of 1,3-CHD monomer that did not react.
However, the polymerization procedures for both monomers proceeded as expected and
considering the satisfying molecular characterization results, it is safe to assume that this
sample exhibits relatively high chemical and compositional homogeneity.

The three last linear diblock copolymers which will be discussed (PS-PCHD-19, PS-
PCHD-4 and PCHD-PS-13) exhibit PCHD majority. Taking into account the weight fraction
for the PS-PCHD-19 sample (fps = 46,6%), it is understood that corresponds to an almost
symmetric linear diblock copolymer. Additionally, the fact that there are drawbacks for the
synthesis of monomodal PS-PCHD copolymers with PCHD as the majority second block and
relatively high molecular weight, reflects the slight difference between the weight fractions of
the two blocks. Nevertheless, according to the SEC chromatogram of Figure 7.15, the
molecular weight distribution is narrow (I = 1,07) and monomodal indicating high chemical

and compositional homogeneity.
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Figure 7.15: SEC chromatogram of the PS block with M » = 18.400 g/mol and of the linear diblock

copolymer PS-PCHD-19, with M i = 39.500 g/mol, I = 1,07 and fps = 46,6%.
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Figure 7.16: SEC chromatogram of the PS block with M » = 15.500 g/mol and of the linear diblock

copolymer PS-PCHD-4, with M,,,m, =35.600 g/mol, I = 1,07 and fps = 43,5%.

The case of sample PS-PCHD-4 is unique since initially the molecular weight
distribution was bimodal, indicating the existence of PS homopolymer in the final material.
Fractionation was necessary in a solvent/non-solvent mixture of toluene/methanol in order to
separate the lower undesirable molecular weight fractions. As it can be observed from Figure
7.16, fractionation was successful and the final copolymer exhibited narrow (I = 1,12) and
monomodal molecular weight distribution.

Finally, the SEC chromatogram for the PCHD-PS-13 linear diblock copolymer is
observed in Figure 7.17. Analyzing the SEC chromatogram of this sample, it is evident that

the molecular weight distribution is monomodal but quite broad.
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Figure 7.17: SEC chromatograms of the PCHD block with M = 34.700 g/mol and of the linear

diblock copolymer PCHD-PS-13, with M o0 =47.700 g/mol, I = 1,23 and fps = 27,25%.

The polymerization of 1,3-cyclohexadiene as the first monomer led to this broadening
and the polydispersity index was the highest among all synthesized samples (I = 1,23). This
sample is the only one of these series that exhibits the highest volume fraction (fpcyp =
72,75%) as well as the highest molecular weight (34.700 g/mol) for the PCHD block, which
is the main reason of the increased polydispersity. However, no significant observation of any
side and/or termination reactions appeared from the molecular characterization via SEC,
indicating chemical and compositional homogeneity for this sample as well.

Concluding, it is clearly understood from the molecular characterization via SEC, that
all seventeen (17) linear diblock copolymers synthesized can be considered as well-defined
samples with monomodal molecular weight distributions. Several samples exhibit very
narrow polydispersities while others slightly broadened, depending on how increased was the
total molecular weight and the molecular weight of the PCHD block or on which monomer
was polymerized first. It is possible that, for some samples, small scale termination and/or
side reactions might have occurred in very small percentages, especially in those where the
polydispersity indices are approximately or above 1,10. Nevertheless, the chemical and

compositional homogeneity seems not to be affected.

7.1.2 Proton Nuclear Magnetic Resonance ('"H-NMR) Spectroscopy Results

The molecular characterization via proton nuclear magnetic resonance ('H-NMR)
spectroscopy was necessary in order to verify the molecular characterization results via SEC
and membrane osmometry as well as to confirm the existence of the desirable 1,4-
microstructure at high values (> 85%) for the PCHD segments of the linear diblock
copolymers. The polymerization system sec-BulLi / DABCO / benzene was used for the
synthesis of all linear diblock copolymers as it has already been mentioned, leading
approximately to 85-90% 1,4-microstructure and 10-15% 1,2-microstructure for the PCHD
block.
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In the case of PCHD polymerization with organolithium initiators (e.g. n-BuLi) and
no polar additives, the final materials exhibited almost 100% 1,4-microstructure, even though
the initiation and propagation reactions were relatively slow.*'This observation led to the
conclusion that the negative charge is located on the a-carbon, thus 1,4-microstructure is
favored. By using the polar additive TMEDA, which creates a complex with lithium, the
initiation and propagation reactions are significantly increased and 1,2-microstructure is also
increased due to the detachment of lithium from the main chain and the delocalization of the

negative charge form a-carbon to c-carbon (Figure 7.18).
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Figure 7.18: Influence of the polar additive TMEDA on the microstructure of PCHD.

On the other hand, the polar additive DABCO, which is bulkier than TMEDA and
less polar, creates as well a complex with lithium by also removing it from the main chain and
increasing the rate of propagation reaction (Figure 7.19). But in this case, lithium remains
closer to the main chain and localization at a-carbon is most prominent, leading mainly to a

high 1,4-microstructure.
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Figure 7.19: Influence of the polar additive DABCO on the microstructure of PCHD.

The most characteristic feature of a '"H-NMR spectrum is its proton chemical shifts
which correspond to specific protons mainly of the monomeric units. In Table 7.2 the proton
chemical shifts for polystyrene and poly(cyclohexadiene) are given. As it can be understood,
the ratio of each block can be estimated via '"H-NMR spectroscopy since, according to Table

7.2, different protons generate different chemical shifts in a "H-NMR spectrum.

Table 7.2: Category and number of protons with their corresponding chemical shifts for polystyrene
and poly(cyclohexadiene).
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B e Category-Number of Microstructure Chemical Shift
Protons (ppm)
PS Aromatics (5) - 6,30-7,50
Aromatics (2 double 1.4 5.4-5.8 and 1,85-2,35"
bond, 4 a-protons)
PCHD A ics (2 doubl
romatics (2 double 1,2 5.4-5,8 and 1,85-2,35"
bond, 3 a-protons)

* Chemical shift range for a-protons ( allylic) of PCHD.

More specifically, olefinic and aromatic protn chemical shifts appear above 4 ppm
while the aliphatic appear at lower chemical shifts (> 2,5 ppm). Olefinic proton chemical
shifts usually attract greater interest since they correspond to double bond protons of
polydienes. For the PS-PCHD diblock samples, the proton chemical shifts of the aromatic
hydrogen atoms of polystyrene at 6,3-7,5 ppm are very distinguished. In addition, the proton
chemical shifts at 5,4-5,8 ppm of hydrogen atoms connected to carbons which form the
double bond in the ring of PCHD are also very significant.

The ratios of the different microstructures for polydienes can be also calculated via
'H-NMR spectroscopy, providing very useful information concerning the synthetic route and
the kinetics of the propagation reactions. More specifically, in the case of
poly(cyclohexadiene), the corresponding peaks for 1,4- and 1,2- microstructures are
confirmed through the chemical shifts of allylic protons (a-protons, H,) of the aromatic ring at
1,85-2,35 ppm, while the aliphatic protons (B-protons) appear at 1,25-1,85 ppm. As Natori et
al. first noticed*' there is a difference between 1,2-units and 1,4-units due to the different
number of hydrogen atoms (H,) on the carbons adjacent to the double bond. By performing
several experiments, Natori concluded that 1,2-units satisfy the equation H, / H, + Hg = 1/2,
while 1,4-units satisfy the equation H, / H, + Hg = 1/3. This means that allylic protons (H,)
and aliphatic protons (Hg) for the 1,2-microstructure are in both cases three (3), while for the

1,4-microstructure H, are two (2) and Hg four (4) (Figure 7.20).

Figure 7.20: Allylic and aliphatic protons (H, and Hg respectively) of 1,2- and 1,4-units of
poly(cyclohexadiene). H, appear at 1,85-2,35 ppm, Hg appear at 1,25-1,85 ppm and H, (hydrogens

attached to carbons of the double bond) appear at 5,4-5,8 ppm.41
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Furthermore, a method referred by Quirk et al."*® was utilized for the calculation of
the 1,2- and 1,4-microstructure ratios for each sample. In this method, the integration of the
olephinic resonances (5,4-5,8 ppm) is compared with the integration of the allylic resonances
(1,85-2,35 ppm). The olefinic protons in the 1,2-microstructure are two (2) and the allylic
protons are three (3), as previously reported, while in the 1,4-microstructure there are two (2)
olefinic protons and two (2) allylic protons. Based on the aforementioned facts, the following
equations were used to determine the ratio of the 1,2- and 1,4- microstructures for PCHD

block:

Areaolephinic — (2f‘1,2 + 2f‘1,4)
Area allylic (3ﬁ,2 + 2ﬁ,4)

(7.1)

fl,z + f1,4 =1 (7.2)

where f| , is the relative amount of the 1,2-microstructure and f| 4 is the relative amount of the
1,4-microstructure. Based on the above two equations and the information given from the 'H-
NMR spectra obtained for all seventeen linear diblock copolymer samples the 1,4- and 1,2-
microstructure percentages were calculated and the results are stated on Table 7.3.

A '"H-NMR spectrum, except from the molar ratio of the microstructure, can also
provide information for the number average molecular weight of each sample. In this manner,
it is possible to verify the results from size exclusion chromatography and membrane
osmometry, even though in many cases it is not a direct method for measuring the number
average molecular weight. Nevertheless, such a procedure is possible by calculating the molar

ratio (% moles) of each block through the following equation:

x, =24 (713

where X is the molar ratio (% moles) of A block, a, is the area of the peaks in the "H-NMR
spectrum for A block and £ is the number of protons that cause the particular chemical shift.

By using the data from Table 7.2 in equation 7.3, one can conclude at the following two

equations:
Ag s
Xps =57 (7:4)
as,_
Xpewp = 5’22 = (7.5)
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Table 7.3: Weight fractions calculated from SEC and '"H-NMR. Also the percentage ration between

1,2- and 1,4 microstructure for the PCHD segments as calculated by "H-NMR are also given.

Rwt%%) | fwi%%) | Bot%) | B9 | o o | or 14
Samples | % | bock | block | block | FCHD | PCHD

SEC) | (SEC) | nMR) | (nmr) | YMR) | (NMR)
PS-PCHD-10 | 954 | 46 | 917 | 73 4 96
PS-PCHD-8 | 940 | 60 | 900 | 100 3 97
PS.PCHD-2 | 902 | 98 | 919 | 81 5 95
PS-PCHD-1 | 881 | 119 | 928 | 72 8 92
PS-PCHD-5 | 825 | 175 | 835 | 165 7 93
PCHD-PS-15 | 780 | 220 | 755 | 245 9 91
PS-PCHD-17 | 750 | 250 | 760 | 240 6 94
PS-PCHD-14 | 643 | 357 | 613 | 387 10 90
PS-PCHD-3 | 629 | 37,0 | 659 | 341 3 92
PS-PCHD-12 | 612 | 388 | 629 | 371 6 94
PS-PCHD-18 | 608 | 392 | 628 | 372 10 90
PS-PCHD-11 | 603 | 397 | 620 | 380 1 89
PS-PCHD-16 | 594 | 40,6 | 620 | 380 7 93
PCHD-PS9 | 571 | 429 | 535 | 465 8 92
PS-PCHD-19 | 466 | 534 | 455 | 545 12 88
PS-PCHD-4 | 435 | 565 | 400 | 60,0 7 93
PCHD-PS-13 | 272 | 728 | 233 | 767 9 91

Then, the determination of the weight ratio (%wt) is possible, by multiplying each X
value with the molecular weight of the corresponding monomer unit according to the

equation:

X xMW,

Yowt = (7.6)
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where MW, is the molecular weight of the monomer unit for A block and parameter B is

given by B = X g x MW s + X peyp X MW peyyp » With MWpg = 104 g/mol and MWpcpp = 80

g/mol. The weight fractions of PS and PCHD as calculated by 'H-NMR are also given
together with the relative values as obtained from SEC at Table 7.3. It can be observed that
there is an excellent consistency between the values as calculated by the two different
techniques, which indicates the compositional and molecular homogeneity.

In the Figures 7.21-7.37 the 'H-NMR spectra of the seventeen (17) PS-PCHD or
PCHD-PS linear diblock copolymers synthesized for this research work are presented. The
intensity of the "H-NMR signals is displayed along the vertical axis of a spectrum and is
proportional to the molar concentration of the sample. It is very important to refer that all
proton chemical shifts in the following spectra appear shifted at approximately 0,2 — 0,5 ppm
towards the left side of each spectrum due to different experimental conditions (temperature,
magnetic field etc.) each measurement was performed, with regard to the reference proton

chemical shifts, when compared to the theoretically predicted spectra.
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Figure 7.21: 'H-NMR spectrum of the PS-PCHD-1 linear diblock copolymer-

As it can be easily observed, in the '"H-NMR spectrum of PS-PCHD-1 copolymer,
chemical shifts at 6,8 — 7,7 ppm which correspond to aromatic hydrogen atoms of polystyrene
and at 5,8 — 6,3 ppm corresponding to hydrogen atoms bounded to carbons of the double bond
of PCHD. Also, a chemical shift at 2,85 ppm corresponding to the hydrogen atom bounded to
one of the carbons of polystyrene (Ar-C-H), several proton chemical shifts at 1,65 — 2,7 ppm
corresponding to o- (aliphatic) and B- (allylic) protons of the PCHD aromatic ring and a
chemical shift at 1,35 ppm corresponding to hydrogen atoms bounded to the b-carbon of
polystyrene (R-CH,) can be observed. The proton chemical shifts appearing at approximately
8 ppm correspond to the deuterated chloroform (CDCI;) which is the solvent used to dilute

each sample. All the above are characteristic proton chemical shifts which confirm the high
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purity and homogeneity of the final materials as well as the existence of polystyrene and

poly(cyclohexadiene) units and appear at the '"H-NMR spectra for all seventeen samples.

Py

Figure 7.22: '"H-NMR spectrum of the PS-PCHD-2 linear diblock copolymer.
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Figure 7.23: 'H-NMR spectrum of the PS-PCHD-3 linear diblock copolymer.
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Pe-FraIE4

Figure 7.24: 'H-NMR spectrum of the PS-PCHD-4 linear diblock copolymer.
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Figure 7.25: 'H-NMR spectrum of the PS-PCHD-5 linear diblock copolymer.
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Figure 7.26: 'H-NMR spectrum of the PS-PCHD-8 linear diblock copolymer.
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Figure 7.27: 'H-NMR spectrum of the PCHD-PS-9 linear diblock copolymer.
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Figure 7.28: 'H-NMR spectrum of the PS-PCHD-10 linear diblock copolymer.
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Figure 7.29: 'H-NMR spectrum of the PS-PCHD-11 linear diblock copolymer.
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Fre PR

Figure 7.30: ' H-NMR spectrum of the PS-PCHD-12 linear diblock copolymer.

PUHIEPE- 1

Figure 7.31: 'H-NMR spectrum of the PCHD-PS-13 linear diblock copolymer.

PP 14

Figure 7.32: 'H-NMR spectrum of the PS-PCHD-14 linear diblock copolymer.
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FUHB-F5-35

Figure 7.33: ' H-NMR spectrum of the PCHD-PS-15 linear diblock copolymer.

PEFUID- S

Figure 7.34: 'H-NMR spectrum of the PS-PCHD-16 linear diblock copolymer.
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Figure 7.35: 'H-NMR spectrum of the PS-PCHD-17 linear diblock copolymer.
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PP H-ER

Figure 7.36: 'H-NMR spectrum of the PS-PCHD-18 linear diblock copolymer.
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Figure 7.37: 'H-NMR spectrum of the PS-PCHD-19 linear diblock copolymer.

It is important to mention that by using equations 7.3-7.6, the ratios for PS and PCHD
blocks for each of the synthesized linear diblock copolymers were calculated, leading to
verification of the molecular characterization results via size exclusion chromatography and
membrane osmometry. Only minor differences within the experimental error of the
techniques were recorded. Furthermore, by using equations 7.1 and 7.2, the ratios of the 1,2-
and the 1,4-microstructures were calculated (Table 7.3) leading to the conclusion that they

exhibit high 1,4-microstructure (88%-97% for all samples).

7.2 Thermal Analysis Results

The thermal analysis results via differential scanning calorimetry (DSC) for the
seventeen (17) linear diblock copolymers are given and discussed in the following pages.
DSC can provide very useful information concerning the glass transition temperature, melting

point and the crystallization of a polymeric material. The glass transition temperature (T,) of
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polystyrene is approximately 100°C, depending on the molecular weight. Polystyrene is an
amorphous thermoplastic polymer, which means that it can be heated above its glass
transition temperature and can be cooled by returning to its initial form without any changes
to the chemical structure and properties. This phenomenon is reversible, can be repeated
theoretically innumerous times and it occurs mainly due to chain association through stacking
of the aromatic rings. The glass transition temperature of PCHD, which is approximately
100°C — 110°C, and its increased thermal and mechanical properties are considered the most
important factors leading to its behavior as an amorphous thermoplastic elastomer.

In Figures 7.38 — 7.54 are the DSC curves for all linear diblock copolymers
synthesized for this thesis are given. All thermographs displayed correspond to the second
heating procedure of each measurement. The first heating was performed in order to erase all
the history of the sample at a specific rate (commonly 10°C/min) and the cooling occurred at

ambient conditions.
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Figure 7.38: DSC curve of the PS-PCHD-I linear diblock copolymer with T, = 106.86°C and
M, =50.770 g/mol.

Analyzing the DSC curve for the PS-PCHD-1 linear diblock copolymer (Figure 7.38)
an endothermic transition at approximately 107°C is observed which is corresponding to glass
transition temperature. No crystallization occurs below 180°C but also no melting temperature
(T, is observed. Such behavior is attributed to the fact that the melting temperature of 1,4-
poly(cyclohexadiene) is around 200°C while anionically synthesized PS is considered
amorphous and no T,, is observed (since it is almost 100% atactic). A new series of DSC

measurements were performed to all samples up to 250°C, but again no crystallization (as

117



expected) or melting occurred. This implies that the copolymerization of styrene with 1,3-
CHD also increased significantly the T, of the PCHD block. Furthermore, due to the similar
glass transition temperatures of the two blocks, the system exhibits only one glass transition

temperature. The step used to perform the thermal studies was 10°C/min in all cycles.
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Figure 7.39: DSC curve of the PS-PCHD-2 linear diblock copolymer with T, = 107.11°C and
M , =46.340 g/mol.
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Figure 7.40: DSC curve of the PS-PCHD-3 linear diblock copolymer with T, = 105.4°C and
M ,=17.800 g/mol.
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Figure 7.41: DSC curve of the PS-PCHD-4 linear diblock copolymer with T, = 104.22°C and
M ., =35.600 g/mol.
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Figure 7.42: DSC curve of the PS-PCHD-5 linear diblock copolymer with T, = 106.6°C and
M ., =36.600 g/mol.
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Figure 7.43: DSC curve of the PS-PCHD-8 linear diblock copolymer with T, = 106.05°C and
M . =40.000 g/mol.
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Figure 7.44: DSC curve of the PCHD-PS-9 linear diblock copolymer with T, = 115.4°C and
M ,=51.200 g/mol.
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Figure 7.45: DSC curve of the PS-PCHD-10 linear diblock copolymer with T, = 101 .87°C and

M ,=45.570 g/mol.
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Figure 7.46: DSC curve of the PS-PCHD-11 linear diblock copolymer with T, = 1 06.99°C and

M , =40.600 g/mol.
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Figure 7.47: DSC curve of the PS-PCHD-12 linear diblock copolymer with T, = 1 06.96°C and
M , =40.000 g/mol.
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Figure 7.48: DSC curve of the PCHD-PS-13 linear diblock copolymer with T, = 122.18°C and
M ,=47.700 g/mol.
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Figure 7.49: DSC curve of the PS-PCHD-14 linear diblock copolymer with T, = 105. 7°C and
M , =43.700 g/mol.
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Figure 7.50: DSC curve of the PCHD-PS-15 linear diblock copolymer with T, = 1 14.32°C and
M ,=57.300 g/mol.
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Figure 7.51: DSC curve of the PS-PCHD-16 linear diblock copolymer with T, = 102. 79°C and

M , =33.000 g/mol.
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Figure 7.52: DSC curve of the PS-PCHD-17 linear diblock copolymer with T, =

M ,=29.000 g/mol.
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Figure 7.53: DSC curve of the PS-PCHD-18 linear diblock copolymer with T, = 1 01.99°C and

M ,=17.600 g/mol.
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Figure 7.54: DSC curve of the PS-PCHD-19 linear diblock copolymer with T, = 120.25°C and

M ,=39.500 g/mol.

In Table 7.4 the glass transition temperatures for all linear diblock copolymers

synthesized are given. It is evident that most of the synthesized materials, with PS majority,

exhibit T, ranging from ~102°C up to 107°C. Furthermore, such a T, range is observed only

for samples with PS as the first block.
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Table 7.4: Glass transition temperatures (Ty) of the linear diblock copolymers in comparison with
their molecular characteristics. The samples are sorted by descending fps values. The bolded samples

are those for which 1,3-CHD was polymerized first.

M, 1% | M, 2™ M. M. | fwt%) | fwi%) | o
Samples block block diblock | diblock PS | PCHD (ocg)
(Kg/mol) | (Kg/mol) | (Kg/mol) | (Kg/mol) | block | block

PS-PCHD-10 | 43.470 2.100 45.570 47.850 95,4 4,6 101,9

PS-PCHD-8 37.600 2.400 40.000 42.800 94,0 6,0 106,0

PS-PCHD-2 41.820 4.520 46.340 48.200 90,2 9,8 107,1

PS-PCHD-1 44.750 6.020 50.770 52.800 88,1 11,9 106,9

PS-PCHD-5 30.200 6.400 36.600 38.800 82,5 17,5 106,5

PCHD-PS-15 | 12.300 45.000 57.300 64.200 78,0 22,0 114,3

PS-PCHD-17 | 21.700 7.300 29.000 31.030 75,0 25,0 107,0

PS-PCHD-14 | 28.100 15.600 43.700 50.700 64,3 35,7 105,7

PS-PCHD-3 11.200 6.600 17.800 19.050 62,9 37,1 105,4

PS-PCHD-12 | 24.500 15.500 40.000 43.600 61,2 38,75 | 107,0

PS-PCHD-18 10.700 6.900 17.600 19.360 60,8 39,2 102,0

PS-PCHD-11 | 24.500 16.100 40.600 44.660 60,3 39,7 107,0

PS-PCHD-16 | 19.600 13.400 33.000 34.300 59,4 40,6 102,8

PCHD-PS-9 | 22.000 29.200 51.200 61.400 57,1 42,9 1154

PS-PCHD-19 | 18.400 21.100 39.500 42.260 46,6 53,4 120,2

PS-PCHD-4 15.500 20.100 35.600 39.900 43,5 56,5 104,2

PCHD-PS-13 | 34.700 13.000 47.700 58.670 27,2 72,8 122,1

Another important observation which can be concluded from the DSC experimental
results is that the linear diblock copolymers with PCHD majority exhibit increased glass
transition temperatures in comparison with the linear diblock copolymers of PS majority.

Such behavior indicates that the chemical structure of 1,4-PCHD affects the T, of the final
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materials, by increasing it by several degrees (114 up to 122°C instead of 102°C up to 107°C).
The reason lies on the covalent bonding of aromatic rings in the main chain of PCHD block,
which provide increased thermal stability. According to the literature® if 1,2-microstructured
PCHD block of a PS-b-PCHD linear diblock copolymer is increased up to 52%, the thermal
stability and properties are improved even more, reaching higher values for T, (~ 145°C).
Minor impact on the glass transition temperatures seems to create the molecular weight
(increase or decrease), in contrast with Natori’s results who showed that the T, of PS-b-
PCHD linear diblock copolymers with 52% 1,2-microstructure increases when the total
molecular weight is also increased. It is also important to mention that the samples with
PCHD as the first block (PCHD-PS-9 and PCHD-PS-15) exhibit also higher glass transition
temperatures. This can be attributed to the fact that the polydispersity of PCHD before
copolymerization with styrene was already increased, implying that several side and/or
termination reactions occurred creating byproducts which might are able to increase the T, of
the copolymer. Unique is the case for the PS-b-PCHD-4 sample which exhibits PCHD
majority but rather low glass transition temperature. This can be attributed to the fractionation
procedure established only for this sample and the removal of any byproducts that might

increase the T, (as in the cases of PCHD-b-PS-9 and PCHD-PS-5 samples).

7.3 Molecular Characterization Results of the Copolymers Synthesized With the
Difunctional Initiator Sodium/Naphthalenide

As described in detail at the experimental section, five (5) copolymers were
synthesized by using sodium/naphthalene as the initiation system via anionic polymerization
and high vacuum techniques. These copolymers are a linear triblock copolymer of PCHD-b-
PS-b-PCHD type, a linear pentablock copolymer of (PS-b-PCHD)-b-PS’-b-(PCHD-b-PS)
type, an H-type copolymer of (PCHD),-g-PS-g-(PCHD), type and two super H-type
copolymers of (PCHD);-g-PS-g-(PCHD); and (PS-b-PCHD);-g-PS’-g-(PCHD-b-PS); type.
The molecular characterization results for these five (5) copolymers are presented and

discussed in the following pages.

7.3.1 Size Exclusion Chromatography (SEC) Results

The synthesis of these copolymers was very difficult and time consuming, therefore,
every procedure was performed according to the necessary standards for successful synthesis.
Initially, an aliquot was taken for SEC characterization after the complete polymerization of
styrene (middle block) with the difunctional initiator sodium/naphthalenide. As observed at
Table 7.5 and the following Figures (Figures 7.55-7.57), this step for the synthesis of each of
the five copolymers was successful. The difunctional polystyrene used for the synthesis of the

linear triblock copolymer of the PCHD-b-PS-b-PCHD type and of the linear pentablock
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copolymer of the (PS-b-PCHD)-b-PS’-b-(PCHD-b-PS) type was identical as well as the
difunctional polystyrene used for the synthesis of the super-H copolymers of the (PCHD);-g-
PS-g-(PCHD); type and of the (PS-b-PCHD);-g-PS’-g-(PCHD-b-PS); type.

Table 7.5: Molecular characterization results for the difunctional polystyrenes.

M" MW
Difunctional Difunctional ]\_/[
Samples PS middle PS middle —
block block M.,
(Kg/mol) (Kg/mol)
NaPSNa for PCHD-PS-PCHD 84.000 85.680 1,02
NaPSNa for (PS-PCHD)-PS’-(PCHD-PS) 84.000 85.680 1,02
NaPSNa for (PCHD),-PS-(PCHD), 80.000 81.600 1,02
NaPSNa for (PCHD);-PS-(PCHD); 48.500 50.440 1,06
NaPSNa for (PS-PCHD);-PS’-(PCHD-PS); 48.500 50.440 1,06

*Molecular weight distribution results were estimated via SEC (THF in 30°C) and number average

molecular weight results via membrane osmometry (toluene in 35°C).
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Figure 7.55: SEC chromatogram of the difunctional Na™”?PS?'Na for the linear triblock copolymer
of the PCHD-b-PS-b-PCHD type and for the linear pentablock copolymer of the (PS-b-PCHD)-b-PS’-

b-(PCHD-b-PS) type with M » = 84.000 g/mol and I = 1,02.

The amount of the synthesized difunctional polystyrene was separated in two equal
quantities in order to accomplish that. In the case of the PCHD-b-PS-b-PCHD and the (PS-b-
PCHD)-b-PS’-b-(PCHD-b-PS) copolymers, each one of them was reacted with large excess
of the linking agent (CH;),SiCl, and, after the removal of this excess, was linked with the
corresponding living arms (PCHD'Li" and PS-b-PCHD'Li" respectively). In the case of the
(PCHD);-g-PS-g-(PCHD); and (PS-b-PCHD);-g-PS’-g-(PCHD-b-PS); copolymers, each one

of them was reacted with large excess of the linking agent SiCl, and, after the removal of
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excess, was linked with the corresponding living arms (PCHDLi" and PS-b-PCHD'Li"
respectively). For the H-type copolymer of the (PCHD),-g-PS-g-(PCHD), type, the
synthesized difunctional polystyrene was reacted with a large excess of the linking agent
CH;SiCl; and, after the removal of excess, was linked with PCHD living arms as mentioned

already for the complex copolymers.
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Figure 7.56: SEC chromatogram of the difunctional Na"’”PS®“Na for the H-type copolymer of the
(PCHD),-g-PS-g-(PCHD), type with ]\_/[n = 80.000 g/mol and I = 1,04.
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Figure 7.57: SEC chromatogram of the difunctional Na™'“PS?Na for the super H-type copolymers
of the (PCHD);-g-PS-g-(PCHD); type and of the (PS-b-PCHD);-g-PS’-g-(PCHD-b-PS); type with
M = 48.500 g/mol and I = 1,06.

Observing all three chromatograms from figures 7.55-7.57 it is clearly evident that
the difunctional polystyrenes used for the synthesis of the complex architecture copolymers
exhibit monomodal peaks with very low polydispersity indices. Therefore, the reaction of the
difunctional initiator sodium/naphthalene with styrene, in order to form the difunctional

polystyrene, was successful and the carefully chosen molar ratios of sodium/naphthalene with
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styrene, according to the theoretical calculations through equation 6.2

(AY — grmonomer
" 1/2moles,

initiator

), did not produce any unwanted monofunctional products.

The SEC chromatograms of the synthesized living arms which were linked with the

difunctional polystyrene are given in Figures 7.58-7.62 and their molecular characteristics are

presented in Table 7.6.

Table 7.6: Molecular characterization results for the living arms linked with the difunctional

polystyrenes.
M, ofthe | M, ofthe | 37
Samples corresponding | corresponding | =

living arm living arm M

(Kg/mol) (Kg/mol)
PCHD'Li" for PCHD-PS-PCHD 6.500 6.760 1,04
PS-PCHD'Li" for (PS-PCHD)-PS’-(PCHD-PS) 23.600 24.780 1,05
PCHD'Li" for (PCHD),-PS-(PCHD), 15.500 16.275 1,05
PCHD'Li" for (PCHD);-PS-(PCHD); 22.300 23.640 1,06
PS-PCHD'Li" for (PS-PCHD);-PS’-(PCHD-PS); 29.000 31.030 1,07

*Molecular weight distribution results were estimated via SEC (THF in 30°C) and number average

molecular weight results via membrane osmometry (toluene in 35°C).
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Figure 7.58: SEC chromatogram of the PCHD'Li" living arm which was linked with the CI-Si-PS-Si-CI

difunctional precursor with, Mn =6.500 g/mol and I = 1,04.

Analyzing the observed SEC chromatograms of the living arms for each case, it is

easily concluded that they exhibit monomodal peaks with low polydipsersity indices
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indicating chemical and compositional homogeneity. It is essential for the success of the
linking reaction that the molar ratio of the living arms will be in a 10-20% excess versus the

free Si-Cl bonds of the difunctional backbone, in order for all Cl atoms to react with the

corresponding living arms.
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Figure 7.59: SEC chromatogram of the PS-PCHD'Li" living arm which was linked with the CI-Si-PS-
Si-Cl difunctional precursor with, ]\_/[n = 23.600 g/mol and I = 1,05.
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Figure 7.60: SEC chromatogram of the PCHD'Li" living arm which was linked with the Cl,-Si-PS-Si-

Cl, difunctional precursor with, Mn =15.500 g/mol and I = 1,05.

Additionally, the living arms must exhibit as high purity as the difunctional backbone
in order to avoid any unwanted reactions that may occur during the linking procedure. It is
certain though that an amount of the living arms will not react leading to bimodal final
samples. After monitoring for several weeks via SEC the progress and completion of the
linking reaction for each of the five copolymers, the final materials were precipitated in
stabilized methanol and were fractionated in solvent/non-solvent systems in order to purify

the desirable material from the byproducts and the precursors.
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Figure 7.61: SEC chromatogram of the PCHD'Li" living arm which was linked with the Cls-Si-PS-Si-
Cl; difunctional precursor, with Mn =22.300 g/mol and I = 1,06.
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Figure 7.62: SEC chromatogram of the PS-PCHD'Li" living arm which was linked with the Cls-Si-PS-

Si-Cl; difunctional precursor, with Mn =29.000 g/mol and I = 1,07.

In the following Figures (Figures 7.63-7.67) the SEC chromatograms of the
fractionated (red line) and non-fractionated (black line) final copolymers are presented.
Additionally, in Table 7.7, the molecular characterization results of the final fractionated
materials are given. Observing initially the molecular characterization results of Table 7.7 and
the SEC chromatographs of the five (5) final unfractionated copolymers (black lines)
synthesized by using the difunctional initiator sodium/naphthalenide, it can be concluded that
the linking reactions were successful and the molecular weight values are in close agreement
with the theoretically predicted calculations. Furthermore, the existence of up to 25%
unreacted amount of living arms is observed which is expected since, for each case, the living
arms were introduced into the solution of the properly linked difunctional polystyrene in a 10-

20% excess.
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Figure 7.63: SEC chromatograms of the fractionated (red line) and unfractionated (black line) final

linear triblock copolymer of the PCHD-b-PS-b-PCHD type with Hﬂ,tot = 98.200 g/mol and I = 1,02

and Mr/ = 6.800 g/mol with I = 1,04 for the second peak corresponding to non-reacted living arms of
PCHD.

Figure 7.64: SEC chromatograms of the fractionated (red line) and unfractionated (black line) final

linear pentablock copolymer of the (PS-b-PCHD)-b-PS’-b-(PCHD-PS) type with H,,,m, = 130.500

g/mol and I = 1,03 and Mr/ = 24.500 g/mol with I = 1,04 for the second peak corresponding to non-
reacted living arms of PS-PCHD.
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Figure 7.65: SEC chromatograms of the fractionated (red line) and unfractionated (black line) final H-

type copolymer of the (PCHD),-g-PS-g-(PCHD), type with H,,,mt = 150.500 g/mol and I = 1,05 and

Mn = 18.500 g/mol with I = 1,04 for the second peak corresponding to non-reacted living arms of
PCHD.
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Figure 7.66: SEC chromatograms of the fractionated (red line) and unfractionated (black line) final

super H-type copolymer of the (PCHD);-g-PS-g-(PCHD); type with H,,,mt = 180.300 g/mol and I =

1,07 and Mn = 22.300 g/mol with I = 1,06 for the second peak corresponding to non-reacted living
arms of PCHD.
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Figure 7.67: SEC chromatograms of the fractionated (red line) and unfractionated (black line) final
super H-type copolymer of the (PS-b-PCHD);-g-PS’-g-(PCHD-b-PS); type with ﬁn,m; = 195.600

g/mol and I = 1,09 and Mn = 26.200 g/mol with I = 1,06 for the second peak corresponding to non-
reacted living arms of PS-PCHD.

Table 7.7: Molecular characterization results for the final copolymers synthesized with the

difunctional initiator sodium/naphthalene.

— — M.

Samples M, (Kg/mol) M . (Kg/mol) —

M
PCHD-PS-PCHD 98.200 102.130 1,04
(PS-PCHD)-PS’-(PCHD-PS) 130.550 137.080 1,05
(PCHD),-PS-(PCHD), 150.500 158.020 1,05
(PCHD);-PS-(PCHD); 180.300 192.920 1,07
(PS-PCHD);-PS’-(PCHD-PS); 195.600 213.200 1,09

*Molecular weight distribution results were estimated via SEC (THF in 30°C) and number average

molecular weight results via membrane osmometry (toluene in 35°C).

The fractionation procedure for each of the final copolymers synthesized with the
difunctional initiator sodium/naphthalenide was a very crucial and difficult part. Several
solvent/non-solvent systems, which will be discussed below, were used for each case in order
to find the optimum one.

Initially, for the linear triblock copolymer case (PCHD-b-PS-b-PCHD), the

commonly used solvent/non-solvent system of toluene/MeOH was used leading to
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unsuccessful results due to the low solubility of PCHD chains in toluene. Then, a very low
concentrated solution (< 0.1% wt) of the sample in chloroform/toluene (1:1 ratio) was created
and hexane was introduced in a 1:3 (chloroform-toluene/hexane) ratio forming a new
solvent/non-solvent system. After introducing also a relatively small amount of MeOH into
the mixture, fractionation of the final material was possible. Chloroform provides good
solubility for the PCHD block, while toluene provides good solubility for the PS block and
average solubility for the PCHD block. The verification of the successful fractionation was
performed through SEC and the results can be observed in Figure 7.63 (red line) where the
second peak corresponding to the unreacted amount of the living PCHD arm has subsequently
been decreased.

Similar fractionation procedure was performed also for the synthesized copolymers of
the (PCHD),-g-PS-g-(PCHD), and (PCHD);-g-PS-g-(PCHD); types that exhibited PCHD
outer blocks. The SEC chromatographs of the fractionated final materials are presented in
Figures 7.64 and 7.65 respectively (red lines). These three already mentioned fractionations
were more difficult than the two described below, due to the existence of the PCHD
homopolymer in the final material and also due to the fact that the wanted architecture
required PCHD being the outer block.

In the case of the (PS-b-PCHD)-b-PS’-b-(PCHD-b-PS) and (PS-b-PCHD);-g-PS’-g-
(PCHD-b-PS);  copolymers, fractionation was performed with the system
toluene/hexane/MeOH. A very low concentrated solution (> 0.1% wt) of the final
unfractionated sample was created in toluene. Hexane was introduced in a 1:3 ratio
(toluene/hexane) forming a solvent/non-solvent system. By the addition of several amount of
MeOH, fractionation of the final material was feasible. In this case, PS-b-PCHD unreacted
living excess was easier to be removed from the final product. By using hexane, which is a
non-solvent for the PS block, the successful removal of the unreacted PS-b-PCHD living arms
was possible. The verification was accomplished through SEC characterization as it is

represented in Figures 7.66 and 7.67 (red lines).

7.3.2 Proton Nuclear Magnetic Resonance (‘H-NMR) Spectroscopy Results

Similarly to the linear diblock copolymers, the 'H-NMR spectroscopy was utilized in order to
verify the 1,2- and 1,4- microstructure of the PCHD block of the final materials as well as to
verify the composition of the two different segments (PS and PCHD respectively). It was
expected to observe the olefinic chemical shifts of the aromatic hydrogen atoms of
polystyrene at 6,3-7,5 ppm, the olefinic hydrogen atoms of the poly(cyclohexadiene) ring at
5,4-5,8 ppm and the aliphatic protons and allylic protons of PCHD at 1,25-1,85 ppm and at
1,85-2,35 ppm respectively.
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Figure 7.68: 'H-NMR spectrum of the PCHD-b-PS-b-PCHD linear triblock copolymer.
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Figure 7.69: 'H-NMR spectrum of the (PS-b-PCHD)-b-PS’-b-(PCHD-b-PS) linear pentablock

copolymer.

As it can be observed from the '"H-NMR spectra (Figures 7.68-7.72), the existence of
both polystyrene and poly(cyclohexadiene) blocks in the final materials is verified as well as
the complete absence of any silane traces which correspond to a chemical shift at
approximately 0,8 ppm. Furthermore, the calculated compositions of the two different

segments are in good agreement with the molecular characterization results via SEC.
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Figure 7.70: 'H-NMR spectrum of the (PCHD),-g-PS-g-(PCHD), H-type copolymer.
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Figure 7.71: 'H-NMR spectrum of the (PCHD);-g-PS-g-(PCHD); super H-type copolymer.
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Figure 7.72: 'H-NMR spectrum of the (PS-b-PCHD);-g-PS "-g-(PCHD-b-PS); super H-type copolymer.

7.4 Morphological Characterization Results for the Linear Diblock Copolymers
The morphological characterization of the linear diblock copolymers synthesized for
this thesis was accomplished by using two methods which are complementary in cases where
microphase separation of polymers is examined, transmission electron microscopy (TEM) and
small angle X-ray scattering (SAXS) respectively. The measurements were performed in the
Center for Nanophase Materials Science (CNMS) of Oak Ridge National Laboratory (ORNL)
at Oak Ridge, Tennessee, USA. As described previously, both TEM images and SAXS plots
can provide unique information concerning the microphase separation of linear diblock
copolymers and their corresponding morphologies. For that reason, a wide variety of volume
fractions was targeted and synthesized in order to study the alternations of microphase
separation of PS-PCHD copolymers in regard with the different volume fractions, the
interaction parameter y and the variations of the degree of polymerization N, thus the
molecular weight. The degree of polymerization N for a linear diblock copolymer can be

easily calculated from the following equation:

MPS MPCHD
Nops s pcip =Nps + Npewp = Még[ + MOCHD (7.1)

where M (f 5= 104 g/mol is the molecular weight of polystyrene’s monomer unit and

M, (f b= g0 g/mol is the corresponding molecular weight of poly(cyclohexadiene)’s
monomer unit.

As reported previously, seventeen (17) samples were synthesized in an effort to
understand the fundamentals of the microphase separation for this system as well as to create

a possible phase diagram yN = f{p) where ¢ is the volume fraction of polystyrene, which has
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not been reported in the literature even though there are several studies with very interesting
morphological characterization results already published for such copolymers.>"”’ The
volume fractions for all seventeen samples were calculated by using equation 3.7:
¢A — f AdA
f A dB + f BdA

where, A corresponds to polystyrene and B to poly(cyclohexadiene), while d4 = 1,05 g/ml is
polystyrene’s density and dg = 1,10 g/ml is poly(cyclohexadiene)’s density. The volume
fractions are presented in Table 7.8.

Another unique feature of the specific linear diblock copolymers is the different
structure and properties adopted in comparison with other well-studied polystyrene/polydiene
systems, due to the existence of the PCHD block. As reported in a previous section of this
thesis, even though PCHD is a polydiene, it exhibits very different properties compared to
other commonly used polydienes, such as poly(isoprene) and poly(butadiene), due to the
existence of the cyclic ring in its main chain. Consequently, its morphological
characterization is expected to provide also quite different results, when copolymerized with
styrene and is considered rather challenging.

Another important aspect of the PS-b-PCHD copolymers system is that the
interaction parameter y is yet unknown. A few theoretical calculations have been performed'*®
without any confirmed experimental yet. For that reason, a series of thermal SAXS
measurements was performed also in an effort to calculate the interaction parameter y since it
is inversely proportional with temperature (equation 3.3, y = oT™ + j3).

The sample preparation for the molecular characterization results, especially for TEM
measurements, is essential and very important as described previously in another chapter.
Casting must be performed in a non-selective solvent for several days in order to promote the
formation of equilibrium morphologies. All linear diblock copolymers synthesized were cast
from toluene, except from the PCHD-b-PS-13 sample which exhibits PCHD majority and was
cast from chloroform since it was insoluble in toluene. Casting was accomplished in
approximately 5-7 days depending on the solvent used. Then, each film that was made, was
separated in two equal amounts in order to study morphologically the unannealed and
annealed this sections. Annealing was performed in 6-7 days. For the first 12 hours the
temperature was set at 50°C, for the next 12 hours the temperature was set at 90°C and for the
next 5-6 days the temperature was set at 120°C. Then, each film was removed from the
annealing oven and quenched in liquid nitrogen in order to avoid any alternation of the
formed morphology due to cooling slowly to room temperature. As long as casting and

annealing are properly accomplished, the films of the samples can be used immediately for
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SAXS measurements, while for TEM measurements further procedures must be adopted

(embedding, ultramicrotoming, staining).

Table 7.8: Volume fraction and degree of polymerization for the linear diblock copolymers.

f(wt%) | f(wt%)
Samples PS PCHD o(PS) o(PCHD) | Nps.p-pcup
block | block
PS-PCHD-10 95,4 4,6 91,2 8,8 444
PS-PCHD-8 94,0 6,0 89,3 10,7 391
PS-PCHD-2 90,2 9,8 86,5 13,5 459
PS-PCHD-1 88,1 11,9 84,5 15,5 506
PS-PCHD-5 82,5 17,5 79,4 20,6 370
PCHD-PS-15 78,0 22,0 75,2 24,8 586
PS-PCHD-17 75,0 25,0 72,4 27,6 300
PS-PCHD-14 64,3 35,7 62,4 37,6 465
PS-PCHD-3 62,9 37,1 61,1 38,9 190
PS-PCHD-12 61,2 38,8 59,5 40,5 429
PS-PCHD-18 60,8 39,2 59,1 40,9 189
PS-PCHD-11 60,3 39,7 58,7 41,3 437
PS-PCHD-16 59,4 40,6 57,8 42,2 356
PCHD-PS-9 57,1 42.9 55,6 44 4 556
PS-PCHD-19 46,6 53,4 45,6 54,4 441
PS-PCHD-4 43,5 56,5 42,6 57,4 400
PCHD-PS-13 27,2 72,8 26,9 73,1 559

7.4.1 Transmission Electron Microscopy (TEM)
In the following pages the TEM images from the morphological characterization of

the seventeen (17) linear diblock copolymers are presented. All samples were stained with
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osmium tetroxide (OsO,) in order to increase the contrast of the corresponding PCHD blocks
since PS does not react with the specific stainer.

Figures 7.73a and 7.73b represent the TEM images from the annealed and the
unannealed PS-b-PCHD-1 sections respectively.

a)
Figure 7.73: a) TEM image of the annealed PS-b-PCHD-1 film b) TEM image of the unannealed PS-b-
PCHD-1 film.

It is easily observed by the two TEM images of the annealed and unannealed sample
that they exhibit both differences and similarities as far as their morphology is concerned. The
main similarity is that they both exhibit spheres of the minority component (PCHD) in a
matrix of the majority component (PS) which is not something unexpected since the volume
fraction of PS is high (pps = 84,5%). The PCHD spheres are displayed darker, due to the
staining with osmium tetroxide for 45 minutes, while the PS matrix appears white. The
spheres are not oriented in a body centered cubic (BCC) structure as it is usually expected, but
they exhibit a rather random orientation. The main difference of these two systems is that the
PCHD spheres of the annealed sample appear much smaller than those of the unannealed
sample. This could be attributed to the fact that PS-b-PCHD-1 sample exhibits a rather high
degree of polymerization (N = 505,55) and by increasing the temperature, the y parameter is
decreased and the system might be very close to the order-disorder transition. This could
happen only if the y parameter is significantly decreased, which means that the entropic
factors tend to become more prominent than the enthalpic factors. For the unannealed sample,
PCHD spheres are more distinct and appear larger, which correlates with what is described
above. Therefore, the sections are still in the equilibrium state where the need for the
minimization of the local energy is fulfilled. Furthermore, it can be implied that, even though
the y parameter is yet unknown, the system is in the intermediate segregation regime, since

the degree of polymerization is rather high (N = 506).
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In Figures 7.74a and 7.74b the TEM images of the annealed and unannealed PS-b-
PCHD-2 sections are exhibited respectively.

Figure 7.74: a) TEM image of the annealed PS-b-PCHD-2 film b) TEM image of the unannealed PS-b-
PCHD-2 film.

In this case, the annealed film seems to exhibit no microphase separation while the
unannealed one exhibits spheres of the minority component (PCHD) in a matrix of the
majority component (PS). The PCHD spheres are displayed again darker, since the film has
been stained with OsO,, while the PS matrix appears white. The PCHD spheres are again not
oriented in a BCC structure indicating poor microphase separation. The volume fraction of
the majority component (PS) is very close to the one for the PS-b-PCHD-1 linear diblock
copolymer (@ps = 86,5%) which is consistent with the identical morphology observed for the
unannealed films of these two samples. The observation of no microphase separation for the
annealed samples enhances the previously described assumptions for the PS-b-PCHD-1
annealed sections. This means that the temperature increase led to significant decrease of the
x parameter which resulted eventually to the transition from the somewhat ordered state to the
disordered state. Since the degree of polymerization is relatively high again (N = 459) and is
not affected by the temperature alternations, it can play a significant role as a constant factor
for better understanding the microphase separation of each synthesized linear diblock
copolymer. In order to verify the assumption that the system outcame the order-disorder
transition, annealing procedures could be performed in several lower temperatures (e.g 50°C,
70°C, 90°C etc.) than the selected one (120°C) and observe approximately, by the
corresponding TEM images, where the transition from randomly oriented spheres to disorder
state occurs.

The TEM images for the annealed and unannealed films of the PS-b-PCHD-3 sample
are presented in Figures 7.75a and 7.75b respectively.
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" b)
Figure 7.75: a) TEM image of the annealed PS-b-PCHD-3 film b) TEM image of the unannealed PS-b-
PCHD-3 film.

From the TEM images of the annealed and unannealed sections of the PS-PCHD-3
linear diblock copolymer films is observed that significant differences occur. The annealed
sections exhibit hexagonally packed cylinders of the minority component (PCHD), in a matrix
of the majority component (PS) block. The hexagonally packed cylinders of the PCHD block
are highly self-organized and appear darker, while the PS matrix appears white. It is also clear
that this morphology is consistent and with great periodicity indicating the successful
procedures that were established for the synthesis and the preparation (casting, annealing,
ultramicrotoming, staining) for morphological characterization. The self-assembly and the
appearance of highly self-organized morphology in an annealed sample is usually expected,
especially if the degree of polymerization is rather low (N = 190). In the case of the annealed
PS-b-PCHD-3 sections, the increase of the temperature up to 120°C, which is above the glass
transition temperature (105,4°C) of the system, favors the sectional movements of the
polymer chains where the thickness of the interface as well as the junction points are
minimized and the hexagonally packed cylinders of the PCHD block are formed in a PS
matrix. By quenching the sample in liquid nitrogen immediately after the removal from the
annealing oven, the formed morphology is “captured” in order to avoid its alternation due to
cooling slowly at room temperature. The volume fraction of ¢ps = 60,1% corresponds to
hexagonally packed cylinder morphology for the well-studied PI-b-PS system by Fredrickson
and Bates'*® . This experimental result is in good agreement with the aforementioned results
which means that at least for @ps = 60,1%, the PS-b-PCHD system behaves as the PI-b-PS
system. On the contrary, the unannealed film is not well-ordered, even though a formed
structure is clearly observed. This structure though, does not correlate with any of the
theoretically and experimentally known equilibrium morphologies from other well-studied

systems (e.g. PI-b-PS). It seems like cylinders of the minority PCHD block in a matrix of the
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majority PS block are going to be formed, but the microphase separation is relatively low.
The rather large folds observed in Figure 7.75b were present in every domain of the sections
studied, which implies that mechanical deformations occurred most likely during the
trimming procedure. It is an assumption which proves what was described in the theoretical
part concerning the great care needed during the trimming and ultramicrotoming procedures.
Finally it is considered that rotate-tilt or/and double tilt experiments should be made in order
to verify the structure formed.

In Figures 7.76a and 7.76b the TEM images from the annealed and unannealed PS-b-
PCHD-4 sections respectively are given. For these two TEM images several differences as
well as similarities can be observed. They both exhibit dark and light regions which are
poorly organized but they can be distinguished from each other. Due to staining with OsOy,
the dark regimes correspond to PCHD segments, while the lighter ones to PS segments. Both

TEM images exhibit significant dark domains, which is something that verifies the volume

fraction calculated for the PCHD block from the molecular characterization results (@pcup =

57,4%).

Figure 7.76: a) TEM image of the annealed PS-b-PCHD-4 film b) TEM image of the unannealed PS-b-
PCHD-4 film.

For the annealed film, the microphase separated structure seems like cylinders of the
PCHD block in a matrix of the PS block. The PCHD cylinders are rather large and apparently
the size of the interface between the two blocks is not small. The asymmetry between the two
blocks is also rather small (¢ps = 42,6% and gpcup = 57,4%) which means that the asymmetry
between the chain sizes is minimal and curving of the interface towards the minority block
occurs in a small scale. For the unannealed film, similar observations can be implied from the
TEM image. Nevertheless, the PCHD cylinders seem to be smaller than those of the annealed

sample as well as the interfaces between the two blocks. Furthermore, even though the PCHD
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exhibits larger volume fraction, it seems that eventually forms cylinders propably due to the
flexibility of the chains when compared with PS. Unfortunately, the poor-ordered structure is
not able to provide any further significant information about the correlation between the
increase of the temperature and the increased size of the PCHD domains of the annealed
sample.

In Figures 7.77a and 7.77b the TEM images for the annealed and unannealed PS-b-
PCHD-5 sections respectively are given. For both annealed and unannealed films, microphase
separation of the corresponding blocks is observed. More specifically, for the annealed
sample, hexagonally packed cylinders of the minority component (PCHD) are observed in the
matrix of the majority component (PS). The hexagonal formation of the PCHD cylinders is
not continuous but the different dark and light domains which correspond to the PCHD and to
the PS blocks respectively are distinct. The asymmetry of the two blocks is high enough to
curve the interface towards the minority block (PCHD in this case), but the total free energy
of the system is not minimized enough leading to cylinders, poorly formed in hexagonal

packing.

Figure 7.72: a) TEM image of the annealed PS-b-PCHD-5 film b) TEM image of the unannealed PS-b-
PCHD-5 film.

Furthermore, the degree of polymerization is relatively high (N = 370) which implies
that with further increase of the temperature, the y interaction parameter will be decreased
even more leading the system possibly to an order-order transition (spheres). This is also
verified from the fact that the structure observed for the unannealed sections is more well-
ordered than the one observed for the annealed one, which means that in lower temperature
the system exhibits better microphase separation. The interface is minimized while there is a
very good distinction between the two microphases comparing to the image from the annealed

film. The observed morphology of the hexagonally packed cylinders of the PCHD block in a
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PS matrix for the unannealed film is more periodic and continuous as it is evident from the
TEM image.

Another significant observation is that the hexagonally packed cylinders appear for an
increased volume fraction of the majority component (pps = 79,4%). This verifies that
conformational asymmetry shifts the order-order and order-disorder phase boundaries of the
PS-b-PCHD system, which is something that has been proved experimentally and

theoretically for other systems.'*'**!*!

This asymmetry of the phase diagram has been
attributed to differences in monomer volume and backbone flexibilities of the blocks leading
to an overall conformational asymmetry which affects more the order-order rather than the
order-disorder transitions. Furthermore, the conformational asymmetry affects the relative
domain spacing between structures along their boundaries. This fact can explain the increase
of the size of the PCHD cylinders in the annealed sample since Matsen and Bates,'*' by
performing both SCFT and SST theoretical calculations, showed that at yN = 60 and when the
volume fraction of the one component is above 50% and below 85%, the domain spacing is
increased, while for volume fractions above 85% of the one component, the d spacing is
decreased, an observation which is in accordance with the previously mentioned experimental
results for the PS-b-PCHD-1 and PS-b-PCHD-2 annealed samples.

The following Figures (Figures 7.78a and 7.78b) present the annealed and unannealed

PS-b-PCHD-8 films respectively.

Figure 7.78: a) TEM image of the annealed PS-b-PCHD-S film b) TEM image of the unannealed PS-b-
PCHD-8 film.

This case resembles the aforementioned case of the PS-b-PCHD-5 annealed and
unannealed films. The microphase separation for the annealed sample is low, but dark and
light regions can be distinguished. The formation of spheres of the minority component
(PCHD block), which are displayed darker, in a matrix of the majority component (PS block),
which is displayed lighter can be observed. Additionally, the well-ordered structure of
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hexagonally packed cylinders of the PCHD block in a matrix of the PS block seen for the
unannealed sections rise questions whether an order-order transition occurs as the temperature
is increased during the annealing process. The total molecular weight of this sample is very
close to the molecular weight of PS-b-PCHD-5 sample (40.000 g/mol and 36.600 g/mol
respectively) as well the degree of polymerization (Npsppcups = 391) but the TEM
micrographs are identical only for the unannealed samples. The existence of the hexagonally
packed cylinders of the minority component in the matrix of the majority at even higher
volume fraction than that of PS-b-PCHD-5 sample indicates that the conformational
asymmetry of this system is very high, which means that the ratio of the statistical segment
lengths (as/ag) of the two blocks is relatively large. Furthermore, as for the PS-b-PCHD-5
sample, the increase of the temperature (decrease of the y parameter) affects the microphase
separation creating less ordered structures. So far, poor-ordered structures have been observed
for all the annealed films of the aforementioned systems except from the PS-b-PCHD-3
annealed case where the degree of polymerization is the lowest and by increasing the
temperature, microphase separation is favored even more.

In Figures 7.79a and 7.79b the TEM images of the annealed and unannealed PCHD-

b-PS-9 film sections respectively are presented.

Figure 7.79: a) TEM image of the annealed PCHD-b-PS-9 film b) TEM image of the unannealed
PCHD-b-PS-9 film.

It is easily observed that both images from the annealed and unannealed sections
exhibit alternating lamellar morphology. The darker domains correspond to the PCHD block
while the lighter to the PS block. The system is slightly asymmetric (gps = 55,6%) and such
morphology is consistent and with what has been observed for a PS-b-PCHD system (with
52% 1,2-microstructure though) from Natori et al.’ The image from the unannealed sections
seems to be less organized in comparison with the annealed one. Nevertheless, the lamellar

morphology of the PS and PCHD blocks is distinct enough, while the domain size correlates

148



with the obtained volume fractions. In the case of the annealed PCHD-b-PS-9, it is clear that
the increase of the temperature promoted the microphase separation even more and the
lamellae of the PS and PCHD blocks are more distinct. Taking into account the previous
mentioned results for other samples as well as the fact that the degree of polymerization is
among the highest of all synthesized samples for this thesis (V = 556), it is believed that the
system is well above the weak segregation regime, therefore, annealing is not affecting
significantly the observed morphology.

Figures 7.80a and 7.80b represent the TEM images of the annealed and unannealed
PS-b-PCHD-10 sections respectively.

Figure 7.80: a) TEM image of the annealed PS-b-PCHD-10 film b) TEM image of the unannealed PS-
b-PCHD-10 film.

Observing the TEM images of both annealed and unannealed samples it is understood
that they exhibit poor-organized topography. Especially the TEM image of the unannealed
film exhibits a very random structure with several darker regions which correspond to the
stained PCHD block. It is clear that very distinct areas between the two blocks do not exist,
which means that the interface of the PS and the PCHD blocks is flattened leading to partial
mixing. Nevertheless, the existence of randomly oriented spheres of the minority component
(darker domains) in a matrix of the majority component (lighter domains) can be stated. The
fact that the PS-b-PCHD systems exhibit high conformational asymmetry correlates with the
existence of this structure, even though it displays the highest volume fraction for the PS
block (¢ps = 91,2%) of all the synthesized linear diblock copolymers for this thesis. The
annealed sample exhibits a slightly higher degree of microphase separation which can be
described also as randomly oriented spheres of the minority PCHD blocks in the matrix of the
majority PS blocks. The different regions are more distinct in this case implying that with the

increase of the temperature, better microphase separation is adopted. However, these
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assumptions are in great controversy with the conclusion made for the compositionally and
molecularly almost similar PS-b-PCHD-2 annealed film, where no microphase separation was
observed. The degree of polymerization for the PS-b-PCHD-10 annealed sample is slightly
lower than that of the PS-b-PCHD-2 annealed sample (N = 444 and N = 457 respectively)
which indicates that between these two values, significant changes may occur as far as the
ODT is concerned. Concluding, the existence of even poor microphase separation at the
annealed film is very important, taking into consideration the very high volume fraction of the
PS block.

Figures 7.81(a,b) and 7.81c represent the TEM images from the PS-b-PCHD-11

annealed and unannealed films respectively. Figure 7.81d presents the FFT image for the

structure observed in Figure 7.81b.

Figure 7.81: a) TEM image of the annealed PS-b-PCHD-11 film for two days b) TEM image of the
annealed PS-b-PCHD-11 film for 5 days c) unannealed PS-b-PCHD-11 film d) FFT image of the PS-b-
PCHD-11 film for 5 days.
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In this case, three TEM micrographs are given corresponding to the annealed for two
days (Figure 7.81a), to the annealed for 5 days (Figure 7.81b) and to the unannealed PS-b-
PCHD-11 films (Figure 7.81c). The annealed for two days film exhibits alternating lamellae
of the PCHD and PS segments, where the dark domains correspond to PCHD and the white to
PS. The annealed for five days sample exhibits the double gyroid structure, which means that
two independently interpenetrating and not interconnected bicontinuous three dimensional
networks of the minority component (PCHD) are formed in a matrix of the majority
component (PS). This is also indicated from the FFT image (Figure 7.81d) which exhibits
approximately a two-fold projection (high symmetry axis of [110] type). Again in this case
the dark domains correspond to PCHD stained with OsO, while the white domain
corresponds to PS which does not react with the staining media. Both the observed
morphologies are periodic and continuous. This very impressive difference indicates that the
time of annealing also plays an important role in the microphase separation of a PS-b-PCHD
sample. The double gyroid structure has been proven to be an equilibrium one and is normally
observed for very narrow ranges of volume fractions. Actually, the DG has been identified at
volume fractions for PS-b-PI diblock copolymers ranging from 27 to 33% for the PIL
Recently, while studying the morphological behavior of PS-b-PDMS copolymers, it has been
reported by Avgeropoulos and Thomas groups'** that DG is observed for Pminority = 40 t0 42%
which includes the volume fraction of PCHD (gpcup = 41,4% since @ps = 58,6%) in sample
PS-b-PCHD-11. Therefore, additional studies via TEM are needed in order to completely
verify the structure and add one more exception in the SSL phase diagram of Bates and
Fredrickson for PS-b-PI copolymers. This very important observation indicates that the
system undergoes an order-order transition by simply increasing the annealing time from two
days to five, which means that the system probably lies upon the boundary between the
lamellar and the double gyroid phase in the phase diagram of yN as a function of volume
fraction. On the other hand, the unannealed sample exhibits poorly ordered cylinders of the
PCHD block (dark domains) in a matrix of the PS block (lighter domains). The interface
between the blocks is rather increased and by increasing the temperature, the system goes to
more ordered topographies, but forming either the lamellar or the double gyroid phase.

In Figures 7.82a and 7.82b the TEM images of the annealed and unannealed PS-b-
PCHD-12 films respectively are exhibited. Observing the TEM images for both the annealed
and unannealed cases, it is clearly understood that they exhibit very well-ordered structures.
The annealed sample exhibits hexagonally packed cylinders of the minority PCHD block in
the matrix of the minority PS block. The PCHD cylinders appear darker due to staining with
OsO,4 while the PS matrix appears white. The observed morphology is highly ordered and

periodic in a wide range of the studied areas of the film.
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Figure 7.82: a) TEM image of the annealed PS-b-PCHD-12 film b) TEM image of the unannealed PS-
b-PCHD-12 film.

According to the volume fractions of the two components, the expected morphology
should be lamellar, but this is not the case. This indicates that, generally, the PS-b-PCHD
linear diblock copolymers not only exhibit high conformational asymmetry but also the
morphology of the hexagonally packed cylinders of the minority block in the matrix of the
majority block covers a very wide range of volume fractions and yN values on the phase
diagram and the lamellar phase is surprising narrow for gps > 50%, if a comparison is made
with the well-established PS-b-PI phase diagram. Taking into account also what was
previously reported about the highly self-organized structure of the PS-b-PCHD-3 annealed
film, which exhibits similar volume fractions with the PS-b-PCHD-12 annealed film (gps =
59,5% and @ps = 58,4 respectively) but very different molecular weights (17.800 g/mol and
40.000 g/mol respectively), it is indicated that the hexagonal packed cylinders are observed in
lower as well in higher degrees of polymerization (Nps.y.pcup.s = 190 and Nps.pcup.12 = 429).
As far as the unannealed sample is concerned, it is also clear that it exhibits a very well self-
organized structure of hexagonally packed cylinders of the minority PCHD blocks (dark
areas) in a matrix of the majority PS blocks (white areas). The structure is highly periodic,
while the size of the PCHD cylinders is slightly smaller compared to the cylinder size of the
annealed sample, probably attributed to swelling of the domain size due to increase in
temperature. As described for the PS-b-PCHD-3 sample, the opposite is happening when the
degree of polymerization is low, where the segmental movements of the polymer chains are
favored leading to better microphase separation.

However, the most important aspect is the large morphological discrepancies existing
between the PS-b-PCHD-11 (annealed and unannealed) and the PS-b-PCHD-12 (annealed
and unannealed) films studied, even though they exhibit identical volume fractions and

degrees of polymerization (Nps.ppcup-11 = 437 and Nps.ppcup.12 = 429). As far as the annealed

152



PS-b-PCHD-12 sample is concerned, the existence of hexagonally packed cylinders for a
volume fraction identical with that of the PS-b-PCHD-11 annealed case, which (depending)
on annealing time) exhibits either the lamellar or the double gyroid morphology, provides
new information about the phase boundaries of these three different morphologies for the
given degrees of polymerization for the specific sequence of segments. Hence, it can be stated
that these two almost identical samples lie upon the phase boundaries of two of the three
observed phases and with minor changes in annealing time or the degree of polymerization,
order-order transitions occur between the lamellar and the double gyroid phase and/or
between the double gyroid and the hexagonally packed cylinders phase. These observations
provide even more interesting information concerning the phase transformations of the PS-b-
PCHD system regarding the phase diagram. As far as the unannealed film is concerned,
which forms very well-ordered hexagonally packed cylinders as well, and in comparison with
the unannealed PS-b-PCHD-11 film, quite disordered cylinders, it can be indicated that the
system is very different from the relative annealed one, since order-order transitions are not
observed. On the other hand, it is very clear that by increasing slightly only the volume
fraction (from the PS-b-PCHD-11 sample to the PS-b-PCHD-12 sample), the system becomes
very well-ordered, which is very puzzling.

In Figures 7.83a and 7.83b the TEM images of the PCHD-b-PS-13 annealed and

unannealed films respectively are given.

Figure 7.83: a) TEM image of the annealed PCHD-b-PS-13 film b) TEM image of the unannealed
PCHD-b-PS-13 film.

It is observed that both films exhibit microphase separation with a very interesting
and unique structure. This structure is the four-layer, three-phase lamellae morphology, which
is normally observed in systems where three chemically different blocks exist. The

unannealed PCHD-b-PS-13 sections exhibit a less ordered structure than the annealed one. As
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for several previously mentioned samples, the annealing procedure promotes the microphase
separation and the four-layer, three-phase lamellae morphology is even more distinct. Such
morphology has never been reported before for a linear diblock copolymer, while there is one
case where the interfacial staining of a linear diblock copolymer system is described forming
this morphology, but this is not the case for the PCHD-b-PS-13 system.'* Except from the
fact that the observed morphology is unique, the volume fractions of the two blocks are very
far from the usual values which may lead to lamellar morphology. This can be attributed to
the high conformational asymmetry of the system, but more thorough investigation has to be
performed.

A possible explanation for the observed morphology could be that the white domains
are the unstained PS block, while the gray and black regions correspond to the 1,4- and the
1,2-microstructures of the PCHD block respectively. PCHD is the majority block which
eventually increases the molar ratio of 1,2-PCHD in the whole system. If the randomness of
the 1,2- vs. 1,4- microstructure is adopted then a possible schematic of how such a structure

could be obtained is given in the following Figure 7.84.

HTHD-1 FCHDB-1

Figure 7.84: Schematic presentation of the possible conformation of chains in order to explain a 3-

phase topography from a 2-phase initial block copolymer(PCHD-b-PS-13).

Furthermore, observing the unannealed case, the domain size of the two blocks
coincides with the calculated volume fraction (¢ps = 26,9%), while for the annealed sample it
seems that the domain size of the PS lamellae has been increased. This can be attributed to
minor swelling of the PS component due to the increase of the temperature.

The assumption that the obtained morphology corresponds to the projection normal to
the cylindrical axis of a core-shell structure of polystyrene cylindrical cores surrounded by
poly(cyclohexadiene) cylinders which are then hexagonally packed in a matrix of PS"" does
not correlates with the calculated volume fractions, which strengthens the existence of the

lamellar morphology. Additionally, even though thorough study at the sections was applied,
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no hexagonally close packed cylinders were observed, therefore, the adaptation of the
assumption from the literature in not possible.

In Figures 7.85a and 7.85b, the TEM images of the annealed and unannealed PS-b-
PCHD-14 films respectively are presented. Both the annealed and unannealed cases exhibit
highly ordered microphase separation and long range order. The annealed sample exhibits

probably the double gyroid structure, which elevates the previous mentioned results for the

PS-b-PCHD-11 annealed film exhibiting the same structure and similar volume fractions.

Figure 7.85: a) TEM image of the annealed PS-b-PCHD-14 sample b) TEM image of the unannealed
PS-b-PCHD-14 sample.

This observation provides even more significant information concerning the existence
of a double gyroid structure in the PS-b-PCHD systems and for the possible range of volume
fractions that this structure is observed (which might be very narrow). The structure is highly
periodic and consistent with the PCHD block appearing darker and the PS block appearing
white. Furthemore, the observed double gyroid structure is very reasonable since the PS-b-
PCHD-14 sample exhibits only slightly higher degree of polymerization than the PS-b-
PCHD-11 sample (Nps.p-pcup-14 = 466 and Npsy,penp.11 = 437 respectively) for almost identical
volume fractions. As far as the unannealed sample is concerned, it is believed that it exhibits a
core shell structure of PS core surrounded by PCHD cylinders in the matrix of PS. This result
has been reported previously by Mays et al. for similar volume fractions of the components'®’
(¢pcup = 37 and 38%). They observed core-shell cylinders for both annealed and unannealed
sections with the annealing procedure promoting the better microphase separation of core-
shell cylinders. In the case of the PS-b-PCHD-14 sample this is not the case, but the
reproduction of this structure in the unannealed sections provides significant information

concerning the self-assembly of the PS-b-PCHD systems. The existence of the core-shell
structure is strengthened by the fact that the domain size of the PCHD cylinders, in regard
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with the matrix material, is larger than expected for the corresponding volume fraction of the
PS-b-PCHD-14 sample.

In Figures 7.86a and 7.86b are represented the TEM images of the annealed and
unannealed PCHD-PS-15 samples respectively. Analyzing the two TEM images it can be
observed that both samples exhibit identical microphase separation. Hexagonally packed
cylinders of the minority PCHD blocks (dark regions) in a matrix of the majority PS blocks
(white regions) are formed in both the annealed and the annealed films, where in the case of

the annealed sample, the cylinders appear slightly larger.

Figure 7.86: a) TEM image of the annealed PCHD-PS-15 film b) TEM image of the unannealed
PCHD-b-PS-15 film.

Nevertheless, both structures are highly organized, exhibiting periodicity and
consistency. This occurs due to the fact that the enthalpic factors of the free energy are
favored resulting in the curving as well as the minimization of the interface. The morphology
of hexagonally packed cylinders of the minority components in a matrix of the majority
component for this volume fraction (¢ps = 75,2%) correlates with the morphology observed
for the PI-b-PS system,'”’ even though the conformation asymmetry between these two
systems is very different. Furthermore, the PCHD-PS-15 sample exhibits the highest degree
of polymerization (N = 586%) among all the synthesized linear diblock copolymers for this
thesis, but the increase in temperature does not alter the observed morphology nor the domain
size as in some of the previously mentioned samples with relatively high degree of
polymerization. This can be attributed to the volume fraction of the majority component
which places this sample away from the OOT or ODT boundaries.

In Figures 7.87a and 7.87b the TEM images of the annealed and unannealed PS-b-
PCHD-16 films are given. From the TEM images of the annealed and the unannealed sections

respectively significant differences are evident. The unannealed film exhibits microphase
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separation in contrast with the annealed sample which seems to be quite disordered. The
morphology observed is the hexagonally closed packed cylinders of the minority PCHD
blocks (darker regions) are formed in a matrix of the majority PS blocks (lighter regions). The
hexagonal packing is rather poor and considering also the fact that the degree of
polymerization is not that high (N = 356), it can be claimed that the system is probably in the
intermediate segregation regime and near the ODT. This statement is further reinforced by the
fact that the annealed sample is rather disordered which implies that by increasing the
temperature (therefore, reducing the value of the y interaction parameter), the entropic factors

are favored instead of the enthalpic and the interface between the two blocks is increased

leading possibly to partial mixing.

Figure 7.87: a) TEM image of the annealed PS-b-PCHD-16 film b) TEM image of the unannealed PS-
b-PCHD-16 film.

This morphology for the corresponding volume fraction for the majority component
(pps = 57,8%) is unusual but is in good agreement with the previous mentioned observations
for the PS-b-PCHD-12 sample concerning the range of existence of the hexagonally packed
cylinder structure in the PS-b-PCHD linear diblock copolymer system. As it has been
discussed before, this feature can be attributed to the high conformational asymmetry that is
exhibited in the PS-b-PCHD system.

Figures 7.88a and 7.88b present the TEM images of the PS-b-PCHD-17 annealed and

unannealed films respectively.
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Figure 7.88: a) TEM image of the annealed PS-b-PCHD-17 film b) TEM image of the unannealed PS-
b-PCHD-17 film.

Both TEM images exhibit disordered structures with several darker and lighter
domains. The boundaries between these domains are not distinct and the existence of any
well-ordered structure is not observed. The annealing process does not play any significant
role in the promotion of microphase separation. PS-b-PCHD-17 linear diblock copolymer
exhibits identical volume fraction with the PCHD-b-PS-15 sample (@ps = 72,4). However, the
molecular weight of the PS-b-PCHD-17 sample is half of the relative one for the PCHD-b-
PS-15 sample, thus its degree of polymerization is also significantly reduced (N = 300). This
alternation explains why the PS-b-PCHD-17 sample is disordered while the PCHD-b-PS-15
sample exhibits microphase separation. Furthermore, this observation provides useful
information concerning the order-disorder transition, suggesting that definitely between the
range of N =300 and N = 586, an order-disorder transition occurs from the disordered state to
hexagonally packed cylinders, since both samples exhibit identical volume fractions.

In Figures 7.89a and 7.89b the TEM images of the annealed and unannealed PS-b-
PCHD-18 sections are given. Analyzing the TEM images of the annealed case, it can be
observed that it exhibits very poor order. There are darker and lighter regions but their
boundaries are not distinct and the formation of any morphology is not observed. Therefore
the interface is large, implying mixing of the two components. On the other hand, the

unannealed sample is not disordered and exhibits relatively ordered microphase separation.
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Figure 7.89: a) TEM image of the annealed PS-b-PCHD-18 film b) TEM image of the unannealed PS-
b-PCHD-18 film.

Several domains exhibiting rather ordered hexagonally packed cylinders of the
minority component (PCHD) in a matrix of the majority component (P) can be seen. The
molecular characteristics of this sample are identical with those of the PS-b-PCHD-3 sample
(Npsb-pcup-1s = 189 and Npsppeups = 190 respectively) but their TEM images exhibit great
discrepancies. The annealed film of the PS-b-PCHD-18 sample is less ordered than that of the
PS-b-PCHD-3 sample, while the unannealed film of the PS-b-PCHD-18 sample is slightly
more ordered than the relative one of the PS-b-PCHD-3 sample. This observation is provided
from the great differences between the two annealed samples, where by increasing slightly the
degree of polymerization (from 189 to 190), for almost identical volume fractions (@ps =
59,1% for the PS-b-PCHD-18 sample and ¢ps = 61,1 for the PS-b-PCHD-3 sample), a change
occurs and the system prefers to make a transition from an almost disordered state to a highly
ordered hexagonally packed cylinder state. This means that there is definitely an order-
disorder transition occurring while the degree of polymerization is very slightly increased
(from N = 189 to N =190 which is within the experimental error). This statement is
strengthened by the fact that the system is probably in the weak segregation regime due to its
low values of molecular weight and degree of polymerization.

Figures 7.90a and 7.90b represent the TEM images of the annealed and the
unannealed PS-b-PCHD-19 sections respectively. In Figure 7.90c, a schematic of the
morphology for the unannealed sample is presented also. Analyzing the TEM micrographs, it
is observed that both samples exhibit microphase separation with the annealed one described
as better well-ordered than the unannealed one. As it has been explained previously, this is
reasonable, since the elevation of the temperature provides, in many cases, better microphase
separation. The annealed sample exhibits a very interesting core-shell cylinder morphology

that was observed also for the unannealed PS-b-PCHD-14 case. However, there are
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significant differences between these two TEM images that lead to new assumptions. First of

all, the lighter areas that correspond to the PS block cover a large area of the section, and the

core PS seems to exhibit also large size.
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Figure 7.90: a) TEM image of the annealed PS-b-PCHD-19 film b) TEM image of the unannealed PS-
b-PCHD-19 film c) Schematic of the observed morphology for the annealed PS-b-PCHD-19 film.

However, this observation comes in great disagreement with the fact that this sample
exhibits PCHD majority (@pcup = 54.4%), thus the core-shell cylinder case where the
existence of PS core surrounded from PCHD cylinders, hexagonally packed in a PS matrix
cannot be applied, taking also into account the domain sizes from the TEM image. This
“dead-end” led to the assumption, which correlates with the PCHD-b-PS-13 case, that the
system exhibits core-shell cylinders of the core 1,4-microstructure of the PCHD block (grey
areas) surrounded by very narrow cylinders of the 1,2-microstructure of the PCHD block
(black areas) in the matrix of the PS block (white areas). It is assumed that as the microphase
separated system tends to form cylinders from the lamellar phase, and curving of the interface

occurs towards the minority component, the 1,2-units of the PCHD block prefer to form a
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layer between the polystyrene and the 1,4-units of the PCHD due to their stereochemistry and
the fact that they exhibit lower flexibility.'*

As far as the unannealed PS-b-PCHD-19 sample is concerned, a cubic structure is
observed with dark and white regions corresponding to PCHD and PS respectively. The
structure is well-organized and it seems like cylinders transforming into the double gyroid
structure, since it does not exhibit any hexagonal packing. The volume fraction is almost the
reversed from that of the PS-b-PCHD-11 (¢pcup = 54,4% for PS-b-PCHD-19, while ¢ps =
58,7% for PS-b-PCHD-11) which indicates the existence of another DG area on the phase
diagram for gps < 50%. Annealing creates well-ordered structures with different morphology

though, which is something that occurs often. More investigation has to be performed in order

to verify the interesting assumption of the DG morphology in ranges lower than gps = 50%.

7.4.2 Small Angle X-Ray Scattering (SAXS)

SAXS studies of I(q) vs. q were performed for all samples but only the best results
are presented here. The fact that the SAXS results were relatively poor even for very well-
ordered cases as exhibited already from the TEM images can be explained by taking into
account two factors:

a) As already mentioned at the experimental part the densities of PS and PCHD are very
similar (1.05 g/ml and 1.10 g/ml respectively). Therefore, even when exposed for more time
only a first peak and a very weak second are observed leading to very poor results.

b) The performance of these SAXS experiments through a more powerful X-ray source (e.g.
Synchrotron facility) might lead to better results and assist in the confirmation of the
topographies identified through the TEM images.

Furthermore, as already described at the morphological characterization through
TEM, some discrepancies are observed at different molecular weights, volume fractions and
block sequence. PS-b-PCHD and PCHD-b-PS are linear diblock copolymers with different
sequence of the two blocks from which they are composed.

The most exciting result is that for sample PS-b-PCHD-13 annealed from chloroform
at 120°C. From the TEM it is evident that the morphology of 4-layer 3-phases is observed
which is a structure only adopted, up to date at least, in linear ABC triblock terpolymers with

almost equal volume fractions and approximately equal y parameters between the adjacent

segments (Yas ~ Xac ~ XBC)-
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Figure 7.91: SAXS plots of I(q) vs. q for sample PS-b-PCHD-13 (a) for the annealed film cast from
chloroform and (b) for the unannealed film cast from chloroform. The SAXS results are in partial

agreement with the observations and conclusions from the TEM experiments.

The SAXS plots of I(q) vs. q are given in Figure 7.91 where it is evident for the
annealed cast from chloroform sample (Figure 7.91a) that two peaks are straightforward
which correspond to reflection [100] and [200] respectively, leading to a ratio of 1:2
characteristic for alternating lamellae structures. Unfortunately, even though the TEM images
for the unannealed cast from chloroform sample exhibit identical morphology with the
annealed, but not as well-ordered, only one weak peak is evident (indicated with an arrow on
the SAXS plot at Figure 7.91b).

In Figure 7.92 the SAXS plot of I(q) vs. q is given for sample PS-b-PCHD-12 cast
from toluene and annealed at 120°C. This is the only case where better order is being
observed and at least 3 peaks are evident which lead to a ratio of 1:y3:V4 which corresponds
ideally for hexagonally close packed cylinders, which is the case as observed from the TEM

images.
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Figure 7.92: SAXS plots of I(q) vs. q for sample PS-b-PCHD-12 for the unannealed film cast from

toluene.

The SAXS plot (Figure 7.93) for sample PS-b-PCHD-11 cast from toluene and
annealed at 120°C is consistent with what was observed from the TEM image. It was reported
during the analysis of the TEM image that for the specific annealed sample a cubic structure
is observed (since high symmetry projection of the [110] type is identified from the FFT
image) and since only DG and OBDD have been identified for diblock copolymers it is
assumed that the structure is one of these two cubic three dimensionally topographies. The
SAXS plot seems to be more consistent with the OBDD structure but it is concluded that
further and more analytical SAXS experiments should be made possibly at a Synchrotron
source for complete verification.

From the TEM image that was given above (Figure 7.79a), the annealed sections of
PS-PCHD-9 sample alternating lamellae were exhibited. From the SAXS pattern (Figure
7.94) the same sample exhibits peaks with ratio: 1:V3:V4:V7 which according to the
international tables of crystallography these ratios are acquired for pébmm space group

symmetry corresponding to hexagonally close packed cylinders (hcpc).
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Figure 7.93: SAXS plots of I(q) vs. q for sample PS-b-PCHD-11 for the annealed film cast from

toluene.

One possible explanation for the different results is that all the cylinders were

horizontally oriented; therefore the sample was aligned and ordered in a specific direction;

leading to observation of alternating layers. A schematic (Figure 7.95) is given below

explaining this approach.
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Figure 7.94: SAXS plots of I(g) vs. q for sample PS-b-PCHD-9 for the annealed film cast from toluene.
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Figure 7.95: Schematic representation of hexagonally close packed cylinders with intermediate (top)

axial and side views respectively.

In order to completely verify the differentiation between the TEM and SAXS results it
is needed to examine the 2D pattern as taken from the SAXS instrumentation and conclude
whether the sample is oriented. There are many cases observed in block copolymers in which
orientation occurs from simple cast films of their dilute solutions from non-selective solvent
for all segments involved due to the ability of such block copolymers to self-assemble.
Additionally, if that is the case, it is needed to explore further the already prepared thin film

(from casting) and take a cross section of the thin film in order to examine the side view.
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Figure 7.96: SAXS plots of I(q) vs. q for sample PS-b-PCHD 15 (a) for the annealed film cast from
chloroform and (b) for the unannealed film cast from chloroform. The SAXS results are in partial

agreement with the observations and conclusions from the TEM experiments.

Finally, in Figure 7.96 the SAXS plots of I(q) vs. q are given for both annealed and

unannealed films cast from toluene for sample PCHD-b-PS-15. It is evident that even though
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the TEM images exhibited long range order that this is not the case for the SAXS patterns.

Very rough estimation may occur and only two relevant peaks/shoulders can be verified

leading to a ratio of 1:73 which corresponds to hexagonally close packed cylinders of the one

phase in the matrix of the other.

7.5 Conclusions - Future Work

The synthesis of the seventeen (17) linear diblock copolymers as well as the synthesis

of the five (5) complex architecture copolymers is considered successful. The molecular

characterization via size exclusion chromatography (SEC), membrane osmometry (MO) and

proton nuclear magnetic resonance ('H-NMR) spectroscopy indicated molecular and

compositional homogeneity for all the samples. More specifically:

v

The number average molecular weights obtained from size exclusion chromatography
were verified through membrane osmometry for all synthesized samples.

The molecular weight distributions of the first block of each diblock copolymer as
well as of the final materials exhibited rather monomodal peaks with polydispersity
indices varying from 1,04 to 1,23. For samples with I > 1,1, the PCHD block was
either polymerized first and/or exhibited high molecular weight (> 15.000 g/mol).
Minor or not at all side and/or termination reactions were observed during the
analysis with molecular characterization techniques.

The molecular weight distributions of the difunctional precursors as well as of the
living arms for the complex architecture copolymers exhibited very narrow and
monomodal peaks indicating the absence of any unwanted byproducts. The well-
established chlorosilane chemistry led to well-defined final complex architecture
copolymers.

The fractionation procedure was established for all five (5) complex architecture
copolymers in order to obtain the desirable final products. Several solvent/non-
solvent systems were tried in order to find the optimum one.

The weight fractions were also verified from the 'H-NMR results, indicating
molecular and compositional homogeneity for the synthesized samples. Furthermore,
the 1,2- and 1,4-microstructures for the PCHD segments were calculated verifying the
existence of high 1,4-microstructure for all samples (88-97%) due to the addition of
the polar reagent DABCO.

The thermal analysis was performed via differential scanning calorimetry and the

glass transition temperatures were measured for all synthesized linear diblock copolymers.

The results indicated that significant dependence from the molecular weight and the volume

fraction of PCHD segment is observed. More specifically:
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v' The glass transition temperatures varied from 102°C to 107°C for the PS majority
materials, exhibiting minor dependence from the molecular weight alternation, while
the PCHD majority materials exhibited increased glass transition temperatures (120°C
and 122°C).

v Unique is the case of the fractionated PS-b-PCHD-4 (PCHD majority) sample which
exhibited lower T, than the aforementioned samples (104,3°C). This was attributed to
the absence of any unwanted byproducts resulting from side and/or termination
reactions after the fractionation procedure.

v Additionally, exciting results were obtained for the cases of two samples (PCHD-PS-
9 and PCHD-PS-15) that exhibited high glass transition temperatures (115,4°C and
114,3°C respectively), even though they exhibit PS as the majority segment. This was
attributed to the possible minor existence of byproducts from side and/or termination
reactions during 1,3-CHD polymerization (since relatively high PCHD molecular
weight for both samples was observed), which led to the increase of the T, for the
final materials.

The molecular characterization via transmission electron microscopy (TEM) and
small angle X-ray scattering (SAXS) indicated that the two different blocks can self-assemble
leading to known morphologies as well as several very interesting ones. More specifically:

v The preparation of thin films (50-75 nm) with the ultramicrotome is a tailored
procedure which requests increased care in order to receive good and thin sections.
The cryo mode was not used due to the increased glass transition temperatures of
both segments and due to the embedding media which provided stiffness and
stability.

v The polydiene block (PCHD) was stained with fresh aqueous solution (2% wt in
water) of osmium tetroxide (OsO,) for 45 minutes in order to increase the contrast in
TEM. In this manner, the PCHD chains crosslink with the staining media increasing
the electron density and therefore they appear darker in TEM micrographs.

v' Structures that have been predicted theoretically and confirmed experimentally for
other systems were observed, such as alternating lamellae, hexagonally closed packed
(hcp) cylinders, spheres, double gyroid and maybe double diamond. Most of the
corresponding morphologies were observed for different volume fractions than
expected, since the PS-b-PCHD system exhibits high conformational asymmetry. It is
evident that the variations in molecular weights as well as the annealing procedure
play a significant role on the microphase separation of this system.

v Three unique morphologies were observed for three different diblock copolymers.
More specifically, the core-shell cylinder morphology was observed for a PS majority

diblock copolymer (PS-b-PCHD-14) consisting of PS shell, surrounded by PCHD
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cylinders in a PS matrix. PCHD segments appear dark while PS segments appear
white and this coincides with a case already reported in the literature by Mays et al."*’
These two systems exhibit similar molecular characteristics and volume fractions and
the fact that the morphological behavior of a sample synthesized for this thesis,
resembles the aforementioned behavior for the literature provide significant
information elevating the confirmation of this unique morphology.

Furthermore, the four-layer three phase alternating lamellar morphology was
observed via TEM for the first time for a linear diblock copolymer consisting of
PCHD majority casted form chloroform (PCHD-b-PS-13). TEM images exhibited
black, grey and white regions (Figures 7.83a and 7.83b) and the assumption that the
black regions correspond to PCHD rich in 1,2-microstructure, the grey regions
correspond to PCHD rich in 1,4-microstructure and the white regions correspond to
PS, is made (Figure 7.84). SAXS plots of the annealed sample confirmed the
existence of the lamellar morphology rising new information concerning the self-
assembly of this system.

Additionally, the core-shell cylinder morphology was also observed for

another sample (PS-b-PCHD-19) exhibiting PCHD majority segments. This clue led
to the assumption that the system does not coincide with the previous mentioned and
consists of a PCHD core, rich in 1,4-microstructure (grey regions), surrounded by a
thin cylinder of PCHD rich in 1,2-microstructure (dark regions) in a matrix of PS
segment (Figure 7.90c).
SAXS plots for only five samples are presented due to relatively poor results even for
very well-ordered cases as exhibited already from the TEM images. Such behavior
could be attributed to the very similar density of both segments (1,05 g/ml for PS and
1,10 g/ml for PCHD), therefore, even when exposed for more time only a first peak
and a very weak second are observed. Nevertheless, SAXS plots for these five
samples confirm the results already exhibited from TEM micrographs. The most
exciting case is the confirmation of the 3-phase, 4-layer alternating lamellar
morphology for the PCHD-b-PS-13 sample, where the SAXS plot for the annealed
sample confirm the observed topography from the TEM image, exhibiting the
predictable first two reflections: [100] and [200].

The immediate future work and aims for the synthesized materials of this research

work are listed below:

a)

b)

Morphological characterization via TEM and SAXS of the complex architecture
copolymers.
SAXS measurements with a synchrotron source in order to obtain better results for

the corresponding morphologies of the linear diblock copolymers, especially for those
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d)

g)

that exhibit well-ordered structures in TEM images and verify whether or not similar
electron density plays significant role.

Different annealing times and temperatures in order to understand the variations in
morphological behavior related to these two factors. Especially for samples that
exhibited poor order after annealing, lower temperatures have to be established
(80°C-110°C) or even slightly above room temperature conditions (40°C-50°C),
below the glass transition temperature of both segments.

Casting from different solvents, selective and non-selective, in order to verify
whether the unique observed structures are equilibrium ones and to examine
dependence on the selective solvent for the morphological behavior of the system.
Synthesis of more linear diblock copolymers of PCHD majority in order to cover a
wider range of volume fractions and to investigate the microphase separation.
Additionally, thermal SAXS experiments and theoretical calculations, using the
already reported results, must be performed in order to calculate the interaction
parameter y of these two polymers. This task is of a great importance and most of the
steps towards this target have already been made through this research work.

Creation of the PS-b-PCHD yN = f(¢p) phase diagram. It is already proven that this
system exhibits high conformational asymmetry and it would be very interesting to
complete the morphological studies and receive an overall view of the different

microphase separation for the specific system.
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Abstract

In this work, the synthesis via anionic polymerization of seventeen (17) linear
diblock copolymers of the PS-b-PCHD or PS-b-PCHD type where PS: polystyrene
and PCHD: poly(cyclohexadiene) as well as five (5) complex architecture copolymers
exhibiting also PS and PCHD segments, is described. The complex architecture
copolymers comprise from a linear triblock copolymer (PCHD-b-PS-b-PCHD), a
linear pentablock copolymer [(PS-b-PCHD)-PS-(PCHD-b-PS)], an H-type copolymer
[(PCHD),-PS-(PCHD);] and two super H-type copolymers [(PCHD);-PS-(PCHD);
and (PS-b-PCHD);-PS-(PCHD-b-PS);] respectively.

The complete synthesis of the final linear diblock copolymers was
accomplished by the use of high vacuum techniques and monomer sequential
addition. For the successful polymerization, sec-BulLi was used as the initiator and
benzene as the solvent, while the polar additive DABCO was added in order for the
PCHD segment to exhibit high 1,4-microstructure (87-98%). A wide range of volume
fractions was chosen and accomplished (0.25 < gps < 0.94) in order to study the
morphological behavior of this system in great extent.

The synthesis of the complex architecture copolymers involved initially the
use of the difunctional initiator sodium/naphthalenide in order to synthesize the
difunctional PS backbone in a benzene/THF solvent mixture (benzene:THF/1.2:1).
The linking reaction with the living arms, which were either PCHD homopolymer or
PS-b-PCHD diblock copolymer, was accomplished by using well-established
chlorosilane chemistry. More specifically, the (CH3),SiCl,, (CH3)SiCl; and SiCly
chlorosilane agents were initially linked with the backbone (Na“”PS®“)Na) and then
with the corresponding living polymer under absolutely controlled conditions.

The molecular characterization was performed via size exclusion

chromatography (SEC) and membrane osmometry (MO) to confirm the M, values
and the molecular weight distribution. Also, proton nuclear magnetic resonance ('H-
NMR) spectroscopy was adopted to verify the type of the predictable microstructure
for the PCHD segment as well as to identify the composition of each block.
Furthermore, differential scanning calorimetry (DSC) measurements were performed
in order to confirm the glass transition temperatures of the samples and their

dependence from the molecular weight and the volume fraction. The results indicated
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that all samples exhibited low molecular weight distribution and molecular as well as
compositional homogeneity.

The morphological characterization of the linear diblock copolymers was
performed via transmission electron microscopy (TEM) and small angle X-ray
scattering (SAXS). All morphologies reported in the literature were observed, most of
them for different volume fractions than expected, while unique morphologies are
exhibited providing new information concerning the microphase separation of the PS-
b-PCHD system. Further studies should also be made in order for the SAXS to

completely verify the TEM results since a few discrepancies were encountered.
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IHepiinyn

2TV GUYKEKPWEVT] EPEVVNTIKY epyacio meptypdpetor 1 ovvBeon pHEc®
aviovTIKoO moAvpepiopov dekae@td (17) YpOoppUIK®OV SIGVGTUIIKOV GUUTOAVUEPDV
tov tomov PS-b-PCHD 1 PS-b-PCHD 6mov PS: moivotvpévio kot PCHD:
noAv(kukAoeEadiévio) KabBog kot mévte  (5)  ovumOALUEP®V  TOAVTAOKNG
aPYLTEKTOVIKNG amotehovpeva eniong and cvotddeg PS ko PCHD. To moAvmhoknc
apYLITEKTOVIKNG Oetypota amoteAovy éva (1) ypoapuptkd TpiovoTadikd GUUTOAVUEPES
tov tomov (PCHD-b-PS-b-PCHD), éva (1) ypoppukd meviocvuotadikd CUUTOAVUEPES
tov tomov [(PS-b-PCHD)-PS-(PCHD-b-PS)], éva (1) H-type ocvumoivpepéc
[(PCHD),-PS-(PCHD),] ot 600 (2) super H-type ocvupmoAivpepr| [(PCHD);-PS-
(PCHD); ko (PS-b-PCHD);3-PS-(PCHD-b-PS);] avtictouyo.

H o0vBeomn tov teMkdV derypdtmv OAOKANPOONKE e TV XPNON TNG YPOUUNG
VYN kevoy kat v pEBodo ¢ dradoyikng mpoohnkng povopepov. o tov
emruynpévo molvpepiopd ypnopomomnke o oamapynms sec-Buli oe O1oAdT
Bevloho, evd mpaypatomomdnke n xpnon tov moikov cvotatikoh DABCO mote n
ovotddoa tov PCHD va eugaviCer vynin 1,4-pikpodopun(87-98%). Zvviébnke éva
peydro evpog kiacpdtov oykov (0.25 < gps < 0.94) €101 ®ote vo eetootel
OVOAVTIKA 1) LOPPOAOYIKT] GUUTEPIPOPA TOV GUGTILATOG.

H oVvBeon twv moAOTAOKNG 0pYITEKTOVIKNG GUUTOAVUEP®V TEPLEAAUPavE
apyIKE TNV ¥p1oN Tov SOPACTIKOD amapynTh VATPLo/vagdoiivio ®ote va cuvtebel To
dWPAoTIKO TOAVGTLPEVIO TOV amoteAel v pecaio cvotddo. O molvuepiopdg
npaypatoromdnke oe ddAvpa Pevloriov/THF oe avaroyia 1,2:1 étor @ote va
avénbel n dwAvtoTTeL TOV S1pacTIKOL amapynt. H avtidpaon ovlevéng pe ta
evepyd akpo, mov omoteAovvrov eite amd6 PCHD 1 amnd (PS-b-PCHD),
TPAYUATOTOMONKE  ¥PNOIUOTOIOVTOS  YVOOT ynueia  yAopoothaviov. Il
ovykekplpéva  Tple  OlOQOPETIKA  YA®POoWAdvie  ypnotpomombnkayv,  To
dydmpodipedvurociidvio [(CH;3),SiCly], 10 yAwpotpipuebvriosiiavio [(CH3)SiCls] ko
10 tetpayropociiavio (SiCly) wote va ocvlevyBobv pe v ddPACTIKH CLGTAON
(Na(+)(')PS(')(+)Na) Kol TNV cvvexela e o (ovtava dkpa amoterovpeva ard PCHD 1
ano (PS-b-PCHD).

O poplakdg YopaKINPIGHOS TV OEYUATOV TpoyULaTomomOnke HEG® TNg

YPOUATOYPOPIOG AmOKAEIGHOL Heyebmv (size exclusion chromatography - SEC) kot
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ocpopetpiog pepppdvne (membrane osmometry - MO) ®ote va miotortomBodv ta
péca popaxd Papn xatd apBud M., ko ot KaTovoues poplakav Papav. Emiong
YPNOWOTOWONKE 1 PAGUATOGKOTIO TUPTVIKOD HOyVITIKOD GLVIOVIGUOD TPMTOVIOL
[proton nuclear magnetic resonance ('"H-NMR) spectroscopy] dote vo emPeParmbovv
To KAAopato palag Kol 1 OHOIOYEVELN MG TTPOG TNV GVCTOCT Kol TO HOoplakd PApog,
KaBmg emiong KoL Vo VTOAOYIGTOVV TOL TOGOGTA TV [Kpodopav 1,2- ko 1,4- yuo v
ovotado  tov  moAv(kvkhoeEadieviov).  Emiong, vioBemBnke n - dwapopikn
Bepudopetpia odpwong (differential scanning calorimetry - DSC) @ote va
npocdloplotovv ot Oeppokpacies varndovg petdntwong (T,) TV TEMKOV detypdtav
Kot vo peretnBel n e£apmmon amd to poplakd PAapog kot TNV aAAniovyio TV
GLOTAOWV.

Téhog, 0 HOPEOAOYIKOG YOPAKTNPIOUOS TOV  YPUUMK®OV  SGVGTAIKAOV
GUUTOAVUEPDV TPAYLATOTOMONKE e TNV XPNON TNS MAEKTPOVIKNG HIKPOGKOTIOG
délevong (transmission electron microscopy -TEM) kot g okédaong aktvov-X
Vo pkpéc yovieg (small angle X-ray scattering - SAXS). ITapatnprnkav 6ieg ot
YVOOTEG LopPoroyies amd v BiAtoypagion oAAd Yo 0pKETA O1APOPETIKE KAACHATO
Oykov Omd TO OVOUEVOUEVE, EVO HOVOOIKES HOpPOAOYieg mopatnpnOnkav
TPOCPEPOVTAG VEEG TANPOPOPIES YLl TOV UIKPOPAGIKO S0 ®MPICUO TOV GLGTHATOG
PS-b-PCHD. Emiong, mo avoivtikég petpnoelg pécm SAXS (Zoyypovipo 1/koi
LEYOADTEPO YPOVIKO dStdotnuo €kBeong omv OEoUn TV OKTVOV-X) TPEMEL VA
npoypatoronBodv mote va emPeforwbovv ot popeoroyieg mov mopatnpoHvTol HEGM

TEM.
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