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University of Washington

Abstract

Phase Behavior of

Homopolymer/Diblock Blends
by Philipp Klaus Janert

Chairperson of Supervisory Committee: Prof. Michael Schick
Department of Physics

We study the micro- and macrophase behavior of symmetric AB-diblock copolymers
in binary and ternary blends with corresponding homopolymers in mean field theory
and for weak to intermediate segregation. We employ the standard Gaussian chain
model and numerically solve the mean field equation in Fourier space. Besides homo-
geneous phases, we consider the following ordered morphologies: sheetlike lamellae,
hexagonally arranged cylinders, and spheres on a body-centered-cubic lattice. We
consider only symmetric diblocks, but vary the chain length of the homopolymers
from 0.1 to 1.5 the length of the copolymer. For the ternary systems, we produce
several constant temperature cuts through the Gibbs phase prism. For the binary
system, we also study the temperature dependence of the phase diagram. For the
symmetric system, in which both homopolymers are of equal length with the diblock,
we consider the temperature dependence at all compositions of the ternary mixture.
We find the following general trends: homopolymers, longer than the copolymer
are expelled from the microstructure and phase separate. Homopolymers compa-
rable to or shorter than the diblock, swell the microstructure, whereas very short

homopolymers tend to destroy any ordered phase. For a narrow region in the weak



to intermediate segregation regime, homopolymers comparable in length to the di-
block can swell the microstructure indefinitely, leading to a complete unbinding of
the ordered phase. The transition from bound to unbound as temperature is varied
can be either continuous or first-order. In the latter case, the expected preunbinding
line is found as a coexistence region between two different ordered phases with the
same symmetry, but of different periodicity. For the symmetric system, in which all
chains are of equal length, we find a multicritical Lifshitz point within mean field
theory. All these results can be understood in terms of simple brush- and stretching
arguments. A comprehensive overview over the statistical theory of flexible chain.
molecules has been provided, as well as a review over previous experimental and

theoretical investigations of self-assembly in block copolymers systems.
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GLOSSARY

ADSORPTION: Weak (reversible) attraction of molecules to a surface.

AMPHIPHILE: Molecule with chemically different head and tail groups, i.e. surfac-
tant or block copolymer. Amphiphiles tend to assemble at the interface between

different phases, to bring both its ends in contact with a favorable environment.
BCC: Abbreviation for body-centered-cubic phase.

BICONTINUOQUS PHASE: Self-assembled, ordered or disordered phase, in which two
different regions span the entire sample. Examples are the ordered gyroid and

the disordered microemulsion phase.

BILAYER: Double layer of amphiphilic molecules or diblock copolymers, shield-
ing the minority component in the core from unfavorable contacts with the

environment.

BLEND: Mixture of two or more different polymers without any solvent present,

t.e. a multicomponent melt.

BLOCK COPOLYMER: Chain molecules made of different monomers, in which the
monomers are grouped into block, formed only by identical monomers, e.g. a

diblock copolymer has the architecture A- ... -A-B- ... -B.

BODY-CENTERED CUBIC PHASE: Self-assembled phase of spherical micelles on the

minority component, arranged on a body-centered-cubic lattice.
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BRAZOVSKII CLASS: Universality class of continuous transitions, at which the am-
plitude of a spatially modulated order parameter vanishes continuously at non-

vanishing wave vector.

BRUSH: Polymers with one end permanently attached to a surface. For sufficiently
high grafting density, the polymers are strongly stretched due to the repulsion
by the other chains. In this case, the height of the brush is proportional to the

index of polymerization, V.

CHAIN LENGTH: Equivalent to index of polymerization, i.e. number of monomers

per chain. Proportional to the contour length of the chain.

COIL: Configuration of an isolated chain in solution.

COLLAPSED COIL: Equivalent to Globule.

COPOLYMER: Chain molecule, formed by more than one kind of monomer.

CRITICAL END POINT: Ciritical point, where a line of continuous transitions ter-

minates on a line of first-order transitions.

DNA: Carrier of the genetic information in living cells. Perfectly linear polymer

of up to 10° repeat units.

DEGENNES-TAUPIN PERSISTENCE LENGTH: Length over which a flexible mem-

brane stays flat on average. The persistence length £ depends exponentially on

temperature and bending modulus &: { ~ e2™8*,

DEGREE OF POLYMERIZATION: Number of monomers per chain.
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DIBLOCK (COPOLYMER): Copolymer, consisting of two different kinds of mono-
mers, with the architecture A- ... -A-B- ... -B.

DIMPLING MODE: Fluctuation mode for a lamellar phase of a bilayer, in which
the local thickness of the layer varies, while the mid plane of each layer stays
flat.

EMULSIFIER: Amphiphile, used to make to normally immiscible fluids miscible.

EXCLUDED VOLUME: Volume per monomer, from which other monomers are ex-

cluded by hard core repulsion.

FLORY EXPONENT: The mean end-to-end distance R and the number of segments
N in a chain are related by the scaling law: R ~ NY. For an ideal chain
(i.e. without excluded volume): v = 1/2 (Gaussian Exponent). For a chain
with excluded volume (i.e. a self-avoiding random walk) in three dimensions:

v = 3/5 (Flory Exponent).

FLORY PARAMETER x: Dimensionless interaction parameter, measuring the re-
pulsion between two unlike monomers. For many substances x is positive and

varies inversely proportionally with temperature.

FLORY THEOREM: The Flory Theorem states that in a dens polymer system (i.e.
a melt or concentrated solution) the excluded volume interaction is screened, so
that in a melt or concentrated solution chains behave Gaussian. In particular,
the average end-to-end distance scales with the number of monomers per chain

N as: R~ N2,
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FLORY, PAUL J.: 1910- ... ; Nobel prize in Chemistry 1974. Theoretical Polymer
Chemist.

FLORY-HUGGINS THEORY: Mean field theory to describe phase separation in poly-

mer solutions and blends.

GAUSSIAN CHAIN: Theoretical chain model visualizing the chain as “beads con-
nected by springs”. The distribution function for the end-to-end vector R of a
chain of N segments, each of length a, is Pv[R] = (2rNa?/3)~3/2 exp(—3 &),
the root mean square end-to-end distance is Ry = aN'/2. Notice that these ex-
pressions hold asymptotically for any ideal chain (i.e. without excluded volume)
for sufficiently large N. Therefore, “Gaussian chain behavior” is equivalent to

“no effective excluded volume”.

GLOBULE: Configuration of an isolated polymer chain in poor solvent. Its radius
R scales with the number of segments N as: R ~ N/3.

GYR: Abbreviation for gyroid phase.

GYROID PHASE: Ordered bicontinuous phase of cubic symmetry (space group
Ia3d), in which two interpenetrating networks, which are mirror images of one
another, of the minority component are embedded in a majority component

matrix.

HELFRICH INTERACTION: Steric repulsion in lamellar phases, due to the ther-
mally excited undulations of the layers. The Helfrich interaction energy for two
layers of mean separation ¢ behaves as 1/¢2.

HEX: Abbreviation for hexagonal phase.
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HEXAGONAL PHASE: Self-assembled phase, formed by cylinders of the minority

component, arranged on a hexagonal lattice.

HEXAGONALLY PERFORATED LAMELLAR PHASE: Lamellar phase, in which the
minority layers are pierced by channels of the majority component. The holes

can either be stacked ABA or ABC.
HOMOPOLYMER: Chain molecule, formed by identical monomers.
HPL: Abbreviation for Hexagonally Perforated Lamellar Phase.

IDEAL CHAIN: Chain without excluded volume interaction. The distribution of
the mean end-to-end vector is Gaussian, the root mean square of the end-to-
end vector is proportional to the square root of the number of segments in the

chain.

KUHN LENGTH: The Kuhn length is defined through: ak & (R?) /L, with mean
square end-to-end radius (R?) and contour length L. The Kuhn length is the
length of one statistically independent unit, usually comprising 4-5 chemical

repeat units.
L3 PHASE: Abbreviation for sponge phase.

L. PHASE: Abbreviation for lamellar phase, used in the context of short-chain

amphiphiles.
LAM: Abbreviation for lamellar phase.

LAMELLAR PHASE: Ordered phase of interchanging layers.
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LEIBLER POINT: Point of continuous transition from a disordered to an ordered

state at non-vanishing wave vector in polymer systems.

LEIBLER TRANSITION: Continuous transition at a Leibler Point. Leibler transi-

tions are of the Brazovskii universality class.

LIFSHITZ POINT: At a Lifshitz point, the amplitude of a spatially modulated order

parameter and its wave vector go simultaneously continuously to zero.
LINK: Repeat unit in a model chain.
LIPID: Biological surfactant, constituent of the cell membrane.

LIQUID CRYSTAL: Here: system of stiff, rod- or plate-like molecules, that can
undergo structural phase transitions as external thermodynamic parameters

are varied.

LYOTROPIC PHASE: Self-assembled phase that can undergo structural phase tran-

sitions as its composition changes.

MELT: Liquid System of polymers, not containing any solvent. According to the
Flory theorem, the excluded volume interactions are screened in a melt and the

chains behave ideally on scale much larger than the monomer size.

MESOPHASE: Self-assembled, ordered or disordered phase, with properties inter-
mediate between liquid and solid phases (orientational molecular order, one- or

two-dimensional order in a three dimensional material, etc.).

MICELLAR FLUID: Disordered phase of spherical or cylindrical micelles in a ho-

mogeneous background.
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MICELLE: Well defined isolated self-assembled aggregate. Common are spherical

and cylindrical micelles.

MICROEMULSION: Disordered, bicontinuous phase in ternary systems consisting
of two different solvents and an amphiphile. A continuous amphiphilic layer
separates two regions rich in either of the two solvents. Both solvent regions

span the entire sample.

MICROPHASE: Ordered phase of supermolecular aggregates (e.g. BCC phase as

ordered phase of spherical micelles).
MONODISPERSITY: Situation of vanishing polydispersity.
MONOMER: Chemical repeat unit.

PERSISTENCE LENGTH: Length over which a polymer is flexible. It is defined as

the correlation length for intrachain correlations.
OBDD: Abbreviation for ordered bicontinuous double diamond phase.

ORDERED BICONTINUOUS DOUBLE DIAMOND PHASE: Ordered bicontinuous phase
of cubic symmetry (space group Pn3m). Many samples that were previously

alleged to be OBDD have later been identified as gyroid.
POLYAMPHOLYTE: Polymer, carrying both positive and negative charges.

POLYDISPERSITY: Measure of the spread of the chain length distribution in the
sample. The polydispersity parameter p is defined as: p = (N — (N))?) / (N)2

It is possible to achieve p < 0.01 in experiments.
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POLYELECTROLYTE: Polymer with a fraction f of its links carrying electrical
charge g. All charges on the polymer are of the same sign, to establish charge

neutrality, polyelectrolytes usually exist in a solution of counterions.

POLYMER: Chain molecule, consisting of a large number of monomers (i.e. repeat

units), which are linked together with some degree of flexibility in each joint.

POLYMER, LINEAR: Chain molecule without branches, all monomers are linked

sequentially.

PREWETTING: Discontinuous jump in the thickness of an adsorbed layer from

thin to thick as coexistence is approached.

PROTEIN: Functional units in biological systems. Chemically, proteins are random

copolymers.

RADIUS, ROOT MEAN SQUARE: Root mean square of the end-to-end vector in a

linear polymer chain.

RADIUS OF GYRATION: Defined through: Rg € 3 TN ((R. — Rn)2), where
the sum is over all segments in the chain. Notice that Rgis also defined for non-
linear chains. For linear chains of segment length a, one finds: Rg = aN'/?/6.

SEGMENT: Repeat unit in a model chain.

SEGREGATION: Measure of the effective repulsion between unlike monomers, as
measured by the effective interaction parameter x N. Weak segregation regime:

xN < 12.0, strong segregation regime: x N > 50.
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SELF-ASSEMBLY: If the amphiphile concentration in a system is high enough, the
amphiphile will create additional internal interfaces, at which it can adsorb.

These interfaces then self-assemble into various ordered or disordered structures.
SOLUTION: Mixture of a polymer with a solvent of simple molecules.

SOLUTION, CONCENTRATED: Solution, in which the polymer volume fraction ap-
proaches one. The excluded volume interaction is screened and the chains

behave ideally.

SOLUTION, DILUTE: Polymer solution in which the mean distance between differ-
ent polymer coils is larger than the coil radius. A dilute solution is essentially

a system of isolated chains.

SOLUTION, SEMIDILUTE: Solution in which the polymer coils of radius R overlap,
although the solvent concentration is still high. The overlap volume fraction is

o* = a®N/R® = N'"¥ and can be quite small.

SOLVENT: Liquid of small, simple molecules without internal degrees of freedom.
Solvents are classified according to their interaction with polymers as good (or

athermal), neutral (or ©) or poor.
SOLVENT, ©: Same as Neutral Solvent.

SOLVENT, ATHERMAL: Good solvent in the limit of high temperatures. A mod-
erate change in temperature does not change the qualitative behavior of the

solvent.

SOLVENT, GOOD: If the polymer segments prefer an environment of solvent mole-

cules over their own kind, the solvent is called good. In good solvents polymers

Xv



tend to swell, the root mean-square-radius R scales with the number of segments

as R~ N3/5,

SOLVENT, NEUTRAL: If the interactions between the monomers are equal to the
interactions with solvent molecules, the solvent is called neutral. The chain
behaves Gaussian, the root mean-square-radius R scales with the number of

segments as R ~ N/2,

SOLVENT, POOR: If the polymer segments prefer an environment of their own
kind over one of solvent molecules, the solvent is called poor. In poor solvents,
polymers tend to precipitate (phase separate) from the solvent. The (very few)
chains that remain in solution assume a collapsed, globular configuration, the
root mean-square-radius R of the globule scales with the number of segments

as R~ N3,

SPONGE PHASE: Disordered phase in binary amphiphile/solvent systems, in which
a continuous amphiphilic bilayer separates two unconnected solvent regions,

each of which spans the entire sample.

STRUCTURE FUNCTION: Fourier Transform of the density-density correlation func-
tion. For an isolated Gaussian chain of N segments and with mean radius

Ro = aN'/?, the structure function is Ngp(z), where the Debye function is:

90(x) = 2(z — exp(z) + 1)/2?, with z = (¢2R3)/6.
SURFACTANT: Short chain amphiphile.

SWOLLEN COIL: Configuration of an isolated chain in good solvent. Its size is
proportional to N, where NN is the number of segments in the chain and nu ~

3/5 is the Flory exponent.

xvi



THERMOTROPIC PHASE: In the context of liquid crystal systems: ordered phase,

which undergoes structural phase transitions as the temperature is varied.
TRIBLOCK (COPOLYMER): Block copolymer with architecture ABA or ABC.

UNDULATION MODE: Fluctuation mode of a lamellar phase or an isolated layer,
in which the layers assumes a configuration that is locally not flat, while its

thickness is constant throughout.

WETTING: Surface phase transition, in which the thickness of an adsorbed fluid

film diverges as external thermodynamic parameters are changed.

WETTING, COMPLETE: Wetting transition, in which the thickness of an adsorbed

layer diverges as the bulk coexistence of the wet and dry phases is approached.

WETTING, CRITICAL: Wetting transition, in which the thickness of an adsorbed
layer diverges continuously as the temperature is varied, while the system is

kept on bulk coexistence.

WETTING, FIRST-ORDER: Wetting transition, in which the thickness of an ad-
sorbed layer diverges discontinuously as the temperature is varied, while the
system is kept on bulk coexistence. Adjacent to the first-order wetting transi-

tion one finds a prewetting line.

xvii



Chapter 1

INTRODUCTION

1.1 What are Polymers?

Polymers are long flexible chain molecules, consisting of many repeat units, or mono-
mers, units, or monomers, linked together into a linear or branched chain. In their
technical form, polymers constitute what are known as “plastics” [56]: Styrofoam
(polystyrene), shopping bags (polyethylene), tires (mostly polyisoprene), food con-
tainers (often polypropylene), but also materials such as adhesives, fibers (“Nylon”)
or GoreTex (polyurethane). Another very important class of polymers are biolog-
ical materials [1]: proteins, the main functional elements of cells; DNA and RNA,
the carriers of genetic information; and lipids, the prevalent constituent of the cell
membrane, are all polymers of different complexity. All these polymers differ in the
chemical structure of their monomers and, possibly, in the way the monomers are
linked together. Choosing the proper chemical structure to create a material with
the desired properties and devising ways to synthesize it are the goals of chemistry,
chemical engineering and materials science.

On the other hand, the physicist tries to understand the generic behavior of
polymers, starting from such properties, common to all polymers, as their great
length and flexibility. Theoretical predictions based on universal models have been
experimentally confirmed on a great variety of chemically different, but structurally
(i.e. in regards to length, flexibility, architecture) similar polymers.

The crudest model of a polymer chain is a random walk of N steps, possibly with
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Figure 1.1: Projection of a free random walk of 2400 steps of unit length in 3 dimen-
sions into the z = O-plane. Beginning- and end-points of the walk are shown with
dots. The radius of gyration Rg = 1/N/6 is shown with dashes.

some correlations between steps (Figure 1.1). The number of steps can be very large:

industrial polymers often contain between 10* to 10 monomers, the longest linear



polymer known, the DNA, carrier of the genetic information, even up to 10° repeat
units. For long chains, there will obviously be a large number of possible walks.
For sufficiently large N, explicit enumeration of all configurations will be impossible
and the treatment of the walk (i.e. the polymer) as a statistical object will become
necessary.

Because of this enormous number of conformations that a long flexible chain can
take on, polymers in solution or in the melt belong to the class of “complex fluids”, i.e.
fluids whose constituent molecules possess internal degrees of freedom, as compared
to simple liquids (e.g. liquid argon) [78], whose molecules only possess translational
(positional) degrees of freedom. Other complex fluids, besides polymers are (ther-
motropic) liquid crystals (36], i.e. extended, but stiff, rod- or plate-like molecules
which can be oriented in space in different ways. Another example is a system of
water, oil and a surfactant [67]. Surfactants are amphiphiles, i.e. molecules with
chemically different parts. Such amphiphiles have, for example, a hydrophilic “head
group” and a hydrophobic “tail”. In an oil/water mixture, such molecules will try
to sit at the oil/water interface, so as to accommodate the preference of each of its
ends for a different environment. This is the mechanism by which grease is soluble
in water containing dishwashing liquid. In fact, given the opportunity, surfactants
will often create additional interfaces in a fluid to reduce their frustration in a ho-
mogeneous background. Because of their internal degrees of freedom per molecule,
complex fluids can overcome the disordering effects of temperature and self-assemble

into a partially ordered state.

1.2 What is Self-Assembly?

Molecules with internal degrees of freedom can exist in states intermediate between
solid and liquid states. In a perfect crystalline solid, all molecules are arranged

in a perfectly periodic array. The correlation length is infinite and scattering by



a crystal gives sharp Bragg peaks. In an isotropic liquid, there is a certain short-
range order, which decays exponentially with decay length £. The scattering function
typically shows a diffuse peak of width 1/£. Intermediate phases can be obtained
by imposing orientational order for non-spherical fluid molecules (e.g. nematic and
cholesteric liquid crystals, or amphiphiles straddling an interface), or by one- or two-
dimensional positional order in a three-dimensional fluid phase (columnar or smectic
liquid crystals). In accordance with de Gennes [36] we will call these intermediate
phases mesomorphic phases or mesophases (and retain the expression “liquid crystal”
strictly for thermotropic liquid crystals). Specifically, we will be concerned with
amphiphilic mesophases.

As mentioned above, amphiphiles can lower their energy by adsorbing to an in-
terface so that both ends of the amphiphilic molecule are placed into their preferred
environment. (For the present discussion we will call them “oil” and “water”, respec-
tively, keeping in mind however that they may be any two immiscible substances.)
For sufficiently high concentration, it is often favorable for the amphiphile to create
additional interface, rather than to dissolve randomly. These internal interfaces then
assemble into various structures. In Figure 1.2 we show some of the ordered phases
that have been observed in experiments. Which of these phases is formed, depends on
the architecture of amphiphile and solvent molecules, the composition of the mixture,
and temperature.

For lower amphiphile concentration (or higher temperature) disordered, but struc-
tured fluid phases, e.g. a disordered micellar solution, may be formed when the hexag-
onal lattice of cylinders or the body-centered-cubic lattice of spheres in Figure 1.2
melts, while still leaving the cylindrical or spherical micelles intact. Another disor-
dered but structured phase is the microemulsion phase, where a disordered array of
amphiphilic sheets separates coherent oil- and water-regions. If both oil and water
regions span the entire sample, the microemulsion is said to be “bicontinuous” (cf.

Figure 1.2). A remarkable feature of all self-assembled phases, whether ordered or
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Figure 1.2: Amphiphiles at sufficiently high concentration will often create inter-
nal interfaces, which in turn assemble into various ordered structures, depending on
temperature, concentration and architecture of the amphiphile. Shown are the most
often observed morphologies: sheetlike lamellae (LAM), hexagonally arranged cylin-
ders (HEX), and spheres on a body-centered-cubic lattice (BCC). Also shown are
some of the observed or alleged “complex phases”: hexagonally perforated lamellae
(HPL), the “gyroid” phase (Space group Ia3d) (GYR), and the ordered bicontinuous
double diamond phase (Space group Pn3m) (OBDD). After [152].



disordered, is that they are characterized by an ertensive amount of internal interface.

Figure 1.3: Disordered microemulsion phases occur when a coherent amphiphilic layer
separates bicontinuous oil- and water-regions. After [85].

Amphiphilic self-assembly may seem like an obscure and rare phenomenon, but
it has some common technological uses in soap production and oil recovery. An even
more important example is the membrane of living cells, which is a self-assembled

bilayer of phospholipids (a certain kind of biological amphiphile) and proteins.

Mesophases in general have a few universal properties: the forces involved are
weak and the characteristic energies comparable to the thermal energy kgT. Defects
in the structure will therefore be frequent and the substance as a whole will flow
like a (possibly viscous) liquid. The mesophase possesses structure on a molecular or
supermolecular length scale, which is much larger than the size of a single molecule

(typically 20-500 A).



Figure 1.4: Microscopic view of diblock copolymers in lamellar (left) and hexagonal
(right) mesophases. After [208].

1.3 Why study Self-Assembly in Polymer Blends?

Block copolymers are chain molecules made out of different “blocks”, each of which
consists of identical monomers. The simplest block copolymer is the diblock, with
architecture A- ... -A-B ... -B. More complicated architectures are possible: ABA-
and ABC-triblocks, multiblocks, etc. In general, each A-monomer will prefer a sur-
rounding of other A-monomers to one of B-monomers. Diblock copolymers there-
fore combine the properties of polymers with those of amphiphiles, and blends of
AB-diblocks with the corresponding A- and B-homopolymers are in many respects

comparable to mixtures of oil and water with soap (c.f. Figure 1.4).

There are two main reasons why block copolymer systems are so attractive for
studying self-assembly: the relevance of the subject on the one hand, and the avail-
ability of tools (experimentally and theoretically) on the other, that make such a
project feasible.

Since one has reason to expect that the synthesis of novel and chemically different

monomers is going to slow down in the future [187], attention is drawn to polymer

mixtures and compounds to create new materials with specific properties (such as



flexibility, tensile strength, resistance to heat, etc.). Block copolymers, because of
their emulsifying and structuring properties, are an important ingredient.

The latter property in particular, namely the ability to bring about phases with
complex order on molecular length scales has some obvious potential applications in
the microscopic manufacturing of materials (“nanotechnology”), e.g. the formation
of capillaries and sieves with holes only a few atomic diameters wide from hexagonal
(HEX) or hexagonally perforated (HPL) phases (c.f. Figure 1.2); or the formation of
extended, bicontinuous networks (e.g. for catalytic converters) from complex phases
such as the gyroid (GYR); or the microstructuring of surfaces by bonding an appro-
priate mesophase to a solid substrate.

On a more scientific level, one tries to understand the fundamental physical mech-
anism underlying self-assembly. Can one explain the occurrence of ordered phases
in complex fluids starting from a first-principles atomistic theory? Why do com-
plex phases, such as the gyroid, form? How can one describe a disordered, but not
structureless phase, like a microemulsion?

In blends in particular, there are many interesting additional effects, e.g. the
possibility of exotic critical phenomena, like Lifshitz and Leibler points, the intricate
interplay between micro- and macrophase separation, etc. Given the large parameter
space of block copolymeric systems, comprising not only the usual thermodynamic
variables, but also the architectural parameters, such as chain length and composition,
it is very difficult, if not impossible to develop a coherent picture from experiment
alone. A theoretical investigation, mapping out a representative set of parameters, is
therefore necessary.

Since the phenomenon of amphiphilic self-assembly is rather universal (the same
Phases and very similar phase diagrams in terms of temperature and composition have
been found for a wide variety of chemically different systems, both for short-chain
surfactants, as well as for diblock copolymers), one may hope to be able to arrive

at some general conclusions by studying the most convenient and accessible system.



Copolymers provide in many respects an ideal model system to study self-assembly.

On the experimental side, microstructures formed by polymers are easily observed
because of the large length (= 500 A) and time (hours to days) scales involved.
Most structural phase transitions occur in a fairly convenient temperature range (20-
200 °C). Furthermore, since the architecture of polymers can be tailored as desired,
one has an additional, systematically tunable parameter at one’s disposal. Using
deuterium labeling and neutron scattering (c.f. Section 2.2.1.2) one can even obtain

precise information about the behavior of any desired monomer of any given chain.

The great theoretical advantage of using polymer melts is that, for most of the pa-
rameter space, they are quantitatively well described by rather straightforward mean
field theory (Section 3.2). Very intuitively speaking, this can be understood as fol-
lows. The local fluctuations are on the scale of the monomers (2 10 A). The ordering
phenomena are on the scale of one polymer coil however (= 100 A). Averaged over
one chain volume, the local density fluctuations are negligible. Only extremely (often
unmeasurably) close to a critical point does the mean field description break down,
compelling one to resort to more complicated approaches like liquid-state integral

equation theories, renormalization group analysis, etc.

1.4 What is the Purpose of the Present Work?

As the preceding discussion shows, the micro- and macrophase behavior of block
copolymer systems provides a rich and fascinating topic in the field of complex fluids,
with many interesting and important questions, both scientifical, as well as techno-
logical. What is attempted in the present work is to investigate and clarify the phase
behavior of blends containing a diblock copolymer and one or two corresponding
homopolymers.

As compared to the situation in pure diblock copolymer melts, where the phase

diagram has been calculated with great accuracy [125, 222, 157, 151] and is found to
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be in general agreement with experiments [18, 58, 151], in particular after fluctuation
corrections have been taken into account [61, 200, 17, 16], the situation in the techno-
logically particular important case of homopolymer/diblock blends is much less clear.
Despite a wealth of experimental work [99, 79, 113, 83, 241, 240, 82, 115, 116, 256,
255, 258, 257, 265, 206, 193, 104, 41], no clear picture of the phase behavior and in
particular of the dependence of the phase diagram on architectural parameters has
emerged.

It is the aim of this work to present a comprehensive catalogue of reliable phase
diagrams for binary and ternary blends, covering the particular interesting weak and
intermediate segregation regimes. Calculated phase diagrams for polymer blends un-
dergoing microphase separation should fulfill the following requirements if they are to
be useful for further experimental or theoretical work. The particular nature of poly-
meric liquids must be treated properly, in particular the chain connectivity and the
infinite number of chain configurations have to be taken into account. Furthermore,
one must allow for ordered phase of arbitrary geometry and for variations in the local
monomer density of arbitrary amplitude. Approaches that make additional simpli-
fying assumptions about the structure of the ordered phase (e.g. that the lamellar
phase is the only occurring ordered morphology (10, 193] or about the amplitude of
the local density variations [10] are of limited validity. Finally, the results obtained
should be valid in experimentally accessible regions of the parameter space and not
only in unphysical (e.g. zero temperature) limiting cases [222, 260].

The full self-consistent field theory of the Gaussian chain, formulated in Fourier
space (c.f. Chapter 3), fulfills these requirements. The Gaussian chain model [43]
is excellent for the universal behavior of flexible chains on length scales comparable
to the coil size (i.e. on the scale that the ordering phenomena take place). The
formulation in Fourier space allows for any ordered geometry [157, 145] and the
mean field treatment is valid for systems composed of long chains in the intermediate

and strong segregation regime.
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By means of this method, phase diagrams for a variety of binary and ternary
blends will be calculated. Emphasis will be put on the chain length ratio oy =
N4/N4p of homopolymer to diblock chains (where N is the degree of polymerization
of component &) as the parameter, which mainly determines the overall topology of
the phase diagram. Since the present work is essentially the first attempt to map out
the general phase behavior of homopolymer/diblock blends, we will restrict ourselves
for the most part to blends containing symmetric diblocks (with A- and B-blocks of
equal length) and consider only the “classical” phases (i.e. lamellar, hexagonal and
body-centered-cubic), which are well-known to exist in copolymer systems and to fill
most of the ordered regions of the phase diagram. For all our results, we try to find

intuitive explanations in terms of simple brush, and stretching, arguments.

1.5 Overview

In the first part of the following chapter, we will establish most of the pertinent con-
cepts specific to polymer physics. The treatment will be introductory and straight-
forward. The main emphasis will be to work out the scaling behavior of physical
quantities of interest with temperature, concentration and in particular with the
chain length. The second part of the chapter is devoted to a discussion of the math-
ematical properties of the standard (“Gaussian”) chain model. In Chapter 3, we
will specifically focus on microphase separation phenomena. in block copolymeric sys-
tems. We will briefly review the main experimental methods and then treat some
calculational methods specifically suited for the study of polymeric microphase sep-
aration. In Chapter 4, I present and discuss my own research, an investigation of
the macro- and microphase behavior of ternary and binary blends of a symmetric
diblock copolymer with corresponding A- and B-homopolymers. Finally, the results
are summarized in Chapter 5, discussed and compared with other experimental and

theoretical investigations.
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A glossary of some important terms and concepts, including common abbrevia-
tions, from polymer physics and the physics of self-assembly has been provided to
avoid repetition and to facilitate comprehension.

I would like to point out that there are some important areas which are not cov-
ered in the present work. Since we are interested in the generic physical behavior,
no mention is made of the underlying chemistry. Questions of synthesis, character-
ization, purification etc. will not be addressed. We will only consider linear chains,
and ignore all the other architectures that exist: ring and branched polymers as well
as polymer networks. The biggest omission concerns the dynamics of flexible chain
molecules. Throughout all of this work, we will be ezclusively concerned with equi-
librium statistical mechanics. Consequentially, no attempt has been made to treat

transport properties, the approach to equilibrium, or dynamical response.

1.6 Notation

In keeping with the notation used by de Gennes [35], we use the equals sign “="
for ezact equality, including all numerical factors. If we state only the scaling law,
ignoring numerical coefficients, but keeping all dimensional factors, we use the symbol
“=". If we want to stress only the scaling behavior of the left hand side with respect to
some particular variable, we use “~”. For approximate equality, e.g. after neglecting
small terms, we use “x".

Vectors are signified by boldface upright: r. If no other meaning is obvious from
the direct context, 8 stands for the inverse of the usual product of the Boltzmann

constant and absolute temperature: f = 1/kgT.



Chapter 2

STATISTICAL THEORY OF CHAIN MOLECULES

2.1 Basic Concepts in the Physics of Chain Molecules

In this chapter, we discuss the most important concepts and results of polymer
physics. We will often refer to concepts introduced in this chapter, either to mo-
tivate a calculation, or to explain a result.

We progress from the properties of an isolated chain, to systems of many in-
teracting chains, and finally discuss chains under constraints, such as confinement,
elongation, etc.

Most of the material in this chapter is covered in the standard monographs [109,
35, 42]. When necessary, more specialized references will be given in the appropriate

sections.

2.1.1 Isolated Chains

We begin by studying the statistical properties of a single, isolated chain. This
situation has obviously a strongly simplifying “model” character, but its predictions
can easily be tested by computer experiments. Furthermore, as we will later see
(Section 2.1.2.1), polymers in a dilute solution can often be treated as isolated.

In considering chain models, one major distinction arises immediately: between
those models that allow the chain to intersect itself, and those that do not. The
former are known as “ideal chain” models, whereas the latter are called “real chains”.
Because any realistic interatomic or intermolecular interaction potential (Figure 2.4)

will include a hard core repulsion, which is dominant at short distances, it might seem
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as if ideal chains bear very little resemblance to experimentally accessible scenarios.
However, a remarkable result, known as Flory’s Theorem (Section 2.1.2.2) asserts that
chains in a melt behave as if they were ideal. We will therefore study the properties
of ideal chains in some detail in the following three subsections. Then we will turn
to real chains and discuss the consequences of the “excluded volume effect” induced

by the hard core repulsion.

2.1.1.1 The Freely Jointed Chain Model

Assume a chain, made up of N segments, each of length a, joined together in such
a way that each segment can point in any direction with equal probability, inde-
pendently of any of the other segments. This model is called the “Freely Jointed
Chain”. Obviously, this chain can take on an enormous number of configurations.
Two questions arise: How can we characterize the configuration, short of specifying
the positions of all the links explicitly; and what is the probability distribution of the
configurations?

The configuration I is specified by all the link vectors:
In ={r1,ry... ,IN}. (2.1)

Since all links are statistically independent, the probability for this configuration

factors:

P[Tn] = p(r1)p(r1) ... p(rN), (2.2)

where the (normalized) probability distribution for each link is uniform over the

sphere of radius a:

p(r) = —5 (It — a). (2.3)

A convenient way of characterizing a chain conformation on a macroscopic level is by
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Figure 2.1: Bond vectors r; and end-to-end vector R in a freely jointed chain

its size, as given for example by the length of the end-to-end vector (c.f. Figure 2.1):

N
R=) Ir,. (2.4)

n
Since the ensemble average (r,) of r, vanishes for each n, the average end-to-end

distance is zero: (R) = 0. However, its second moment (R?2) is non-zero:
(B) = % fra )
= Z (r2) + Z (Tn )

n#Em

= Nd?. (2.5)
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This result follows because (ry - rm) = 0 for n # m, due to the statistical indepen-
dence of links, and (r2) = [d°r 21—‘3-;6 (Ir| — @) = a®. Thus, the root mean-square-

radius Ry is given by a power law:
Ry =aN" with v=1/2 (2.6)

We now ask for the probability distribution Py(R) that a chain of N links has
an end-to-end vector R. Given the probability P[I'y] of each configuration (2.2), we
find:

Pv(R) = / Pry ... dPry 5(2 r, — R)P[PN].

Using the Fourier representation of the §-function: é(r f G k. efkr

and equation

(2.2), we write this as:

Py(R) = / (‘;k —ikR [ / dsre""p(r} : (2.7)

The term in brackets can be evaluated in spherical coordinates (note that Gpe'?m s =

—iqrsin 6 97 0s9).

2
/d r e p(r) = 2/ drr? / d¢/ df sin 6 e =88 (r — q)
a
2r -—;'
= 2 — -
—47“12/0 drr/(; d¢[ i ]6(1' a)

sin ka

2.
o (2.8)
From equation (2.7) the probability distribution of R is
Bk _ap [sinka]”
= | — 2 kR |20 2.9
Fv(R)= | 5oy e [ ka ] (2.9)

Since (Hnka)V i extremely strongly peaked at the origin if N is large, only small
ka g

values of ka will give relevant contributions. We write: ( ‘i‘,::“)N = exp(N log fake)

and expand the logarithm in ka < 1:

sinka\ k%a®  k'a?t
(ka ) =exp[Nlog(1—- 3l + 5 +)]
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The integral in equation (2.9) is now Gaussian and we obtain the final result for the
probability distribution of the end-to-end vector of the freely jointed chain:

- 3R? A
Py(R) = (2rNa?/3) ™ exp ("21\/«;2) [1 — 2 (518 + B 4o ] . (2.10)

A few comments are in order here: To leading order, the distribution of the end-to-
end vector is Gaussian. This results holds in general and corresponds to the Central
Limit Theorem of Statistics [49, 50]: The distribution of a sum of independent random
variables is Gaussian.

The corrections to Gaussian statistics are very small for the freely jointed chain,
being suppressed by a factor of 1/N. Ounly for R? 3> R2 do they become substantial.
However, such configurations have exponentially small probability to occur, so that
the leading order term of (2.10) gives a good approximation for all values of R.

The average size Ry of the chain is far from the contour length of the fully extended
chain, the latter being given by

L=aN. (2.11)

As N becomes very large, the ratio of the two goes to zero:

Bo_ 1 _ .
A e
The reason for this is that there are far more coiled than extended configurations, so

that they dominate the average in equation (2.10).

2.1.1.2 General Properties of Ideal Chain Models

Because all links are independent, the freely jointed chain is a very simple model.
In more realistic models, the behavior of any given link will partially be determined
by its neighboring links. If, for example, one requires that the angle between two
consecutive links is § = const, while each link can rotate about ¥ = 0...2r around

the preceding one, we obtain the “freely rotating chain” model.
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-2m3  -n3 ®3  2n3

Figure 2.2: Possible configurations of three consecutive chain links (left); and config-
urational energy E as function of the internal rotational angle ¢ (right). The planar
“trans” configuration corresponds to the global minimum at ¢ = 0, the bend “gauche”
configurations to the minima at ¢ = £2x/3.

In real polymers, the rotation about + is rarely free. Typically, one finds a behavior
of the potential energy as shown in Figure 2.2, where ¢ is the angle between the two
planes that are spanned by two consecutive bond pairs. As a function of ¢ there
is a minimum energy configuration (the “trans” conformation) and two symmetric
metastable (“gauche”) configurations. For many real polymers the excitation energy
for gauche configurations is less than of kgT, so that there will be a significant fraction
of links in them. If this interaction between any three consecutive links, is taken into
account, one arrives at the “rotational isomeric” chain model: one assumes that the
chain can only reside in the three discrete states, corresponding to the local minima
of the configurational energy, with the probability for each configuration given by the

appropriate Boltzmann factor [57).
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More complicated models can be invented to describe the interactions that one
finds in real polymers. However, as long as the range of the internal interaction ex-
tends over any finite number of consecutive chain links (or equivalently: as long as
correlations die out at least exponentially along the chain), all these models result
in the same large scale behavior that one finds for the freely jointed chain, namely a
mean-square-radius linear in N and a Gaussian distribution of the end-to-end vector.
In particular, the relation (2.6) still holds with the same exponent v = 1 /2; however,
the numerical prefactor a has been modified by the internal interaction. To mea-
sure the effective step length, one introduces two further lengths: the Kuhn length
ak and the persistence length ac, besides the bare step length a considered so far.

‘The persistence length ac is simply the correlation length of interchain correlations:

[n—m|

- )- It can be worked out exactly for some simple chain models

(ra - tm) ~exp(—
(c.f. [57]); for a chain characterized by a finite bending energy per unit length, «, the
persistence length is of order ac & kgT'/«. For real polymers and for many models,

the ratio ac/a is approximately two.

While the persistence length is defined by the microscopic properties of the model,
the Kuhn length ak is solely determined by experimentally measurable quantities.
One of them is (R?), which can be obtained from scattering experiments (c.f. Section
2.2.1.2) and the other is the contour length L. The latter is proportional to the total
molecular weight (accessible through the osmotic pressure of a solution [56, 40]) and
the size of a monomer. The Kuhn length ax and the effective number of segments N

are now determined by the two requirements:

(R?) = a} N,
L =axN.
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Eliminating one or the other of the two unknowns, we find:

ag = @, (2.12a)
. I?
N = &’ (2.12b)

where now on the right hand side of (2.12a) there are only directly experimentally
accessible quantities.

For linear polystyrene, the best studied example of a flexible polymer [204], chains
of 10...10° monomers can easily be synthesized. The Kuhn length is found to be
about 15 A, and one statistical segment consists of 4 to 5 chemical repeat units. In
comparison, the longest polymer known, human DNA, carrier of the genetic informa-
tion, consists of 10° base pairs [1]. DNA is a “stiff” molecule, each statistical segment
consists of about 150 base pairs and is about 5004 long.

To convince oneself that equation (2.10) holds (to leading order) for any chain
model with interactions involving only a finite number n. of consecutive links, one
breaks the chain up into N effective segments F,, each containing m links. Clearly:
N = N/m. If m > n., the effective segments become independent, and the same
analysis as in section Section 2.1.1.1 can be performed, only that p(r) in (2.7) is now
the single link probability distribution for an effective segment . In equation (2.8)
the average has to be taken with respect to this distribution:

/ d*r e p(r) = 4x / drr? SIZfrp(r)

sin kr
= 1
< kr >p 9 (2 3)

where we have used that p(r) only depends on |r|, since the effective segments are

independent by construction. Since we are interested only in the small kr region, we

expand the sine:

sin kr
< o >p=1— ak? (r?) 4+ (2.14)
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Define an effective step length a2; = (r?) p» and equation (2.9) becomes:

Py(R) = / Lk e (1- ‘-’%ﬁkz)ﬁ

(2m)
~ / (‘211 ")73 kR o - a2 Nk?
3/2 2
=( 3 ) exp| —B_ (2.15)
2raZeN 2a2;N

with the same Gaussian behavior as in (2.10).

2.1.1.83 The Gaussian Chain Model

The preceding discussion shows that the distribution of the end-to-end vector depends
on the microscopic details of the model only through the effective bond length. If one
is only interested in macroscopic properties of the polymer coil, one is therefore free
to choose a model that facilitates analytical manipulations as far as possible.

As in the case of the freely jointed chain, we consider a chain of N independent
links, but we now relax the constraint (2.3) of fixed bond length. Instead, we assume

that the length of each segment is Gauss distributed:

p(r) = g(r) € (2:a2>3/2 exp (—gg) : (2.16)

Note that: (r?) = a?. The probability of a configuration 'y, (2.2) of such a chain is:

P[Cn] = g(r1)g(r2)...g(rn)
3 3N/2 3 121
= [27“12] exp (—5 3 %5) : (2.17)

n

This defines a “Gaussian chain”. Notice that a Gaussian chain can be envisioned as
N +1 beads, connected by N springs of spring constant 5 and equilibrium length @
(Figure 2.3).

Gaussian chains have the important property that the length of each of their
subchains is also Gauss distributed. Let R, and R, be the positions of the “beads”
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Figure 2.3: Gaussian chain as “beads” connected by “springs”.

n and m, respectively, then the probability distribution for the vector R.-R, is:

3/2 —Ryy)?
Phmi(Ra — Ron) = [m] = (2.18)
Consequentially, the assignment of “beads” is highly arbitrary: to a section of a
Gaussian coil with end-to-end vector R, containing N units of length a, we can
assign 2N units of length a/+/2 without changing the distribution function for R. If
we make the model assumption that we can repeat this process indefinitely, the coil
thus obtained is scale invariant.

Let us note that for n = 0 and m = N, the distribution function of the end-to-end

vector R is:

N

Pn(R) = 27 R2/3] ™/ &R (2.19)



23

From this we obtain the entropy of a Gaussian chain with given radius R:

2
S(R) = —gka (%) + const (2.20)

and, using F = U — TS, we finally obtain the free energy of a Gaussian chain, and,

because of equation (2.15), of any ideal chain in three dimensions:

BF(R)= (%) (2.21)

The Gaussian chain model is readily generalized to a d dimensions. In the general
2
case, one finds BF(R) = % ('1%) .
One other quantity of interest is the correlation function for segments I and J
along the chain. Because of translational invariance the correlation function, i.e. the
probability that segment J is at r, while I is at the origin, depends only on the spatial

distance between the segments:

Gra(r) = (pr(0)p(r))
= By_y(r)

3 r?
= exp (—-2-'”,_—‘”‘12-> N (2.22)

where p(r) = §(r—r;) is the local segment density. The Fourier Transform of G 17(r)

is:
S[J(q) = /dsr e—iqu[J(l')
2 2
= exp (-gsiu - JI). (2.23)

Often one is interested in the correlation between any two segments, being separated

by r. This leads to the structure factor of an isolated chain:

Sta) = - S(a)
ILJ
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(the replacement of the discrete sums by integrals is permissible for N > 1)

2,2
= Ngp(z) where z = Nqﬁ - %qug (2.24a)

and

g(z) = 2& +;— =D (2.24b)

is the Debye function. It can be approximated by

(z) ~ N
IDE) = 7 + z2/2
to within 15% over the entire region of gq.

We will study Gaussian chains in more detail in Section 2.2.

2.1.1.4 Real Chains

Up to this point, we considered chains free from interactions except for those due to
chain connectivity. For any realistic chain model however, one will have an interac-
tion potential between any two segments like that shown in Figure 2.4, consisting of
a short-range repulsion and a (weak) long range attraction. In general, the bare in-
teraction potential is modified by the presence of a medium, e.g. a solvent, into which
the chain is placed. Since we will mostly be concerned with the interactions between
the links themselves, we will not include the effect of the solvent explicitly, and only
consider the effective segment-segment potential, with the tacit understanding that
it includes the possible interactions with the background.

One approach to include the interaction is to assume that the free energy of the
polymer separates: into an ideal part Fiq, describing an ideal chain, free of interac-

tions, but including the effects of chain connectivity, and an interaction part, Fiq:

F = Fq+ Fi, (2.25)
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BU(r) f(r)

\— r / r

Figure 2.4: Typical dimensionless interaction potential SU(r) (left); Mayer function
f(r) = exp(—BU(r)) — 1 for the potential plotted on the left for two different values
of B (right). The dashed curve corresponds to lower temperatures (greater ).

Since we assume that all the effects of the chain connectivity have been included
through Fi4, Fin need only describe a system of disconnected links, interacting via
their pairwise potential. Since the density of links in the volume occupied by the
polymer coil is low (being proportional to N/R3 ~ N-'/2 for a Gaussian coil), we

can assume for Fip, an expansion in powers of the link density:

BFm =V [B (%) +C (%)2 ;o ] , (2.26)

where B, C, ... are the virial coefficients and R is the radius of the coil. They can be

found from the interaction potential U(r) [78]. For B we have:

= —%/dar exp (—pU(r)) - 1. (2.27)

Note that we only consider interaction potentials that fall off fast enough at large
distances for the integral in (2.27) to converge. This includes for example attraction
between links due to van-der-Waals interactions, but not the Coulomb potential.
Chains with charged links (polyampholytes and polyelectrolytes) are a special case,
that will not be considered here (c.f. [13] for a recent review). We will come back to

the study of interacting chains in general in Section 2.1.2.
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For the moment, we will ignore the attractive part of the potential. We then have
a chain with no other interactions than those due to chain connectivity, and those
arising from the hard-core repulsion. The fact that now the chain cannot intersect
itself strongly reduces the number of possible configurations, as compared to the case
of ideal chains considered so far. While the configurations of ideal chains correspond
to free random walks, the conformations of chains with excluded volume are self-
avoiding random walks. One expects that the size of a coil that cannot intersect
itself will be greater than one that could. In particular, we expect the exponent v in
equation (2.6) to be modified. An extremely simple, though surprisingly effective way
to calculate the value of v for the chain with excluded volume was devised by Flory
in 1949 [55]. We present it here for the case of arbitrary dimensionality d. Consider

a chain of unknown radius R and internal monomer concentration

N
-1?.

IR

c (2.28)

The free energy due to the internal repulsive hard-core interaction takes the following

form:

ﬂFint. = N'UC

N2

= ‘UF, (229)

since there are N segments, each with probability ¢ of colliding with each other. The
“excluded-volume parameter” v is essentially the second virial coeficient (c.f. equa-
tion (2.27)) and has the dimension of a volume. The chain connectivity is included

through equation (2.21):

~ 2 (2.30)
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The radius Rr of the coil is the one that minimizes
BF = BFa+ BFine

¥ —— v (2.31)
Omitting numerical factors, we find:
B2 2 pa2®
or
Rp ~ N* with v =—— (2.32a)
in particular:
Rp ~ N3/ in 3 dimensions. (2.32b)

This result is surprisingly accurate at all dimensions. For d = 1 it gives the obviously
correct value » = 1 and for d = 2 and d = 3 it is within one percent of the best
theoretical and experimental results.

Note also that for d = 4, Flory’s formula yields the ideal chain exponent v = 1/2.
Intuitively, this can be understood by evaluating the repulsive free energy Fi,; at the
equilibrium extension Rp. One finds: F,, ~ N273%/(2+d) For d > 4, the exponent
becomes negative, so that the internal repulsion scales away as N becomes large.
However, the elastic free energy Fi4 is not affected by the dimensionality of space, so
we are left with an ideal chain.

Two comments are in order: The Flory calculation as presented above benefits
from an almost miraculous cancelation of errors: the repulsion is grossly overstated
by neglecting the chain connectivity, and so is the elastic free energy, since it should
depend on R/Rp instead on R/R,. Attempts to systematize the calculation of v
often failed because they improved on one, but not the other of the contributions to

equation (2.31). In particular, any attempt to improve on (2.31) based on a mean
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field approach failed, since the density of links inside a coil is strongly fluctuating in
space, and not well described by an average field.

A perturbation calculation, based on a Mayer cluster expansion has been per-
formed [188]. The effective expansion parameter is the probability for binary collision
in the chain, 2 = vN/R} = BN'/?/a®, where B is the second virial coefficient (2.27).
Notice that z is small only in the immediate vicinity fo the ©-temperature, where
B vanishes. However, resummation techniques [123], can be applied to obtain an
accurate value for the exponent v even for non-zero B.

Monte Carlo simulations are difficult, since the asymptotic scaling limit is only
reached for very large N, and the statistics of the simulation show a strong de-
pendency on the details of the model, in particular for lattice simulations [164, 5].
Off-lattice calculations are also possible, e.g. for the freely rotating chain model, but
with excluded volume [53, 54].

Renormalization group methods (both real space and e-expansion), which are
clearly appropriate for this system of interacting, strongly fluctuating particles, have
also been applied to the excluded volume problem [40, 63]. The most recent results

for v in three dimensions are:

v = 0.588 4+ 0.001 experiment [204],
v = 0.588 % 0.001 theory [188],
v = 0.581 + 0.009 simulation [53].

2.1.2 Many Chain Systems

Up to this point, we have only considered the statistical mechanics of isolated chains.
We now turn to systems of polymers at finite concentration. If the chains are in
a medium made up of small molecules (i.e. molecules without internal degrees of
freedom), we speak of a polymer solution. If the polymers are densely packed, without

any solvent present, the system is called a melt.
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In the following sections, we will always assume that all chains in the system have
the same number of links. Such a system is called “monodisperse”. Polymer samples
in experiments will always have some distribution of chain lengths. A measure of the
width of this distribution is its variance p, defined through:

_ (=)
(N
Samples of polydispersity p < 0.01 can nowadays be obtained through living cationic

polymerization, followed by size-exclusion chromatography [40].

2.1.2.1 Solutions

Polymer solutions are characterized by their polymer concentration as dilute, semidi-
lute and concentrated. In the dilute case, the concentration of polymer coils is so
low that on average the polymer coils do not overlap. We smoothly cross over to
the semidilute regime at the concentration ¢* = % ~ N1-3%_ We see that the over-
lap concentration can be quite small (corresponding to a polymer volume fraction
v = 0.01...0.0001), no matter if we use the Flory exponent v = 3/5 or the ideal
chain exponent v = 1/2. In the semidilute regime, we have strongly overlapping coils,
although the total polymer concentrations is still low. The semidilute regime is spe-
cific to polymer solutions and has no correspondence in solutions of simple molecules.
When the polymer concentration approaches 1, we enter the concentrated regime,
and finally, when there is no solvent present, the melt state.

Solvents are classified as good, neutral (or “©”) and poor, depending on their in-
teractions with the polymer segments and independent of the polymer concentration.
When the polymer segments on average prefer contacts with the solvent over contacts
with their own kind, the solvent is called good. In a good solvent, the chains will
swell, compared to the ideal chain size, to avoid unfavorable segment-segment colli-
sions. In the opposite case of a poor solvent, the monomers prefer each other over the

solvent and the chains collapse unto themselves and eventually phase separate from
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the solvent. The crossover region, where these effects cancel, is called the ©-region
and the solvent is called a neutral or ©-solvent. In many cases, a rise in temperature
is enough to bring about a change in solvent characteristic from poor to good. For

simplicity we will assume this henceforth.

dilute
swollen
coils

T :
semi-
good dilute
solvent
concentrated
v~N
©-solvent
vN c
vN
poor 2 phase
solvent

dilute
collapsed
coils

Figure 2.5: Schematic phase diagram for solutions of flexible polymers in temperature
T versus polymer concentration c. Note the phase separation in poor solvents and
the crossover region (indicated by the grey band) into the semidilute regime in good
solvents.

The most general phase diagram of polymer solutions is therefore given in terms

of the polymer concentration ¢ and temperature (Figure 2.5. It will prove useful to

introduce the dimensionless parameter T = _T_-e-g measuring the deviation from the

O-temperature. A positive T corresponds to a good, a negative T to a poor solvent.

This section is organized as follows: First we discuss dilute solutions in good,

neutral and poor solvents (left hand fide of Figure 2.5), thus concluding the discussion
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of Section 2.1.1.4 of isolated, real (i.e. interacting) chains. Then we turn to semidilute
and concentrated solutions under good solvent conditions (upper half of the right
hand side in Figure 2.5). Our main interest will be to find the scaling forms for
the crossover concentrations and to develop some semi-intuitive understanding of the
behavior of strongly overlapping chains. Finally, we discuss the case of poor solvents
(bottom half of Figure 2.5). The most notable effect here is the phase separation of

a solution into a polymer-rich and a solvent-rich phase.

Dilute Solutions. As stated above, in a dilute solution the coils are so far separated
from each other, that they can be treated as isolated. We therefore will now conclude
our discussion of isolated real chains, that we started in Section 2.1.1.4. We assume

a free energy of the form:
F = Fq+ Fin

as given in equation (2.25). We have already seen, that Fj4 contains the entropic
penalty for stretching the chain. We will generalize slightly and include the effect of
compressing a chain. Anticipating a result we will derive in Section 2.1.3.3, we can
write the loss of entropy, that a chain suffers when compressed to size R, as (%9-)2,

so that the configurational part of the free energy becomes:

2 2
o= (8) ()

where the first and second term are applicable for R > Ry and R < Ry, respectively.

For the interaction term, we make use of the virial expansion (2.26), truncated to

BFu =N [B (%) +C (gg) 2] . (2.34)

The third virial coefficient C, describing the effect of simultaneous collisions of three

the first two terms:

particles is generally positive, while the value of B changes with temperature: for
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large values of T, the attractive part of the interaction potential can be neglected
and the integral in equation (2.27) is dominated by the repulsive part, so that B is
positive, for low temperatures the mutual attraction is significant and B is negative.
The temperature at which B vanishes is called the Boyle temperature in the statistical
mechanics of simple fluids and defines the ©-temperature in polymer physics. Close

to T = O, B will vary linearly with 7:
B =vr. (2.35)

For high T', the value of B approaches a constant, independent of T'. One therefore
refers to a very good solvent also as an “athermal” solvent.

The total free energy (2.25) with (2.33) and (2.34) has the following form:
B(T C
BF() =+ (2 + N2 (—%) ¢+ (a—s) ¢S, (2.36)

where we have introduced the dimensionless swelling parameter ( = (-;%) The
equilibrium size of the chain, depending on T' (through B) is given by the minimum

of BF(() with respect to (:

B

¢-(= %N‘”a—a + 3;06—4'3- (2.37)

In the case of repulsive interactions (B > 0), the chain swells (( > 1) and the second

terms on both sides of equation (2.37) can be neglected. We obtain:

or
R~ 7V/5N3/5, (2.38)

Notice that we recover the Flory exponent v = 3/5, correct for a strongly swollen

coil.
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In the opposite case of strong compression ({ < 1), both terms on the left hand

side of (2.37) can be neglected and we obtain:

°B
-3 ~ AF1/2
(T"ENYE—-

or

R~ (—7)"Y3N3, (2.39)

In other words, a chain with partially attractive links (B < 0) collapses into a dense
globule. Notice that the density of links in such a globule is of order unity, since
¢ = N/R® ~ 1, according to (2.39). In particular, the density inside the globule is
independent of N. This is to be compared with the extremely low density inside a
swollen coil ¢ ~ N~*5 or inside a Gaussian coil ¢ ~ N~1/2, Consequentially, inside
a globule the monomer density does not fluctuate strongly; instead, the inside of a
globule can be treated as a polymer melt (c.f. Section 2.1.2.2).

Finally, the chains behave ideally (i.e. ( & 1) if
C

ad

B _N-2
or

7| ~ N~Y2, (2.40)

In a small, but finite region around the ©-point, the chains behave as if they were
Gaussian. This is in contrast to gases or solutions at the Boyle point, which, at finite
concentration, do not behave according to the ideal gas law. The reason is that in a gas
or solution, triple and higher order interactions are appreciable, while inside a polymer
coil the probability for the occurrence of a simultaneous collision of three segments
is vanishingly small: the probability for a collision of p segments is proportional to

NcP~!, where c is the density of links in a Gaussian coil: ¢ & N/R3 ~ N~-1/2, In
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other words, we find the collision probability to be proportional to NG-P//2 j.e. of
order N'/2 for binary, but only of order 1 for ternary interactions.

So far, we considered the interactions inside an isolated coil. If two coils come
close enough to overlap, so that a fraction f of the monomers of one coil penetrates

into the other, we have from equation (2.34) a repulsive interaction energy

N
Fit = fNB(—}z—S) ~N2—3u’

which is very large for large N. Therefore, coils in a dilute solution in good or neutral

solvent, act as hard, impenetrable spheres.

Semidilute Solutions in Good Solvents. We now turn to our discussion of
semidilute solutions in good solvents. In a semidilute solution, the coils overlap
strongly, but the total solvent concentration is still high. The onset of this regime is

the monomer concentration ¢*, when separate coils first come into contact. Obviously:
N
B3
R

~ N™4/5 (2.41)

* o

[

with Rr = a N” being the Flory radius and v = 3/5 for good solvents. Note that this
overlap concentration can be very small. For a typical value of N = 104, we expect
the volume fraction ¢ = a®c at the overlap threshold to be p* ~ 10-3.

Since the chains overlap, they form a transient network of mesh size £, Figure 2.6.

We can estimate the scaling behavior of the mesh size by noting that:
l.atc=c": €= RF
2. for ¢ > ¢*, £ depends only on ¢, but not on N, since the mesh size is much
smaller than the coil size.

We can therefore assume a scaling form:

£ Rp (ci*)"‘ with m = —3/4 (2.42)
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the exponent being fixed by requirement 2. We see that the mesh size decreases

rapidly, as the polymer concentration is raised.

Figure 2.6: Schematic drawing of the transient network formed in a semidilute solu-
tion. For one particular chain the blobs of size £ are shown. After [109].

If we consider a single chain in a semidilute solution, we can regard it as a string
of “blobs” of size . Inside each blob, the chain does not interact with other chains,
only with itself. Therefore, the number of monomers per blob g, is given by the law

of swollen coils:

{=ag” (2.43)
or
g= (5)5/3 (2.44)

with equation (2.42) we see that:

(2.45)
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i.e. the blobs are densely packed. If we take the blobs as basic unit, we see that the
semidilute solution is a dense melt of chains consisting of N/g links, each link of size
§. Using Flory’s Theorem, that the excluded volume interaction is screened out in a
melt (c.f. Section 2.1.2.2) so that chains behave ideally, we can evaluate the size of

the chain of blobs:
R? = N £
g
= Nalp~4, (2.46)

We see that the chains shrink as the concentration increases, because the excluded
volume interaction is increasingly screened.

Finally, we evaluate the scaling behavior of the cross over region from the semidi-
lute to the dilute and the concentrated regime, respectively. We pass into the dilute

regime at the overlap concentration ¢* = N/R}. Using equation (2.38) we find:

5/3

T~C dilute - semidilute. (2.47)

We can estimate the onset of the concentrated regime by requiring that the size of
the chain in the semidilute solution (2.46) scales like the size of the chain in the melt:

R? ~ N. Using equation (2.38) again, we find:

T ~ ¢ semidilute - concentrated. (2.48)

Phase Separation in Poor Solvents. In poor solvents, the polymer chains have
a tendency to phase separate from the solvent (to precipitate) to reduce the number
of unfavorable contacts with the solvent.

To derive an expression for the free energy of the system which incorporates this
behavior, we assume a lattice with spacing a, such that each lattice site is occupied
either by a solvent molecule or a chain monomer. The volume fraction of monomer

is then ¢ = ca®. The entropy per site (in a mean field way) is then:

S(p) = %log-j%+ (1 - ) log(1 = ) + Sinternat (2.49)
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The first two terms are the translational entropy of the chains and the solvent
molecules, respectively, while the last term represents the entropy associated with
the internal degrees of freedom of the chains. Since every N monomers are linked to-
gether, they cannot choose their positions independently: only an entire chain counts
as an independent particle. The density of independent particles, and, consequen-
tially, the translational entropy of polymers, is therefore reduced by a factor 1/N.

The interaction energy per site U, has three contributions:
U = e’ + 2e0(1 = 9) + €55(1 — 9)?, (2.50)

measuring the contribution from monomer-monomer, monomer-solvent and solvent-
solvent contacts. The total free energy per site is the F = U — T'S, with U and S
given by (2.50) and (2.49), respectively. However, to study phase separation, etc., we
are only interested in the part of F' that is different in different phases. This is the
free energy of mixing (per site), defined by:

BFuix = B[F(p) ~ ¢F(1) = (1 — ) F(0)]

= %logcﬁ(l — ) log(1 — ¢) + xp(1 - ), (2.51)

with the dimensionless Flory-Huggins parameter x, measuring the strength of the

interaction:
X = €/kBT = } [epp + €45 + €3] [kBT. (2.52)

Notice that all terms independent of ¢, and terms linear in ¢ have dropped out,
including the terms depending on the internal degrees of freedom of the chains.
The Flory-Huggins parameter is generally positive. If the only interactions present
are van-der-Waals forces, the interaction energy between any two particles is pro-
portional to the product of their respective polarizibilities: €. ~ arae and x ~
(ax — ax)?. This result shows that, quite generally, unlike particles have a tendency

to repel each other.
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As written down so far, x varies inversely proportionally with temperature. How-
ever, besides van-der-Waals interactions there are other forces present, e.g. steric
hindrances. If, for example, monomer and solvent molecules are of different size, a
solvent particle will not fit well into a space vacated by a monomer. This leads to an
additional entropic repulsion (so-called “non-local entropy of mixing”). Often, the
form:

A
X--T-+B

is used to fit experimental data, with B arising from an entropic contribution (c.f.
Figure 3.1).
For low polymer concentration, we can replace the second term in equation (2.51)

by its virial expansion:

=2 U I SR O I
BFnix = 7 loge + (2 )<p tget (2.53)
(A linear term dropped out, as before.) We see that x is related to the second virial
coefficient:
Br=1/2-x
_ T -2
=~

in particular, the ©-point, where the second virial coefficient vanishes, corresponds
to x =1/2.

If the effective repulsion between solvent and polymer particles exceeds a critical
value, the system can lower its free energy by splitting up into two different phases.

The phase boundaries can be found by equating the exchange chemical potential:

— 9VEn, _ a33Fm,‘; and the pressure: —-p = VEnix — Fmix of both phases. The
K N B p 3V

polymer concentrations in the coexisting phases are fully specified by the two condi-
tions of phase equilibrium. Notice that in the present case of constant particle density

equating the pressure amounts to equating the free energy density.
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The critical point is the extremum of the spinodal, defined by:

@F 1 1

Op? —N(p+1—<p=0'

We find the position of the critical point in mean field theory to be:

vo=- +1 N (2.54a)
1
Xc = Xe = \/_ tox N2, (2.54b)

Phase separation occurs close to the O-temperature, and for very low polymer con-
centration. (Compare equation (2.54), applicable for poor solvent conditions, with
equations (2.41) and (2.40) for the crossover from a dilute solution in neutral solvent
to a semidilute solution in good solvent.) As seen before, the chains in the solvent
phase assume collapsed globule configurations. Intuitively, the reason for the low
miscibility of polymers can be understood as follows: for each kgT in translational
entropy that we gain by bringing a chain from the polymer rich to the solvent phase,
we pay on the order of NkgT in enthalpy, due to the increased number of polymer-
solvent contacts. This is in contrast to solutions of simple molecules, where for each

kpT of entropy gain, we only pay on the order of one kgT in enthalpy.

2.1.2.2 Melts and Blends

A liquid polymer system without any solvent present is called a melt, if there is only
kind of polymer present, otherwise a blend. Such dense polymer systems have two
remarkable properties. Firstly, chains in a melt behave as if they were ideal, i.e. the
excluded volume interaction is screened by the presence of the other chains. This
is the contents of the so-called “Flory Theorem”. Secondly, critical fluctuations in
blends are strongly suppressed (by a negative power or N, the exponent depending
on the kind of critical point), making mean field theory quantitatively correct for

blends, even very close to a critical point.
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A polymer melt is characterized by small overall density fluctuations. At length
scales greater than the monomer size, the local density profile is nearly constant
throughout the sample. An experimental consequence is the necessity to label some
of the chains or some part of every chain, in order to obtain sufficient intensity in
elastic scattering experiments at length scales comparable to the chain size (i.e. for
ga < 1). The perturbation caused by heavy atoms inserted into the chain as markers
for X-ray scattering are often prohibitively strong in a homogeneous polymer melt,
so one usually resorts to deuterium-labeling, where some of the hydrogen atoms are
replaced by deuterium. Since hydrogen and deuterium nuclei have very different scat-
tering lengths for low energy neutrons (of energy E = 0.1...0.001 eV, corresponding
to wavelength of 1-10 A), but are almost identical in their chemical properties, neu-
tron scattering is the preferred experimental technique to study the structure and
correlation effects in polymer systems.

The homogeneity of the monomer density furnishes a first, trivial proof of the
Flory Theorem. As we have seen in equation (2.29), the excluded volume interaction
is strongest where the monomer density is highest. In a weakly fluctuating polymer
melt, where the monomer density is constant throughout, there is therefore no net
force tending to swell each chain [55].

Another way of describing the same effect considers the local environment of a
given chain link. If the chain were isolated, the probability for the test link to collide
with another chain link would be spatially varying and greater towards the center of
mass of the coil. In the melt case, the test link is densely surrounded by other links.
Since all links are identical, it has no way of distinguishing which of the surrounding
links belong to different chains and which do not. Consequentially, it experiences no
net force in any direction. A more formal proof has been given by Edwards [45].

Polymer blends combine the properties of melts (see above) with the ones of poor
solvents (c.f. Section 2.1.2.1). The entropy of mixing is reduced by a factor of 1 /N;

equivalently, transferring one chain of monomers of type A to a phase consisting
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mostly of chains of type B is penalized by an enthalpy cost on the order of yN. The
appropriate generalization of the Flory-Huggins expression for the free energy density
to the case of a binary blend of chains of type A with index of polymerization N,

and chains of type B with index of polymerization Np is:

BF = %log Y4+ ;—Zlogcpg + XxPapB. (2.55)

Making use of the incompressibility constraint ¢4 +¢p = 1 and multiplying through
by N = N4, we obtain:

BNF = ploge + ol — p)log(l — ) + xNp(1 - ), (2.56)

with ¢ = p4 and a = Ny/Ng. We see that the effective interaction parameter is
XN, not x. Proceeding as in Section 2.1.2.1, we can find the maximum value of YN,

for which the chains are miscible. It corresponds to the critical point:

1
xeV = 5(1 + Va)?, (2.57a)
1
= —_—— 2.57
=T e (2.57b)

where pc is the critical concentration. An important reference point is the critical
point of a symmetric system (Ny = Ng, a = 1):
XCN = 2,
wc = 0.5.
If Ng = 1, equations (2.55) reduces to the result for a polymer solution in poor

solvent. For N4 > Np, ¢ is small and we can expand equation (2.55) in a virial

series:

-2 RS W S
ﬂF—NA loggo-{-(zNB )cp + (2.59)

Consider now a blend of two polymers of identical monomers (so that x vanishes),

but of different length. For N4 = Ng, we recover the melt condition, and all chains
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behave ideally. For Ng — 1 however, we expect the A-chains to swell, since the single
monomers provide a good (in fact athermal) solvent. The length Np at which the
system crosses over between these two regimes is found from equation (2.37): we see
that the product N;/ 2B, where B is the second virial coefficient, has to be of order
unity or less for the excluded volume interaction to become negligible. In the present

case, B = 1/2Npg, so that the crossover occurs at:
Ny = Nfg. (2.60)

For Ng < /Ny the longer chains swell, for Ng > /Ny, all chains are ideal [203).

In simple fluids, a mean field description is imvalid close to a critical point, because
large scale density fluctuations become important. For melts of long polymer chains,
the critical region is small, becoming narrower as the chains are made longer.

We will now estimate the size of the critical region with the help of a Ginzburg
criterion [32, 106]. According to this, mean field theory fails to be valid when the
fluctuations A¢? of the order parameter, averaged over one “correlation volume” £3
are greater than the magnitude of the square of the order parameter. The appropriate
order parameter for the demixing transition is the concentration difference between
the two coexisting phases: §p = ; — .

Close to the critical point the compositions of the coexisting phases are given by
¢1,2 = pc + 6p (from a Landau expansion of (2.55) around ¢¢) and we can obtain
bp by equating the chemical potentials: g—5|¢c+5¢ = -g{-L,,c_&p. Using (2.57), noting
that (2.57a) is equivalent to Tc = N4/(1 + /a)?), one finds:

bt = %(T—%’ (2.61)
where AT =T¢c - T.

Now we consider the fluctuations. Let gaa(r) = {pa(0)pa(r) — (p4)?) be the

A-monomer correlation function, and S44(q) its Fourier transform. Then the mean

value of the fluctuations is: (A@?) = S44(0)/€3 (Fluctuation-Correlation Theorem,
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[19]). For a pure melt of Gaussian chains we already know tixe form of S9,(q): it
is proportional to the Debye function ¢4 Nagp (¢?a®N4/6) (2.24), where the factor
@4 of the A-monomer density gives the probability of encountering an A-monomer
in the blend. The interactions modify the bare correlation functions, which can be
calculated in linear response theory [31]. According to this, the perturbation bpa(r),

due to a weak perturbing external field Uy(r') is:
bpalr) = =B [ ErGaale ~ ¥)Ua(x") (262)
or in Fourier Space:
Spa(a) = ~BS34(a)Va(q). (2.63)

The presence of the B-monomers, and the overall incompressibility constraint 8¢ A(r)+
6pp(r) = 0 contribute two further fields acting on the A-chains (and similarly for the

B-chains):

~bpa = PSS4[Us+V + xbp8], (2.64a)
~8p = BSpp (Us + V + xb¢4). (2.64b)

Using the incompressibility constraint to eliminate V, we find:

1 1 -1 1 1 -1
"”Fﬂ@*%‘zx} UA"’[?E*@*X] Us,

where the coefficients of U4 and Up respectively are the response functions S44 and
Sap for the interacting system. Expanding the Debye function for small q (since

close to T¢ the correlation length is large), we find:

2 29-1
Saalq) = [(1 +\/\£;) ¢+ ?Z(l +N\:5) } :

If we assume an Ornstein-Zernicke form for the correlation function S(g) ~ (¢* +

1/€%)7!, we find:

Te Ng Te Na\'/?
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Finally,
0) AT /2 3/2
(Ap?) = S'“( ( T) ve : (2.66)
Tc VNA(1+ /a)?
and the critical region, where mean field theory fails, is now given by:
(Ap?)
5 b
ie.
AT \/_ ! (2.67)

Tc NA " VNsNg’
We will now compare the size of the critical region AT with the size of the O-region
(© —T'), where the chains are ideal. If AT > © — T, fluctuations are important and
mean field theory fails. Assume a > 1. From equation (2.59) we find xo ~ 1/0 =

1/2Ng and © — Tg = e(ﬁ%—z and finally:
1

0 - Tc 9 NA N ~ Ng’ )

The size of the critical region is small and mean field theory is valid if the length of
the shorter of the chains is still much greater than one. In the case that the length
of the shorter one approaches one (becoming more “solvent”-like), zAL- Py oo T — 1 and the

size of the critical region is large.

2.1.83 Constrained Chains

So far, we only considered chains which were unconstrained, except for possible in-
teractions with themselves of with each other. However, many technologically and
theoretically interesting situations involve polymers that are under some sort of exter-
nal constraint. We discuss three particularly important examples: chains elongated
by an external force; chains with one end permanently attached to a wall (this will
turn out to be a special case of the stretched chain problem); and polymers which

are compressed from their equilibrium configuration.
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Besides the references listed at the beginning of the chapter, a remarkably com-
prehensive reference for the present section is [52]. Useful are also [72, 73].

2.1.53.1 Stretched Chains

Imagine an ideal chain stretched by applying weak forces f and —f at both ends. At

equilibrium, these forces are counterbalanced by the elastic response of the chain:

_OF
" OR R
R

where F' is the free energy of a Gaussian chain (2.21), so that the extension of the

chain is:
Ra= 38/R (2.70)

Note that this linear response of the chain (Hooke's Law) is only valid as long as
Ra < L, ie. if af < kgT: the chain is far from a fully extended conformation. The
proportionality of the elongation to temperature reflects the entropic origin of the
elastic response.

Consider now the same forces applied to a real chain. The expected elongation R,
compared to the unperturbed radius Rp can only depend on the unperturbed size,
the force f and temperature. We form the dimensionless variable Rr/¢€, where the

length ¢ is defined through: £ f = kgT. So:

= =o (%) =woire). (211)

We try to find the asymptotic behavior of ¢. In the limit of weak forces, BfRr < 1,

we expect a linear response to f: ¢(z — 0) ~ z, or:

R=RLBf  for fRr < kpT. (2.72)
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In the opposite case of large extension, the chain breaks up into a stretched chain of
blobs, inside of which the chain is essentially unperturbed by the external force. In
order to achieve this, the blob size £ has to be chosen such that the characteristic
energy £f per blob is less than the thermal energy. The number of links g per blob
is then given by requiring 5f€ = ffag” to be of order unity: g = (Bfa)~1/*, where
v is the Flory exponent v = 3/5. Since the chain as a whole is an extended chain of

N/g blobs, we find in the limit of strong forces:

N
R=¢(—
Eg

= Na(Bfa)*’®  for fa < kgT. (2.73)

A real chain has an elastic response which is linear at small extensions, then smoothly
crosses over to a nonlinear behavior. Again, these considerations are only valid when

-R% & 1, t.e. the chain is not fully extended.

For the freely jointed chain model, the problem is equivalent to a noninteracting
Heisenberg magnet in an external field and can thus be solved exactly. Consider the

change in energy when the size of the chain changes by AR, due to the applied forces:

AE=AR-f
N
= Z AI‘.’ -f
N
=a|f|)_ cosé;, (2.74)
where Ar; is the change in each link vector. Note that the length of each link is

fixed, so f acts like an orienting field on each segment of the chain. The angles 6;

measure the deviation of each link from the direction of f. The partition function
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can be calculated exactly in this case:

N N
Z = /H d¢; sin 0; df; exp (—-,Bafz cos 9.‘)

. N
= 4 [SBDBR with & = af. (2.75)
Bh
The mean radius R(f) is now the response with respect to the applied force:
0
= kgT—
R = kgT a7 log Z
1
= Na [cothﬂh - ﬂ_h}
o n,af _ Rf
= NangT = 3T for fh < 1, (2.76)

in agreement with the result (2.70), obtained from the Gaussian free energy.

2.1.3.2 Brushes and Grafts

One conceptually and technologically very important example involving constrained
chains consists of chains permanently attached with one end to a surface, thus forming
a “polymer brush” (c.f. Figure 2.7). Note that the grafting surface need not be a hard
wall, but may also be an internal interface between two immiscible solvent phases.
An amphiphilic polymer, consisting of two chemically different blocks, each preferring
one of the two solvents, will straddle the interface so as to maximize the number of
favorable monomer-solvent contacts. Each block of the copolymer then extends into
its preferred solvent, thus forming a brush on the interface (c.f. Figure 2.7). Note
that the interface does not need to be flat (Figure 1.4).

For simplicity, we will consider only brushes in contact with a ©-solvent, such that
Ro = aN'/? for the unconstrained chain. Despite this, the chains in the brush may
be strongly extended, due to the repulsion by neighboring chains. A simple estimate

for the brush height & can be found from the following free energy per chain:

BF = +vNep, (2.77)

h2
2R3
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Figure 2.7: Brush formed by polymers grafted to a hard wall (left); and by diblocks
straddling an interface between coexisting phases (right).

valid when the grafting density o exceeds the overlap threshold o* = 1/R2 = 1/(a?N).
The first term is the the familiar stretching entropy in one dimension (c.f. equation
(2.21)), the second term gives the interaction of the N monomers of the test chain
with the mean field of the other chains. Here, v is the excluded volume parameter,
corresponding to the volume occupied by one monomer, and ¢ = -1\,"—" is the assumed
constant monomer density inside the brush. Minimizing equation (2.77) with respect

to h, we find:
h ~ No*/3, (2.78)

We see that h is proportional to N, i.e. the chains in a brush are very strongly
stretched, and that the height of the brush increases with o, the grafting density.
However, it is not correct to assume that all chains in the brush are evenly
stretched. This configuration, which leads to a step-function density profile of the
brush (the so-called Alexander-de Gennes model), was later shown to be unstable. In
the following, we will discuss the “parabolic brush” [172, 175], a simple self-consistent
mean field treatment, that qualitatively agrees with experiments and more refined

self-consistent field calculations.
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We consider a free energy per chain similar to the one in equation (2.77), but now

we allow for non-uniform, spatially varying extension of the chain:

BF = / dt (%tf) LU RO (2.79)

We have replaced the discrete sum over segments by the continuous variable ¢. The
potential U = vy, which has to be found self-consistently, is proportional to the local
monomer density and a functional of the chain configuration r(t).

Written in this form, the free energy per chain resembles the classical action of
a particle moving in a potential, with “time” corresponding to the monomer index
along the chain and the chain configuration r(t) being the “trajectory” of the particle.

We already know from the the simple Alexander-de Gennes model, that the chains
are very strongly stretched (2.78). In this regime, the number of configurations avail-
able to the chains is strongly reduced, in other words, the chain fluctuates weakly
about the most probable path. The latter is the one that minimizes “the action”

(2.79). Minimization with respect to r(t) leads to the Euler-Lagrange equation:

o= U(r) = —vep(r) (2.80)

subject to the boundary conditions:

r(t=N) =0,
or
Et:o —0

The first of the boundary conditions is the requirement that the chains are anchored
to the wall, while the second assumes that no tension is applied to the free end. This
assumption is obviously correct for the free end of an isolated chain; in a dense brush
however, it can be shown that the surrounding chains exert a net force on the last
segment [190]. This force vanishes when the brush height becomes much larger than
Ro. In the language of classical mechanics, the particle starts at rest at time ¢ = 0.

Note that we have not specified where in the brush the free end is located; in general,
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free ends will be found throughout the brush. The additional entropy associated with
this distribution of end points is ignored in (2.79).

We assume that the density profile varies only in the direction normal to the wall,
so that we can replace r by z.

Now we make use of the fixed length of the chains: each chain has to terminate
at the wall after exactly NV steps, i.e. the particle starting at rest at any position r(0)
has to reach r = 0 at time ¢ = N. The unique potential that fulfills this equal time

constraint is the harmonic oscillator potential, so that we can write in full generality:

—U(z) = vep(2)
= A- Bz2. (2.81)

The constant B can be found from the equal time constraint: N corresponds to one

quarter of a period of the harmonic oscillator, so v2B = w = 51@, i.e.

7r2

Finally, the constant A is found from the requirement that the total number of

monomers in the brush is equal to N:

No = /ohdz (2)

= Ah - gzs, (2.83)
which leads to:
_No B,
A= —h— + -3—’?. . (2.84)

The last adjustable quantity is the brush height k. Since the density ¢ cannot be
negative, h is fixed at that point, where ¢ = (A ~ B2?)/v with (2.84) and (2.82) first

becomes negative. This leads to an equilibrium brush height:

h = (%)"3 (ov)/3N, (2.85)

T
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Figure 2.8: A chain trapped in a tube of diameter D. Several of the confinement
blobs of diameter D are shown. After [109]).

and to a density profile:

o(z) = (5) (h? - 2%). (2-86)

Notice that the brush profile goes to zero continuously at z = A (in contrast to the
Alexander-de Gennes brush), but that z = k also marks a sharp cutoff of the density
profile. This last feature of the parabolic brush is slightly unrealistic. Calculated
density profiles have a small “foot” extending to z > k and approaching ¢ = 0
asymptotically {198, 170]. With respect to other measurable quantities, like the scal-
ing behavior with o and N [52, 174, 73], the density profiles obtained from this simple
approximation agree well with more refined self-consistent calculations [52, 198].
The above approximation has been extended to polydiperse brushes [173], and
to curved interfaces (8, 253, 134]. The latter system allows the determination of the

bending moduli of copolymer decorated interfaces in immiscible blends [171].

2.1.3.8 Confinement

We would like to estimate the free energy of a chain that has been compressed, so
that its size is smaller than its equilibrium size. This corresponds to a chain that has
been placed in a narrow slit or capillary. The loss in configurational entropy that the

chain suffers when enclosed in a cavity of size D, much larger than a single monomer,



52

but smaller than the equilibrium size of the chain a N¥, can be estimated as follows:
On length scales smaller than D, the chain is insensitive to the presence of the walls,
t.e. it forms “blobs”, inside of which it performs unperturbed random walks. The
maximum size of these walks is on the order of the size of the cavity, D. The number

of chain segments g per blob is found from:
D =ag", (2.87)

and the number of blobs that the chain breaks up into is:

1-:- =N (%)”". (2.88)

Within each blob the chain collides approximately once with the walls. Each reflection
from the wall removes one degree of freedom of the chain, i.e. it costs on the order
of kgT in entropy. Therefore, the loss in entropy due to confinement is:

BSecons = —N (%)1/", (2.89)

where v = 3/5 for real and v = 1/2 for ideal chains. In the latter case, we find in
particular:

Ry\?
B Feont & (5-) for ideal chains. (2.90)

2.2 Mathematical Aspects of the Statistics of Flexible Chain Molecules

In the present section, we will study some of the properties of Gaussian chains (Section
2.1.1.3) in more detail. After considering the uniqueness of the characteristic length
scale Ko of the coil and the principles of its determination in elastic light scattering
experiments, we introduce the standard model of flexible polymer chains and its

formulation in terms of path integrals.
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2.2.1 Structure of a Gaussian Coil
2.2.1.1 Structural Characterization of Gaussian Coils

The size of a coil is characterized by the unique length scale a N*/2. Once the number
of steps has been fixed, any measure of the average size of a coil is found from this
relation by a renormalization of the steplength a. To illustrate this, let us calculate
several different measures of the coil size, e.g. the moments of the square of the

end-to-end vector R2:

(2.91)

(R?)) = / BRR?Py(R) = (a2N) [W] .

We see that any characteristic end-to-end distance R? = ((Rz)")ll " is proportional
to a®N, irrespective of the order of the moment, n. Another important measure of
the coil size is the mean radius of gyration, Rg, which can be directly measured in
elastic light scattering experiments (c.f. Section 2.2.1.2). The radius of gyration is

defined by:

1 N
B =& 2=: ((Rn = Rem)?) (2.92)
where
1 N
Ren = 5 Z R.. (2.93)
m=1

is the position of the center-or-mass of the chain. Equation (2.92) can be rewritten

as:

R? —-l-zlv:<R2—2RmiiRﬂ+i i R,,,R>
¢ N n=1 " Nm:l N? m,l=1 l

- (TR -4 TR TR

= # Z (Ry — Ram)?). (2.94)
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Notice that the radius of gyration is also uniquely defined for a branched or ring-
polymer, in contrast to the end-to-end vector. For a linear Gaussian chain, equation

(2.94) is easily evaluated by replacing the sums by integrals:

2 _ 1 2
R —§z;<(Rn-Rcm)>

1 [N N
=—/ dn/ dm |n — m|a®
2 Jo 0
a? N n N
=—/ dn/dm(n—m)—-/ dm (n —m)
2 0 0 n
Na?

- (2.95)

i.e. Rg = Ro//6 for linear chains.
It must be noted however that the fluctuations in the coil size are of the same
order as the size itself:
(R*-(RY))?) _ (RY) — (RY’
(R2)* (RY)’

2
- gv (2‘96)

i.e. the Gaussian coil is a strongly fluctuating object.

Inside each coil, the average density of links is N/R3 ~ N~'/2 and so goes to zero
for long chains. Locally, however, the link density may deviate strongly from the
average density. We see in particular, that a description of a coil as ball of radius
Ry with mean density N/R3 is not a good description of the tenuous structure of an

ideal polymer.

2.2.1.2 Scattering-, Structure- and Correlation-Functions

In the prototypical elastic light scattering experiment [27], an incoming particle with
momentum fik in the plane wave state |k) interacts with the potential U of a scattering
center in the target and leaves in the final state |k’). We assume that the potential
is sufficiently weak that only single scattering events contribute appreciably. The

transition rate from initial to final state is, by Fermi’s Golden rule, proportional to
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the matrix element:
(KU k) = / d*z e~ U (x)e™*. (2.97)

For multiple scattering centers, we write the potential as a sum over the contributions

from each center:

Ux) =) Us(x — x;), (2.98)
where X; is the position of the i*® scattering center. The matrix element now becomes:
(K| U [k) = /dszz:e R (x — x;) e
— Z /dsr,- e—:‘k(r.—+x.')U{(ri)eik’(rﬁx-’) ri=X—X;
= Z [/dsr;e"‘q"U;(r;)} i gq=k-k
= Z U)e™o, (2.99)

where U;(q) is the form factor, containing the information about the scattering poten-
tial. The intensity of scattered radiation from a given configuration is proportional
to the differential cross section, which in turn is proportional to the square of the
matrix element:

(KUK =) Ud@)Us(q)e~—x)a. (2.100)

W

Measuring the intensity over a finite time interval amounts to sampling an average
of the possible configurations of the system. If all the scattering centers are identical

the measured intensity is:
U(a)|® - I(q) = |Ui(q)| (Z e""‘""J’Q> (2.101)

where I(q) is the structure function, containing all the information about the positions

of the scattering centers in the sample. If correlations in the positions of the scattering
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centers extend only over a finite distance, only terms with x; & x; do not average to
zero and the structure function is proportional to the number of particles V. If we

divide by N to obtain an intensive quantity, we obtain the structure factor:

S(a) = 7 I(a). (2.102)

Note that the structure function is the Fourier transform of the density-density auto-

correlation function:
Z (eiq(x.—x,)> - Z (eiqx.e—iqx_,>
t,J tJ
N / Pzd’y Y (e™6(x — x:)eT ™ by ~ x;))

.3
- / Pz dy =) 3™ (5(x - x)8(y - X5))
,J

= / d*r d%y €% Z (0(r +y —x:)8(y — x;))

- Z / & e (5(r + x5 — x3)) , (2.103)

and we made use of the homogeneity of the system when writing r = x —y. From
equation (2.24) we know that the structure factor is Ngp(z), where the Debye func-
tion is gp(z) = 2(z +e~* — 1)/z? with z = q?R%/6 = (¢Rg)*. In this way, scattering

experiments on disordered phases give direct information about the radius of gyration.

2.2.2 The Standard Model: Continuum Limit for the Gaussian Chain

In Section 2.1.1.2 we have seen that any ideal chain has a Gaussian distribution
of chain properties an scales much larger than the monomer size. Consequentially,
in Section 2.1.1.3, we introduced the Gaussian model, i.e. “beads” connected by
“springs”, which on scales comparable to the coil size, is equivalent to more realistic
chain models.

In the present section, we will study the “Standard Model” for flexible polymers,

which is obtained by assuming that the Gaussian distribution (2.18) holds for any
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two points on the chain and taking the continuum limit. For any experimentally
studied polymer, the equivalent Gaussian chain can be constructed by appropriately
adjusting the Kuhn length and number of monomers. It should be kept in mind that
results based on the standard model will be valid on length scales comparable to or
greater than the coil size, but will be erroneous on the scale of the Kuhn length.
The chains obtained by taking the continuum limit in (2.18) are free random
walks with variable step length and root-mean-square displacement a at each step.
The Gaussian standard model can therefore be described by the Wiener Integral
[108, 214] developed for Brownian motion. This path integral description is a very
useful starting point for further analytical developments. In particular, we will be
able to exploit the close connection between Brownian motion and diffusion to derive
a description of polymer chains in terms of a diffusive partial differential equation
in Section 2.2.2.1. In the following section, we will consider the solutions to this
differential equation in the limit of infinitely long chains. Very useful references for

the present section are the monographs [214, 252, 205] and the reviews [62, 251, 44].

2.2.2.1 Path Integral representation for the Gaussian Chain

Consider a Gaussian chain of N links in the configuration T'y (2.1):
Ly = {x0,%1,...,xn}, (2.104)

where the x; = x(t;) are the positions of the “beads”. Here we have introduced a
continuous measure ¢ of the position along the chain, such that ¢ = 0, ¢ty = N and
t; —t;.1 = €= 1/N. Let the chain be subject to an external field w; = w(x(t:))e =
BU(x;)e. This field does not have to be a “real” physical (e.g. electric, magnetic etc.)
field, but may also be an “effective” field due to the interactions with other monomers
or with an adsorbing or repelling surface, etc. It will be useful to set wg = 0.

The probability for the chain to be in the particular configuration Ty is:

P[Tn] = e ™Ng (xn,Xn-1) e UN=1 . e ¥2g (x2,%;) €™ g (%1, X0) . (2.105)
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where

C— e )2
g (XiyXim1) = [2ma%e/3] " exp (—3—(%) (2.106)

is the Gauss distribution for a single link and e~ is the Boltzmann factor due to
the interaction with the external field. The configurational part or the single chain
partition function is obtained by integrating over all coordinates, i.e. summing over

all possible configurations:

Q= /d3z0 Py e N g (XN, XNo1) eTUN L eTV2g (X, X ) e Vg (x1,%0) -

(2.107)

Also useful are the constrained partition functions for chains with one or both ends

held fixed:

N-1
GN(XN) = G(XN, IV;XO,O) = /d3:1:1 .. .dst-l H [e""‘g (x,-,x,-_l )] , (2.108)

=1
i.e. the (unnormalized) probability to have the last segment at xy, given that the
first segment is at xo, and

N-1
q(x,N) = / d3zo...dzn_y H [e™ g (xi,%i-1)] (2.109)

i=1
The unconditional probability for a chain to terminate at xn.

The function G(xy,N;Xq,0) is called the Green’s function (see below for the
justification of this name) or the Single Chain Propagator. Obviously, ¢(x,¢) and
@ can be obtained from the Green’s function by integrating out one or both of the
endpoints.

Obviously, we can obtain the Green’s function Gny1(Xn41) for a chain of N 41

links from the Green’s function Gn(xn) of a chain of N links:

GN+1(XN+1) = /dszN C—w(xN'“)g (XN+1, XN) GN(XN). (2.110)
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Equation (2.110) is an expression of the Markov property of ideal chains: each new
step depends only on the immediately preceding one. In probability theory, this
equation is known as the Chapman-Kolmogorov equation [50].

We will now rewrite equation (2.107) for the partition function by using the ex-

plicit expression for g(x,y):

3 3(N+1)/2 N 3 (x; — X;_q)?
Q= [27r€a2] /ds:co ... d3zy exp | — Z [2—a,‘;(——€i + w(x.-)e]

i=1
[ 3 }S(N-H)/Z

2rea?
NT3 X;—X 2
3 3 - E B e Sl | .
/d zo...d:z:Nexp< € [2a2< - ) +w(x,)]).

i=1
(2.111)

We now take the continuum limit N — oo, € — 0, Ne = const in the above expression

and obtain:
\2
Q=N / Dr(-) e 14 sar(8) uteta] (2.112)

where A is a normalization constant. This is the path integral representation of the
partition function for an Gaussian polymer chain in an external field.

This equation expresses a sum over all possible conformations of the chain as
integral over all continuous space curves (of a certain average size), weighted by the

appropriate probability. The factor weight factor

exp [— /dt (%:—) 2} (2.113)

in equation (2.112) is the “Wiener measure”, and provides a mathematically rigorous
measure in the space of continuous curves [108, 214]. A well-known property of the
so defined Wiener integral (2.112) is that almost all the paths contributing to Q are
nowhere differentiable. The main use of (2.112) for polymer physics lies in its intuitive

appeal and flexibility with regard to formal manipulation. We will always regard an
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expression like (2.112) as an abbreviation for the discrete expression (2.107). If in
doubt, we introduce a discrete set of points {¢;|: = 0,..., N} along the chain, perform
our calculation on this and take the continuum limit in the end.

Before we continue, it should be pointed out that equation (2.107)-(2.112) are
only the configurational parts of the single chain partition function, a kinetic term
AP = [h/V2rkpTm] =3 = f 1:33 ePE per bead has been omitted. Here m is the
mass per bead, i.e. if M is the mass of the entire chain, m = M/(N +1). In practical
calculations, the kinetic part is never evaluated, but is lumped into the normalization
constant A in (2.112), which cancels for all physical quantities, but serves to make

the partition function dimensionless.

For the Green's function Gn(x) the corresponding path integral representation is:
XN _ 3 621wl
G(xn~, N;x,,0) =/ Dr(-)e fdt sz tule] (2.114)
xo

This expression is (except for a factor of 7 in the exponent) equivalent to the path
integral for the one-dimensional quantum mechanical propagator (“kernel” in [51]).
We will now derive the partial differential equation for Gy (xn) corresponding to the
Schrédinger equation in Quantum Mechanics.

Consider the Chapman-Kolmogorov equation (2.110) for two points which are

separated by an infinitesimal distance e = ty,; — ty:

G(y,N + €;%0,0) = /da:z: e‘"’(")g(y,x)G(x, N; X0, 0)

3 1% 3, —sr = _u(y)e
- [2m2€] / fze i G(x, Nixo,0).  (2.115)
We see that only conformations with (y — x)? = € will contribute significantly to the
integral, others being suppressed by the Gaussian factor. We introduce n = x -y
and expect 7 to be of order \/e. Expanding G up to order € (i.e. up to second order

in 1) we obtain (c.f. [214] for a careful discussion of the choice of position at which
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to evaluate w):

GN(Y)+66G—3;(¥-2+... =
3 132 ( 3 -3 o,
[27ra2eJ e—cu(y) /d ne 27 ¢ [GN(}’)-i-nVGN(y) + —2—V Gn(y)+---

(2.116)
We can rewrite e=“(¥) & ] — ew(y), neglecting terms of order €2:

Gn(y)
GN(Y) + CT =

[ }3/2[1—ew(y)] [anea [G~(y)+nva~(y)+%3v2c~(y)] (2117)

2mraZe

Performing the Gaussian integrals and noticing that the term linear in 5 vanishes

because of symmetry, we find:

aG 1242
Gnty)+ =52 = (L~ cwty)l [Guts) + ;256w
and finally (again omitting a term of order €?):
a a’_,
57CN(3) = SVGu(y) - w(y)Ga(y). (2.118)

This is the diffusion equation corresponding to the path integral (2.114). The function
Gn(x) is subject to the boundary conditions that Gn(x) =0for N < 0 and that fora
chain of length N = 0, the start- and end-point have to be the same: G(x,0;y,0) =
6(x —y). Consequentially, Gn is the Green’s function for the diffusion equation
(2.118). Once the Green’s function is known, every statistical quantity of the Gaussian

chain can be evaluated.



Chapter 3

MICROPHASE SEPARATION IN COPOLYMER
SYSTEMS

3.1 Experimental Studies of Copolymer Systems

Consider a system containing an AB-diblock copolymer, :i.e. a chain molecule con-
sisting of two blocks, each consisting of only one kind of monomer. At sufficiently
high temperatures, this system will assume a disordered state. As the temperature is
lowered, the repulsion between unlike monomers outweighs the entropic tendency to
disorder, and the system can lower its free energy by phase separating. Because the
two blocks are linked together, a macrophase separation into macroscopic A- and B-
rich regions is impossible, and the system instead undergoes a microphase separation,
forming regions on the order of the coil size, rich in A- or B-monomers (c.f. Figure
1.4). These regions themselves may be ordered (c.f. Figure 1.2) or disordered (c.f.
Figure 1.3). In this chapter, we will discuss experimental and theoretical methods
specifically designed to treat this microphase separation transition in block copolymer
systems.

In the present section, we describe some typical experimental methods and give an
overview of available experimental results for microphase separation in melts contain-
ing block copolymers, as well as references to related topics. In the following section,
we describe the full self-consistent field method used in this work in detail, including
its numerical implementation. Then we discuss some other mean field theories, which
are valid in certain limiting cases. We conclude this chapter with a discussion of the

effects that thermal fluctuations have on the mesophase behavior in copolymer melts
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and describe calculations that include them.

Experimental samples are usually prepared by dissolving a certain amount of
polymer in a good solvent for both A- and B-monomers (e.g. toluene for polystyrene
and polyisoprene). The solvent is then slowly evaporated and the sample annealed for
several hours or days at the desired temperature (between 20 °C and 200 °C), then
rapidly quenched in liquid nitrogen, so that the polymer undergoes a glass transition.
Once quenched, the microphases are metastable at room temperature [70].

In choosing a particular polymeric substance for experimental studies, one is
mainly guided by the desire to eliminate non-universal features as far as possible.
One therefore seeks polymers that form flexible chains, have monomers of comparable
size, can be obtained with low polydispersity, are chemically stable under experimen-
tal conditions, and are free of branching points. The combination of polystyrene and
polyisoprene has been experimentalists first choice over many years (c.f. Figure 3.1),
but other combinations are also popular [215].

The structure of the ordered phase can be found from small angle neutron or X-ray
scattering, using radiation with a wavelength of a few A. Because the energies involved
in the self-assembly of polymers are small and equilibration times for entangled chain
molecules are very long, diffraction peaks of order 5 or higher can only be seen
after extremely long annealing times (up to several weeks [71]). One therefore uses
transmission electron microscopy to verify the structure of an ordered phase: ultrathin
sections, less than a micrometer thick, are cut out and subjected to Osmium tetroxide
vapor, which selectively stains the polyisoprene monomers. One can obtain electron
micrographs with a resolution of 50 A or better.

For complex morphologies, both methods can lead one astray: what is now consid-
ered the gyroid phase (space group Ia3d) was over years misidentified and thought to
be OBDD (space group Pn3m). After mean field theory predicted the gyroid phase
to be the stable one [157], a careful experimental reexamination [71] showed that the

symmetry had been misidentified as OBDD, and was indeed gyroid.
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Name Structure Monomer  Density x with PS
Volume (A3) (gma) (T in Kelvin)

H H
[
PS Polystyrene —( ?_‘T)_ 179 0.969*
Styrofoam s
H l-li H
[ |
PI Polyisoprene —((I:—c-clz_.cl )— 136 0.913® 7.9-107 + 17;151(
Rubber M &,
T
|
PBD Polybutadiene —(?-—csc‘r—cl)_. 111 0.900®° —~1.57-10-2+ 18.1'{1(
H H H
H CH,
b
—(e=cr—- 1.96K
PMMA Polymethyl— [ 149 1.13* 1.29 - 10~ + _T_
methacrylate H (;—O—CH:
(o]
*at T = 403K
bat T = 298K

Figure 3.1: Structure and properties of some polymers often used in experiments
on copolymeric self-assembly. The best studied system is PS-PI, but experiments
on PS-PBD and PS-PMMA are also common. The last column gives the observed
temperature behavior of the Flory-Huggins parameter x of the respective monomer
with Polystyrene (c.f. Section 2.1.2). Information compiled after [140)].

To determine the location of phase boundaries, rheological measurements on un-
quenched samples prove especially useful: a sample, a few millimeters thick, is sheared
at a constant rate between 0.01 Hz and 100 Hz, while the temperature is slowly
changed. A sharp change in the measured mechanical response indicates a transition

to a different morphology.

One general difficulty with experiments on microphase separation in copolymers

concerns the possibility of metastable phases, in particular close to the glass transi-
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tion. The equilibration times for chains of high molecular weight can be extremely
long, in particular for transitions between complex phases. Over the years [18, 76, 75]
observations of HPL phases between the lamellar and the hexagonal phase at inter-
mediate segregation have been reported. This phase is now considered [69] to be only
a metastable state (in accord with self-consistent field calculations).

Diblock copolymers have a peak in the structure function (Section 2.2.1.2) at non-
zero wavevector even in the disordered state [31, 35]. Information about the structure
function is again obtained by small angle scattering techniques [204, 180], where the
interest now lies in particular with the position and height of the peak, the latter
being infinite at a continuous transition. In reality, both quantities are affected by
fluctuations and cannot be obtained from mean field theory, but are well predicted
by fluctuation calculations [12, 17, 16] or integral equation theories [220, 219, 221].

Experiments on diblock copolymers date back at least to the 1970s [99]. Early
work was often directed at blends containing a block copolymer, with the motivation
to study the emulsifying properties on block copolymers. N owadays, random- (instead
of block-) copolymers are deemed more appropriate for this purpose {100, 254, 7, 111,
64, 28], and the interest in block copolymeric systems today focuses specifically on
their microphase behavior.

For the pure diblock, the phase diagram has been mapped out in recent years [18,
151, 158], and emphasis is again put on blends. Blends of two AB-diblocks, of different
length or architecture have attracted a great deal of interest, both experimentally
(84, 81, 114, 160, 262, 234], as well as theoretically [144, 148, 226, 228].

Experiments on binary AB/A systems, comprising a diblock and a corresponding
homopolymer, are relatively numerous (113, 83, 241, 240, 82, 115, 116, 256, 255, 258,
257, 265, 206, 193, 104, 41}, as compared to ternary AB/A/B blends [99, 79, 240, 137].
Also, ABA triblocks and their blends (77, 112] have attracted some interest, as have
systems containing more than two different monomers, e.g. AB/C blends [80] or ABC

triblocks [178, 177, 179, 6, 65, 189, 263].
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Very recently, work has begun on aqueous solutions of water soluble block copoly-
mers (139, 259, 183, 238, 85, 2, 182] (especially on polypropylene oxide and polyethy-
lene oxide), thus providing a bridge between long chain copolymers and short chain
surfactants [67]. Bicontinuous microemulsions, previously known only in short chain
surfactant mixtures, have been observed in systems of water soluble polymers [85],
and very recently also in purely polymeric blends [105, 15].

Further related work on block copolymers, concerns their behavior at interfaces
between coexisting bulk fluid phases [126, 127, 231, 22, 23, 97, 30, 29] or near hard
walls [59, 176, 246]. Very interesting also is the behavior of block copolymers in
confined geometries, e.g. in thin films [244, 245, 247, 52] or in narrow slits [118, 229,
233, 117, 68, 147]. Related to the last problem is the study of polymers confined
into self-assembled microphases {202, 192, 132] and work on polymer decorated self-
assembled layers [141, 96, 249, 89].

3.2 Self-Consistent field method for the Gaussian chain

In this section, we present some theoretical tools, specifically suited for the investi-
gation of microphase separation in copolymer blends. First, we consider a variation
of the self-consistent field method [92, 93, 94, 194] for the Gaussian model of flexible
chains (Section 2.2.2) in the grand canonical ensemble [146, 102] and discuss its imple-
mentation in Fourier space [157, 145]. We then discuss some alternative approaches
that hold in specific limiting cases. Finally, we turn our attention to calculations

beyond the mean field level.

3.2.1 Self-Consistent Field Method in the Grand Canonical Ensemble

We consider a ternary blend of A and B homopolymer, of polymerization indices
aaN and apN respectively, and AB diblock of index N of which a fraction f is A

monomer. We employ the Gaussian model of flexible polymer chains, and work in the
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grand canonical ensemble in which the number n, of chains of type k = A, B, AB
is not fixed [146]. The configurational part of the partition function is

xR 0 o

2042 (z420)"*(zp20)"® s
ZO(ZZZ /HDrAxIIDrBJHDrABk

In,!
nA NB Nap MaB:naA: nB i=1

x exp [—; [ereawent], @

where v is the volume occupied by each monomer, z, = exp(Bpx), 8 = 1/ksT, and
L« is the chemical potential of component k to within an additive constant z,. Tildes
indicate that the functional integrals are weighted by the Wiener measure P[r;0, 1]
for diblocks and P[r;0, a4}, P(r;0,ap] for the homopolymers (2.113), with

30 2
P([r;0, s¢]  exp (—213‘12 / dt ) , (3.2)
0

where a is the statistical segment length taken to be the same for both monomers,

dr
dt

and we have reparametrized the polymer chain by a continuous index ¢t — t/N, as
compared to the convention of Section 2.2.2. To simplify formulae below, we shall
set zg = Nv.

Information about the configurations of the chains is contained in the local, di-

mensionless, densities:
@a(r) = pa(r, {ra} {rass})

= Nv ZA /OaAdt 6(!‘ - I‘A',’(t)) -+ IV’U v / dt 5(1’ —TAB k(t)) (33&)

@B(r) = ¢(r,{rB.}, {raBs})

= Nv Y / dt é( I‘—I‘B,(t) + N‘vnAB/ dt&(l‘—l‘AB k(t)) (33b)

We include a hard core repulsion between monomers by requiring the melt to be
incompressible, so that only such configurations are allowed, that do not contain two
monomers occupying the same position in space. As a consequence, there are only

two independent chemical potentials, and we set that of the copolymer to zero.
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We introduce the following linear combinations of the local densities:

. pat ¢
be = A2EE, (3.4)

so that the the integral in (3.1) becomes:
TAB
/HD!‘A. HDrBJ II Drap,x exp [——/da (P+(r)* = -(r)?)]. (3.5)
i=1 =1 k=1

Despite its appearance, this integral is not Gaussian, since it is the positions of the
chains, not the ¢ that are integrated over. The difficulty in evaluating (3.5) is that
the local densities couple directly to each other. To make the integral more tractable,

eb2/4a = \/g/d:z e-az’+b:z: (36)

(“uncompleting the square”) so that (3.5) now becomes:

47rx / H Dra; H Drs, ﬁ Drap ;- DW,.DW._

=1 i=1 k=1

we make use of the identity:

1 1 . .
X exp [—; /d3r ™ (W2 —W2) + Wipe + W_o_|. (3.7a)

If we want to write this in terms of the physical quantities ¢4 and ¢, we introduce
conjugate fields through: Wi = W, + Wp:

nAB

HDrA, H Drp,; || Drass- DWADWp

=1 i=1 k=1

41rx
X exp [—%/ds'r I’VAX& + WAQZA + Wges! . (3.7b)
Notice that in going from W, to Wy, Wp, we have picked up a constant factor from

the Jacobian. The integrals in (3.7) are still constrained to such configurations that

the chains do not overlap.
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It is useful to make use of the identity (3.6) once more and to write (3.7a):

NAB
4;2 HDrA,HDrB, [ Bras. - oW, DW_Do, Ds
i=1 =1 k=1

1
X exp [—; / Pr —x (92 - 02) + Wydy + W_d_ + W,y + W_‘p_] . (3.8a)

or, in physical meaningful variables:

naAB

you / HDrA,HDrBJHDrABk DW,DW5 D, D5

i=1 k=1

X exp [—; /dsr Wady + Wpbp — xPaPp + Wada + Wg(,bg] . (3.8b)

The local densities ¢4 and ¢g, which depend explicitly on the chain conformations,
now do not couple directly to each other, but instead to the fluctuating fields W, and
Wpg. We can now perform the sums over n,, and, using Y. & = exp(z), we obtain

for the partition function (3.1):
Zx /D@AD(I)BDWADWB exp(—BF[®4, 85, W4, Wg]), (3.9

where the free energy functional is:

— NvBF([®4, 5, W4, Wa] = 24Q4[Wa] + 28Q5[Wa] + Qan[Wa, Wa] +
/d"’r [@a(r)Wa(r) + @p(r)Wa(r) — xN®4(r)®5(r)], (3.10)

and a factor 1/N has been absorbed into the definition of the fields W, Ws.

The @~ are the partition functions of single polymers in external fields Wy
and/or Wg. These single polymer partition functions can be obtained from @< =

J&®rqu(r,ax), £ = A, B, and Qup = [dr qup(r, 1), where the end-segment distribu-
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tion functions are

gu(r, 50) = / Dr(-) < P[tx; 0, 0] & (r — re(s0)) exp (—% / Pr WK@) k=AB

(3.11a)
q(r,s0) = /Dr() ABP[PAB; O,So] 5(1‘ - rAB(SQ)) exp (—%/dsr [WA‘;&A + WB(,BB])

(3.11b)
¢'(r, 50) = /Dr(-) ABP[raB;1,s0) 6(r — rap(so))exp <—% /d3r [Wada + WgcﬁB])

(3.11¢)

Because the two ends of the diblock are distinct, we have introduced qLB(r,t), which
is defined similarly to g4g(r,t), except that the functional integral is taken from sq
to 1. Since the polymers are modeled as Gaussian chains, these distributions satisfy

the diffusion equations:

Na? 72
=2-Viq — Wyq t< f,
g—;’ ={° 4 (3.12a)
Ma-V2q — Waq t> f,
t N2 g2t — Wyqt t< f,
—%‘i— ={° 4 (3.12b)
N v2qt — Wpqt t> f,
for the diblock and
2
%(i" = Eg—vﬁh — Weqx k=A,B (3.12¢)

for the homopolymers, respectively. The initial conditions are g.(r,0) = 1 for all
components.

In place of calculating the exact free energy, the self-consistent field theory ap-
proximates it by the value of the free energy functional F(®4,®p, W4, Wp) obtained
by extremizing it under the incompressibility constraint, which is incorporated by
means of a Lagrange multiplier £, so that we can now drop the constraint on the con-

figurations that no two monomers overlap. The densities and fields which extremize
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the free energy, and which we denote by ¢4, ¢g, ws and wg are solutions of the

variational equations:

- . DQ4[wa] + DQ as[wa, wg]

PA=2z4 Duw, Dios , (3.13a)
__ DQgplws] , DQaplwa,ws]

vp = sp—p 2+ —ATR A, (3.13b)

wy = xNpa +€, (3.13c)

wpg = xNpp +§, (3.13d)

1=pa+ B (3.13¢)

From equations (3.13) and the definition of the single polymer partition functions Q,
it is seen that @4 is the ensemble average of 4, and similarly for ¢5. They can be

written in terms of the end-segment distribution functions as

o4 f
oatt) = za [ dtaatr atrioa -0+ [ dtaas(e)glale ), (@140
0 0

apg 1
wp(r) = 23/ dt qg(r,t) qa(r,ap —t) +/ dt qap(r,t) ¢i5(r,1). (3.14b)
(] f

3.2.2 Implementation of the Self-Consistent Field Method in Fourier Space

To find the density profiles and the free energy of an ordered phase, we have to solve
the mean field equations (3.13) together with the relations (3.14) and the diffusion
equations (3.12). Since we are interested in ordered solutions of (3.13) with well
defined symmetry, we expand any function of position g(x) in a complete set of

orthonormal basis functions {f;(x)} which possess the required symmetry [157]:

9(x) = > gifilx). (3-15)

In practical calculations, this sum is truncated after a finite number of terms. The
number of basis functions retained determines the accuracy of the solution. The

maximum number that we can handle computationally is fifty. The basis functions
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fi(x) having the required symmetry obey the following condition:
fa(x) = fa(R;x), (3.16)

where R; is a symmetry operation that transforms one position x in the unit cell
into an equivalent one. The index j runs over all equivalent positions, i.e. over all
elements of the group. Since we are considering a case of periodic symmetry, f must
be periodic and can be written as exp(zkx). The following f fulfills the requirement
(3.16):

falx) =) eMnflix, (3.17)

J
because fu(Rix) = ), e'knfafix = 5= otknRix = f (x), where we have made use of
the group property in the second step. This is equivalent to:

() =) efRsknx, (3.18)

J

The wavevector k, is element of the Brillouin zone, i.e.

L3
2
k, = —g- na |, where ny,ny,n3 € Z (3.19)
n3

and the sum in (3.18) is taken over the entire star of k,. To include all vectors in the
Brillouin Zone in the expansion, it is therefore sufficient to restrict {n,,n,,n3} to Ny,
so that the expansion is over all independent stars. Note that if k,, is on a symmetry
position, some of the terms in (3.18) may be equal to one another.

To proceed further, we introduce dimensionless coordinates: x — x/D, where D
is the single length scale in the problem, the dimension of the unit cell. The Laplacian
in the diffusion equation transforms accordingly: V? — 3;V? and all integrals over
the unit cell do not depend on D anymore. In particular, the volume V of the unit

cell equals one.
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We use (3.15) in equations (3.12)-(3.14) and project the coefficients out by oper-

ating with f,,d®z fi(x) and find (summation over repeated indices is implied):

f ap
Pak = / dt g;(t)Tikql(t) + ZA/ dt qai(t)Tijeqaj(aa — t), (3.20a)
0 0
1 ap
©Bk = / dt gi(t)Tijeql(t) + 28 / dt ggi(t)Tijkgpi(aB — t), (3.20b)
f 0
dx1 = vak + ¢Bk, (3.20c)
wak — wek = XN(vBk — v4ak), (3.20d)
26k = wak + wpk + xNou, (3.20e)
where
Ly = [ de Fx)F(A(x) (3.21)

is a dimensionless tensor.
Since the functions fi(x) are eigenfunctions of the Laplacian, the diffusion equa-

tions (3.12) become:

0

QAk(t) Aijqaj(t), (3.22a)

QBk(t = Bijqp;(t) (3.22b)
Aigi(t) ift < f,

a a7 k(t kil (3.22¢)
Bijqi(t) ift > f,
Agl(t) ift<f,

ql(t) =7 (3.22d)
BquJ ift> f,

where the matrices A and B are:

Na?
Aij = 555X~ warli, (3.23a)
B,‘j= Na A ‘kaP,Jk (323b)

6.D?
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What has been achieved is that the set of equations (3.13) for the functions pa(x)
etc. at all x has been transformed into a discrete set of equations in the coefficients.
The partial differential equations (3.12) have similarly been transformed into sets of

linear, first-order ordinary differential equations. Their solutions take the following

form:
gak(t) = Tam(2), (3.24a)
g8k(t) = Tpm(t), (3.24b)
qk(t) = Tl et (3.24c)

Toki(t — f)Tan(f) ift> f,

qlt(t) _ TA,kj(f — t)TB’jl(l - f) ft< f, (324d)

Tm(l —1) ift> f,
where the matrices T4(t) = exp(At) and T's(t) = exp(Bt) transfer q a distance ¢
along an A- or B-portion of a chain, respectively.
Equations (3.24) are evaluated by diagonalization: Let U/ and V be the matrices
of eigenvectors of A and B, respectively. Since A and B are real and symmetric, U
and V are orthogonal, i.e. U' = Uj;. We can now perform the integrals in (3.20)
explicitly. Consider the first term in (3.20a) (i.e. the contribution to the total A-

monomer density from the A-block of the copolymer):

f f
/0 dt qi(t)Tisrql(t) = /o dt Taa(t)T5Tau(f — t)Ten(l - f) (3.25)

Note that in general T;; = U '0p,U,;, where oy, is the diagonal matrix of eigenvalues
of T.
We first evaluate ¢;(t):

qi(t) = Ta,i1(2)

— JT. ooptrr—1
= ,pePUm-
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Here, e*#* is the element oy, in the diagonal matrix o formed by the exponentials of

the eigenvalues a, of A times the scalar parameter ¢.

= UipU 1p€°”t
= cipe™® cip = UpUsp
Now we evaluate q}(t) (with B, being the eigenvalues of B):

q}(t) = Taj(f - t)Tsu(l - f)
— Ujmeam(f—t)U;ll ‘/Ineﬁn(l—f) ‘/nql
= ijlmeamU-t) ‘/ln I/l.neB"(l_j)

= UimUme V=, di =) ViaVine (-7
= c}me"‘"‘u“) c}m = Ujm Z Uimd,.
]
In terms of c and c! expression (3.25) is:

ij

f
ety / dt eomS glor—am)t, (3.26)
0

eapt _eam/t

The integral evaluates to Epn = if ap # Bm and to E,,, = fe™/ otherwise.

Now, expression (3.26) can be eva.lupa.ted by three consecutive matrix multiplications,
i.e. the integration of the diffusion equation (3.12c) has been reduced to a sequence
of successive algebraic operations.

Given a set of Fourier coefficients for the fields wax, wpk, the self-consistent equa-
tions (3.20) can be evaluated by the procedure outlined above. The equations are
then solved, either by a multidimensional Newton-Raphson method [201] or by the
multidimensional secant method due to Broyden [39]. It is found that the latter is
faster by about a factor of 5.

Once the solutions of the self-consistent equations are known, we can evaluate the

free energy, which in Fourier space takes the final form:

1
—NvBF = qi(1) + zaqai1(@a) + zagm1(eB) + 5(war +wer = xN) +xN > arene
k
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Finally, the free energy is minimized with respect to the length scale D of the ordered
structure, appearing explicitly in (3.23). By comparing the value of the free energy
for different phases, one constructs the phase diagram. In addition to the disordered
(DIS) phases, we are interested in the general behavior of the lyotropic ones. We
consider only the simple, “classical” ones: lamellar (LAM), cylinders arranged in a
hexagonal lattice (HEX), and spheres in a body-centered-cubic lattice (BCC) Figure
1.2. It is known that most of the other phases which could arise, such as the gyroid
and the hexagonally perforated lamellar phase [70, 216, 18, 82, 258, 76, 75], would be
located in a narrow region between the lamellar and cylindrical phases.

Density profiles of strongly swollen phases are far from sinusoidal and require
a large number of basis functions to be represented well. However we find that
the value of the free energy is relatively insensitive to the number of terms kept.
Additionally we find that for strongly swollen phases, the minimum of the free energy
as a function of D is extremely broad, so that phases with very different length scales
and compositions are nearly equal in free energy. Since the composition of a phase
is calculated with far less accuracy than its free energy, we draw the boundaries of

strongly swollen phases with dashed lines in all figures.

3.3 Other Mean Field Theories

3.3.1 Weak Segregation Limit

Leibler’s weak segregation theory is an example of a Landau Theory, i.e. the free
energy is expanded in powers of the order parameter. A good order parameter to

describe the microphase separation transition is e.g.:
Y(r) = pa(r) — (¢4), (3.27)

the deviation of the local A-monomer density from its ensemble (or sample) average.

The free energy in powers of the order parameter 1 corresponds to the “effective
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potential” in field theory parlance and the coefficients correspond to the “vertex
functions”, i.e. they can be obtained from the order parameter correlation functions
of the interacting theory [122, 3]. The correlation functions are now obtained from
the single chain correlation functions (Section 2.1.1.3) under the assumption that the
Gaussian behavior of the chains in the melt does persist even when the interaction x

between A- and B-monomers is switched on. The free energy thus has the following

form:
B(F — Fyom) = %; Fa(a)¥(q)¥(-q) + % qlg:‘,q, T3(a1, @z, gs)¥(a1)¥(qz)¥(qs)
q1+q2+q3=0
+$ . qu . La(an, Q2, 93, Qa) ¥ (@) (az)d(as)¥(qa),

a1 +q2+q3+q4=0
(3.28)
where the 'y are the g-dependent vertex functions.
The structure factor S(q) = 1/T2(q) has the asymptotic behavior:

INF(1 - f)*(qRq)? Rex1
S(q) = fH (1= f)*(qRq) q (3.29)

2Nf(1-f)/(¢Rs)*  qRe>1
and close to the order/disorder-transition it is strongly peaked at a particular value
q* of q . Consequentially, all modulation modes of the order parameter with |q| # ¢*
are strongly suppressed. The sums in (3.28) can therefore be restricted to q of length

*

q*.

Be evaluating the free energy (3.28) for different symmetries (i.e. restricting the
set of q in (3.28) to vectors of the reciprocal lattice of the desired space group), Leibler
constructed a mean field phase diagram for the pure diblock copolymer, which is very
similar to the phase diagram obtained from the full self-consistent field theory (Fig-
ure 4.1). For YN > 10.495, ordered phases appear, of lamellar symmetry for roughly
symmetric diblocks, of hexagonal, and body-centered-cubic symmetry for more asym-

metric ones. For the case of unbroken symmetry (:.e. a copolymer with blocks of equal
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length), the transition is continuous, first-order otherwise. The continuous transition

at the critical point (“Leibler’s point”):

xN = 10.495 (3.30a)
f=05 (3.30b)

is peculiar in that the order parameter has diverging fluctuations on a whole sphere
lg| = ¢* and not, as is usual, at a single point q = 0. Leibler’s critical point is
therefore in the Brazovskii universality class [20].

Close to the critical point, where the order parameter is small, the results of the
weak segregation approximation agree exactly with those of the self-consistent field
theory (Section 3.2), as would be expected for a Landau theory.

Leibler’s weak segregation theory is of great importance because it provides a
microscopic Landau free energy, and therefore allows further systematic analytical
treatment. Several workers [142, 74, 38, 159, 37, 107] extended Leibler’s original
treatment to include higher harmonics of the dominant wave vector. Others investi-
gated the structure and repeat distance of the ordered phases for diblocks [195] and
ABC-triblocks {189, 263], or the behavior of copolymers at interfaces [126, 154] or
hard walls [59]. Since the weak segregation theory provides an analytical expression
for the correlation functions and the structure factor, it has been applied to study
the structures of microemulsions in polymer blends [91, 21, 105]). Furthermore, the
q-dependent expression for the free energy (3.28) has been the starting point for one

of the most influential fluctuation calculations [61] (see below).

3.3.2 Strong Segregation Limit

Semenov’s strong stretching approximation [222] assumes that the repulsion between
unlike monomers is so strong that each microdomain consists purely of A- or B-
monomers. The junction point of the A- and B-blocks in the copolymer are con-

sequentially confined to the infinitely narrow interface, and the blocks form dense
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brushes on either side of the interface. Because the brushes are dense, the blocks are
stretched strongly away from the interface (c.f. Section 2.1.3.2). Under these assump-
tions, the number of configurations available to each polymer is strongly reduced and
it is possible to replace the sum over all configurations in the partition function by

the most probable one. In other words, the free energy

BF = / dt (%;)2 + U [r(@)] (3.31)

(c.f. equation (2.79)), consisting of an entropic stretching and an enthalpic interaction
part is minimized with respect to the trajectory r(t) under the constraints of local
incompressibility ( [dt g—f)-l = 1) and inextensibility of the chain (fdt (&) = N),
for the desired symmetry.

The results of the strong stretching approximation agree qualitatively with the
self-consistent field theory in the limit x N — oo, but not quantitatively. This failure
of the strong stretching theory has been explained by Matsen and Bates [149, 152]
through a detailed comparison of the different contributions to the free energy in the
strong segregation and in the self-consistent theory. The free energy (3.31) contains
only the configurational entropy and the enthalpic cost of the interface. Both of these
are well approximated by the strong stretching theory. However, the assumption that
all junction points lie at the interface turns out to be too restrictive. Even for very
strong segregation, the junctions have some freedom of movement, giving rise to both
a translational entropy of the junction point, as well as to an enthalpic contribution
from increased number of AB-contacts, since now the microdomains do not consists
purely of A- or B-monomers. The strong stretching approximation misses out on
both these effects. However, as a non-perturbative approach that applies in the limit
strong segregation and allows analytical treatment, it has been enormously influential
[175]. Besides the original treatment of the pure diblock [222] it has been applied to
complex phases [133, 196, 197}, to blends [224, 260], triblocks [264, 143] and surfaces
[223, 225, 244, 246, 247].
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8.8.8 Variations

Besides the continuum formulation of the self-consistent field theory described in
Section 3.2, there exist variations of the same self-consistent theory on a lattice [52,
210, 211]. These calculations agree well with those of the continuum theory, but are
essentially restricted to situations, in which the density profiles vary in one dimension
only, e.g. planar interfaces [210, 231, 229], flat brushes [52] or cylindrical or spherical
micelles 230, 124]. It also has been applied to lamellar phases [232, 156].

A very interesting variant of the self-consistent field theory, which does not as-
sume Gaussian chains, is the one of Gelbart, Ben-Shaul and Szleifer (239, 24, 25, 26].
Instead of obtaining the single chain partition functions (3.11) and densities (3.13a)-
(3.13b) from the diffusion equation (3.12), the fields are obtained by randomly sam-
pling a representative subset of all possible chain configurations. The advantage of
this method is that it can be applied to chains of arbitrary architecture, for example
to chains containing a rigid section [186]. Specifically, the dependence of the phase
diagram on details of the architecture (e.g. the position along the chain of a double

bond etc.) can be worked out [184].

Whether in the lattice or in the continuum formulation, these approaches yield
a correct, self-consistent description of the ordered microphases, with the mean field
approximation being the only approximation made, besides those inherent in the
model adopted (the sampling approach gives considerable freedom even on this point).
Several calculations have been reported that include additional approximations, some
of them of questionable validity. Several authors {10, 11], solved the self-consistent
field theory for homopolymer/diblock blends, but restricted their attention to the
first harmonic of the lamellar phase, i.e. assumed cosine-shaped density profiles. As
the complete treatment [102] and Chapter 4 shows, other geometries besides the
lamellar one are very important and occupy large portions of the phase diagram.

Similar assumptions about the shape of the density profile have also been included
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into variations of Leibler’s weak segregation theory [165, 131].

The assumption of infinite chain length in (3.12) allows one to ignore the variation
of the end-segment distribution functions (3.11) with ¢, the position along the chain.
In the so-called narrow interface approximation [86], the chain connectivity of the
diblock is ignored, and the interfaces between microdomains are treated as if they
were interfaces between immiscible homopolymer bulk phases. Papers employing this

approximation continue to appear [199)].

3.4 Fluctuation Corrections

Several approaches have been developed to estimate the effect of fluctuations on the
microphase behavior in copolymer melts.

The most influential has been Fredrickson’s and Helfand’s [61] study of fluctu-
ations close to Leibler’s critical point (Section 3.3.1). Their starting point is the
assumption that the expression (3.28), in particular the expressions for the vertex
functions T, are the correct form of the microscopic Hamiltonian of the polymeric
system. Leibler’s identification of this Hamiltonian, evaluated for the average order
parameter i, then amounts to the mean field approximation of e=#F = Tre~4H,
Furthermore, because 1/T';(q) is strongly peaked at |q = ¢*, Leibler disregarded
wavevectors of different magnitude. Fredrickson and Helfand, following Brazovskii
[20], went a step further by expanding I', to second order about the maximum, so
that the Hamiltonian now becomes:

H=% (;’; 2 (r+ (0= ) (@(=a)
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where 7 = (x,N — xN) is the distance from the mean field spinodal XxsN. We follow

6(ar + q2 + q3)¥(a1)¥(q2)1(qs)

4+

the original treatment [61], which ignored the angle dependence of the cubic and
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quartic coefficients. In later studies [12], the full expression for the vertex functions
has been incorporated into the theory.

The vertex functions are now recalculated from the modified Hamiltonian (3.32),
and the g-dependence is integrated out. In this way, a free energy functional is
obtained, formally equal to the mean field free energy (3.28), but the coefficients
have been modified by the fluctuations. In particular, one finds that the fourth
order coefficient becomes negative outside the spinodal, i.e. where the second order
coefficient is positive. Fluctuations therefore induce a first-order transition, in place
of the continuous transition found in mean field theory. The discontinuity of the order
parameter at the transition is proportional to N~1/¢ and vanishes for N — oo. The
order/disorder transition is shifted away from its mean field location to higher values
of xN (i.e. to lower temperatures) by an amount proportional to N='/3, Another
effect correctly predicted by this theory is the shift in the position and the height of
the peak of the structure function [17, 16].

The overall effect on the phase diagram (Figure 4.1) of inclusion of fluctuations
through the method due to Fredrickson and Helfand is that the region of stability of
the ordered phases is cut off almost horizontally, at some value of x N greater than,
but close to, Leibler’s critical point. In particular, “windows” of transitions open
up, from the lamellar and hexagonal [61] and the gyroid [200] phase directly to the
homogeneous state, in accord with experiments [18, 158].

We can summarize the results of the Brazovskii-Fredrickson-Helfand theory by

stressing the following three points:

1. The inclusion of fluctuations drives the order/disorder transition for the sym-

metric diblock first order.

2. The chain length N is a third scaling field in the full theory, besides the two
fields xV and f, present also on the mean field level.
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3. The shift in the transition temperature and the discontinuity of the order pa-
rameter across the transition are proportional to negative powers of N and

vanish as N — co: mean field theory becomes exact for infinitely long chains.

Similar results have been obtained in a very different approach, based on liquid
state integral equation theories for polymeric fluids [220, 219, 221], and also through
a field theoretic diagrammatic expansion of (3.1) [235).

Because the Fredrickson-Helfand theory provides an analytic expression for a fluc-
tuation corrected thermodynamic potential, it has been applied to study a variety
of effects, e.g. the kinetics of nucleation of lamellar phases form the disordered state
[60, 90], the elastic response of an ordered lamellar (smectic) phase [4] and the effects
of surface induced ordering of copolymer melts next to hard walls [176].

So far, we only considered fluctuations around the disordered phase close to the
order/disorder transition. Very recently, a series of studies [261, 227, 120] investigated
small amplitude fluctuations around the ordered state in terms of Gaussian fluctua-
tions around the exact mean field solution. The authors were able to calculate the
most unstable (¢.e. the most easily thermally excited) modes for the lamellar, hexag-
onal and body-centered-cubic phases. The anisotropic scattering functions obtained
are in agreement with experiments [216].

Computer simulations of polymer melts, finally, are possible but very difficult
because of the enormous time scales necessary to equilibrate dense systems of long
chains. Recently two studies of homopolymer/diblock blends appeared [121, 185] that
compute phase diagrams including ordered phases. We will refer to them in Chapter

4 in comparison with our mean field results.



Chapter 4

INVESTIGATION OF THE MICROPHASE BEHAVIOR
IN HOMOPOLYMER/DIBLOCK BLENDS

sectionIntroduction

Systems containing block copolymers are interesting due to their ability to cause
ordered phases of various symmetries to form spontaneously [158]. Besides being of
both fundamental and applied interest in their own right, polymer mixtures provide
systems which are well-characterized, both experimentally and theoretically, with
which to study the phenomenon of self-assembly, a phenomenon also displayed by

lipids and short-chain surfactants.

The behavior of a melt of pure AB-diblock is rather well understood [125, 151].
At sufficiently small values of the effective interaction parameter yN, where x is
the dimensionless incompatibility between unlike segments, and N is the number of
statistical segments per chain, the melt is disordered. As xN is increased, either
by lowering the temperature or by increasing the chain length, the incompatibility
causes the system to order. Because of the connectivity of the blocks, there can be no
macroscopic phase separation into two phases of like components. Instead, the melt
undergoes a microphase separation characterized by extensive amounts of internal
interface which separate coherent regions of A monomer from B. The copolymer
chains straddle the interfaces forming a “brush” on either side. The symmetry of the
ordered phase is determined by the architecture of the diblock, that is, the fraction f
of it which is comprised of A monomer. In an almost symmetric diblock, the cost to

stretch either block is nearly the same, with the consequence that the system forms
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the flat interfaces of lamellar phases. However if one of the blocks is sufficiently longer
than the other, a curved interface is formed, with the longer block on the outside.
This allows the longer block to increase its configurational entropy which more than
compensates for the cost of stretching of the shorter block on the inside of the curved

interface (c.f. Figure 4.1).
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Figure 4.1: Phase diagram for the pure diblock copolymer in the effective interaction
parameter x /N versus fraction f of A-monomers in the chain. Note that y/N varies
inversely proportionally with temperature. The lamellar phase is denoted L, the
hexagonal phase H, and the body-centered-cubic phase by Qruam and the gyroid phase
by Qraza. Notice that for intermediate to strong segregation there is a narrow region
of close packed spheres (hexagonally close packed of face-centered-cubic), denoted
CPS, between the body-centered-cubic and the disordered phase. The dashes indicate
extrapolated phase boundaries that could not be calculated exactly. After [151].

Our understanding of blends containing diblock copolymer is far less complete,
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although much progress has been made recently [146, 145, 224, 260]. The simplest
system consists of an AB-diblock blended with A-homopolymer, of chain lengths N
and Ny, respectively. The fact that this system is now a true two-component mixture
permits two behaviors absent in the pure diblock case. On the one hand, the blend
can phase separate into two distinct bulk phases, each of which can be microstruc-
tured. On the other, the microstructure can be swollen by added homopolymer. In
the extreme case, this swelling can proceed indefinitely so that the period of the mi-
crostructure grows without limit. This leads to the complete unbinding of the ordered
phase [145, 130, 101]. These additional behaviors take place in the enlarged parame-
ter space of the binary blend which comprises not only the polymerization index N
and fraction f of the diblock, but also the volume fraction ¢ of the homopolymer and
its chain length N4 = a4N. The topology of the phase diagram is largely determined
by the parameter ay,.

As noted above, the spontaneous curvature of a copolymer layer is determined
by the composition parameter f. The ability of A homopolymer chains to enter a
diblock layer is determined by the relative chain lengths, i.e. by a4. This ability has
been studied in systems of polymers grafted at one end to a surface and immersed in
a homopolymer melt. It was found [33] that homopolymers longer than the chains in
the brush are expelled from it (“dry” brush), while those which are shorter swell the
brush (“wet” brush). This argument was later extended to several other situations;
to brushes formed by diblocks assembled at an internal flat interface between coexist-
ing bulk phases of immiscible homopolymers, to the curved interfaces of copolymer
micelles [127, 128], and to the phase behavior of binary homopolymer/diblock blends
in the strong segregation limit [224].

As the preceding discussion shows, the phase behavior of blends containing block
copolymer is determined by many competing mechanisms. In general it is not possible
to determine even the overall topology of the phase diagram without performing de-

tailed calculations. Our aim is to provide a comprehensive catalogue of possible phase
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diagrams of binary and ternary blends containing and AB-diblock and corresponding
A- and B-homopolymers at all compositions and for the particularly interesting weak
to strong segregation regime. Special emphasis is put on working out the dependence
of the phase behavior on the chain length ratio e, but for the most part we will re-
strict ourselves to symmetric diblock copolymers (i.e. f = 0.5). Since we are mainly
interested in the overall topology of the phase diagram, we restrict ourselves to the
three “classical” phase: flat sheetlike lamellae (LAM), hexagonally arranged cylinders
(HEX), and spheres on a body-centered-cubic lattice (BCC). The existence of these
phases not only in polymer systems, but also in surfactant and lipid mixtures, is well
established, as well as the fact that they occupy most of the ordered region of the
phase diagram. Complex phases (c.f. Figure 1.2) are usually found only in a nar-
row region between the lamellar and the hexagonal phase at intermediate segregation
[151].

In Section 4.1 we will discuss ternary blends, containing both A- and B-homo-
polymer in addition to the diblock at one particular value of the effective interaction
parameter x/N. In the following section (Section 4.2), we will describe the specially
intricate phase diagram of the “symmetric system”, comprising an AB-diblock and
A- and B-homopolymers, all three components having the same degree of polymer-
ization. Finally, in Section 4.3, we study the temperature dependence of the phase

diagram in binary blends containing one homopolymer besides the diblock.

4.1 Influence of Relative Chain Lengths in the Ternary System?!

4.1.1 Introduction

In the present section we will study the phase behavior of ternary blends containing
both A- and B-homopolymers, as well as a diblock copolymer. Qur motivation is

threefold: First, the microphase separation behavior of ternary blends has received

! The material of this section has been published in Macromolecules, 30, 1, 137-144 (1997)
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little experimental attention [99, 79, 240, 137, 14]. Theoretical studies have concen-
trated either on the interfacial activity of diblock copolymers between coexisting bulk
phases (97, 248], or on the phase diagram of disordered, homogeneous phases [21, 91].
The only theoretical study [10] focusing specifically on the microphase behavior of
ternary blends was severely restricted by approximations made in addition to that of
the mean-field theory. In particular the restriction to the lamellar phase as the only
ordered structure, and its description by a single Fourier component caused some
crucial features to be missed e.g. the complete unbinding. Thus our primary goal is
to elucidate the general phase behavior of these important systems, particularly with

regard to the lyotropic phases.

The parameter space of the ternary system AB, A,B is rather large as there are
two independent chain length ratios, and two independently variable volume fractions,
in addition to f and xN. The dependence of the phase behavior on these parameters
is not obvious, and determining it experimentally is not practical. Thus our second
goal is to produce a representative catalogue of typical phase diagrams, and to give
physically motivated interpretations of them that permit the extension of our results

to related systems.

Lastly it is of interest to make possible the comparison of ternary homopolymer,
diblock melts with water, oil, and surfactant systems for which an enormous number of
experimental phase diagrams has been assembled [46, 243]. The apparently universal
character of self-assembly as manifested in the often observed sequence of lamellar
to hexagonal to body-centered-cubic to disordered phases with increasing dilution of
the amphiphile leads one to expect that information about short-chain amphiphiles
can be gained from the study of polymers. The latter are far more easily described
theoretically than the former. Of course with the synthesis of long chain surfactants
[139, 259, 183, 238, 85, 2, 182], the distinction between the two systems is becoming

increasingly artificial.
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4.1.2 Results and Discussion

As explained above, the parameter space of the general three component system is
too large to be mapped out completely. We restrict ourselves therefore to one value
of the interaction parameter, YN = 11.0 and, with one exception shown in Figure
4.12, to a symmetric diblock, f = 0.5. This way we retain the feature characteristic
of ternary blends, namely the competition between the two homopolymers, in general
of unequal length, to swell the brush formed by the diblock at the internal interface.
We elucidate this behavior by systematically varying a4 = N4 /N and ag = Ng/N.
We discuss the influence of changing f and xNV in Figure 4.12 and further below.

We employ the Gaussian chain model (Section 2.2.2) in Fourier space (Section
3.2.2). We solve the self-consistent equations (3.20) numerically to obtain the phase
diagrams shown in Figure 4.2 through Figure 4.12. We present constant temperature
cuts through the three component phase prism for eleven different systems of a diblock

copolymer and corresponding homopolymers.

The diagrams in Figure 4.2 through Figure 4.11 are divided into two sequences.
In Figure 4.2 through Figure 4.7, the A homopolymer is shorter than the diblock and
its relative length is kept fixed at a4 = 0.3, while that of the B homopolymer varies
from ap = 1.2 to ag = 0.1. In the second sequence, Figure 4.8 through Figure 4.11,
the B homopolymer is longer than the diblock and of fixed length ag = 1.5, while

that of the A homopolymer varies from a4 = 1.5 to 0.5.

We now discuss each phase diagram in turn. In Figure 4.2, we show the constant
temperature phase diagram of a system with a4 = 0.3 and ag = 1.2, in other
words, the diblock is slightly shorter than the B homopolymer, while it is about
three times as long as the A homopolymer. Regions of phase coexistence between an
ordered and a disordered phase dominate the phase diagram. The B homopolymer
is, for the most part, expelled from the microstructure formed by the diblock and

is found in a uniform, disordered phase of large B homopolymer, and very small A
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A

Figure 4.2: Constant temperature phase diagram of the ternary system of a symmetric
AB-diblock copolymer of length N with an A homopolymer of length a4 = 0.3N and
a B homopolymer of length ag = 1.2N. The value of the effective incompatibility
parameter xN is 11.0. LAM denotes a lamellar phase, HEX hexagonally arranged
cylinders, BCC spheres on a body centered cubic lattice and DIS homogeneous phases.
Regions of three phase coexistence are shaded, biphasic regions are unlabeled. Phase
boundaries of strongly swollen phases, that could not be located exactly, are shown
with dashed lines. Note the almost B-free disordered phase on the left hand side.

homopolymer content, and which coexists with the diblock-rich, ordered phases. The

volume fraction of B homopolymer in the ordered phases does not exceed 0.25.

This result can be understood as follows. If the large B homopolymer is added to
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AB

XN=11.0

unbind

A

Figure 4.3: Phase diagram for a symmetric AB-diblock of length N with an A ho-
mopolymer of length a4 = 0.3N and a B homopolymer of length ag = 0.9N. The
notation is that of figreffig:shortl. Note the unbinding transition of the lamellar and
hexagonal phases into the B-rich disordered phase.

an ordered microphase, it would preferentially assemble in the domains formed mainly
by B segments of the diblock so as to reduce the number of unfavorable A4, B contacts.
However, since the size of those regions is comparable to the mean radius of gyration of
the B block, it is smaller than the size of the undisturbed B homopolymer. Therefore,
were a B homopolymer to enter the microphase, it would have to be compressed. The

loss of configurational entropy entailed by such an arrangement is large, whereas the



92

AB
yN=11.0
f=0.5
oa= 0.3 LAM ag= 0.5
/ HEX
BCC HEX
)
BCC
~ o \\
IS/ \_ TSN \
-~ RN ~ N N
~-a ~a S ~ o XN \
~ o ~ - S~ -~ ~ AN N\l
~ o ~ - \\ \\\\ N\
TTsal_ 0 TUSJTSS0T0 2NN\ unbind
-~ -~ \\\\\ AN
T~ I N,

Figure 4.4: Phase diagram for a symmetric AB-diblock of length N with an A ho-
mopolymer of length a4 = 0.3N and a B homopolymer of length ag = 0.5N. The
notation is that of Figure 4.2. Note the unbinding of strongly swollen ordered phases.

loss of entropy of mixing and of translation is small because of the larger size of the

homopolymer. On the other hand, the B homopolymers, because of their relatively

large length, lose little translational entropy by demixing form the diblock copolymer.

The net effect is that the B homopolymer separates from the microstructure. For the

same reasons, cylindrical and spherical domains accommodate less B homopolymer

than does the lamellar phase.
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Figure 4.5: Phase diagram for a symmetric AB-diblock of length N with an A ho-
mopolymer of length a4 = 0.3N and a B homopolymer of length ap = 0.3N. The
notation is that of Figure 4.2. Note that the phase boundaries of the BCC phase for
copolymer volume fraction smaller than 0.2 may be affected by truncation error (c.f.

text).

In contrast, the A homopolymers, being considerably shorter than the A block

of the copolymer, are able to penetrate into the brush. In order to make room for

the A homopolymers and to avoid stretching the A block of the copolymer, the layer

of diblock bends with the convex side toward the A homopolymers. This “wedge”

effect of short homopolymers gives rise to a non-vanishing preferred curvature of the
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A

B

Figure 4.6: Phase diagram for a symmetric AB-diblock of length N with an A ho-
mopolymer of length a4 = 0.3N and a B homopolymer of length ag = 0.2N. The
notation is that of Figure 4.2. Note the high copolymer concentration at the or-
der/disorder transition on the right hand side.

copolymer layer, even for symmetric diblocks. On the binary AB, A side, it brings
about the ubiquitous sequence of first-order transitions towards phases with greater
mean curvature of their internal interfaces: lamellar to cylindrical to body-centered-
cubic. In addition to this wedge effect, the short homopolymer is able to reduce the
stretching energy of the diblock chains in additional ways that favor this sequence of

phases. Due to their relatively large translational entropy, the short A homopolymer
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A

Figure 4.7: Phase diagram for a symmetric AB-diblock of length N with an A ho-
mopolymer of length ay = 0.3N and a B homopolymer of length ag = 0.1N. The
notation is that of Figure 4.2. The stability region of the B-rich BCC phase is too
small to be resolved on the scale of this graph. The dot denotes Leibler’s critical
point. Note that the DIS/DIS demixing transition takes place at y N = 12.44 for this
system.

chains enter the cores of cylindrical and spherical structures thus relieving some of the
stretching of the B block. However this also increases the number of unfavorable A, B
contacts. They also enter the interstices between cylindrical and spherical structures

thus relieving the stresses induced by the inability of these units to fill space.
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In the system shown in Figure 4.3, the B homopolymer is now shorter than the
diblock, but comparable to it, ap = 0.9. This leads to entirely different behavior
on the AB, B binary side of the phase diagram. The B homopolymer is no longer
expelled from the microstructure as it is not larger than the B-rich regions of the pure
diblock phase.In fact, the B domains of the lamellar phase accommodate any amount
of B homopolymer which leads to a complete unbinding of the lamellar phase as the
fraction of B homopolymer is increased. The complete unbinding is a continuous
transition, as the wavevector, characterizing the lamellar phase vanishes without a
jump. In this limit, the free energy density and the composition of the lamellar phase
become equal to those of the disordered phase with the same chemical potential. This
results from the fact that the slabs between lamellae become identical in composition
to the disordered phase, and the lamellae, whose number per unit length vanishes, do
not contribute an extensive term to the free energy. There is also a narrow region of
A cylinders in a B-matrix, brought about by the wedge effect of the B homopolymers.
The cylinders also unbind into the disordered phase on the B-rich side of the phase
diagram.

On the A-rich side of the phase diagram where B blocks are in the center of
cylinders and spheres, B homopolymer cannot swell the B blocks without changing
the curvature of the internal interfaces, and this is prevented by the wedge effect of
the short A homopolymer. As a result, the phase boundaries of A-rich BCC and HEX
phases change little from Figure 4.2 to Figure 4.3, in contrast to the major change in
the lamellar phase boundary.

In the system shown in Figure 4.4, the B homopolymer are now sufficiently short,
ap = 0.5, to penetrate and swell the B block of the copolymer. Therefore the entire
sequence of first-order transitions from lamellar to cylindrical to body-centered-cubic
appears on the B-rich as well as the A-rich side. As the homopolymers are of compa-
rable length, the lamellar phase, in which the “wedge” effects of both homopolymer

are balanced, occupies a large region of the phase diagram. Only when the lamel-
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Figure 4.8: Phase diagram for a symmetric AB-diblock of length N with an A ho-
mopolymer of length a4 = 1.5N and a B homopolymer of length ag = 1.5N. The
notation is that of Figure 4.2. Note the large region of three- phase coexistence
between the lamellar and the A- and B-rich disordered phases.

lae are well separated does the different ability of A and B homopolymer to swell
the respective brushes becomes apparent, and a larger fraction of the longer B ho-
mopolymer is necessary to balance the shorter A homopolymer. In contrast to the
situation in Figure 4.3 where the B homopolymers were too long to be incorporated
into the cores of the cylindrical and body-centered-cubic structures on the A-rich side

of the diagram, the B homopolymers are now short enough to enter the cylindrical
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Figure 4.9: Phase diagram for a symmetric AB-diblock of length N with an A ho-
mopolymer of length a4 = 1.0N and a B homopolymer of length ag = 1.5N. The
notation is that of Figure 4.2. The lamellar phase unbinds into the almost B-free
disordered phase on the left hand side.

or spherical structures and relieve some of the stretching energy of the diblock layer.

The two homopolymers are of equal size in the system of Figure 4.5 with a4 =
ap = 0.3. A noteworthy feature is that while the ordered phases cannot be swollen
very much on the binary sides of the diagram, even a small amount of the third
component permits the structures to swell considerably. The reason is that on the

A-rich side, for example, when A homopolymers enter the B cores to relieve stress,
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Figure 4.10: Phase diagram for a symmetric AB-diblock of length N with an A
homopolymer of length 4 = 0.8V and a B homopolymer of length ag = 1.5N. The
notation is that of Figure 4.10. Note the unbinding of the hexagonal phase on the
left hand side.

they also increase the number of unfavorable contacts. However the addition of B
homopolymer relieves the stress equally well without the enthalpic penalty. Note also
the absence of any unbinding transition. The homopolymers are now so short that
the increase in translational entropy on forming a disordered phase outweighs the
cost of increased A, B contacts in such a phase.

We see the same trend continue in Figure 4.5 and Figure 4.6. In Figure 4.5 the
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Figure 4.11: Phase diagram for a symmetric AB-diblock of length N with an A
homopolymer of length a4 = 1.5N and a B homopolymer of length ag = 0.5N. The
notation is that of Figure 4.2. The unbinding transition is preempted by a first-order
transition.

B homopolymer chains are now quite short, ap = 0.2, and less than the value of
0.25 noted [21] to mark the onset of a disordering effect of added homopolymer. In
accordance with this observation, the ordered phases on the B-rich side of the phase
diagram can support no greater a volume fraction of B homopolymer than ¢5 = 0.21,
a small value compared with that on the A-rich side of ¢4 = 0.54 for only slightly

longer chains. Note that as in Figure 4.6 for well separated lamellae, a larger number
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of longer chains are needed to balance the smaller chains. Otherwise a transition
to a cylindrical and then to a body-centered-cubic phase will occur with the longer
homopolymer chains on the inside. This is again due to the stronger wedge effect of
the shorter chains. Remarkably this transition occurs for systems of Figure 4.4 and
Figure 4.6 at roughly the same lamellar spacing (D = 2.5...3.0R,), although the
diblock volume fraction is rather different.

In Figure 4.7, the last of this sequence, the length of the B homopolymer is only
a tenth that of the diblock. Therefore its disordering effect is very strong. The B
homopolymer volume fraction in the ordered phases does not exceed 0.15. Note that
the coexistence region at the bottom of the phase diagram has vanished; for the
given chain lengths, the homopolymers are miscible for YN < 12.44. Also note the
continuous transition from the disordered to the lamellar state. This critical point is
similar to the point f = 0.5, x/V = 10.49 first described by Leibler [125] for the pure
diblock melt. It is characterized by a continuously vanishing amplitude of the spatial
modulation with a non-zero wavevector.

We now turn to the second sequence, Figure 4.8 through Figure 4.11, in which a
B homopolymer, longer than the diblock (a¢p = 1.5), is blended with A homopolymer
chains of equal or shorter length. All diagrams are dominated by large coexistence
regions between ordered phases, containing less than 0.13 volume fraction of B ho-
mopolymer, and an almost pure B-rich disordered phase. On the left hand side,
shorter A homopolymers bring about ordered phases, characterized by more strongly
curved internal interfaces, due to the increasing wedge effect of such short homopoly-
mers.

All our results thus far have been obtained for a symmetric diblock and one value
of the incompatibility parameter. We now try to extend our findings to moderately
asymmetric diblocks and to different temperatures. In Figure 4.12 we have one ex-
ample of a system containing an asymmetric diblock, f = 0.54, blended with two

homopolymers of equal degree of polymerization, a4 = ag = 1.0. The resulting



102

AB

yN=11.0

unbind

DIS

Figure 4.12: Phase diagram for an asymmetric AB-diblock of N segments, 0.54N
of which are of type A, blended with corresponding homopolymers with the same
number of segments. The notation is that of Figure 4.2. Note the similarity of this
diagram with Figure 4.10.

phase diagram is topologically identical to the one in Figure 4.10. Both are char-
acterized by internal interfaces that have a moderate tendency to curve towards the
B-side. In the system in Figure 4.10, this is brought about by the wedge effect of
the homopolymers of unequal length. In that of Figure 4.12 the diblock layer itself
is asymmetric and therefore has a spontaneous curvature. This result and others like

it lead us to believe that increasing f and decreasing a4/ap have comparable effects
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on the overall structure of the phase diagram, at least for roughly symmetric diblock

copolymers.

When attempting to extrapolate our results to other temperatures, one can be
guided by the following observations. Larger values of yN favor more-strongly seg-
regated configurations. Consequentially the size of two-phase regions grows with
xN. In particular, unbinding transitions may be completely preempted by first-order
transitions for values of xV larger than some threshold [101]. On the other hand, at
smaller values of xV, one finds more-weakly segregated structures of larger periodic-
ity, and a trend towards unbinding of swollen phases. The stability region of ordered
phases shrinks as x/V decreases. Additional homopolymer with values of & between
0.3 and 1.0, is able to induce microphase ordering, such that blends may be ordered
even if the pure diblock melt is not, and ternary mixtures may be ordered even if the

binary blend is not.

Our calculations do not include the effect of fluctuations. Although composition
fluctuations are in general strongly suppressed in polymer melts, they are of impor-
tance close to a critical point, such as that in Figure 4.7, and will drive the system
to a weakly discontinuous transition [61]. However, for most of the parameter space
considered here, defects in the spatial ordering will be important. Electron micro-
graphs [99, 104] of homopolymer-swollen, ordered, microphases reveal a fair degree
of disorder, e.g. large amplitude undulations of lamellar phases. This agrees with
our result that for strongly swollen microphases, the minimum of the free energy as a
function of the repeat distance becomes extremely shallow. It is likely that the system
can lower its free energy by making a first-order transition to disordered micellar or
bicontinuous phases as suggested in [145]. Such disordered phases which still contain
much structure are not described well by mean-field theory. The occurrence of such a
first-order transition, preempting the unbinding transition, would be in accord with

the experimental situation in highly swollen amphiphilic systems [85].
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4.1.8 Summary

We summarize our main results for the phase behavior of approximately symmetric

diblock copolymers, blended with corresponding homopolymers of varying length.

(1.) Homopolymers longer than the diblock (@ > 1) are expelled from the ordered
phases. This is due to the loss of configurational entropy that they would suffer were
they confined to the microstructure. Large regions of coexistence, between an ordered

phase and a disordered one which contains most of the homopolymer, are formed.

(2.) Homopolymers shorter than the diblock enter the brush formed by it, leading

to phases characterized by increasing mean curvature of the internal interfaces.

(3.) Homopolymers that are slightly shorter or comparable to the diblock (0.5 <
a < 1.0) can swell the microphase indefinitely, leading to a complete unbinding
transition within mean field theory. We expect thermal fluctuations to destroy a
strongly swollen phase and bring about a weak, first-order transition to a disordered

phase.

(4.) Short homopolymers (0.25 < a < 0.5) swell the microstructure, but because
of the substantial entropy they gain upon distributing themselves randomly, they
cause the unbinding to be preempted by discontinuous transitions. As homopolymers
of this length enter cylindrical and spherical structures and relieve stress incurred on

the inside of the copolymer layer, they have an ordering effect on the ternary blend.

(5.) Very short homopolymers (a < 0.25) tend to disorder any microphase, since
their gain in translational entropy outweighs the enthalpic penalty due to the in-

creased number of A, B contacts.

(6.) For f close to 0.5 and « not very different from 1, increasing f and decreasing

aa/ap have comparable effects on the overall shape of the phase diagram.
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4.1.4 Conclusions

We have considered the phase behavior of ternary blends of symmetric and almost
symmetric AB-diblock copolymers with corresponding A- and B-homopolymers at all
compositions. We find that, depending mainly on the relative chain lengths and the
architecture of the diblock, a variety of different behaviors may be observed. Most of
these can be explained by “wet” brush/“dry” brush pictures [127, 128] and stretching
arguments [224]. Our results compare favorably with experimental studies of polymer
systems with roughly symmetric diblocks and comparable chain lengths [99, 14, 137].
Systems with one long and one shorter homopolymer (c.f. Figure 4.2, Figure 4.10, Fig-
ure 4.11 produce phase diagrams similar to the ones of water/oil/surfactant-mixtures
(e.g. c.f. Figures 37, 38 in [46]). Larson [121] has modeled the amphiphile in such
mixtures by a very short AB diblock copolymer, and the oil and water by single A and
B monomers. The model has been studied by extensive Monte Carlo simulations. It
is interesting to observe that with a4 = ag = 0.25, the phase diagram obtained [121]
with a symmetric diblock is very similar to our Figure 4.5 with a4 = ag = 0.3 even
though Larson considers extremely short chains of NV equal to eight. Furthermore the
large extent to which the ordered phases are swollen by homopolymer is comparable
in Larson’s model to that which we find. This indicates that the disordering effect of
fluctuations, present in the simulations but not in our self-consistent field treatment,
may not be as great as one would expect. In this connection, it would be desirable to
include micellar phases into the mean-field phase diagram, and to examine the effect

of such structured, yet disordered, phases on the stability of the lyotropic ones.
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4.2 Microphase Unbinding in the Symmetric System?

4.2.1 Introduction

The system of symmetric AB-diblock copolymer and A- and B-homopolymer, all
of the same index of polymerization, is perhaps the simplest ternary polymer blend
which undergoes microphase separation. Until recently, little attempt had been made
to determine what ordered phases it displays, or to map out its full phase diagram.
Earlier work on this system focused on the phase coexistence of disordered phases
only [21, 91], or on the interfacial activity of the diblock assembled between coexisting
unstructured bulk phases [126, 154, 250]. However, a recent Monte Carlo study
[185] obtained a cut through the full phase diagram along the isopleth, i.e. at equal
concentrations of A- and B-homopolymer. In addition to the homogeneous phases, the
diagram includes a disordered, but structured, microemulsion and a lamellar phase,
but no phases possessing hexagonal or cubic symmetry. It is the point of the present
section to show that within mean-field theory, the phase diagram has an unexpectedly
rich structure. Although ordered phases of higher symmetry are unstable in mean-
field theory just as in the simulations, three different lamellar phases exist, one being
symmetric, and two asymmetric. The symmetric one consists of roughly equidistant
copolymer monolayers, separating A- and B-rich regions. For lower overall copolymer
concentration, this phase becomes unstable with respect to the formation of two
coexisting phases of diblock bilayers in a homopolymer background. The asymmetric
lamellar phases undergo complete unbinding transitions as homopolymer is added,
but the symmetric one does not.

In a complete unbinding transition [169, 191, 136], added homopolymer swells
the lamellae, and the wavelength of the lamellar phase diverges. In this limit, the

system undergoes a transition to the disordered phase. At larger values of the incom-

2 The material of this section has been accepted for publication in Macromolecules
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patibility, the swelling does not increase without limit. Instead a lamellar phase of
finite wavelength coexists with the disordered phase. This change of behavior with
changing incompatibility can either be continuous [130], or first-order [135]. In the
latter case, a preunbinding line is expected, analogous to the prewetting line which
accompanies a first-order wetting transition [212]. Matsen demonstrated [145] within
mean-field theory that a complete unbinding occurs in the binary AB/A system at
small incompatibility, while at sufficiently large incompatibility it does not. It was
later shown that the transition between these regimes is first-order, and the preun-
binding line, at which two lamellar phases of different wavelength coexist, was located

[101).

In this paper we shall see that the complete unbinding transition of the lamellar
phase of AB bilayers in majority A homopolymer remains when their cores are slightly
swollen by minority B homopolymer. However when a sufficiently large concentration
of the latter is added, it forms the majority component of an asymmetric lamellar
phase with minority A within the cores. The two asymmetric lamellar phases coexist.
Near the isopleth, a symmetric lamellar phase exists only at sufficiently large diblock
concentrations. As the amount of diblock is reduced, this phase becomes unstable to
the two asymmetric lamellar phases before it can unbind. Only these asymmetrically
swollen lamellar phases eventually undergo complete unbinding. This result is in
accord with experimental observations [236] that ordered lamellar phases of bilayers
in very asymmetric mixtures extend to much lower concentrations of diblock than do
lamellar phases of monolayers in symmetric systems. These observations were very
recently explained within the context of a phenomenological curvature model which
also included the effect of van-der-Waals interactions and of thermal fluctuations
in the lamellar phase [218]. Our microscopic calculation indicates that the relative
stability of bilayer lamellar phases as compared to monolayer ones persists even when

van-der-Waals interactions and fluctuations are negligible.
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4.2.2 Phase Diagrams
4.2.2.1 Binary Blend

We employ the Gaussian chain model to describe the ternary mixture of symmetric
AB-diblock blended with A- and B-homopolymers. All components have the same
index of polymerization. We work in the grand canonical ensemble [146, 102] and
Section 3.2 and solve the mean-field equations in Fourier space [157] and Section
3.2.2. In addition to lamellar phases, we examine solutions of hexagonal symme-
try, but do not consider hexagonally perforated lamellar or cubic structures. The
phase diagram of the binary AB/A limit of the ternary system is shown in Figure
4.13. At strong segregation the lamellar phase (labeled L) can only be swollen to
a certain degree by additional homopolymer before phase separation occurs to an
almost pure homopolymer phase (denoted A). However, for values of N less than
xuN = 11.766, the lamellar phase can be swollen indefinitely. At the unbinding
line, indicated by dashes in Figure 4.13, the separation between the lamellar sheets
diverges, i.e. the wavenumber characterizing the lamellar phase vanishes continu-
ously, while the Fourier coefficients of the copolymer density profile remain non-zero.
The unbinding transition at xy N from bound to unbound lamellae along the lamel-
lar/disordered phase boundary is a first-order one, with a preunbinding line which
extends to a critical point at x,/N = 11.344 [101]. Along the preunbinding line,
two lamellar phases coexist, one of densely packed layers (L) and the other of layers
strongly swollen by A-homopolymer (L,4). In the strongly swollen L 4-phase, copoly-
mer rich bilayers (with the B-blocks on the inside) are separated from each other by
homopolymer-rich regions similar in composition to the A-phase at the unbinding
line.

The line of complete unbinding transitions extends to the Lifshitz critical point at
xLN = 8.0 [21]. There it meets a line of continuous transitions from the disordered

phase to a lamellar phase of non-zero wavenumber. These transitions are similar to
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Figure 4.13: Calculated phase diagram for the binary homopolymer/diblock system.
The incompatibility parameter N is shown versus the copolymer volume fraction
@¢. The disordered homopolymer phase is denoted A, the dense lamellar phase L,
and the swollen bilayer phase L4. The preunbinding critical point and the Lifshitz
point are shown with dots. The unbinding line is dashed, while Leibler’s line of
continuous transitions is shown solid. The arrow indicates the location of the first-
order unbinding transition, yyN.

those described by Leibler [125], in that the amplitude of all Fourier coefficients of the
copolymer density profile vanish continuously. Only at the Lifshitz point do both the

Fourier amplitudes and the wavenumber of the lamellar phase vanish simultaneously.

That the order/disorder transition is continuous for high copolymer concentra-
tion can be seen as follows: The order parameter which becomes critical at the
order/disorder transition is the difference between the local density difference of A-

and B-monomers and the average value of this difference. We let (... ) denote thermal
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averages, and subscripts HA, CA, and A denote A-homopolymer, A-copolymer and

total A-monomer density, respectively. Then the local order parameter is:

1 =[pa — {pa)l — [pB — (¥8)]
= [(¢ra — (pra)) + (pca — flec))] — [(vrs — (wuB)) + (e — (1 — f){pc))] -

For f = 1/2 this order parameter is odd under interchange of the labels A and B,
indicating the absence of any odd power of 5 from the Landau expansion of the
free energy, suggesting that the transition is second order for all compositions, in

agreement with numerical results.

4.2.2.2 Balanced Ternary Blend

The behavior found on the isopleth, i.e. for equal amounts of A- and B-homopolymer
in the system, is shown in Figure 4.14. For large values of xN (i.e. for YN > x*N =
11.222), the lamellar phase can only be swollen to a certain extent before additional
homopolymer phase separates from the microstructure. Since the homopolymers are
immiscible for values of x NV greater than 2.0, a three-phase region is formed at which
the symmetric lamellar phase coexists with the A-rich and B-rich disordered phases.
For values of x /V less than x*N, there is no phase coexistence between the ordered and
the disordered phases anymore. However, the two-phase coexistence of the A + B
disordered phases now extends across the unbinding line into the lamellar region:
the formation of sheet-like micelles (bilayers) does not make the prevalently A- or
B-rich phases miscible. Instead, for sufficiently low copolymer concentration, phase
separation into two lamellar phases (L 4+ L) occurs. The three-phase region between
the symmetric lamellar phase and the A- and B-rich ordered, asymmetric lamellar
phases persists for x*N > xN > xrN. This three-phase coexistence region ends
at a tricritical point at /N = 10.627. For xN less than this, the two asymmetric
lamellar phases merge along a line of critical points at which they form the symmetric

lamellar phase. We have numerical difficulties in following this consolute line, but
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Figure 4.14: Calculated phase diagram for the balanced system, containing equal
amount of A- and B-homopolymer. The notation is the same as that of 4.13. The
one-phase disordered region is denoted “dis”. The consolute line of the asymmetric
bilayer phases L4 and Lpg, shown dotted, is schematic. The arrows indicate the
locations of the unbinding transition, x*N and of the multicritical Lifshitz point,
xmN.
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it is reasonable to presume that it extends to the Lifshitz multicritical point[21, 91]
at xm N = 6.0. At this point the following critical lines meet: the above-mentioned
consolute line of lamellar phases; the consolute line of disordered phases; two lines of
Lifshitz points which originate on the binary side [21] and which separate the sheets
of Leibler transitions from the sheets of complete unbinding transitions; two lines of
critical-end points at which the sheets of complete unbinding transitions intersect the

first-order sheet separating A-rich and B-rich phases.

4.2.2.3 Full Ternary Phase Diagrams

We can now construct the full ternary phase diagrams at all values of yN. To
clarify the behavior, we present a sequence of schematic drawings (not to scale) in
Figure 4.15, whereas the results of the numerical computation are given in Figure
4.16 through Figure 4.18.

At large incompatibilities, Figure 4.15a and Figure 4.16 , there are only three
phases: the dense lamellar phase, and the A- and B-rich disordered phases. They can
coexist. Note the very low miscibility of the pure homopolymers in Figure 4.16.

When x N is decreased to a value slightly below that of the unbinding transition
on the binary side, xyN > xN > XN, as in Figure 4.15b and Figure 4.17, the addi-
tion of B homopolymer to the binary AB/A-system not only extends the unbinding
transition into the interior of the three-component diagram, but also the preunbind-
ing region in which the symmetric lamellar phase coexists with the asymmetric A-rich
lamellar phase. Note that the repeat distance of the L4 phase, coexisting with the
dense L phase, increases with the amount of B-homopolymer added. Three-phase
coexistence is still between the symmetric lamellar and A-rich and B-rich disordered
phases as long as xV is larger than a certain value y*N.

At this value x*N = 11.222, Figure 4.15c, the nature of the three-phase coexis-
tence changes. For values of x N less than x*N, (c.f. Figure 4.15d and Figure 4.18),

three-phase coexistence is between a dense lamellar phase L and two asymmetrically
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Figure 4.15: Schematic drawings of the left-hand side of the full ternary phase diagram
for various values of yN.
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Figure 4.16: Calculated phase diagram for x N = 12.5, above the unbinding transition
on the binary side.

swollen bilayer phases (L4 and Lg). Adjacent to the three-phase triangle are two-
phase regions along which different lamellar phases coexist. The regions of L 4+ L4
and L + Lpg coexistence are clearly seen to be preunbinding regions. Note in particu-
lar the coexistence of two asymmetric, swollen lamellar phases, below the base of the

three-phase triangle.

As xN is reduced still further, three-phase coexistence vanishes at a tricritical

point at xrN = 10.629. At smaller incompatibilities, the two asymmetric lamellar
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Figure 4.17: Calculated phase diagram for xN = 11.5. The lamellar phase unbinds
along the binary sides, but not on the isopleth.

phases merge continuously at a consolute line. For values of x N < 10.49, we encounter
an order/disorder transition at high copolymer concentration. This transition, first
described by Leibler [125] for the pure diblock melt, is continuous in mean field theory
presumably at all compositions. There is, therefore, an entire sheet of continuous
transitions separating the disordered phase from a lamellar phase of non-zero wave

vector.

As the incompatibility is reduced even more, the disordered region extends further
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Figure 4.18: Calculated phase diagram for x/N = 11.0. Three-phase coexistence
between the symmetric lamellar, L and two disordered phases, A, B, has been replaced
by one between the symmetric lamellar and two asymmetric lamellar phases, L4, Lp.
The region of three-phase coexistence is shaded. Extrapolated phase boundaries are
shown with dashes.

down the binary sides to lower diblock concentrations. A lamellar phase remains on
the binary side and unbinds into the A-rich disordered phase at still lower composi-
tions. At xN = x N = 8.0, Figure 4.15¢, the lamellar phase just detaches from the
binary side, and the sheet of Leibler transitions meets the sheet of complete unbinding

transitions there at a Lifshitz point [21].
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At still smaller values of xN, the stability region of the lamellar phase detaches
completely from the binary sides, forming an island in the center of the phase diagram
(Figure 4.15f). At the multicritical Lifshitz point, xps/N = 6.0, this island vanishes,

leaving just the coexistence region of the immiscible, disordered homopolymer phases.

4.2.8 Discussion

To discuss this phase behavior, it is useful to consider the interactions between the
internal interfaces in the lamellar phase. The cost of creating an interface increases
with the magnitude of the density difference across it. In a lamellar phase, there is
an overall attraction between neighboring layers, since the presence of the adjacent
interfaces prevents the density difference across each one from attaining the value
across an isolated interface. As the density difference across the interfaces increases
with the degree of segregation, this attraction grows with xyN. At short distances, an
elastic repulsion due to the compression of the copolymers forming the layer stabilizes
the lamellae at a non-zero separation.

For large values of xN, the attraction is strong enough to outweigh the entropic
penalty of phase separation: It is more favorable for added homopolymer to phase
separate from a dense lamellar phase than to swell it. The same mechanism prevents
the formation of a symmetrically swollen phase on the isopleth for yN < x*N: in a
symmetrically swollen lamellar phase, each pair of interfaces is well separated, whereas
in the bilayer phases L4 and Lpg, only every second pair of interfaces is separated,
while the interfaces forming each bilayer are close to each other. The binding energy
gained hereby compensates the entropy loss of phase separation.

This instability of the symmetric lamellar phase to the asymmetric ones, clearly
seen in Figure 4.18, is in good agreement with experimental observations in ternary
systems containing short-chain amphiphiles [236]. The major difference between our
Figure 4.18 and experiment is that a disordered microemulsion phase is found to be

stable in the region in which mean-field theory predicts a metastable ordered phase.
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The reason for this discrepancy is that our mean-field calculation ignores fluctuations
which favor the disordered microemulsion phase [67].

There are several other effects of fluctuations which will also alter the results ob-
tained by mean-field theory. One knows that they introduce a repulsive interaction
between bilayers [87], causing them to unbind more easily than in mean-field the-
ory. However the orientational order of the lamellae cannot be sustained when the
lamellar spacing exceeds the persistence length of the bilayer [34], with the conse-
quence that the unbinding transition is expected to be pre-empted by a first order
transition to a disordered, but structured, sponge phase [66, 181]. It is also known
that the continuous transition from the disordered phase to the lamellar phase of
non-zero wavenumber is driven first-order by fluctuations [20, 61]. Finally, fluctua-
tions can eliminate the entire coexistence region between asymmetric lamellar phases
because the difference in energy between them and the symmetric lamellar phase is
so small (c.f. Section 3.2.2). This is almost certainly the case in the simulation of
relatively short-chain polymers [185]. Nonetheless one expects to observe in ternary
polymer blends asymmetric lamellar phases which are stable to much smaller diblock

concentrations than are symmetric ones.

4.3 Chain Length and Temperature Dependence in the Binary System?®

4.3.1 Introduction

Systems containing block copolymers are fascinating objects because of the ability
of the copolymer to bring about a variety of structured, ordered or partially ordered
morphologies. As shown by Leibler [125], in mean field theory the phase diagram
is given by the fraction f of the chain being of type A, and xN, the product of
the dimensionless interaction parameter y between A- and B-monomers, and the

total number of segments N per chain. For roughly symmetric copolymers, flat

3 The material in this section has been submitted for possible publication in Macromolecules.
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lamellae are formed, for more asymmetric diblocks, we find hexagonally arranged
cylinders and finally spheres on a body-centered-cubic lattice. Between the lamellar
and the hexagonal phases there is at intermediate segregation a narrow region of
the bicontinuous gyroid phase (space group Ia3d). The order/disorder transition is
continuous for f = 0.5, first-order otherwise. The mean field phase diagram for this
system [157, 151] has been worked out, and is in general agreement with experiments
[18]. Fluctuations affect mainly the behavior in the weak segregation limit. The
critical point is destroyed, and the order/disorder transition is driven first-order for
all f [61].

Blends of AB-diblock with A- or B-copolymer are more complicated. First of all,
for each homopolymer blended with the diblock, there are two additional independent
variables, namely the volume fraction of the homopolymer ¢ and the chain length ra-
tio @ = N4/N4p. Mapping out the entire parameter space for homopolymer/diblock
blends is clearly infeasible, one has to make some representative cuts through the
parameter space.

A second complication arises in considering blends, since two new features, absent
in a one-component system, may occur. On the one hand, the blend may macrophase
separate, so that we have two or more coexisting phases, each of which may be mi-
crostructured. On the other hand, added homopolymer may swell the microstructure
without disordering it or phase separating from it. In the extreme case this swelling
can continue indefinitely, giving rise to a complete unbinding transition in which
the wave vector of the ordered phase approaches zero continuously with increasing
homopolymer concentration.

These transitions are governed by two mechanisms specific to blends, namely
the interactions of the interfaces separating microdomains, and the varying ability
of homopolymers of different length to swell the brush formed by the copolymers
straddling the interfaces. These mechanisms exist in addition to the chain stretching

and interfacial contributions to the free energy already present in the pure diblock
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system [152]. In the weak to intermediate segregation regime, the balance between
these forces is a subtle one, with hard to predict consequences. In particular, it is
virtually impossible to predict reliably even the general topology of the phase diagram
for a given set of architectural parameters. For these reasons it seemed necessary to
compile a representative catalogue of phase diagrams, both to investigate the general

trends in the expected behavior and as a guide for experiments.

In a previous section (c.f. Section 4.1), we have studied the chain length depen-
dence of the phase diagram for a symmetric AB-diblock, blended with corresponding
A- and B-homopolymers by systematically varying the relative chain lengths at fixed
xN = 11.0. The surprisingly intricate microphase behavior in the “symmetric sys-
tem”, consisting of a symmetric diblock and two corresponding homopolymers, all
three components being of equal length was also investigated (c.f. Section 4.2). Up
to three different lamellar phases are found in mean field theory. The unbinding
behavior, including two lines of Lifshitz critical points, was mapped out at all compo-
sitions of the ternary blend, and for several values of x/N. In the present section, we
complete this study of blends containing symmetric copolymer by calculating mean
field phase diagrams for blends containing a symmetric AB-diblock blended with A-
homopolymer. We vary the chain length of the homopolymer from « = 0.1 to a = 1.5,
and consider values of x NV from the order/disorder transition up to YN = 17.5. We
present and discuss our results in the following section. As compared to the ternary
system [99, 79, 240, 137], experiments on binary homopolymer/diblock blends are
relatively numerous [113, 83, 241, 240, 82, 115, 116, 256, 255, 258, 257, 265, 206, 193,
104, 41]. We are therefore able to compare our phase diagrams with experimental re-
sults, and will make some assertions on the outcome of future experiments. Available
are also results from Monte Carlo simulations of short chain amphiphiles [121] and
a fluctuation calculation [110] based on the Fredrickson-Helfand method [61], with
which to compare our results. We conclude by summarizing the general trends we

found.
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4.3.2 Results

We employ the standard Gaussian chain model [43] and solve the mean field equa-
tions in Fourier space [157] in the semi-grand canonical ensemble [146]. We plot our
phase diagrams in terms of the volume fraction ¢ of the copolymer and the effec-
tive interaction parameter xN, where N = N4p is the number of segments in the
copolymer chain. All our diagrams are for a diblock with A- and B-block of equal
length (i.e. f = 0.5), but we change the relative chain length of the A-homopolymer,
a = N4y/Nup from @ = 0.1 in Figure 4.19 to a = 1.5 in Figure 4.32. We consider
only the three classical phases: sheetlike lamellae (LAM), hexagonally arranged cylin-
ders (HEX) and spherical micelles on a body-centered-cubic lattice (BCC), besides

homogeneous phase (DIS).

In Figure 4.19 and Figure 4.20, showing the phase diagrams for blends containing
homopolymers shorter than a quarter the length of the diblock (i.e. & < 0.25). This
was noted previously [21] to be the threshold for which homopolymers have a disor-
dering effect on any microstructure present. We see clearly that the transition to an
ordered structure occurs at higher values of N as more homopolymer is added. This
is due to the relatively large entropy of mixing that these short chain molecules gain
by distributing themselves randomly. A similar effect was also observed in ternary
systems containing homopolymers of this length [102]. Since the homopolymers are
shorter than the diblock, they enter the brushes formed by the copolymer at the in-
ternal interfaces and bring about transitions to phases characterized by non-vanishing

mean curvature of the interfaces.

In Figure 4.21 and Figure 4.22 the homopolymers are now longer than a = 0.25.
Consequentially the spinodal for microphase separation has positive slope at Leibler’s
critical point at x N = 10.495, ¢ = 1.0, i.e. adding small amounts of homopolymer to
the diblock initially lowers the value of N at which ordered phases become stable.

Since for low copolymer concentration any microphase will eventually dissolve, the
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Figure 4.19: Phase diagram for a symmetric AB-diblock of N monomers. The copoly-
mer volume fraction is denoted ¢, the Flory-Huggins parameter by x. The ratio of
the chain lengths o = N4/N is a = 0.1. The order/disorder transition for the pure
diblock at x N = 10.495 is continuous, all other transitions are first-order. The lamel-
lar phase is denoted LAM, the phase of hexagonally arranged cylinders HEX, and the
phase of spherical micelles on a body-centered-cubic lattice by BCC. The disordered
DIS phase is assumed homogeneous. Regions of two phase coexistence are unlabeled.
Notice how the order/disorder transition occurs at larger values of YN as homopoly-
mer is added. This disordering effect is due to the large entropy of mixing of such
short chains.

regions of phase coexistence must have a lower extremal point at finite homopolymer
concentration. In the present, case these points are not critical points, but “points of
equal concentration” [119], where the mixture forms an azeotrop.

If we make the homopolymer even longer (¢ > 0.5), a new feature occurs: a

continuous transition from the ordered to the disordered state at high homopolymer
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Figure 4.20: As Figure 4.19, but with @ = 0.1. Notice that the homopolymer still
has a disordering effect, but much less so than in Figure 4.19.

concentration. As homopolymer is added, the periodicity of the ordered phase in-
creases without bounds, leading to a complete unbinding of the mesophase into the
disordered phase without encountering a region of phase coexistence. Surprisingly,
only the lamellar and hexagonal phases undergo an unbinding transition, but not the
body-centered-cubic phase. For a@ > 0.5, we find the BCC phase stable for weak
segregation, being replaced by a hexagonal phase for increasing x N. This can easily
be understood: the relatively short homopolymers enter the spherical micelles mak-
ing up the body-centered-cubic lattice and relieve stretching stress experienced by
the symmetric diblocks straddling the curved interface of the spheres. However, this

increases the number of unfavorable AB-contacts and becomes more costly as xN is
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Figure 4.21: As Figure 4.19, but with a = 0.3. The order/disorder transition occurs
first at ¢ & 0.8, i.e. for lower values of x N than for the pure diblock. This ordering
effect of the homopolymer is due to its ability to enter the microstructure and relieve
stress. All transitions, except the order/disorder transition for the pure diblock are
first-order. The minimum of the coexistence curves are azeotropical points.

increased. The homopolymers become less efficient in reducing stress as they become
longer. Consequentially, we find that the transition to the hexagonal phase occurs for
lower values of x N as the homopolymers length increases (c.f. Figure 4.23 through
Figure 4.27).

For a = 0.5 and a = 0.6, the phase diagram exhibits another unexpected feature:
a region of coexistence between two BCC phases, differing in their homopolymer
content. Phase coexistence between ordered phases differing in their repeat distances

have been discussed before [101, 103], but only for lamellar phases. In the present
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Figure 4.22: Binary phase diagram with = 0.4. Notice the degree by which the
order/disorder transition is shifted from the pure copolymer value.

case, these coexistence regions end at critical points, where the two BCC phases
become indistinguishable. There is no BCC/BCC phase coexistence for a < 0.4 or
for @ > 0.9 (and probably none for @ > 0.7 either, we are currently unable to evaluate
the free energy here to the desired degree of accuracy). Consequentially there is a
finite line of critical points in the region 0.4 < a < 0.9(0.7). It presumably ends
in critical end points, coexisting with a hexagonal phase, although a scenario seems
also possible in which the critical end point coexists with both a disordered and a

hexagonal phase.

For a > 0.8 (Figure 4.26) the homopolymers phase separate from the lamellar
microphase at high x NV, without entering the brushes at the internal interfaces. (The
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Figure 4.23: Binary phase diagram with o = 0.5. The unbinding line, at which the
periodicity of the hexagonal phase becomes infinite is indicated by a dot-dashed line.
Notice the BCC/BCC phase coexistence for low copolymer content. Dashes indicate
extrapolated phase boundaries.

same trend is clearly visible in Figure 4.25.) The lamellar/disordered phase coexis-
tence region ends in a degenerate three phase coexistence between the lamellar and
disordered phase, coexisting with an infinitely swollen hexagonal phase. This three
phase coexistence marks the maximum value of y N at which microphase unbinding
can occur. As o grows, the region of LAM/DIS phase coexistence extends towards
smaller values of x N, indicating that the ability of the homopolymer to swell the
mesophase decreases as a becomes greater than 0.7, since homopolymer chains com-
parable in length to the microdomain spacing loose too much configurational entropy

when being confined to the microstructure.
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Figure 4.24: Binary phase diagram with a = 0.6. Notice that the BCC/BCC phase
coexistence region has shrunk as compared to Figure 4.23. The notation is the same
as in Figure 4.23.

As the length of the homopolymer approaches the length of the diblock, all ordered
phases except the lamellar one disappear. In Figure 4.28, showing the phase diagram
for a = 1.0, only the lamellar phase remains and the unbinding line, where the
lamellar spacing becomes infinite, extends all the way from the LAM/DIS phase
coexistence to the Lifshitz point at xN =8.0, ¢ = 0.5 [21].

As x N is lowered, the lamellar phase undergoes a first-order unbinding transi-
tion, as is clearly indicated by the preunbinding region, where two lamellar phases
of different spacing coexist. The preunbinding region ends at a critical point [101].

The way the other ordered phases disappear in the narrow region 0.9 < a < 1.0 is
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Figure 4.25: Binary phase diagram with o = 0.7. The BCC/BCC phase coexistence
has vanished. Notation is that of Figure 4.23.

presumably as follows: As o becomes greater that 0.9, a narrow channel of lamellar
phase opens up between the lamellar/disordered coexistence and the hexagonal re-
gion. This lamellar phase undergoes a complete unbinding as homopolymer is added.
As a approaches 1.0, this channel widens, while the region of hexagonal and body-
centered-cubic phases shrink and are shifted towards lower values of yN. At o = 1.0
they have collapsed completely, and the transition from the disordered to the lamellar

state takes continuously place on the spinodal for ¢ > 0.5.

As o becomes greater than 1.0, the Lifshitz point is preempted by a disor-
der/disorder phase coexistence for low values of xN, ending in an ordinary (Ising)

critical point. The order/disorder transition for high copolymer concentration is
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Figure 4.26: Binary phase diagram with a = 0.8. Notice the large two phase region
between the lamellar phase and an almost pure homopolymer phase. Extrapolated
phase boundaries are indicated by dashes. The notation is that of Figure 4.23.

presumably still continuous (c.f. Section 4.2.2.1), and a narrow channel of lamellar
unbinding remains for o = 1.05 (Figure 4.29), between the disorder/disorder phase
coexistence for weak and the lamellar/disorder coexistence for strong segregation.
Notice that the unbinding transition is critical for the former, but first-order for the

latter.

The channel of complete lamellar unbinding closes rapidly, for & = 1.1, the lamel-
lar phase is bound at all temperatures (Figure 4.30), although the signature of the
nearby unbinding transition is still visible in the non-monotonic behavior of the com-

position and periodicity of the lamellar phase in coexistence with the disordered one.
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Figure 4.27: Binary phase diagram with a« = 0.9. Notice how much the lamel-
lar/disordered phase coexistence extends further down, as compared to Figure 4.26.

As a moves further away from 1.0, this effect diminishes (Figure 4.31), and at
a = 1.5 (Figure 4.32) the periodicity of the lamellar phase on the phase coexistence
with the disordered phase is monotonic in x/V, although there is still the slightest

trace of the unbinding transition in the composition.

4.8.8 Discussion

There has been a large number of experiments on diblocks blended with a homopoly-
mer [113, 83, 241, 240, 82, 115, 116, 256, 255, 258, 257, 265, 206, 193, 104, 41]. Here,
we will focus on those [256, 255, 258, 257, 83, 240, 241, 115, 116, 41, 104, 138], that
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Figure 4.28: Binary phase diagram with a = 1.0. The ordered phases, except for
the lamellar phase have disappeared, the order/disorder transition is continuous for
v > 0.5. The Lifshitz point at ¢ = 0.5, xN = 8.0 is indicated by a dot, as is the
critical point of the preunbinding region. After [103].

specifically address microphase behavior in systems containing a symmetric (f = 0.5)
diblock.

One serious difficulty in comparing calculated phase diagrams with experiments
is the proper identification of the Flory-Huggins parameter x. Various values are
reported in the literature [242, 9]. Hashimoto and coworkers [242] find for a blend
of poly-styrene- block-poly-isoprene with poly-styrene homopolymer a very strong de-
pendence not just on temperature, but also on ¢ and on a. Furthermore, the change
with « is not even monotonic. We will therefore not try to identify a specific value

of xN for a given experiment, but just distinguish between strong, intermediate, and
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Figure 4.29: Binary phase diagram with a = 1.05. The order/disorder transition is
still continuous for high copolymer content. In the weak segregation limit, there is a
phase coexistence between different disordered phases. Notice the narrow channel of
lamellar unbinding.

weak segregation regime.

Experiments for very short homopolymers (a < 0.25) usually show good agree-
ment with our calculations. Reports by two different groups [255, 257, 83, 240] on
homopolymers with o = 0.07 and & = 0.125 find the ordered phases stable at com-
positions where they are stable in our phase diagrams for intermediate segregation
(i.e. xN > 15...20). Particular noteworthy is that the order is retained for fairly
high dilution (up to ¢ = 0.2) [240], while for ¢ < 0.2 the body-centered-cubic crystal
melts and is replaced by a disordered micellar solution [257]. A recent fluctuation

calculation [110], using the Fredrickson-Helfand approach [61], shows a phase diagram
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Figure 4.30: Binary phase diagram with a = 1.1. The channel of lamellar unbind-
ing has closed, although its signature is still visible in the strongly non-monotonic
behavior of the phase boundary.

for a = 0.1, which is very similar to our Figure 4.19. Fluctuations destroy Leibler’s
critical point at ¢ =1 and open up a channel of direct transitions from the lamellar
to the disordered phase at high copolymer content. The stability region of the BCC
phase is also reduced by fluctuations, so that the BCC phase occurs only at higher

segregation and for lower value of ¢ than in mean field theory.

In the range 0.25 < & < 0.5, homopolymers with o =~ 0.25 and « ~ 0.3 have been
studied [83, 255, 257]. Again, the ordered phases are observed at those compositions
where we find them stable. Winey et. al. [258] also report a complex phase, allegedly
of ordered bicontinuous double diamond symmetry (OBDD, space group Pn3m) in
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Figure 4.31: Binary phase diagram with @ = 1.2. The non-monotonic behavior of
the lamellar phase boundary is still clearly visible.

the composition range ¢ = 0.66...0.7. Since we consider only the classical phases
in this work, we cannot comment on the stability of the OBDD phase in this region,
as compared to the gyroid phase (space group Ia3d), which is often found in am-
phiphilic systems (70, 157, 71, 121]. The stability region of the ordered phases seems
to be smaller for a > 0.25 than for blends containing shorter homopolymers: for
¢ < 0.4, one finds a disordered micellar fluid [257], presumably of spherical micelles.
This would mean that the entire region of BCC phase in Figure 4.21 and Figure 4.22
has been destroyed by fluctuations. A similar result was found in a Monte Carlo
simulation for short chain surfactants with & = 0.25 {121]. The entire region of BCC

phase is replaced by a disordered phase while the LAM and HEX phases are found
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Figure 4.32: Binary phase diagram with a = 1.5. Only the slightest trace remains
of the unbinding transition in the non-monotonic behavior of the lamellar phase
boundary. The maximum wave length to which the lamellar phase can be swollen
before macrophase separation occurs increases monotonically with x/V.

at essentially the same compositions as in Figure 4.20. Krieghorn and Muthuku-
mar find a large region of HEX/DIS phase coexistence in the weak segregation limit
(xN < 13.0), which is replaced by LAM/DIS coexistence for x N > 13.0. This result,
which is not in accord with neither experiment, nor the full mean field treatment
used here, certainly signifies the breakdown of their approach, which is based on a
Landau expansion around the uniform state [155]. Additionally, their description of
the ordered phase by the first harmonic only, prevents them from finding strongly
swollen phases, which are characterized by two very different length scales.

As the length of the homopolymer approaches the length of the diblock (0.5 <
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a < 1.0), the experimental situation seems less clear. Although ordered phases are
observed only for relatively large copolymer concentration in most studies (¢ > 0.5 for
o =2 0.5 [83, 255, 41, 104] or ¢ > 0.7 for @ ~ 0.7 [257]), Hashimoto and coworkers [116]
report for a system with a & 0.6 a phase of strongly undulating layers, but clearly with
lamellar order, for copolymer concentration as low as ¢ = 0.2! This is reminiscent
of the situation found in short-chain amphiphiles [237], where undulations stabilize
the lamellar phase [87] and allow it to be swollen to an extreme degree. In parallel
to surfactant systems, other ordered phases do not occupy large regions of the phase
diagram [41, 104] and in particular do not exist for high homopolymer concentration.
Instead, the blend forms a disordered micellar fluid phase for ¢ < 0.7 [257] or ¢ < 0.5
[41]. The transition to the regime of strongly swollen layers, as observed by Hashimoto
and coworkers [116], may be achieved by changing the temperature in surfactant
systems [237], or the effective interaction parameter XN in polymer blends [101]. An
experimental temperature/composition diagram would be very interesting to test this
prediction.

Comparison of the experimental results with our calculated phase diagrams leads
to the conclusion that large-scale form fluctuations, which are ignored in our current
approach, are extremely important for blends with 0.5 < & < 1.0. The body-centered-
cubic phase is probably wiped out entirely, as is the strongly swollen hexagonal phase.
Both are replaced by disordered micellar phases. For a specific. probably narrow,
range of external parameters, an undulation stabilized lamellar phase extends to
low copolymer concentrations. (Notice that flat interfaces are stable with respect to
capillary waves, while cylindrical interfaces are not [209]).

Finally, for blends with a > 1.0, experiments find a lamellar phase [104, 115},
and phase separation for ¢ < 0.85 [104], in general agreement with our calculations.
Interesting in particular is the behavior of the lamellar wave length with homopolymer
concentration. Initially, the lamellar spacing grows linearly as homopolymer is added,

but then levels of and remains constant, signifying that additional homopolymer does
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not enter the microstructure, but macrophase separates from it [104].

One publication [138], produces a temperature/composition phase diagram for a
system with a ~ 1.0. The lamellar phase is stable for ¢ > 0.8 at all temperatures,
for high temperatures (weak segregation) it goes over into a disordered micellar fluid
for ¢ < 0.8, for lower temperatures (strong segregation), it is in phase coexistence
with an almost pure homopolymer phase. Interestingly, at the transition from one
regime to the other, the lamellar phase extends to very low copolymer concentration
(p = 0.3). Although the identification of the lamellar phase does not seem entirely
unambiguous from the micrographs provided in [138], this still seems similar to the
behavior shown in Figure 4.28 and Figure 4.29. In the weak segregation limit, the
ordered phase is destroyed by fluctuations and replaced by a micellar fluid, but there
remains a channel of strongly swollen lamellae at the junction of the weak and the
strong segregation regime. A close investigation of this effect, for a very close to
one, would be most interesting. Particular care certainly has to be taken to avoid
metastability effects: Hashimoto and coworkers [115] report a strong dependence of

the domain size on the speed of the solvent casting process.

4.3.4 Summary

We will briefly summarize our results for systems of a symmetric AB-diblock, blended
with a homopolymer of any length. The topology of the phase diagram is mainly
determined by the ratio of the numbers of segments per chain @ = Ny/Nyp. In

particular, we find:

1. a < 0.25: Homopolymers shorter than a quarter the size of the copolymer tend
to enter the brushes formed by the diblock at the internal interfaces and bring
about transitions to phases characterized by curved internal interfaces. Because
the homopolymers are short, they gain so much entropy of mixing by distribut-

ing themselves uniformly that they tend to disorder any ordered microstructure.
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As a consequence, the value of YNV at the order/disorder transition rises as the

homopolymer volume fraction is increased.

0.25 < @ < 0.5: Homopolymers of this length tend to bring about order, the
value of YN at which the system orders, initially falls with increasing homopoly-
mer content. The reason is the ability of the short homopolymer to enter the
cores of the self-assembled aggregates and relieve stretching stress, despite the
fact that this increases the number of AB-contacts. In mean field theory, or-
dered phases extend to very low diblock content (less than 0.1 volume fraction),

even for quite modest values of the interaction parameter.

- 0.5 < @ < 0.75: For intermediate segregation, the hexagonally ordered phase

can be swollen infinitely by adding homopolymer of this length, leading to
a complete unbinding transitions of the ordered phase. Consequentially, the
transition to the disordered state is continuous at low copolymer content. The

body-centered-cubic phase does not unbind.

0.75 < @ < 1.0: If the length of the homopolymer approaches the length of
the diblock, the ability of the homopolymer to swell the diblock brushes at the
internal interfaces is reduced. For intermediate segregation, it is unfavorable for
the homopolymer to enter the brushes, instead it is expelled from the lamellar
phase, and the blend phase separates into a diblock rich phase with lamellar

order and an almost pure homopolymer phase, which is disordered.

. 1.0 £ a: Homopolymers longer than the diblock are unable to swell the diblock

brushes at any segregation, the only ordered phase occurring is the lamellar
one. Since long homopolymers, confined to microdomains of the lamellar phase
would loose configurational entropy, the homopolymer readily phase separates

from the diblock. The order/disorder transition for high copolymer content



139

is continuous in mean field theory. For weak segregation and homopolymers
only slightly longer than the copolymer, mean field theory predicts a channel
of complete lamellar unbinding, as homopolymer is added. Even for longer
homopolymers, the periodicity of the lamellar phase coexisting with the dis-
ordered phase displays a non-monotonic behavior with xN. A Lifshitz point
is predicted within mean field theory only for the system with a = 1.0, and

lamellar unbinding occurs only for a very close to 1.0.

With this classification of possible behaviors in mind, we will review the experimental

situation, and will point out open questions:

1.

o

o < 0.25: In the limit of very short homopolymer chains, there is very good
agreement between our calculations and experimental results (255, 257, 83, 240].
It would be interesting to see, however, whether the rise of the order/disorder
transitions segregation with homopolymer content can be observed experimen-

tally.

0.25 < a < 0.5: It does not seem clear at the moment whether the strongly
swollen ordered phases, containing less than 0.4 volume fraction of copolymer,
can be found in experiments. It seems possible that the ordered phase would

disorder at high dilution, forming e.g. a micellar fluid phase.

- 0.25 < a < 0.75: The predominant feature of the mean field phase diagrams

in this region is the unbinding of the hexagonal phase. Can it be found in
experiments, or do the cylinders break apart when their separation becomes

too large?

0.7 < @ < 1.0: Is the strong swelling of ordered morphologies observable

in these systems, or is the region of very strongly swollen phases wiped out
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by fluctuations affecting the order/disorder transition from below and by the

lamellar/disordered phase coexisting from above?

1.0 £ a: Extremely swollen lamellar phases have been observed in surfactant
systems [237, 236], it seems plausible that the should also exist in polymer
blends. Even when the predicted unbinding transition cannot be found ex-
perimentally, there should be a easily detectable signature of it, namely the
non-monotonic behavior with x/V of the wave vector of the lamellar phase in
coexistence with excess homopolymer. This should be visible despite the effect
of fluctuations, since it takes place far away from the order/disorder transition

and no extremely swollen phases are involved.



Chapter 5

SUMMARY AND OUTLOOK

Diblock copolymers are fascinating materials, combining the characteristics of am-
phiphiles and of flexible chain molecules. Systems containing copolymers can display
a variety of behaviors: micro- and macrophase separation, ordered and disordered ag-
gregates, simple and complex self-assembled phases, Lifshitz-, Leibler- and unbinding
transitions.

Despite some seminal work in the 1980s [125, 222], the general phase behavior of
even the pure diblock copolymer was only understood within the last few years. A
new formulation of the general flexible chain model (Section 2.2.2) in Fourier space
[157] allowed the calculation of essentially exact mean field phase diagrams for any
desired symmetry, without any arbitrary limitations, except those inherent in the
Gaussian model. Fluctuation corrections [61, 200] to the mean field theory can be
calculated and are well understood. A series of careful experiments [18, 151, 158]
tested the phase behavior of diblock copolymers on a variety of chemically and phys-
ically quite different systems. In general, the experimental and theoretical phase
diagrams have the same topology, in particular with respect to the symmetry and
location of complex phases. The most spectacular test certainly was the reevaluation
of samples previously misidentified as OBDD, after mean field theory predicted the
gyroid phase to be the stable one [71]. Quantitative comparison (to within 1%, say) of
the location of phase boundaries, however, is often difficult, because of the uncertain-
ties in translating theoretical parameters, (e.g. effective segment length, number of
independent links per chain, effective interaction strength) into physically measurable

quaantities.
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While the phase behavior of pure diblock copolymers is fairly well understood by
now, the situation for blends containing block copolymers is far less clear. First of
all, additional thermodynamic effects, like macrophase separation, microphase un-
binding and Lifshitz critical transitions, which are absent from pure substances,
can occur in multi-component systems. Furthermore, added homopolymer inter-
acts with the brushes formed by the diblocks straddling the internal interfaces of
the mesophases, leading to non-vanishing spontaneous curvature, even for symmetric
copolymers, and to non-trivial interactions between the self-assembled aggregates.
Despite numerous experiments on blends of diblocks with corresponding homopoly-
mers (113, 83, 241, 240, 82, 115, 116, 256, 255, 258, 257, 265, 206, 193, 104, 41] no
coherent picture of the general phase behavior of these systems has emerged. One
reason is the large parameter space of copolymer blends comprising, besides tem-
perature and composition, the architectural parameters of the constituents as well.
Without an understanding of the mechanisms governing the behavior, it is virtu-
ally impossible to find the right set of parameters for a given purpose. With some
insight, however, these additional degrees of freedom can turn polymer blends into
flexible and adjustable model systems that can be tailored to fit any particular ex-
perimental purpose, e.g. the study of specific effects, like the isotropic Lifshitz point
or unbinding transitions. The related microemulsion phases have even been proposed

as experimental realizations of gauge Higgs systems [98].

Another difficulty in developing an understanding of these compounds from ex-
periments alone is the interplay between various universal and system specific effects.
One cannot distinguish what is solely a fluctuation effect and what exists even in
mean field theory; what is a generic behavior and what stems from experimental
imperfections (such as polydispersity and conformational asymmetry). Another im-
portant question in polymer systems concerns possible non-equilibrium effects. The
tales of the misidentified HPL and gyroid phases demonstrates that the interpre-

tations of experiments on polymeric systems can be difficult even for experienced
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experimentalists, and that they can lead astray those without a solid understanding
of the underlying theory.

The present work addressed these questions. I present a complete catalogue of
mean field phase diagrams for all possible binary and ternary blends containing a
symmetric AB-diblock and corresponding A- and B-homopolymers. The method
utilized is free of arbitrary limitations except for the mean field approximation and the
choice of the Gaussian chain model. The latter is generally accepted to be an excellent
model for the universal behavior of flexible chains, while the former is a very good
approximation in polymer systems in the intermediate to strong segregation limit.
In particular, the method used here is not limited to phases with simple geometries
(compare e.g. [10]. Even phases as complex as the gyroid, or as asymmetric as
the extremely swollen phases can be treated. The theory is also not limited to the
case of weak segregation or small order parameter [125, 131, 38, 37]. Furthermore,
no constraint is made on the infinitely many configurations of the polymer chains
[222, 175], instead the single chain partition functions for each chain is solved exactly.

The phase diagrams presented in Chapter 4 provide a complete catalogue for
blends containing a symmetric diblock copolymer and corresponding homopolymer
of any degree of polymerization. In Section 4.1 we studied the effect of adding two
different homopolymers to a diblock copolymer at all compositions, for fixed temper-
ature. In Section 4.3, we studied the temperature dependence in a binary system,
again for all possible choices of chain length ratios. In Section 4.2, we investigated
at all compositions of the ternary blend and for the relevant temperature range, the
amazingly complex phase behavior in the “symmetric system”, in which all chains
are of equal length. From these very complex calculations, a final simple, coherent
and intuitive picture emerged.

The main factor influencing the topology of the phase diagram is the chain length
of the homopolymer, with very short homopolymers tending to disorder any ordered

morphology, while homopolymers shorter than or comparable in length to the copoly-
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mer induce order. Homopolymers longer than the diblock finally phase separate from
the mixture. In the intermediate segregation regime, and for homopolymers somewhat
shorter than the diblock, mean field theory predicts an unbinding of the microphase
upon addition of homopolymer: the wavelength of the ordered phase becomes infinite
and the system continuously transforms into the the disordered state. All these trends
can be understood in terms of the varying ability of the homopolymer to swell the
diblock brush formed at the internal interfaces and the changing “grafting density”
of this brush as temperature is varied.

This very simple and complete picture of the phase behavior of homopolymer/di-
block blends, and the mechanisms that govern it, can be cross checked with existing
experimental results. We find that our results agree with experiments for the limit of
very short or very long homopolymer chains. As far as experimental parameters can
be transcribed into our units, we find agreement is to within about 15 % (c.f. Section
4.3).

For intermediate chain lengths, the situation is less clear, mainly because experi-
mental results on such systems are lacking. We propose a series of future experiments
(Section 4.3.4) to investigate in particular the regime of strongly swollen microphases
and of the unbinding transition. It is now clear what choice of architectural param-
eters brings about a specific desired behavior. Moreover, with a clear understanding
of the mean field phase diagram, we can discern the possible effect of fluctuations.

The most surprising result of this work has certainly been the discovery of the
preunbinding behavior in swollen lamellar phases, and the characterization of the
sudden swelling with changing temperature of certain blends as first-order unbinding
transitions (Section 4.2). Although experimental verification of this result in poly-
meric systems is still lacking, this discovery has shed new light on the perplexing
behavior found in some closely related amphiphilic systems [67, 237, 236]. There, it
was found that a minute change in temperature could bring about a swelling of a

lamellar phase to a wavelength of about 30004, over one hundred times the diam-
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eter of an amphiphilic molecule! The experimental phase diagrams obtained there
are strikingly similar to some of the figures obtained here (Section 4.2). In fact, the
results presented here are (so far) the only microscopic calculations that can account
for and explain these extremely swollen, yet ordered, phases. We would expect, that
in polymeric systems, where fluctuations are generally better controlled, these phases
can also be found.

Some important developments took place while the present work was in progress.
Matsen and Bates [150, 152], using essentially the same method as in the present
work, considered the various contributions to the free energy, arising from the chain
conformations, as well as from the internal interfaces. They were able to show that
the presence (or absence) of certain ordered morphologies can be understood as aris-
ing from a competition between an enthalpic surface contribution, favoring as little
interfacial area as possible, and an entropic stretching penalty favoring interfaces
with constant curvature and domains of constant thickness. In particular, it could
be shown that the often postulated OBDD phase is inferior to the gyroid phase on
both counts.

Two attempts were made to consider more realistic chain models. While one
publication [153] considered only different effective segment lengths, while retaining
the Gaussian model, Miller and Schick {186, 184] developed an extension of the
method used here to arbitrary chain models.

Finally, Krieghorn and Muthukumar [110] included fluctuations [61] into a cal-
culation for the ternary and binary blends comparable to systems considered in the
present work. Although they find that the phase diagrams are slightly modified near
the order/disorder transition, the topology of the phase diagrams is not changed from
the mean field result upon inclusion of fluctuations. The phase diagrams presented
here should therefore provide a reliable guide for future experimental work.

A further attempt has been made to calculate the influence of fluctuations in pure

diblock melts [261, 227, 120], by considering harmonic corrections to the mean field
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result. While the consequences for the phase diagram are not clear, these calculations
make interesting predictions for the dynamics of transitions between different ordered
phases.

One aspect has not been addressed in the present work: the effects of asymmetric
diblock copolymers. We can assume that for weakly asymmetric diblocks our results
will be changed only slightly (Section 4.1) and that for strong asymmetry the general
guiding principles outlined above will apply. However, no attempt has been made to
map out the effect of architectural asymmetry comprehensively.

One gap in our general understanding that has become more apparent in this work
concerns the behavior of systems close to a Lifshitz point, in particular at an isotropic
Lifshitz point. Previous theoretical investigations [166, 167, 168, 95] focused almost
exclusively on systems with one preferred direction. Some rigorous calculations, based
e.g. on a general Landau type analysis, would be helpful to determine the general
shape of the phase diagram in the vicinity of such a point. There are also concerns
about the reliability of some of the previously published material on this matter
[213]. Moreover, the effect of fluctuations on an isotropic Lifshitz point is completely
unclear at the moment [110]. More experimental and theoretical work is clearly
needed, despite some encouraging effort in the recent past [14, 110].

The greatest challenge, however, will be to extend the present reliable and realistic
theory to include form fluctuations on the scale of a single aggregate. For instance, it is
known experimentally that lamellae in strongly swollen phases do not remain flat, but
undulate [207, 116], and that these undulations are important for the stabilization of
such phases [87, 88]. One would also expect a strongly swollen BCC phase to disorder
long before the spherical micelles themselves fall apart [129, 47, 48, 163, 161, 162, 217].
Our present formalism does not allow for these possibilities.

Intuitively, one expects these situations to be important in the region of strong
swelling and close to the unbinding transition. Their effect on the preunbinding re-

gions is also not clear. It would be desirable to find a way to allow for such partial



147

disorder within the framework of the present full self-consistent field theory. Closely
related is the study of single aggregate properties: an isolated bilayer, a spherical mi-
celle, the interactions between them, etc. It would be exciting to extend our methods,
free of ad hoc assumptions and using realistic microscopic chain models, to these cases.
In a similar vein, it would be interesting to study the self-assembly of copolymeric
systems close to a hard wall or in confined geometries. With few exceptions [229, 147],
most of the work done is only reliable in certain limiting cases [59, 244]. One final
interesting possibility concerns the combination of self-consistent field methods with
Monte Carlo simulations. For instance, one could study the properties of one spe-
cific test chain (simulated) in a self-assembled tube or layer (found self-consistently)
[202, 192, 132]. The attraction here lies in the efficiency and ease with which slowly
varying properties (i.e. the self-assembled matrix) can be calculated in mean field the-
ory, while naturally strongly fluctuating single particle properties can only be found
realistically from simulations. These ideas provide exciting new material for future

work.
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