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Abstract

In this dissertation, experiments are described which elucidate how the ordering

of symmetric diblock copolymers affects the dynamics within various geometries. In

all studies presented herein, experimental techniques are used to probe the dynamics

of symmetric diblock copolymer systems as they progress toward equilibrium and to

study the role that nanoscale ordering plays in these processes.

In the majority of work presented herein, experiments were performed on sym-

metric diblock copolymer thin films. This work focuses on the effect of various sample

preparation techniques on the equilibration kinetics of lamellar forming films. Films

are prepared with varying thicknesses in the homogeneous, disordered state and an-

nealed to form islands and holes as the surface decomposes to form commensurate

thicknesses. Both nucleated and spinodal growth patterns were observed for this sur-

face decomposition dependent on the initial thickness and intermediate morphologies

formed upon ordering. We also prepare equilibrium commensurate films and induce a

step change in surface interactions, switching from asymmetric to symmetric wetting

boundaries. Upon equilibration, a perforated lamella forms at the free surface to

mediate the order-order transition, inducing hole growth with a ramified shape.

In the final project, the effect that lamellar order has on dynamics is studied within

unstable polymer melt bridges. Liquid bridges are what is formed when a droplet is

stretched between two surfaces, like spit between two fingers. Disordered diblock

bridges are shown to evolve similar to their homopolymer counterparts. However,

ordered diblock copolymer exhibits an enhanced stability with an inhibition of flow

proposed to be induced by the isotropic orientational order within the bridge. As well,

shear thinning is observed that is believed to be caused by an alignment of ordered

domains along the bridge axis due to shear strain rates, providing pathways for flow

of diblock copolymer out of the unstable bridge.
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Chapter 1

Introduction

Many naturally occurring systems over a wide range of length scales undergo self-

assembly including molecular crystals, cellular membranes, colloidal crystals, bacte-

rial colonies, and schools of fish [1]. The one thing all of these systems have in common

is their ability to organize into structures and patterns composed of many different

components without any active human intervention. One model system which has

provided a great deal of information on general self-assembly processes is the block

copolymer. Block copolymers are used in a number of common materials, including

ABS thermoplastic, a high strength plastic used in the production of protective head-

gear, medical devices, and toys such as Lego. Symmetric diblock copolymers, the

focus of this thesis, are a simple type of copolymer which consists of two equal length

homopolymer blocks that are covalently bonded together. The self-assembled nano

structures formed by these molecules are well reviewed [2], however there are many

aspects of ordering dynamics in diblock copolymer systems that are yet to be studied.

Thus, the goal throughout my PhD has been to understand the ordering dynamics of

various symmetric diblock copolymer systems. By studying these assembly dynamics,

a better understanding of how to control the final morphologies of block copolymer

systems can be developed.

In order to understand the physical properties and dynamics of diblock copolymers

studied within this thesis, one must start from the basic building blocks upon which

these molecules are built, simple homopolymer chains. In section 1.1 I will provide

the background necessary for understanding statics and dynamics of self assembly in

1
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diblock copolymer melts by providing a description of polymer chains, phase separa-

tion of polymer blends, the dynamics of phase separation, and the time-temperature

properties of polymers. In section 1.2 I will discuss the various properties of diblock

copolymers which are pertinent to this thesis work, including the equilibrium self-

assembly of bulk diblock copolymers, confinement effects on equilibrium structure,

the rich history of order-order phase transitions and the effect of shear strain rates

on the orientation of self-assembled domains. In section 1.3 I will switch focus to the

dynamics of break-up within the geometry used for my final project, liquid bridges.

I will provide an overview of the instabilities and dynamics for both Newtonian and

polymeric liquids in axi-symmetric jets and bridges, with the eventual goal of under-

standing the role that diblock copolymer order plays in changing these dynamics.

1.1 Polymers

Polymers are molecules that are composed of many repeating units called monomers.

Though polymers come in many different configurations (see Figure 1.1), in this work

I consider only linear polymer molecules (Figure 1.1a). In linear polymers, monomers

are connected in a single long chain. Long polymer chains tend to be highly flexible

molecules, giving rise to a variety of interesting properties in polymeric melts including

exhibiting both elastic and viscous responses. Though this flexibility may arise due

to a variety of different mechanisms dependent on the molecular composition of the

monomers [3], the effects are often similar independent of monomeric composition. In

order to elucidate the physical source of some of these global polymer melt properties,

a study of the statistical mechanics of individual polymer chains is necessary.

In the spirit of generalization, I will discuss a common representation of the poly-

mer chain utilized by many authors to successfully describe chains in the melt state,

the gaussian or ‘ideal’ polymer chain [3–5]. To understand this depiction, consider

that the polymer chain is composed of Nm monomers, each of length |~r|, where ~r are

the bond vectors for the monomers. Consider adjacent monomers, ~ri and ~ri+1, that

are correlated by some bond angle, θ, such that ~ri · ~ri+1 = |~r|2 cos θ. In order to

develop a generalized model of polymer molecules, we wish to remove this level of

detail where bond angles are affected by the particular monomer that makes up the

2



PhD Thesis - R.D. Peters McMaster University - Physics and Astronomy

a b c

d e

Figure 1.1: Various polymer architectures which may be fabricated in polymerization
process. a) linear polymer, b) ring polymer, c) brush polymer, d) dendrimer, and e)
star polymer

polymer chain. Therefore, in the ideal chain model, we consider a segment length,

~ai = Σi+n
k=i~rk, (1.1)

which is the sum of several bond vectors. The key is that n is chosen sufficiently

large so that each segment is uncorrelated, removing molecular details to describe

chains equivalently. Represented mathematically, 〈~ai · ~ai+1〉 ≈ 0. Werner Kuhn

proposed that the contour lengths of the real and ideal polymer chains be equal,

i.e. Nm |~r| = N |~a| [3, 5]. In other words, there are N Kuhn segments, |~a|, in an

ideal chain, each completely uncorrelated from its neighbouring segments [3, 5].

This generalization of the polymer molecule as a chain of uncorrelated segments is

useful as it provides a direct equivalency to a random gaussian walk of N uncorrelated

steps of length a = |~a|. In the following I will highlight some of the interesting features

of the gaussian chain result, starting with a calculation of a measure of polymer size,

the average end-to-end distance of a polymer chain, R̄ee [3]. The end-to-end distance,

~Ree, of a gaussian chain is simply

~Ree =
N∑

i=1

~ai. (1.2)

3
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Just like a random walk, the ensemble average end-to-end distance for a polymer

molecule is zero. However, in analogy to the measure of the average extent of a

random walk, the average mean squared end-to-end distance can be calculated to

obtain a measure for the average size of a polymer molecule as

R̄ee =

√〈
~R2
ee

〉
=

√√√√
N∑

i=0

N∑

j=0

〈~ai · ~aj〉 =
√
Na. (1.3)

One interesting results from this calculation for the ‘size’ of the polymer molecule is

that it does not depend linearly on the length of the chain as you might expect, but

varies with
√
N , just like a random walk. This end-to-end distance not only sets the

length scale for our polymer chains but, as I will discuss in the following paragraphs,

plays a fundamental role in determining the entropy of polymer chains. Polymer

chain entropy is an intrinsic property which gives rise to a number of the interesting

effects observed in bulk polymer melts.

In discussing the entropy of polymer chains, I will first consider the free energy

of a single polymer chain in a melt with a particular end-to-end distance, R. The

Helmholtz free energy is defined as

F = U − TS, (1.4)

where U is the internal energy, T is temperature, and S is the entropy of the polymer

molecule. Since throughout our experiments, polymer molecules in the melt do not

break apart or bond together, the internal energy within the melt is constant. There-

fore, the only variable contribution to the free energy is the entropy of the polymer

chains which can be calculated as

S ∼ ln [p(R)] , (1.5)

where p(R) is the probability that a polymer has a size R in the melt. Utilizing

the ideal chain model, the statistics of random walks can be used to calculate the

4
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probability of a three dimensional random walk to be [3, 4]

p(R) =

(
3

2πR̄2
ee

)3/2

exp

(
− 3R2

2R̄2
ee

)
. (1.6)

Substituting Equation 1.6 into Equation 1.5, a description for the entropy of a single

polymer molecule in a melt is seen to be

S ∼ S0 −
3R2

2R̄2
ee

, (1.7)

where S0 is a constant. In reference to Equation 1.4 it is clear that since U is constant,

the conformation of polymer molecules has a great effect on the free energy of a

polymer melt. From Equation 1.7, if a chain is stretched (R increases), there is an

energy cost that is quadratically dependent on the new end-to-end distance. This

energy cost is inversely dependent on the square of average end-to-end distance, R̄2
ee,

illustrating its importance as a length scale in polymeric systems.

An analogy for the free energy of a polymer chain may be made to a simple

Hookean spring, where the energy of the system varies with extension or compression

squared (F ∼ kx2) where k represents the spring constant. Therefore, it is clear that

the polymers high elasticity is due to this entropic stretching cost in the free energy. It

is also interesting to consider that since the product of entropy and temperature gives

us the free energy contribution, the spring constant k, contains the temperature term,

giving rise to a spring constant that is temperature dependent. It is worth noting

that this Hookean response is for individual chains and does not describe entangled

or cross linked (rubberized) networks of polymers, which exhibit non-linear elasticity.

In summary, linear polymers are well described by a simple random walk of uncor-

related chain segments in the ideal chain model [4]. This model allows us to calculate

an important length scale within the system, R̄ee, which quantifies the average size

of a polymer chain in the melt and is integral in determining polymer properties such

as the entropy of a molecule. Using the ideal chain model, you can calculate the free

energy of a chain in the melt, and find that the free energy is largely dominated by

the entropy of the polymer molecule. As a consequence, it is not a surprise that tem-

perature and chain conformations have been shown to play a pivotal role in dynamics

and physical properties of polymer systems.

5
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1.1.1 Phase separation: equilibrium and kinetics

To understand the driving forces behind the self-assembly process in diblock copoly-

mer systems, I will first study the thermodynamics of phase separation in homopoly-

mer blends. In this calculation the liquid-liquid unmixing transition is studied, where

two polymers that are miscible at high temperatures, forming a homogeneous mix-

ture, phase separate as the temperature is lowered. Flory and Huggins originally

performed this calculation independently from one another in 1942 [6,7], however the

following derivation follows what is outlined nicely by Rubinstein and Colby [3] and

Jones [8].

Polymer blends

This calculation uses a mean-field approach, meaning instead of studying the effects of

interactions between a large number of particles within a system, the interaction of one

molecule with an average field is considered. This simplification reduces the complex

many-body physics problem to a simpler one body problem and is a common method

for performing calculations on diblock copolymer systems, as I will outline in section

1.2. The calculation is performed on a lattice allowing for simple counting of site

occupancies to calculate possible states and interactions. In the following, I consider

the mixing of two homopolymers, denoted A and B, with degree of polymerization NA

and NB respectively. The mixture contains a total fraction of the individual polymer

segments A and B in proportions of φA = VA/(VA + VB) and φB = VB/(VA + VB)

giving φA + φB = 1.

Upon simple inspection of the Helmholtz free energy of the system, F = U − TS,

at high temperatures entropy will dominate favouring the mixture of polymers so that

every lattice site is a possible state for each monomer. However, at sufficiently low

temperatures, the enthalpic penalty of interaction between the two unlike chains, U ,

becomes important, and the system may phase separate. The following calculation

is a derivation of the free energy of mixing, Fmix = Umix − TSmix where Umix is the

enthalpy penalty of mixing due to the interaction of the two polymers, and Smix is

the gain in translational entropy upon mixing

In calculating the entropy of mixing in a polymeric system, Smix, the entropy is

6
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given by the Boltzmann equation

S = kB ln Ω, (1.8)

where kB is the Boltzmann constant and Ω represents the number of possible positions

(states) for a segment on the lattice. Considering a lattice with n sites, in the case of

a homogeneously mixed system, each segment has ΩAB = n possible states available

to it. However, considering the A polymer segments in the pure unmixed case, the

molecules are segregated and thus the total number of lattice sites available to an A

segment is reduced to ΩA = nφA. Therefore, the entropy change upon mixing for a

single A polymer segment is

SA = kB ln ΩAB − kB ln ΩA = −kB lnφA, (1.9)

and since φA < 1 by definition, Equation 1.9 denotes an increase in entropy upon

mixing. The mixing entropy for a B segment is calculated similarly, and upon sum-

ming up the entropy gain for each polymer segment within the system, the entropy

of mixing per lattice site is calculated as

Smix = −kB

[
φA
NA

lnφA +
φB
NB

lnφB

]
. (1.10)

The entropy of mixing per lattice site provides a measure that is independent of

system size. It is interesting to note that this formula is directly applicable to the

entropy of mixing in both polymer solutions (NA = N,NB = 1) and regular solutions

(NA = NB = 1) as well.

Having calculated the entropy of mixing, I will now consider the enthalpy of mix-

ing, Umix. Only nearest neighbour interactions are considered on a lattice, assuming

that interactions are pairwise additive. We represent the interaction between two

neighbouring A polymer segments as εAA, between two neighbouring B segments as

εBB, and between neighbouring A and B segments as εAB. Once again, a mean field

approach is used assuming that any given site has zφA A neighbours and zφB B

neighbours, regardless of whether it is occupied by an A or B polymer segment where

z is the number of nearest neighbours in the system (z = 4 for a 2D lattice and z = 6

7
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for a 3D lattice).

With this approach, the total energy per site for the mixed state is calculated as

z

2

(
φ2
AεAA + φ2

BεBB + 2φAφBεAB
)
, (1.11)

and a total energy per site for the unmixed state of

z

2
(φAεAA + φBεBB) , (1.12)

where the division by 2 in each of Equations 1.11 and 1.12 is to avoid double count-

ing the same interaction. Combining Equations 1.11 and 1.12, a definition for the

enthalpy of mixing is

Umix = χφAφBkBT, (1.13)

where χ = z
2kBT

(2εAB − εAA − εBB) is the Flory-Huggins interaction parameter which

characterizes the difference in interaction energies in the polymer blend [3,6,8]. Com-

bining Equations 1.13 and 1.10, a description for the free energy of mixing is given

as

Fmix = kBT

[
φ

NA

lnφ+
1− φ
NB

ln(1− φ) + χφ(1− φ)

]
, (1.14)

where φ = φA.

One important assumption made in the lattice model is that volume is constant

upon mixing, and the packing of both monomers separately and when mixed is iden-

tical. As polymers generally pack more closely with certain monomers over others,

there is a temperature independent term that should be included in the Flory-Huggins

interaction parameter, χ. In general, the Flory-Huggins interaction parameter is writ-

ten as the sum of two terms

χ = χ
S

+
χ

H

T
, (1.15)

where χ
H

is the“enthalpic contribution” to the parameter which was calculated above

due to interactions between particles, and χ
S

is an “entropic contribution” that arises

due to many number of factors, one major factor being the unphysical representation

of our system as an equally packing lattice. χ has been measured for a large number

of different polymer blends [9], and is an integral parameter in understanding the

drive to phase separate in polymer blends as well as in diblock copolymers.

8
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Figure 1.2: Plot of free energy per lattice site as a function of weight fraction of
polymer for χN = 3, 2.5, 2, 1.5, 1 from top down when NA = NB.

Using Equation 1.14, the behaviour of a polymer blend may be described to gain

physical insight on whether a blend will phase separate, and how phase separation

will take place. The first two terms in Equation 1.14 are due to entropy, and always

work to promote mixing (decreasing the free energy of the system), however the third

term may be either positive or negative, depending on the interaction parameter, χ.

If the two polymer species have an attractive interaction, χ < 0, favouring mixing in

the system. However, if the two species have a repulsive interaction which is more

common, then χ > 0. In order to develop a better understanding of the free energy

of mixing, Equation 1.14 is plotted as a function of φ for different values of χN . In

Figure 1.2 the results are shown using equal degrees of polymerization for the two

polymers, N = NA = NB.

It is shown in Figure 1.2 that at χN < 2, the free energy has a single minimum at

φ = 0.5. Alternatively, for χN > 2, the free energy has two minima, and a maxima at

φ = 0.5. Considering a mixture of equal parts A and B where φ = 0.5, for χN < 2,

the mixture is stable, as the free energy curve is concave up such that d2Fmix

dφ2
> 0.

9
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Similarly, for χN > 2, compositional fluctuations about φ = 0.5 provide a decrease

in the free energy, and the film will phase separate into A and B rich mixtures which

correspond to the two minima in Figure 1.2. This phase separation occurs because

the mixed state is unstable as d2Fmix

dφ2
< 0, and the free energy curve is concave down.

The crossover in behaviour from globally stable to globally unstable occurs when the

common tangent of the free energy curve minima are equal, or in other terms

(
dF

dφ

)

φ=φ1

=

(
dF

dφ

)

φ=φ2

, (1.16)

where φ1 and φ2 are the two minima, as indicated in Figure 1.3a for χN = 3. For

the simple example of a blend with equal length polymers, N = NA = NB, this

corresponds to a χN dependance on φ of

(χN)bi =
1

2φ− 1
[lnφ− ln(1− φ)] , (1.17)

where (χN)bi is commonly referred to as the binodal line, the line which separates

globally stable mixtures from those which are globally unstable.

The other crossover behaviour of interest is that where the mixed state becomes

completely unstable, or d2Fmix

dφ2
− = 0. This signifies the inflection points of the free

energy curve, identifying the boundary between locally stable to locally unstable

mixtures. In our model, this corresponds to

(χN)sp =
1

2

[
1

φ
+

1

1− φ

]
(1.18)

where (χN)sp is referred to as the spinodal line. In Figure 1.3 (bottom), the complete

phase diagram for this polymer blend system is shown. A plot of the free energy as

a function of φ for a blend with χN = 3 is shown in Figure 1.3 (top) for reference as

to where the transition between regions of different stability occur. It is important to

note here that the binodal and spinodal lines separate the phase diagram into regions

of varying stability. The binodal line separates the diagram into regions of equilibrium

phase separated mixture for χN > (χN)bi, and mixed phase for χN < (χN)bi (φ1 and

φ2 in Figure 1.3a). Similarly, the spinodal line separates the phase separated mixtures

into metastable regions for χN < (χN)sp and unstable for χN > (χN)sp (φsp1 and

10
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Figure 1.3: a) Free energy per lattice site for χN = 3 in relation to b) the phase
diagram for mixing stability of polymer blend with NA = NB = N . φ1 and φ2

represent the binodal points, and φsp1 and φsp2 represent the spinodal points for
χN = 3.

φsp2 in Figure 1.3a). The stability of the mixed phase will determine the kinetics

of phase separation, ultimately playing a role in determining the final morphology

of the phase separated state. The metastable and unstable regions will separate via

nucleation and growth or spinodal decomposition respectively. These two mechanisms

of phase separation apply to a wide range of phase transitions including but not

limited to crystal growth [5], dewetting of films [10–13], and in relation to the research

contained within this dissertation, the break-up of liquid jets [14] and the transition

between various ordered diblock copolymer phases [15–17]. A discussion of the growth

kinetics in nucleated and spinodal systems is discussed in the following sections.
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Nucleation and growth

When a blend system is in a metastable state, the system is stable to compositional

fluctuations which are sufficiently small. However, a large enough composition fluc-

tuation can overcome the free energy barrier required to escape the local free energy

minimum, forming a domain of the equilibrium composition which grows in size.

Thus, these equilibrium domains must be nucleated by thermal fluctuations in the

system. To understand the general case of nucleation and growth, I will discuss the

classical nucleation theory which describes this activated process.

Let us first consider the growth of a spherical equilibrium composition domain

with radius r out of a metastable phase. We can estimate the free energy change,

∆F , which results from the nucleation of this droplet. There is a decrease in the

free energy that is proportional to the droplet volume, 4
3
πr3, due to the favourable

formation of the droplet in the lower free energy equilibrium state. However, there is

an energy cost associated with the additional surface created between the metastable

phase and the equilibrium droplet which can be written as an energy cost per unit

area, or surface tension, γ. Thus, the equation for the change in free energy by

creating a droplet with radius r is

∆F (r) = 4πr2γ − 4

3
πr3∆FV, (1.19)

where ∆FV is the change in free energy per unit volume between the metastable and

equilibrium phases. Both γ and ∆FV are positive quantities, and thus the first term

is strictly positive, favouring smaller r, while the 2nd term is negative, favouring

increasing r. The droplet size that gives the maximum free energy increase can be

calculated by differentiating Equation 1.19 and equating to zero. The droplet size at

maximum, r∗ is then

r∗ =
2γ

∆FV

, (1.20)

and substituting r∗ into Equation 1.19, the energy barrier to nucleation, ∆F ∗V is shown

to be

∆F ∗V =
16πγ3

3∆F 2
V

. (1.21)

Equations 1.20 and 1.21 identify that for compositional fluctuations with size
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∆F ∗

∆F

rr∗

Figure 1.4: A schematic of nucleation parameters and the energy barrier to nucleation.

greater than r∗, the global free energy will decrease if the droplet grows in size, pro-

moting a change in phase. However, for fluctuations with size smaller than r∗, the

droplet is unstable and will dissolve. The energy barrier to this process is ∆F ∗V, mak-

ing this an activated process where the probability of a nucleated domain being bigger

than r∗ and growing is proportional to the Boltzmann factor, exp (−∆F ∗/kBT ) [8].

I note here that this calculation is under the assumption that there is homogeneous

nucleation, where the energy barrier is defined simply by the energy considerations

between the two phases. In the case of a completely homogeneous system, this nucle-

ation will occur randomly throughout the sample, independent of location. However,

in practice, heterogeneous nucleation is more likely to occur, nucleating primarily

around defects which lower the activation energy barrier. In the case of heteroge-

neous nucleation, though the probability of nucleating near defects is increased due

to the lower energy barrier, the dynamics are still governed by the nucleation of indi-

vidual domains which will grow in time, contrasting with the unstable formation of

domains in spinodal decomposition.
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Spinodal decomposition

If a system is within an unstable region in the phase space, then any small local

fluctuation in composition will be amplified, causing a decomposition of the material

into stable phases. However, not all wavelengths of fluctuation grow at the same rate.

In the case of long wavelength fluctuations, the material must flow over large lateral

distances, slowing down the phase separation process. Conversely, in the case of short

wavelength fluctuations, there is a large amount of excess surface area created which

can counteract the process of phase separation due to the high surface energy cost.

Therefore, there must be an optimal wavelength of composition fluctuation that will

grow the fastest, balancing surface energy cost and length scale of flow. This will

cause domains to grow randomly as in the nucleated and growth case, however with

a characteristic wavelength that is related to this optimal wavelength. This growth

process is generally identified by correlated domains in the final state which are related

to this optimal wavelength [8].

In order to develop a quantitative understanding of this spinodal process, I will

discuss a calculation initially performed by Cahn and Hilliard more than 50 years

ago [18]. I perform the calculation for simplicity in one dimension, however the

same physics is observed in two and three dimensions [19]. In this calculation, the

difficulty arises due to the fact that interfaces are not sharp in the initial stages of

phase separation, making it unphysical to denote a surface energy cost per unit area

for these interfaces [8]. Instead, Cahn and Hilliard proposed a free energy which

depended on the local composition, φ, but with an added dependance on the gradient

of the composition. In this way, they defined the free energy as a function of φ such

that

F =

∫ [
f0(φ) + κ

(
dφ

dx

)2
]
dx, (1.22)

where f0(φ) is the free energy per unit volume of a homogeneous mixture, and κ is the

gradient energy coefficient. This equation is phenomenological, making it applicable

to a wide variety of systems [8].

In the case of phase separation of A and B domains consideration is given to the

chemical potential, µ, which represents the change in free energy upon removing an

A molecule and replacing it by a B molecule. The chemical potential is calculated by
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taking the derivative of the free energy density, f , in the integrand of Equation 1.22

with respect to concentration such that [8]

µ =
∂f

∂φ
=
∂f0

∂φ
+ 2κ

∂2φ

∂x2
. (1.23)

The chemical potential is what drives diffusion in phase separating systems, as it

represents the free energy changes upon changing concentration profiles of the A

and B molecules. Therefore, a linearized diffusion equation can be used to study

the decomposition of an unstable mixture [8]. Note that due to linearization of the

equation, this will only be valid in the initial stages of decomposition when deviations

from the initial state are small. The result is the Cahn-Hilliard equation

∂φ

∂t
= Mf

′′
0

∂2φ

∂x2
+ 2Mκ

∂4φ

∂x4
, (1.24)

where M is the Onsager coefficient (a measure of mobility). Equation 1.24 represents

a modified diffusion equation for the initial stages of phase separation [19]. Though

it is quite complex, the solution to Equation 1.24 may be verified to be of the form

φ(x, t) = φ0 + ε cos(qx) exp

[
−Deffq

2

(
1− 2κq2

f
′′
0

)
t

]
, (1.25)

where q represents the wave vector of the composition fluctuation and Deff = Mf
′′
0 is

the effective diffusion coefficient [8]. Equation 1.25 tells us that for fluctuations with

wavelength λ = 2π/q, the composition fluctuation will grow with an amplification

factor, R(q) equivalent to the term in the exponential,

R(q) = −Deffq
2

(
1− 2κq2

f
′′
0

)
. (1.26)

The largest amplification factor is thus when qmax =

√
f
′′
0

2κ
, giving the fastest growing

wavelength as λmax = 2π/qmax.

Spinodal decomposition is commonly recognized experimentally by taking a Fourier

transform of a 2D image, resulting in a ring of intensity corresponding to the length

scale which matches qmax [8, 12, 13]. However, since this calculation has been per-
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formed using a linear model, which only describes the early portions of phase sep-

aration, the final wavelength is often shifted toward longer wavelengths (smaller q

values in Fourier space) due to coarsening of A and B rich domains. The impor-

tant distinction between the two phase separation mechanisms is that in contrast

to the random domains formed via the nucleation and growth mechanism, spinodal

decomposition results in an experimentally measurable spatial correlation in phase

separated domains. The spinodal ring in the Fourier transform and the shift in wave-

length on coarsening are important concepts for the study performed in Manuscript

II (see Section 3.2).

1.1.2 Time-temperature superposition

Due to the subject matter in Manuscript IV (section 3.4), an aside must be made to

discuss the effect that temperature can have on the flow properties of polymer melts.

The following is taken from Ref. [9] and [20]. It was shown in a study by Williams,

Landel and Ferry in 1955 that when measurements were made on polymers at various

temperatures, T , the viscosity could be related through a shift factor, a
T
, according

to the relation
a

T1

a
T2

=
η
T1

η
T2

, (1.27)

where η
T1

and η
T2

are the viscosities of the polymer at temperatures T1 and T2 respec-

tively. The shift factors may be calculated using an empirical relationship developed

by Williams, Landel, and Ferry such that

log a
T

= − C1 (T − T0)

C2 + (T − T0)
, (1.28)

where C1 and C2 are empirical constants and T0 is the chosen reference temperature.

Typically, C1, C2, and T0 are found empirically through bulk rheology measurements

where the frequency response at various temperatures is measured and constants are

found that will align all data to a single master curve [20]. This relationship relies on

the assumption that all curves will have the same characteristic time variation with

temperature, as is the case in polymer melts. As a consequence, the timescales for
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experiments performed at different temperatures are equated through the relation

t1 =

(
a

T1

a
T2

)
t2, (1.29)

where t1 and t2 are timescales for experiments performed at T1 and T2 respectively.

This is quite remarkable, as it allows one to experiment at different temperatures,

probing a wider range of dynamic responses, yet relate all measurements on one

master plot. In the case of the shear rate experiments discussed in Manuscript IV

(section 3.4), it allows for a broader range of shear rates to be probed for the same

material, as upon construction of the master curve, experiments at different temper-

atures probe different regions of shear rate response. It is worth noting here that

the experiments which are generally performed to determine these shift factors, bulk

oscillatory shear rheology experiments, exhibit a shear thinning property for polymer

melts for sufficiently high frequencies of oscillation [21]. As well, it is important to

note that Equation 1.27 is only valid for temperatures that are within 100 ◦C of the

glass transition.

1.2 Diblock copolymers

The preceding description of the statics and dynamics of phase separation in binary

systems, though simplistic in its assumptions, describes the physics of phase separa-

tion very well. I will now build upon this understanding of macrophase separation

(phase separation on a global scale), in order to understand the microphase separa-

tion which occurs for the molecules that are the main topic within this thesis, diblock

copolymers.

1.2.1 Equilibrium

When a polymer is composed of 2 or more different monomer repeat units, the

molecule is referred to as a block copolymer. Block copolymers may be fabricated with

a wide variety of different configurations and any number of different monomer units.

However, the main subject of this thesis is one of the simpler copolymer molecules, the

diblock copolymer, where two linear homopolymer molecules are covalently bonded
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together to form a chain as shown in Figure 1.5. As in the case of a polymer blend,

due to the chemical distinction between the two polymer blocks, they generally do not

mix favourably. However, the connectivity of the two blocks makes the macrophase

separation described previously impossible, and thus phase separation can only be

achieved on the molecular level, resulting in a vast array of nanosized self-assembled

architectures [2,22]. Owing to the small length scale of organization there is interest

in various technological applications for diblock copolymers including nanolithogra-

phy [23], biomolecule patterning [24], and surface property modification [25, 26]. As

well, there has been significant interest in diblock copolymer systems for research as

a model system for pattern formation and self assembly of amphiphilic molecules in

nature such as membranes [27,28] and vesicles [29–31].

Figure 1.5: A schematic of a diblock copolymer molecule.

In the case of diblock copolymers, the equilibrium structure in the melt state

is determined by 2 parameters: the relative fraction of the A block in the diblock

chain, f , and the parameter discussed in regards to phase separation denoting the

temperature dependent Flory-Huggins interaction parameter, χN . As in the case

of phase separation in polymer blends, for small χN (high temperatures), entropy

dominates and the diblock prefers to be in a homogeneous disordered state. Con-

versely, for large χN (low temperatures), the system prefers to phase separate into

self-assembled structures determined by f , where the 3 simplest domain structures

are shown schematically in Figure 1.6. In the case of a symmetric diblock copolymer,

the main focus of this thesis, the chains assemble into a lamellar structure (Figure

1.6a), with well defined bilayer thickness, L0. As the relative fraction of the A block is

decreased, the lamellar structure becomes less preferable. This is caused by the fact

that in order to accommodate the shorter A block, the B block must stretched, adding
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an entropic cost to the lamellar morphology. However, if the interface is curved, such

that the shorter blocks may assemble into smaller regions, then both blocks may be

stretched equal amounts. This naturally occurring interface curvature is what induces

the transition to hexagonally packed cylindrical domains where the shorter chains as-

semble into long cylinders (Figure 1.6b). Similarly, for even greater asymmetry in

block lengths, a transition to body centred cubic spheres will occur (Figure 1.6c)

where the shorter block forms the spheres [2]. Other more complex phases are also

observed under varying conditions of χN and f . Some examples are the gyroid phase,

which is a known stable phase in the region between lamellae and cylinders in systems

with lower χN [32], or the perforated lamellae phase, a metastable phase observed

in Manuscript III (section 3.3) that has been observed both in film [33] and bulk

systems [34].

(a) (b) (c)

Figure 1.6: Schematic depicting the simple phases of a linear diblock copolymer.

The calculation of block copolymer phases, and when ordered their organizational

spacing, can be accurately predicted if their free energy is known [32,35–39]. There are

a number of viable theories of diblock copolymer structures, each valid under different

conditions. The simplest calculation is performed in the regime where the diblock

copolymers are strongly segregated (χN >> 1). In this model, the assumption is

made that the interface between the regions of varying blocks is very thin, with very

little mixing between the A and B rich domains [8,35,36]. In the case of a very thin

interface, the assumption is made that the interface between the two regions gives

rise to a simple energy cost per unit area, γAB. We estimate the width, w, of this

very thin interface by considering that some segment of chain monomers of polymer
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A, Nseg, will protrude into the B rich domains. Assuming that this chain segment

follows a random walk, like an ideal chain, then the width will be on the order

w ∼ a
√
Nseg, (1.30)

where a is simply the size of a chain monomer. The energy cost of interfacial width

is simply given as the enthalpic energy cost, Uenth due to the interaction between the

two blocks as

Uenth ∼ χNsegkBT. (1.31)

However, at equilibrium, Uenth ≈ kBT , giving the relation Nseg ∼ 1
χ
. In combination

with Equation 1.30, that gives an interfacial width between the A and B domains of

w ∼ a√
χ
. (1.32)

Using Equation 1.32, the energy cost per unit area of interface is calculated by rec-

ognizing that there are w/a3 segments per unit area at the interface, and thus the

interfacial energy cost per area, γAB is

γAB =
w

a3
χkBT =

√
χkBT

a2
. (1.33)

Though this calculation is rather simplistic, and more sophisticated calculations of

the interfacial width are possible [35, 36], Equations 1.32 and 1.33 provide a clear

demonstration of the physics within the strong segregation regime, and provide an

accurate result that has been measured to be correct within a numerical pre factor [36].

Using this interfacial cost per unit area, I now discuss a calculation which can be

used in the strong segregation limit to study the equilibrium length scale of patterning

in a diblock copolymer melt. As stated earlier, the equilibrium bilayer width, L0 of

a lamellar forming symmetric diblock copolymer is well defined. The free energy of

the system may be thought of as a combination of an elastic component, Fel, and an

interface component, Fint. The elastic portion of the free energy may be described by

considering the entropic penalty for stretching calculated in Equation 1.7, giving us
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an elastic free energy cost per chain of

Fel ∼ kBT
l2

Na2
, (1.34)

where l represents the length of the polymer chain in the organized lamellar phase [8].

The interfacial cost per chain may be calculated as

Fint =
γABNa

3

l
. (1.35)

By minimizing the sum of Fel and Fint, and using the definition of γAB in Equa-

tion 1.33, the equilibrium chain length, leq, is shown to be

leq ∼ aχ1/6N2/3, (1.36)

where leq scales as N2/3. This scaling is different compared to the ideal polymer case

in the melt with an increased exponent of N indicating the chains are more stretched

than in the ideal case due to the repulsive interaction between the A and B blocks.

It is important to note that while this scaling law is valid in the strong segregation

limit (χN >> 1), the assumptions within the model are quite extreme. Though the

scaling has been verified in experiment [40, 41], it is only applicable in the limits

where we approach infinitely long chains and the interface is extremely thin between

the A and B domains. However, it is obvious that in the disordered phase, A and

B monomers will mix, and near the order-disorder transition (ODT), it is expected

that there is significant incursion of A monomers into primarily B regions and vice

versa. In order to understand this weak segregation of domains, Leibler developed a

theory that would correctly describe this diffuse interfacial width between A and B

domains for weaker segregation regimes [38].

A full description of Leibler’s calculation is beyond the scope of this thesis, and

the complete calculation may be found in the original article by Leibler, Ref. [38].

However, a summary of the important results of the calculation is warranted. The

calculation uses a mean field theory approach, defining an order parameter, φ(r),

which describes the change in A monomer density from that of the homogeneous,

disordered state. Performing a Landau expansion and using a random phase ap-
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proximation of ideal chains, he was able to successfully calculate a phase diagram

detailing stable phases of lamellar, cylinder and sphere forming diblock in the vicin-

ity of the ODT. The calculation was also able to identify the interaction parameter

for symmetric diblocks where the ODT occurs at (χN)ODT = 10.495. This is in

direct comparison to the interaction parameter of χN = 2 that was found for the

ODT of symmetric homopolymer blends in Section 1.1.1. However, a major issue

with the weak field calculation by Leibler was that it does not take into account the

effects of fluctuations due to thermal energy. This effect is negligible for infinitely

long chains, however in the case of finite length chains, this effect is important near

the ODT. A correction factor was calculated by Fredrickson and Helfand (Ref. [42])

that identified the ODT for a symmetric diblock to be located more accurately at

(χN)ODT = 10.495 + 41.022N−1/3. Note that in the limit of infinitely long chains,

Leibler’s result is recovered as should be expected. The main issue with Leibler’s

calculation is that similar to the strong segregation theory, it is only valid in a narrow

phase space region, close to the ODT, where diblock copolymers are weakly ordered.

This is the same issue experienced with the strong segregation theory proposed by

Semenov [35], where the theory is only valid in the other extreme case of nearly per-

fect segregation. Therefore, a theory was needed to bridge the gap between these two

extremes.

Self-consistent field theory (SCFT) has been well established as the theory which

can be used to unite the weak and strong segregation regimes [32, 39, 43–48]. A

complete description of SCFT would be beyond this thesis, and thus only a brief

description of the important points are presented herein. In SCFT, as in other mean

field theories, the system is modelled as a single polymer chain in a field created by

the concentration of other polymer chain blocks. Given an initial state for the field

and boundary conditions, a modified diffusion equation is solved in order to calculate

the concentration profiles by studying possible chain conformations in the field. This

concentration profile is then used to recalculate the field and the entire process is

iterated until a convergence criteria is reached. The result is a concentration profile

describing the diblock copolymer phase at equilibrium. SCFT is successful in not

only bridging the gap between the weak and strong segregation regimes [49], but also

provides an exact solution to the mean field theory rather than the approximated
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results from the weak and strong segregation theories. SCFT was the first theory

to be able to correctly assess the stability of complex phases such as gyroids and

perforated lamellae in comparison to the simple phases of lamellae, cylinders and

spheres [32, 50]. The main drawback to traditional SCFT is its inability to treat

thermal fluctuations, thus providing a poor description of the disordered state of

diblock copolymer [47]. However, progress has been made through recent advances

in this field, providing the ability to treat fluctuations in calculations [51]. These

recent results have been successful in confirming the treatment of fluctuations noted

previously by Fredrickson and Helfand, with (χN)ODT ∝ N−1/3 [42].

In summary, due to the preference for phase separation of their two block com-

ponents, diblock copolymers self assemble into ordered assemblies of varying mor-

phologies. Simple equilibrium morphologies of lamellae, cylinders and spheres are

understood with approximate theories for weakly or strongly segregated polymers,

however the exact theory of SCFT has provided the ability to assess stability in more

complex systems [47]. Though the equilibrium phases in diblock copolymer melts are

well understood, the ordering of diblock copolymers under various different confine-

ments, and the effect of this ordering on system dynamics, is still an area of much

interest.

1.2.2 Interfacial effects

When diblock copolymers are confined, the difference in interface surface energies of

the two polymer blocks are known to play a significant role in the ordering process [52–

64]. Various different confinement geometries have been studied and shown to play

an important role on the unique morphologies formed including, but not limited to,

cylindrical confinement [61,62], spherical confinement [63], channel confinement [64],

or the geometry used for the bulk of work within this thesis, film confinement [52–60].

Symmetric diblock copolymer films have been studied at length in order to understand

how equilibrium microphase separated morphologies are altered in the presence of

interfaces, leading to a number of excellent reviews of the topic [58,65–67]. When there

is a difference in surface energies between the two blocks, as is usually the case when

working with surfaces that are not specifically modified to reduce interaction [25],

the lower energy block will preferentially segregate to that interface. In the case
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of symmetric diblock copolymer films, this preferential interaction gives rise to an

alignment of lamellae parallel to the interfaces, exposing only the lower surface energy

block at each surface. This preferential interaction not only determines the orientation

of the ordered structure but has also been found to induce ordering near interfaces,

even for systems in the bulk disordered state [54–57,59].

As discussed earlier, symmetric diblock copolymers microphase separate into lamel-

lae with a well defined bilayer thickness, L0, due to the balance of entropic and en-

thalpic free energy terms. Thus, the parallel alignment of lamellae due to interfacial

interactions gives rise to a system frustration when the film thickness is not commen-

surate with the necessary number of lamellar monolayers. The preferred equilibrium

thickness, referred to as the commensurate thickness, of a symmetric diblock copoly-

mer film, hcomm, is defined as

hcomm =
νL0

2
, (1.37)

where ν is an integer denoting the number of monolayers in the film and is determined

by the boundary conditions. In the case where the same block has lower surface en-

ergy at both interfaces, known as the symmetric boundary conditions, ν is even in

Equation 1.37. Conversely, if a different block has lower surface energy at each inter-

face, termed asymmetric boundary conditions, then ν is odd. Films with thicknesses

that satisfy this commensurability condition ensure that both surface interactions and

the energetics of equilibrium bilayer thickness are satisfied [58,65,66].

In the case of capped thin films of symmetric diblock copolymers, it has been

found that film morphology becomes frustrated when films are prepared that are not

commensurate [68–72]. In these studies, the structure of the diblock order was in-

vestigated by theory [69], simulation [70] and experiment [68, 71, 72] for symmetric

diblock films confined between two hard substrate walls. Both simulation and theory

predicted the conformations to remain parallel for moderate incommensurability, but

to revert to perpendicularly oriented lamellae in the middle of sufficiently thick films

which were maximally incommensurate (See Figure 1.7). However, it was found that

except in cases which exhibited weak surface preferences [72], the surface energy dom-

inated the lamellar order, maintaining parallel lamellae with expanded or compressed

bilayers. In the case of expanded bilayers, copolymers are stretched, increasing the

entropic free energy term, whereas when bilayers are compressed, extra interface is
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created between domains, increasing the enthalpic cost. Regardless, by confining

these films between two substrates, parallel morphology of non-equilibrium lamellae

persisted for films with thickness greater than 9 lamellar layers [68, 71], once again

alluding to the fact that surface interactions play a dominant role in determining thin

film morphologies.

(a) (b) (c)

L < L0 L > L0 L = L0

Figure 1.7: Schematic displaying the morphologies of capped symmetric diblock thin
films with a) compressed lamellae (L < L0), b) expanded lamellae (L > L0), and c)
perpendicular lamellae (L = L0).

For a supported film, where one interface is in contact with a hard substrate and

the other is unconfined, the equilibrium morphologies are quite different. Similar to

the capped thin film case, the film prefers to be ordered with thicknesses that cor-

respond to Equation 1.37. However, in the case of a supported film, since the one

surface is free to deform, the film will separate into regions of commensurate thickness

while conserving volume [58, 65]. This results in a film surface that has a terraced

structure, with higher regions equivalent to ν+2 in Equation 1.37 (islands) and lower

regions of ν (holes) (See Figure 1.8). The growth of islands or holes at the surface

of the film creates excess surface area at the edge of the features which costs energy,

however it provides a film which satisfies both surface preferences and the entropic

and enthalpic energy balance that determines lamellar thickness. The total incom-

mensurability of the disordered film thickness determines the area fraction of islands

and holes at equilibrium through volume conservation. Though this equilibrium mor-

phology of symmetric diblock thin films is well understood, the dynamics by which

surface features grow is a complex topic with many unanswered questions and is the

focus of Manuscripts I and II (sections 3.1 and 3.2).
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L0

Figure 1.8: Schematic displaying the morphology of incommensurate symmetric di-
block films.

The growth of terraced structures at the free surface of supported symmetric di-

block copolymer films has been studied for films which have been prepared in the

disordered homogeneous state [53, 72–79]. It is known that upon annealing, these

films order lamellae at the strongest interacting interfaces first [53]. For incommen-

surate films, it has been observed that the growth mechanism for terraced structures

may occur via nucleation [73, 77, 78] or spinodal decomposition [74, 75, 77]. However,

though various experiments provide evidence of nucleation and spinodal mechanisms,

a complete description of the dynamics for either mechanism has not been generally

described and tested. In our work, using the same diblock copolymer in both studies,

we examine in detail both the nucleated (Manuscript I) and spinodal (Manuscript II)

growth dynamics of islands and holes.

1.2.3 Order-order transitions

The study of various order-order transitions has been a focus of diblock research over

the last decade or so. The goal of the bulk of this work is to understand the kinetics of

phase transitions between different ordered morphologies [15–17,33,45,60,76,80–89].

Understanding these kinetics behind ordering is valuable in helping to optimize pro-

cesses which influence ideal morphological conformations while understanding more

clearly the various properties that are dependent on diblock copolymer morpholo-

gies [90].

A major result of the work performed using theory and simulation has been that

the transition from one morphology to another often exhibits an epitaxial growth
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mechanism [16,17,81,84,89]. The term epitaxial originated in crystal growth studies,

where it refers to the growth of crystals on substrates which influence structure and

orientation [91]. In terms of the order-order transition (OOT) of diblock copolymer

films, it refers to the growth of one phase from another such that orientation of the

order is preserved. As an example, in the cylinder to sphere packing transition of

diblock copolymers, it has been theorized that spherical domains will grow through

the break up of cylinders into spheres with a characteristic wavelength [84], similar to

the Plateau-Rayleigh instability I will discuss in Section 1.3.1. As a consequence, the

new sphere domains are aligned along the direction of the cylinder axes. Similarly in

the cylinder to lamellar transition, simulations have shown a growth of lamellae along

rows of cylinders and vice-versa [89] in agreement with theory [16]. Similar epitaxial

growth patterns have been predicted in the cylinder to gyroid [81] transition as well

as others [17].

A great deal of work has been performed looking at these OOT’s in the bulk [15–

17, 33, 45, 80–87, 89], however for the work contained within this thesis, it is the

study of thin films that is of primary interest [60, 76, 88]. In particular, the work

performed by Koneripalli et al. (Ref. [76]) is of direct relevance for understanding the

dynamics of symmetric diblock copolymers in thin films and understanding the effect

of non-equilibrium order on the formation of surface relief structures as described in

Section 1.2.2. In this work, the authors equilibrated incommensurate capped films

into morphologies of expanded or compressed lamellae, then removed the capping

surface to produce a free interface. They found that in the case of the energetically

frustrated order of compressed lamellae, the growth of holes occurred with a fractal

dimension of 1.67 [76]. In the work by Ly et al. (Ref. [88]), the effect of electric

field on the ordering of thin films was studied using SCFT, probing an OOT from

perforated lamellae to aligned cylinders. In addition to electric fields, a number of

other force fields (magnetic,shear,flow, etc.) have been utilized alter block copolymer

long range orientational order. In particular, the effect of shear rates on the alignment

of lamellae and cylinders has been the focus of a great deal of research, and warrants

a discussion in relation to the work performed within this thesis.
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1.2.4 Shear effects

Shear forces are known to have a significant effect on the phase separation in polymer

blends [92,93] and polymer solutions [94, 95], so it is not surprising that shear forces

can alter the ordering of microphase separated diblock copolymers as well. Symmetric

diblock copolymers when annealed below the ODT in the bulk will form lamellae as

discussed before, but the orientation of these lamellae is isotropic throughout the

sample when sample sizes are large enough that surface interactions do not play a

significant role [2]. As a consequence, there is no long range order within symmetric

diblock copolymer systems unless some action is taken during the sample preparation

process to align domains.

It has been observed that in the case of symmetric diblock copolymer melts,

lamellar domains may become aligned in the direction of the shear strains applied

by large amplitude oscillatory shear [96, 97] and steady shear [98]. In these studies

it was observed that for low frequency shear, or low shear strain rates, lamellar

orientation is unaffected. However, for large enough shear strains, the lamellae tend

to align with the shear strain direction such that the normal to the lamellar plane is

pointing perpendicular to the shear strain field. These results have been confirmed

using simulation, with transverse lamellar domains (domains with lamellar planes that

have a normal that is parallel to the shear) being aligned through the application of

large enough shear rates [99].

The alignment of lamellar domains in thin films of diblock copolymer is of tech-

nological importance for various nano-patterning applications [100]. As discussed

in Section 1.2.2, lamellar forming diblock copolymers typically align parallel to the

substrate when there is a preferable interaction with one of the two polymer blocks.

However, when the surface is modified to be a neutral substrate, such that neither

block is preferred at the interface, then incommensurate films may align lamellae per-

pendicular to the substrate [25]. Similar to in the bulk case, thin films of perpendicu-

lar lamellae will exhibit an isotropic orientation in lamellar domain order, albeit now

confined to two dimensions, which is undesirable for technological application [100].

Success in obtaining long range orientational order through alignment of lamellar

domains has been achieved through the application of shear strain rates [101, 102].

Similar to the case of lamellar ordering diblock copolymer in the bulk state, lamellae
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tend to align such that their normals are oriented perpendicular to the flow field,

resulting in perpendicular domains aligned in the direction of the applied strains.

Experiments have also been carried out on symmetric diblock copolymers which

are in the homogeneous disordered state. In these experiments, it has been observed

that the temperature for the isotropic to lamellar transition is increased [98,103,104].

In other words, as shear strain rates are increased, a homogeneous disordered lamellar

copolymer can order under shear. These experiments have been confirmed using

simulation [105], and imply a strong desire for lamellae to align in the direction of

shear strain rates, even in the bulk disordered state.

Due to a number of different external forces, interfacial effects, and self-assembly

energetics, a variety of different diblock conformations and kinetics can be probed.

Though equilibrium phases are quite well understood, there is still a great deal to be

understood about how these structures form, and how the final morphology struc-

tures and orientations are affected by different initial conditions and preparation

procedures.

1.3 Liquid Jets and Bridges

If you have ever observed a thin jet of water streaming from your kitchen faucet, you

may have noticed that the initial cylindrical jet of liquid breaks up into individual

droplets before it hits the basin of the sink [14]. Similarily, when you place a droplet

of liquid between two surfaces, like some saliva between your fingers, if you separate

the surfaces you can create a liquid bridge that spans the separation distance. If this

bridge is thin enough in comparison to its length, it will be unstable and thin out,

eventually breaking up into individual droplets on each surface [106]. These systems

of liquid jets and bridges provide an interesting platform for studying dynamics in

liquid systems. The instabilities in these geometries give rise to strain rates which

are quite different than in typical bulk and thin film systems due to the axisymmetric

geometry. As well, by adding small amount of very long polymers, as is the case

with muccosacchirides in your saliva, a stability within very thin fibers occurs due

to a viscoelastic effect of polymers in axisymmetric shear strain rates [107]. I will

start with a discussion of the surface tension and Laplace pressure that give rise to
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the instabilities of liquid jet and bridge geometries for simple Newtonian liquids, and

then discuss the effect that the elastic nature of polymer chains has on dynamics

within these geometries.

1.3.1 Newtonian liquids

In order to understand the instabilities that arise within liquid jet and bridge systems,

I will consider the driving forces behind these dynamics for simple Newtonian liquids

(ie. constant viscosity liquids). The following closely follows arguments made by the

authors of Ref. [106]. As per the discussions on polymer blends and nucleation in

Section 1.1.1, all liquid-liquid or liquid-gas systems have an energy cost per unit area

of interface that is called the surface tension, γ. The general definition of the surface

tension is that it is the energy cost of increasing the surface area by one unit, or in

equation form

γ =

[
∂F

∂A

]

T,V,n

, (1.38)

where T is temperature, V is volume, and n is the total number of molecules. Though

γ is typically regarded as an energy per unit area, it may also manifest itself as a

force per unit length. One example of this is when a moveable wire is placed across

a liquid membrane (typically demonstrated using a sliding wire and soap film), the

wire will stay at rest at any point along the film. However, upon rupturing the film

on one side of the wire, the surface tension of the existing film will pull with a force

proportional to γ such that

f · dx = 2γldx, (1.39)

where f is the force exerted by the soap film, and l is the length of the rod [106] (See

Figure 1.9). Thus, the surface tension may be represented not only as an energy per

unit area, but a force per unit length normal to the wire, directing the motion of the

wire in toward the film surface, reducing the total surface area of the system.

This effect of surface tension is quite remarkable in flat films, but when you con-

sider curved surfaces it becomes even more interesting. It seems obvious that since

surfaces cost energy that nature will tend to minimize surface area between immis-

cible fluids (ie. two unlike polymers or oil and water) by forming minimal surface

structures, like spheres. However, in addition to this drive to minimize surface area,
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γ⃗ dxl

Figure 1.9: Schematic of the simple demonstration of a soap film pulling a mobile
wire due to surface tension. The surface tension, ~γ acts as a force per unit length, l,
pointing inward toward the film surface.

there is also a pressure that must be created to prevent a curved surface from col-

lapsing in on itself. This pressure is calculated for a simple spherical drop of A fluid

in a bath of B fluid by computing the work, δW created by deforming the droplet as

δW = −PAdVA − PBdVB + γABdA, (1.40)

where PA and PB are the pressures in the A and B fluids respectively, γAB is the

interfacial tension between the two fluids, and dVA, dVB, and dA are the changes in

volume and surface area of the two fluids. Using a spherical geometry and the fact

that due to incompressibility, dVA = −dVB, the condition for mechanical equilibrium,

δW = 0, can be calculated to show a difference in pressures between the A and B

liquids to be

∆P = PA − PB =
2γAB

R
, (1.41)

where R is the radius of the spherical droplet. This is quite remarkable, as it tells us

that the pressure inside a droplet is greater than outside, simply due to the need to

balance surface tension. As a consequence, this signifies greater pressure difference in

tiny droplets with smaller radius [106].

This definition of the pressure may be generalized to any liquid-liquid or liquid-

31



PhD Thesis - R.D. Peters McMaster University - Physics and Astronomy

gas interface using Laplace’s theorem, where the increase in pressure is calculated as

simply the product of surface tension and the curvature of the system, C, such that

∆P = γ

(
1

R1

+
1

R2

)
= γC, (1.42)

where R1 and R2 are the radii of curvature at the surface. In the case of a sphere, this

converges to the pressure calculated in Equation 1.41. However, in the more general

case, the two radii of curvature may be identified by considering a more complex

surface, like that displayed in Figure 1.10. By defining a direction perpendicular to

the surface at any point, the curvature is simply found by taking cuts through two

mutually orthogonal planes of the object at that point. The two radii of curvature,

R1 and R2, are simply the two radii defined by the curvature at the points intersected

by the mutually orthogonal planes. Focusing now on the geometry of a cylindrical

liquid jet, like water from your kitchen faucet, we can utilize arguments of minimizing

surface energy and Laplace pressures to explain the dynamics within these systems.

R1 < 0

R2 > 0

Figure 1.10: Schematic for determining curvature of complex shapes. Radii of curva-
ture may be either positive (R2) or negative (R1) dependent on whether their radii
are within or without the surface respectively.
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As described earlier, the cylindrical jet of water from your faucet breaks up into

individual droplets before it hits the sink basin. In order to better understand this,

consider a simple analysis of the initial and final states of the system, where initially a

perfect cylindrical element exists, and in the final state there is a number of individual

spherical droplets, n. Using conservation of volume we obtain

πR2L = n · 4

3
πr3, (1.43)

where L is the length of the cylindrical element being considered, R is the initial

radius of the cylinder, and r is the radius of the individual spherical droplets. Since

liquid systems prefer to reduce surface area due to their surface tension, consider

when Sf < Si, such that

n · 4πr2 < 2πRL, (1.44)

where by combining Equation 1.43 and Equation 1.44 the inequality becomes

r >
3

2
R. (1.45)

Therefore, as long as the individual droplets in the final state have radii greater

than 3
2
R, the final state has a lower surface energy. However, though this describes

the droplet state as equilibrium, it does not explain the dynamics by which this

state is achieved. Is the initial state metastable (nucleated dynamics) or unstable

(spinodal dynamics)? The response to this question is formed by considering the

effect of perturbing the surface and assessing whether the surface energy is reduced or

increased, indicating whether the jet is locally stable or unstable. This calculation was

initially performed by Lord Rayleigh [108], though a good outline for the calculation

may be found in Ref. [14] or [106].

Consider the effect of a sinusoidal perturbation with wavelength, λ and amplitude,

ε, on a cylinder of radius, R. A schematic of this process is outlined in Figure 1.11,

but in mathematical form, the radius of the cylinder along the axis coordinate, x,

follows

R(x) = R∗ + ε cos(qx), (1.46)

where q = 2π
λ

is the wave vector of the perturbation, similar to our discussion of
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R0

R∗ + ϵ

λ

Figure 1.11: Schematic of the Plateau-Rayleigh instability, the unstable perturbation
of a liquid jet with amplitude ε and wavelength λ.

spinodal decomposition, and R∗ is the average radius of the jet which must be less

than the initial radius of the jet R in order to conserve volume [106]. By considering

small perturbations, where ε << 1, the surface energy change in the system due to a

perturbation, ∆E can be calculated as

∆E =
ε2

4R2
0

[
(qR0)2 − 1

]
E0, (1.47)

where R0 is the initial cylinder radius, and E0 is the initial system energy. Note that

the value within the brackets will be negative, making the change in energy negative,

if

λ > 2πR0. (1.48)

In other words, the cylindrical jet is unstable to any perturbation with wavelength

greater than the initial circumference of the jet. Though this tells us that the cylin-

drical jet is unstable, a similar calculation to that carried out by Cahn and Hilliard

for spinodal phase separation may be performed to determine through linear stability

analysis that there is a specific wavelength which grows fastest that corresponds to

λ0 = 2π
√

2R0 [106,108]. It is interesting to note that though this calculation was first

performed by Rayleigh in 1878 describing the stability of liquid jets, it was initially

discovered experimentally by Plateau around 1870. He made the discovery when de-
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forming droplets of oil in water into long cylinders which he found to break up when

cylinders were long enough to satisfy the instability criterion in Equation 1.48 [106].

It is due to the experimental contribution by Plateau and the theoretical contribu-

tion by Rayleigh that this instability of liquid jets is commonly referred to as the

Plateau-Rayleigh instability [106]. It is interesting to note that the Plateau-Rayleigh

instability is a global phenomenon for any fluid-fluid system and plays a role in many

practical applications including ink-jet printing and agriculture irrigation, while also

being observed throughout nature, such as in the beautiful patterns of droplets formed

from the break-up of water films on spider webs [14].

Another cylindrical geometry similar to the liquid jet is that of the liquid bridge

(see Figure 1.12). Consider a droplet between two substrates, like some honey between

your fingertips. If you separate your fingers only a small amount, a liquid bridge will

form, connecting the droplets on each finger (see Figure 1.12a). This bridge can be

stable, as the wavelength of perturbation to which the axisymmetric bridge is unstable

is longer than the actual length of the bridge [109]. As well, this short liquid bridge

applies a capillary force, attempting to force your fingertips back together. This force

is induced by the difference between inside and outside curvature of the bridge, such

that in Equation 1.42, ∆P is negative at the midpoint of the bridge, pulling the

droplets on each fingertip together [106]. Though this conformation of the bridge is

stable, if the bridge is stretched further (see Figure 1.12b) by pulling your fingertips

apart, it becomes unstable as ∆P becomes positive and liquid flows from the high

pressure region at the centre of the bridge (large inside curvature at midpoint), into

the low pressure droplets on each finger (small curvature of droplets) [109]. This

flow from the centre of the bridge into the droplets causes the bridge to thin out in

diameter until it eventually pinches off at the centre point, breaking up into separate

droplets on each fingertip.

The breakup of unstable viscous Newtonian liquid bridges has been found to evolve

such that the minimum diameter of the bridge, dmin decreases linearly with time, t,

such that [110,111]

dmin = d0 − 2α
γ

η
t, (1.49)

where d0 is the initial bridge diameter, α = 0.0709 is a numerical pre-factor which has

been determined in Ref. [112], and η is the viscosity of the liquid. Equation 1.49 has
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(a) (b)

dmin

Figure 1.12: Schematic of liquid bridges which are a) stable and b) unstable.

been confirmed to be valid experimentally through a number of rheological experi-

ments on viscous liquids [110,111]. The derivation of Equation 1.49 and the pre-factor

α is beyond the scope of this introduction, however it is important to note that it

is only valid for break-up dynamics when the outer curvature is much smaller than

the inside curvature (ie. Rin << Rout) at the bridge midpoint. In other words, the

bridge must be approximately cylindrical at the midpoint [112], such that the inside

or azimuthal curvature related to the bridge radius is much greater than the axial

curvature along the outside of the bridge (See Figure 1.12). The remarkable part of

Equation 1.49 is that by measuring the minimum diameter of a thinning liquid bridge,

we can calculate the ratio of surface tension to viscosity, γ
η
, an important rheological

property. This ratio of the surface tension to viscosity is sometimes referred to as the

capillary velocity [113].

Armed with this understanding of the dynamics in Newtonian liquid jets and

bridges, the study of break-up dynamics in polymer liquid jets and bridges has been

undertaken. I will now provide an overview of this work, describing the drastic effect

that large molecular weight polymers have on the flows within these axisymmetric

liquid systems.

36



PhD Thesis - R.D. Peters McMaster University - Physics and Astronomy

1.3.2 Polymer solutions and melts

It has been shown that as liquid jets or bridges of dilute solutions of high molecular

weight polymer evolve toward break-up, the local decreases in radius of the jets or

bridges are accompanied by a shear thickening that can cause orders of magnitude

increases in viscosity [107, 110, 111, 114–118]. This is quite a phenomenal result and

may be explained by considering the effect that shear strain rates induced by flow

within these axisymmetric geometries have on the long polymer chains.

(a) (b)

l1 l2

Figure 1.13: Schematic of the elongational shear strain on a cylindrical element at
the midpoint of a thinning liquid bridge. l1 and l2 represent the length of an equal
volume cylinder as material flows from the midpoint of the bridge into the droplets
on each substrate.

Considering the evolution of a small cylindrical element at the centre of a liquid

bridge (See Figure 1.13), it can be shown that as there is a local decrease in radius,

there is also a stretching of the fluid element in that region due to the axisymmetric

geometry where material is flowing from the centre of the bridge into droplets on either

side. The stretching induces a shear strain rate on polymers within the bridge, and

has an intimate relation with the shear thickening effects that are observed. In order

to calculate the shear strain rate within the jets and bridges, an assumption must be

made similar to Equation 1.49 that the jet or bridge is approximately cylindrical near

its pinch-off point. Therefore, the shear strain rate, ε̇, is calculated by considering

the evolution of a cylindrical element near the pinch off point such that

ε̇ =
1

l

dl

dt
, (1.50)

where l is the length of the fluid element as a function of time as shown in Fig-
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ure 1.13. Using conservation of volume in the cylindrical element, then l = 4V
πd2min

, and

Equation 1.50 reduces to

ε̇ = − 2

dmin

d

dt
(dmin) , (1.51)

where the shear strain rate, like the capillary velocity from Equation 1.49, can be

calculated as a simple function of the measurable parameter, dmin(t) [110,111].

Combining the knowledge of Equation 1.49 and 1.51, we can see that as a liquid

bridge or jet evolves toward pinch-off, and dmin becomes small, the shear strain rates

due to the elongation of these cylindrical fluid elements will become very large. In

the case of a polymeric liquid, this stretching of the fluid element will extend polymer

chains along with it, creating a build up of elastic stresses due to the elastic effects

of polymers discussed in Section 1.1. This build up of elastic stresses manifests as

a shear thickening, as polymers resist the extensional flow which is extending the

chains, slowing down bridge thinning. It has been found that the onset of this shear

thickening in the case of dilute polymer solutions is found to occur for shear strain

rates which are comparable to the inverse of the polymer relaxation time in dilute

solution, ε̇ & 1
τrel

[107]. This relation illustrates that for large bridge thicknesses,

or low shear strain rates at the bridge midpoint, polymer chains may relax faster

than they are extended within the flow, causing the liquid to act Newtonian-like

with a viscosity that is similar to that of the solvent, ηs. Conversely, for thin polymer

solution bridges, where shear strain rates are high at the midpoint, polymer chains are

extended much faster than they can relax, and thus resist this stretching, resisting the

flow in thinning regions and increasing the effective viscosity. This increase in effective

viscosity is sometimes referred to as the extensional or elongational viscosity [107].

This is remarkable, as it provides a local, shear strain rate dependent viscosity within

liquid jets and bridges, which can give rise to a number of very interesting viscoelastic

effects in liquid jets [119] and bridges [114–117,120].

In the case of liquid jets dripping from a nozzle, like water from a faucet, this

can give rise to an interesting ‘gobbling’ phenomenon. As droplets break-off from

the bottom of a stream, reducing the weight of the liquid element, there is an elastic

rebound effect as thin regions of the stream which have a higher effective viscosity,

have an elastic response due to the stretching of polymer chains. This results in a

thickening of the thin regions, pulling the liquid jet back toward the faucet [119]. As a
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consequence, you get an almost bungee jumping like effect, where when droplets at the

bottom of the jet detach, the decrease in gravitational force causes an elastic response

in the thin capillary regions, pulling the jet upwards. Then, as the amount of liquid

in the droplet at the bottom of the jet increases with added fluid, the gravitational

force increases, pulling the liquid element down once again. This gravitational force

stretches out thin regions within the jet, repeating the process as soon as break-up

occurs again. This process is quite beautiful and outlined/imaged nicely in Ref. [119].

However, in the work contained within this thesis I studied the break-up of liquid

bridges. Liquid bridges have been the primary focus for research on elongational

viscosity increases in high molecular weight polymer solutions and melts [117, 118,

121–125]. As mentioned above, these measurements of viscosity as a function of shear

strain rate in dilute polymer solution bridges have demonstrated shear thickening that

increases the viscosity by orders of magnitude over that of the solvent. As polymeric

bridges thin out under surface tension, instead of a linear decrease in diameter, it has

been observed that the diameter decreases at an exponential rate, such that

dmin(t) = d0 exp (−t/τ) , (1.52)

where d0 is the initial bridge diameter, and τ is the decay constant for the bridge

width [115]. In addition to this slowing of dynamics due to shear thickening, in

the late stage of break-up, the liquid bridge becomes unstable to a Plateau-Rayleigh

instability, causing the liquid bridge to thin out into individual droplets [114–117,120].

In this process, as fluctuations grow, droplets will grow as expected. However, the thin

connections in between the droplets will have drastic increases in effective viscosity

due to the pinch-off in these regions. As a consequence, the bridge forms a fairly stable

bead-on-a-string (BOAS) structure which consists of low viscosity droplets (beads)

connected by thin filaments of high effective viscosity polymer solution (string) [114–

117, 120]. A great way to see the BOAS structure described here is to perform an

experiment with saliva between your fingers. Due to the mucopolysaccharides in

your saliva, this simple accessible solution exhibits all the properties described here,

forming a BOAS structure in the late stages which can remain stable for 10’s of

seconds

In addition to the work on polymer solutions, there has also been an effort to
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understand the dynamics of polymer bridges in the melt state as well [121–125].

Similar to in the case of polymer solution bridges, there is shear thickening due to

the elastic stresses applied to polymer chains, however most work has looked at high

molecular weight polymer melts [121–125], and relatively few have looked at short

polymer chains which are below or near to the entanglement molecular weight [122].

As well, diblock copolymer bridges have never been studied until our work presented

in Manuscript IV (section 3.4). One can imagine that the additional complexity of

diblock copolymer order may play an interesting role in the dynamics of break-up in

these liquid bridge geometries.

40



Chapter 2

Experimental Details

Sample preparation and characterization for all experiments contained within this

thesis has been described in detail within the individual Manuscripts in Chapter

3. In this chapter, I will provide a general description of the various techniques

for preparation and characterization of polymer films and bridges that were used

throughout my PhD research.

2.1 Sample Preparation

2.1.1 Materials

All polymer used in these studies was purchased from Polymer Source Inc. (Dorval,

Quebec) and used as received without further purification. All polymer possessed low

polydispersity (Mw/Mn . 1.10) and was clean of heterogeneous defects which could

alter equilibrium structures or dynamics. The chemical structures of the monomer

units for polymers used in experiments contained within this thesis are shown in

Figure 2.1.

Symmetric diblock copolymer poly(styrene-b-methyl methacrylate) (PS-b-PMMA)

is a diblock copolymer made up of polystyrene (PS) and poly(methyl methacrylate)

(PMMA) linear homopolymer blocks of approximately equal length. PS-b-PMMA

was chosen due to its low temperature dependance Flory-Huggins interaction param-

eter of

χ = (0.028± 0.002) +
(3.9± 0.6)

T
, (2.1)

41



PhD Thesis - R.D. Peters McMaster University - Physics and Astronomy

Figure 2.1: Molecular structure of (a) PS, (b)P2VP, and (c) PMMA polymer chains.

as taken from Ref. [126], where T is temperature in degrees Kelvin. By studying

polymers of sufficiently large molecular weight, as used in the experiments included

in this dissertation (Mw = 25000 − 26000 g/mol, N ≈ 500), both films and bridges

can be studied at various temperatures with relatively little change in the diblock

copolymer order. For this particular polymer, assuming a bulk ODT occurring at

χN ≈ 10.5 as proposed in Ref. [2,127], the polymer is always highly segregated with

χN = 17.8−18.6 for temperatures ranging from 240 ◦C to 150 ◦C in the experiments

carried out for this dissertation.

In Manuscript IV, poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) was utilized, with

Mw = 8200−b−8300 g/mol, N ≈ 158. PS and poly(2-vinylpyridine) (P2VP) are very

similar in chemical structure differing by the replacement of one carbon in the benzene

ring of PS with a nitrogen atom in the P2VP monomer (See Figure 2.1a and 2.1c).

Due to their similarity, they possess almost identical rheological properties (viscosity,

η and temperature relations) [128]. Additionally, the order-disorder transition is

experimentally accessible with TODT ≈ 160 ◦C [129], which allows for experimentation

in both the ordered and disordered states.

Linear homopolymers were also used for sample preparation in Manuscript III and

as a reference system in Manuscript IV. PS homopolymer was used with molecular

weight of Mw = 8, 16, 1140 kg/mol. The 1140 kg/mol PS was utilized as a smooth

substrate for altering the thin film boundary conditions in Manuscript III, while the

lower Mw PS was utilized in liquid bridge experiments in Manuscript IV. PS is used

as its rheological properties are well understood, allowing for facile interpretation of

results in the context of previous work. P2VP homopolymer was also used with Mw
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for comparison to PS-b-P2VP dynamics in Manuscript IV.

2.1.2 Film Preparation

The preparation of clean, uniform films is essential for the study of dynamics in

diblock copolymer thin films. This is made possible through the process of spin

coating, whereby a few droplets of dilute solution of polymer (1.0% to 5% polymer

by weight) are placed on a substrate which is then spun at a high rate (1000-5000

rpm) on a commercial spincoater. For all solutions, toluene was used as the solvent.

Due to the high volatility of the solvent, after spinning for ≈ 30 seconds, most of

the solvent has left the system, and the result is a uniform, thin film of polymer

on the substrate. By varying the concentration of solution and rotation speed of

the spincoater, I created uniform films with thicknesses ranging from 10’s to 100’s

of nanometres. Increasing the solution concentration increases the resultant film

thickness. Conversely, increasing the speed of the spincoater decreases the thickness

of the deposited film.

Films are prepared on one of two different substrates: silicon (Si) and mica. Both

Si and mica offer a clean, smooth substrate when freshly cleaved. Most films are

prepared on Si, as it is highly reflective, making it optimal for optical microscopy

and ellipsometry for film characterization. For these experiments, Si wafers with a

(1 0 0) orientation and an approximately 2 nm native oxide layer are used. Mica is

used primarily as an intermediary in the sample preparation process through the use

of a water transfer or “floating” technique that is utilized in the study described in

Manuscript III. Once a film is spincast on a mica substrate and annealed to equilib-

rium configuration, it may be floated onto the surface of an ultra clean water bath of

distilled water by submerging the substrate in the liquid. Subsequently, the film may

be picked up using a Si substrate, allowing for the creation of layered films.

In order to ensure clean samples, extra care is taken throughout the sample prepa-

ration process to remove the possibility of contaminants. Only the highest quality

of polymer, Si substrates (University Wafer, USA), mica substrates (Ted Pella Inc.,

California, USA) and toluene (Optima Grade Toluene, Fisher Scientific Canada) were

used to create samples. All solutions were spincast from solution that was filtered

through 0.2 µm filters. When cleaving Si substrates, extra care was taken to minimize
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the amount of dust contaminant on the substrate surface. As well, mica substrates

were only cleaved immediately before spin coating to ensure a pristine surface.

2.1.3 Polymer Melt Bridge Preparation

Figure 2.2: Schematic of experimental setup from side view (left) and top view (right).
Components of experimental setup are identified in schematic as a) glass micropipette,
b) metal ring, c) Si wafer, d) sapphire window, e) glass substrate, f) microscope
objective, and g) hot stage. The red droplets represent the polymer.

For our studies on polymer melt bridges I needed to prepare axi-symmetric poly-

mer bridges in the melt state. A detailed description of the experimental process is

outlined in Manuscript IV, however I provide a brief description here as well. The

experimental setup (shown in Figure 2.2 consisted of one glass substrate being affixed

perpendicular to a clean Si wafer while another glass substrate was attached to a stiff

glass micropipette that was mounted on a multi-axis translation stage. Polymer was

deposited on each glass substrate by placing a droplet of concentrated solution of poly-

mer in toluene (≈ 25− 40% polymer by weight) on each glass substrate. The entire

setup was placed on a modified optical microscope hot stage (THMS 600, Linkam Sci-

entific, United Kingdom) with temperature control to within 0.1 ◦C. The experimental

region of interest is surrounded by a metal ring and topped with a sapphire window

(Univeristy Wafer, USA). The metal ring was in conductive contact with both the

hot stage and the sapphire window, and due to the high heat conductivity of both the

44



PhD Thesis - R.D. Peters McMaster University - Physics and Astronomy

metal and sapphire, this maintained a consistent and well-known temperature within

the experimental cell. The entire setup was placed on an optical microscope stage

for observation of liquid bridge dynamics. For experiments performed above 180 ◦C,

I needed an N2 atmosphere in order to prevent degradation. Since the experimental

design was constructed open to the atmosphere, the microscope objective and stage

were placed within a sealed plastic bag and flushed with nitrogen during these high

temperature experiments. In these experiments, the system was flushed with nitrogen

for ≈ 30 minutes before annealing the system to high temperatures.

2.2 Sample Characterization

2.2.1 Optical Microscopy

For most studies within this thesis, an Olympus BX-51 reflection microscope was

used to characterize film surfaces and liquid bridge dynamics. Images were taken

using a CCD camera mounted on the microscope to provide high resolution images

(1390 x 1040 pixels) for subsequent image analysis. All experimental heating on the

microscope was performed using a Linkam microscope heating stage to provide precise

and accurate temperature control.

2.2.2 Ellipsometry

Film thicknesses and changes in diblock film structure were measured using ellipsom-

etry, a technique which measures the change in light polarization when it is reflected

from a film covered substrate. I used both a commercial ellipsometer (EP3, Accu-

rion GmbH, Germany) as well as a custom built device to carry out ellipsometric

measurements. A schematic of a general nulling ellipsometry setup is shown in Fig-

ure 2.3. A monochromatic red laser is transmitted through a polarizer and quarter

wave plate. This combination of optical elements creates elliptically polarized light

which depends on the angle of the polarizer, P . In nulling ellipsometry, P is chosen

such that upon reflection from the film-substrate sample, the resultant light is lin-

early polarized. This linearly polarized light is then passed through another polarizer,

termed the analyzer, set at an angle A, such that it is cross polarized with the linearly
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polarized laser line. This results in creating a minimum resultant intensity, or ‘null’

intensity that is measured using a detector.

Figure 2.3: Schematic of ellipsometric setup used.

This unique set of polarizer angles, P and A, that results in a null intensity

is directly related to films properties such as thickness, h and refractive index, n

of the sample when assuming an isotropic film. The power of ellipsometry is its

sensitivity to very small changes in thin film properties, measuring film thicknesses

on the nanometre scale with the potential for angstrom level accuracy. When the

resultant intensity for an initially nulled film with angles P0 and A0 are measured as

a function of annealing time, information on how films are evolving may be gathered

to determine the timescale on which film structure change is occurring.

When recording the polarization angles for an isotropic film, P and A, values of

h and n are generally the properties that are measured. Using standard ellipsometry

equations, the angles P and A at null may be used to define h and n for the film [130].

Snell’s law states

n1 sin(φi) = n2 sin(φt), (2.2)

where n1 and n2 are the refractive indices at either side of an interface, and φi and φt

are the angles between the incident ray and the refracted ray with respect to the nor-

mal of the film [130]. The boundary conditions that must be satisfied are determined

using Maxwell’s equations, and these boundary conditions determine the perpendic-

ular and parallel components of the lights’ electric field changes upon reflection. A

set of equations derived by Fresnel can be used to relate the quantity of light that is
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transmitted, t, and reflected, r, at each interface for the different light components

which are parallel, ‖, and perpendicular, ⊥ where

r⊥ =

(
E0r

E0i

)

⊥
=
ni cos(φi)− nt cos(φt)

ni cos(φi) + nt cos(φt)
, (2.3)

r‖ =

(
E0r

E0i

)

‖
=
nt cos(φi)− ni cos(φt)

ni cos(φt) + nt cos(φi)
, (2.4)

t⊥ =

(
E0t

E0i

)

⊥
=

2ni cos(φi)

ni cos(φi) + nt cos(φt)
, (2.5)

t‖ =

(
E0t

E0i

)

‖
=

2ni cos(φi)

ni cos(φt) + nt cos(φi)
, (2.6)

where E0r, E0i, and E0t are the electric field amplitudes for the reflected, incident and

transmitted beams respectively [130]. In addition to the Fresnel equations, describing

the transmission and reflection of light at the interfaces, the relative change in phase of

each component of light, δ, is dependent on the film thickness and index of refraction

according to

δ = 2π

(
t

λ

)
n cos(φ), (2.7)

where λ is the wavelength of the laser light [130]. If the experimental setup involves

multiple layered films (which is the case for all films on a Si substrate used in this

study), then the Fresnel coefficients of Equations 2.3-2.6 must be calculated at each

interface. Therefore, a model is constructed using the Fresnel coefficients to match the

geometry of the film being studied, accounting for phase changes during transmission

and reflection [130]. The model will have fit parameters of the refractive indices and

the thicknesses of the different film layers, and will depend on the angle of incidence

of the laser light on the film. All except two of the n or t values are fixed within the

model, and a minimization scheme is used to adjust these values until the calculated

polarizations match those which correspond to the measured polarizer angles P and

A. In general, the equation calculated is not invertible and is cyclic, so reasonable

values for the refractive index and film thickness must be input in order for the correct

film thickness or index of refraction to be fit.

In the experiments carried out in Manuscripts I and II, the ellipsometer was used in
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an unconventional way to obtain information on complex structural changes within

the film. Since ellipsometry is very sensitive to changes in film structure, I utilize

this to monitor the growth of lamellae in symmetric diblock copolymer films as they

transition from the spincast, homogeneous state, to the layered lamellar state. In

these experiments, homogeneous, disordered films were heated to above the glass

transition into the melt state, but below the ODT, so films would order lamellae

parallel to the substrate. As soon as the desired film temperature was reached, the

polarizer angles, P and A, were set to nulling condition to provide minimum intensity

at the detector, and fixed at these angles. As films were annealed and ordered, the

change in the structure of the film resulted in an increase in the intensity measured at

the detector as new interfaces between lamellar domains were created. Monitoring the

evolution of this intensity with time I was able to observe structural changes within

the film in the ordering process of parallel lamellae. Due to the complex nature of

the growth of lamellae, the precise model of the evolution with time of lamellae was

not calculated, however this technique did provide the ability to observe ordering and

incubation times in the case of nucleated growth in incommensurate thin films.

2.2.3 Atomic Force Microscopy

An atomic force microscope (AFM) (Caliber, Veeco, USA) was used for sample char-

acterization of diblock copolymer film surface topology and morphology for our work

on symmetric diblock copolymer film dynamics. Measurements were made in AFM

dynamic contact mode, hereafter referred to as tapping mode, such that the AFM

cantilever is driven to oscillate near its resonant frequency. As the AFM tip is brought

near to the surface of the film, interactions with the surface via Van der Waals forces,

dipole-dipole interactions or electrostatic forces decrease the oscillation amplitude.

Using a feedback loop, the tip is kept at a set distance from the surface presenting

the same interaction throughout the scan. The advantage of this method, over tradi-

tional contact mode, is that you avoid complete contact with the surface which can

be destructive as the AFM tip is dragged across the film surface. As well, in regular

room conditions without an isolated chamber, a thin water layer is common which can

alter the surface forces, making contact mode difficult, favouring the use of tapping

mode.
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An additional advantage of the tapping mode operation mode is that in addition

to film topology information, the changes in oscillation of the tip can be used to

provide more information on film properties. As the AFM tip approaches either an

island or hole on the film surface, the amplitude of the oscillation will change as

the film surface becomes further form the tip (hole) or closer to the tip (island),

changing the interaction of the surface with the oscillating tip. Due to the feedback

loop, the tip will move to maintain the same oscillation amplitude, however if the

amplitude of the oscillation is plotted for the entire scan, the result is a measure of the

gradient in the topology, identifying changes in height of the film. Additionally, the

tip will have slightly different interactions with materials of different elastic moduli or

absorptive properties at the film surface, such as two different polymer blocks [131].

As a consequence, small changes in the phase of oscillation will occur as different

materials are at the surface during the scan, resulting in a phase image which provides

information on the different blocks at the film surface, thus giving access to the film

surface morphologies.
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Chapter 3

Summary of Papers

The following 4 papers compose the bulk of the research carried out during my PhD.

The first three papers focus on the dynamics of ordering symmetric diblock copoly-

mer thin films. The first two study the nucleated and spinodal formation of terraced

structures at the free surface of supported thin films when ordering from the homoge-

neous, spincast state. The third paper studies the effect on film surface morphology

and topology in the order-order transition from asymmetric to symmetric wetting

lamellae. The final paper focuses on the dynamics in a different geometry, the liquid

bridge, and studies the effect of symmetric diblock copolymer order on the dynamics

in polymer melt bridges.
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3.1 Manuscript I

Film thickness dependent ordering dynamics of lamellar forming diblock

copolymer thin films

R. D. Peters, K. Dalnoki-Veress, Eur. Phys. J. E 35, 132 (2012).

This study is the first of two studies in which the dynamics of surface decom-

position due to incommensurability is studied. For this paper, we spincast films of

poly(styrene-b-methyl methacrylate) (PS-PMMA) onto a Si wafer substrate, inducing

asymmetric wetting conditions where films require commensurate thicknesses of νL0

2

with ν odd. Films were prepared with heights ranging from ν ≈ 8 to ν ≈ 15 mono-

layers, resulting in a set of films with widely varying degrees of incommensurability.

Films were studied using the modified ellipsometry technique described in Sec-

tion 2.2.2, studying the changes in film structure as a function of time while anneal-

ing below the ODT in the melt state. In our experiments, we observed three distinct

regimes of ordering for our PS-PMMA films: i) an ordering regime where films form

an intermediate morphology, ii) an incubation regime where film structure remains

unchanged, and iii) a nucleating regime where islands and holes begin to appear at

the film surface. This measurement technique gave us access to two timescales within

the ordering process, the ordering time taken to form the intermediate structure,

τord, and the incubation time spent in the intermediate morphology before nucleating

islands and holes, τinc.

τord was observed to increase slightly for increasing film thicknesses. This was

understood by considering that the more lamellar layers formed during the initial

ordering stage, the larger the ordering time, τord. Though the effect on τord was small,

we observed increases in τinc by 2 orders of magnitude as film thicknesses approached

commensurate heights where there was no driving force to nucleate island or holes.

We developed a model to describe our data using classical nucleation theory. The

free energy was calculated using the strong segregation theory of diblock copolymers

assuming an intermediate morphology of parallel compressed or expanded lamellae,

like the equilibrium phases of capped symmetric diblock copolymer films.
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I was the principal investigator on this study, which involved developing the mod-

ified ellipsometry technique, performing experiments and data analysis, developing

the model for our data and writing the manuscript. Dr. Kari Dalnoki-Veress con-

tributed through editing the manuscript and discussion on developing the ellipsometry

technique, data analysis, and the model.
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Abstract. Ellipsometry is used in a novel way to study the ordering dynamics of symmetric poly(styrene-
methyl methacrylate) diblock copolymer thin films. Ordered thin films form lamellae parallel to the sub-
strate which can form islands or holes at the free surface to ensure commensurability of the layers. The
sensitivity of ellipsometry provides the unique ability to probe morphological changes during the ordering
process before the ultimate formation of islands or holes at the free surface. We observe three distinct
stages in the ordering process: i) an ordering into an intermediate state, ii) an incubation time where the
film structure remains constant and iii) the nucleation of islands or holes to achieve equilibrium lamellar
morphology. The time-resolved measurement of an incubation period and initial ordering stage provides a
means for studying the effect of thickness on the ordering kinetics. The dependence of incubation time on
the commensurability of the initial film height is explained using strong segregation theory.

1 Introduction

Diblock copolymers consist of two chemically distinct
polymer chains that are covalently bonded together. These
molecules are known for their remarkable ability to self-
assemble into complex structures when annealed below
the order disorder transition (ODT) [1]. Thin films of di-
block copolymers are of particular interest due to their
promise of technological advancement in photonics [2],
data storage [3,4], adhesion [5], and surface property mod-
ification [6] among other applications [2].

It has been well established that symmetric diblocks,
one of the simplest copolymers consisting of equal parts
of both polymer blocks, will microphase separate into a
lamellar morphology [1]. In equilibrium, each copolymer
bilayer will have a characteristic thickness L0, determined
by the balance between the enthalpic cost of creating the
lamellar interfaces and the entropic cost of chain stretch-
ing [1]. In uncapped, supported thin films, we must take
into account the effect of additional interfaces resulting
from the substrate and free surface. A difference in the in-
terfacial energies of the two polymer blocks with the sub-
strate and the air causes the orientation of lamellae par-
allel to these interfaces [7]. In asymmetric wetting condi-
tions, interfacial energies are such that one block preferen-
tially orders at the air interface and the other block at the
substrate, as is the case for poly(styrene-methyl methacry-
late) (PS-PMMA). This results in a total film thickness
at equilibrium that is (N + 1/2)L0, with N an integer.

a e-mail: dalnoki@mcmaster.ca

This film height preserves the bilayer thickness L0 while
satisfying the surface preferences for both interfaces [8].

When the initial film height, h0, is incommensurate
(i.e. h0 �= (N + 1/2)L0), the free surface will form re-
lief structures of islands or holes upon annealing. These
relief structures will grow, conserving volume, until the
entire film is composed of two distinct heights, both sat-
isfying the equilibrium condition of h = (N + 1/2)L0 [8].
Though the equilibrium structure of symmetric diblock
films is well understood [7,8], how the films order remains
an elusive question. A number of studies have examined
the growth of islands or holes both experimentally [9–12]
and theoretically [9,13] to discern how a symmetric di-
block film evolves when annealed below the ODT. Though
these studies provide a good picture of how islands and
holes form and grow, to the best of our knowledge, time-
resolved in situ measurements of film ordering before the
free surface forms relief structures are yet to be presented.
Using ellipsometry, a tool that is sensitive to the small
changes in structure within the film, we investigate the
timescales of evolution from amorphous to lamellar mor-
phologies of symmetric PS-PMMA thin films.

2 Experiment

2.1 Ellipsometry

In previous work, nulling ellipsometry has proven effective
for measuring diblock morphological changes [14]. In the
form of nulling ellipsometry employed here, circularly po-
larised monochromatic light is passed through a polarizer
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and quarter wave plate such that when the polarizer is
set at angle P , the elliptically polarized light produced
after reflection from the film will be linearly polarized.
A second polarizer called the analyzer is then rotated
to an angle A such that it is cross polarized with the
resultant light, yielding a minimum or “null” intensity. In
traditional ellipsometry, these polarizer angles P and A
are used to calculate film properties such as thickness and
index of refraction of a thin film through the standard
equations of ellipsometry [15]. Unfortunately, this analysis
is model dependent, thus requiring a knowledge of the
film structure. Since the evolution of symmetric diblock
films from amorphous to lamellar structure is complex
and annealing time dependent [16–18], such a direct
analysis would be speculative.

To utilize the sensitivity of ellipsometry while simplify-
ing our analysis, we use a modified ellipsometry technique
for the bulk of our measurements. The approach we take
may not be easily invertible to direct structural informa-
tion, but as we will see, can be used to obtain the kinetics
of changes in the properties of the sample. When the di-
block films are annealed, the polarizer angles P and A
are fixed to the settings that create a null intensity at the
very beginning of the annealing process. Upon annealing,
the diblock film will order from the amorphous structure
obtained after sample preparation with an average index
of refraction and no internal interfaces, to a lamellar mor-
phology with interfaces between layers of PS and PMMA.
Since our polarizer angles remain fixed throughout the
annealing process, even a small change in the index of
refraction profile within the film will alter the reflected
polarization of light, causing a change in the measured in-
tensity [14]. Studying the change in the intensity during
film evolution, we can measure the timescales associated
with the ordering of lamellar forming thin films before the
formation of islands or holes occurs at the free surface.
The high sensitivity of ellipsometry to changes in the in-
dex of refraction profile makes this experimental tool ideal
for studying the ordering of the symmetric diblock.

2.2 Sample preparation

PS-PMMA of molecular weight Mw = 25000–26000 g/mol
and a polydispersity of 1.06 was used in this study (Poly-
mer Source, Canada). Thin films with thicknesses vary-
ing from h0 = 105 to 195 nm were spincoated from dilute
toluene solutions (2.5–4.5% by mass) onto silicon with a
1.7 nm native oxide layer. The initial as-cast thicknesses
ranged from h0 ∼ 4.0L0 to 7.3L0, with L0 = 26.5 nm
as measured by AFM for the PS-PMMA molecules used
in this study. Samples were then heated in vacuum at
80 ◦C for 2 hours to remove residual solvent and initial
film heights were measured using ellipsometry (Accurion
Nanofilm EP3, Germany). Samples were annealed dur-
ing the ellipsometry experiment on a modified microscope
heating stage (Linkam THMS 600, United Kingdom). A
rapid heating rate of 90 ◦C/min was used for all measure-
ments.
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Fig. 1. a) The result of a typical intensity measurement
taken for a 137 nm (5.17L0) film with annealing temperature
of 160 ◦C. b) AFM topography images of 141 nm (5.32L0) sam-
ple taken in the plateau region (left) and after the second in-
tensity increase (right). Scale bar is 10 μm. Both images have
the same height scale of 28 nm. c) Schematic of transition from
metastable lamellar morphology in plateau region to final equi-
librium state.

3 Results and discussions

In our experiments, the thin films were rapidly heated
above the glass transition and below the ODT. The el-
lipsometric angles were immediately rotated to achieve a
null intensity after the analyzer, and the intensity was
monitored using the fixed-angle ellipsometry technique de-
scribed above. A typical intensity profile, shown in fig. 1a,
can be separated into three stages: i) an initial intensity
increase, ii) a plateau region, followed by iii) another in-
tensity increase. Using atomic force microscopy (AFM),
we have observed that the surface remains flat with peak-
to-peak roughness less than 1 nm until the second intensity
increase, stage iii). Thus, the second intensity increase is
caused by the onset of island or hole formation at the free
surface. An example of typical AFM measurements of a
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film in the plateau region and after the second intensity in-
crease is provided in fig. 1b. The combination of AFM and
the ellipsometry measurements indicate that two distinct
processes occur before any changes to the surface topog-
raphy caused by the final formation of islands or holes.
First, an initial ordering of the film, signified by the first
intensity increase and the time τord. Second, a plateau
region indicating that the optical properties within the
film remain unchanged (within the resolution of the ex-
periment), represented by the time τinc. The plateau re-
gion is a direct measurement of the incubation period in a
metastable state prior to the nucleation event associated
with the formation of islands or holes.

The incubation time is not a new concept in the orga-
nization of symmetric diblock films [9,10,12] and is to be
expected if there is a metastable intermediate morphol-
ogy. The system can be metastable because of an acti-
vation barrier associated with the cost of creating excess
surface at the edge of islands or holes —directly analogous
to the nucleation and growth regime in phase separation.
The fixed-angle ellipsometry technique provides the ability
to distinguish between the initial ordering stage and the
incubation period during film organization with excellent
time resolution. This ability to measure the two timescales
separately provides the unique opportunity to study the
effect of thickness and commensurability on both τord and
τinc over a wide range of thicknesses. These timescales and
their dependence on initial thickness also provide insight
into the intermediate metastable morphology and order-
ing pathway for symmetric diblock thin films.

In the initial ordering of symmetric diblock thin films,
it has been well established that bilayer formation will
begin at the interfaces due to strong surface energy dif-
ferences between the two polymer blocks [16–18]. In the
case of PS-PMMA, the surface energy of PMMA at the
substrate interface is much lower than that of PS due to
hydrogen bonding at the native oxide layer [18,19]. Con-
versely, PS has only a slightly lower surface energy than
PMMA at the air interface, only differing by ∼ 1% [20].
Thus, as the film begins to order, the difference in sur-
face energy at the substrate will initiate ordering from
that interface propagating toward the free surface, form-
ing bilayers of thickness ∼ L0 [16,18]. For incommensurate
films, as ordering nears completion there will be either an
excess or deficiency of material which prevents lamellae
from achieving equilibrium bilayer thicknesses throughout
the film. This incommensurability is what will eventually
drive nucleation of islands or holes. Using the measure-
ment of the temperature dependence of the PS-PMMA
ODT from [21], we calculate the interaction parameter
to be χN ∼ 27 for the PS-PMMA in this study when
accounting for compositional fluctuations [22]. Thus, the
remaining amorphous polymer at the free interface is un-
stable [23], requiring ordering into an intermediate state.
Metastable intermediate states with parallel lamellae of
non-equilibrium width have been shown to exist before is-
land or hole nucleation in lamellar-forming diblock films
through the use of neutron reflectivity [9]. For a film that
is slightly thicker than commensurate, this means that
the already formed lamellae must incorporate the excess

amorphous material, deforming into bilayers of thickness
L ≥ L0. This process will conserve material and lamel-
lar order while forming an intermediate state with a flat
film surface. Conversely, if the initial film height is slightly
thinner than commensurate, the intermediate state will
consist of bilayers of L ≤ L0.

While it is not clear how the system adjusts to incorpo-
rate amorphous material with non-ideal thickness, we can
turn to a simple free-energy calculation to understand the
lamellar organization. We calculate the free energy of the
film morphology in the strong segregation limit (SSL) [24]
for a general film thickness without requiring commensu-
rability (note that the model presented below should be in-
terpreted as a first-order approximation). In the SSL, the
lowest free-energy morphology in the intermediate state is
that of lamellae with equal bilayer thickness. In this mor-
phology, the excess or deficit of polymer in an incommen-
surate film is shared between all lamellae, decreasing the
total free energy of the film. This morphology of equally
deformed lamellae is metastable and consistent with pre-
vious measurements of film structure in the intermediate
ordered state [9]. In this metastable state, each bilayer will
have a thickness of

L =
h0(

N + 1
2

) , (1)

schematically shown in fig. 1c. Then, for films with h0 <
(N + 1/2)L0, the metastable state would exhibit bilay-
ers that are equally compressed, at a cost of increasing
the interaction between the two blocks. In contrast, for
films with h0 > (N + 1/2)L0, the metastable state con-
sists of equally swollen bilayers, with an associated cost
of stretching the polymers further than in the equilibrium
state. Such swollen or compressed bilayers are equivalent
to the equilibrium conformation of films confined between
two hard walls which has been studied before [25].

The ordering time τord (see fig. 1) represents the time
required to form the intermediate state. To study the ef-
fect of thickness on τord, we measured the initial order-
ing process at 155 ◦C, where τord > 5 hours for the film
heights used in our study. We performed a conventional
nulling ellipsometry measurement where we measure the
P and A necessary to create a null intensity as two nearly
commensurate films of 146 nm (∼ 5.55L0) and 174 nm
(∼ 6.56L0) order into the metastable state. Just as in
the case of the intensity profile in fixed angle ellipsometry
experiments, we do not attempt to model the ellipsometry
data. Rather, for determination of the kinetics of ordering
it suffices to recognise that if the ellipsometric angles are
changing with time, so must the internal structure. P (t)
and A(t) change for a time τord, and then plateau as the
film reaches the metastable state. In fig. 2, we see that the
6.56L0 film takes ∼ 7 hours to reach the plateau region,
whereas the 5.55L0 film takes ∼ 5 hours. As both films ex-
hibit similar incommensurabilities (∼ 0.05L0 larger than
commensurate height), this increase in ordering time for
the thicker film can be attributed to the time needed to or-
der an additional bilayer. The fractional change in A(t) for
the 174 nm film is a demonstration of the complex ellipso-
metric response with changing film structure that occurs
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Fig. 2. Nulling ellipsometry measurement of the fractional
change in nulling polarizer (ΔP/Pf ) and analyzer (ΔA/Af )
angles during the initial ordering stage of 146 nm (∼ 5.5L0)
and 174 nm (∼ 6.5L0) films. Pf and Af represent the nulling
polarizer and analyzer angles in the intermediate state.

upon initial ordering. As the formation of bilayers propa-
gates toward the free surface, the response of P and A is
not necessarily a monotonic function for all films, however
as we are simply identifying the timescale associated with
approaching a region of no change, this does not affect our
evaluation of the ordering time, τord.

For the remaining measurements, samples were an-
nealed at 160 ◦C and characterized with fixed-angle el-
lipsometry measurements. At this higher temperature the
samples order into the metastable state much faster, with
τord ∼ 20 minutes. The incubation time τinc, correspond-
ing to the time the samples remain in the metastable state,
was analyzed and defined as the time for which the inten-
sity profile varied by < 10% from the plateau intensity of
the metastable state (See fig. 1a). As an added precaution,
during the experiment the samples were also imaged using
optical microscopy, ensuring that the end of the incubation
of the metastable state coincides with the optically observ-
able nucleation of islands or holes at the film surface.

While the changes in τord with h0 at 160 ◦C are too
small to measure, the measured incubation times, τinc,
of nearly commensurate films increase by over 2 orders
of magnitude (see fig. 3). This significant dependence of
τinc on h0 is to be expected. Consider the case of a com-
mensurate film which can order into lamellae with bilayer
thickness L0, with no need to swell or compress lamellae.
This results in no driving force for nucleation of islands or
holes, thus the incubation time diverges. In contrast, for
incommensurate films the further the film is from com-
mensurability, the further the bilayers are from equilib-
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Fig. 3. Incubation time as a function of initial film height on
a log-linear scale. The model incubation times for the growth
of islands (dark grey) or holes (light grey) are given for each
lamellar region. The inset displays the same results on a linear-
linear scale. The dotted lines represent commensurate thick-
nesses of (N + 1/2)L0.

rium in the metastable state. Thus, the driving force to
nucleate islands or holes increases and τinc decreases.

4 Model

A simple model calculated in the SSL can elucidate the
dependence of incubation time on h0. Let us first consider
the case where the film is initially slightly thicker than
commensurate. For this case, L > L0 in the metastable
state and islands must form to reduce the lamellae to their
equilibrium spacing while conserving volume. If we assume
a local model, where the formation of an island initially
only affects the top bilayer of the metastable film mor-
phology as shown in fig. 1c, then the free-energy change
will be a combination of surface energy cost due to the for-
mation of an island edge and a free-energy decrease due to
the formation of lamellae with the equilibrium thickness
L0. The change in free energy may be written as

ΔF = 2πrσ + V · ΔGV (L), (2)

where r is the radius of the island grown at the free surface,
σ is the line tension of the island edge, V is the local
volume of the film participating in the formation of the
island, and ΔGV (L) is the free-energy change per unit
volume for lamellae to go from a lamellar spacing of L
to L0.

Using conservation of volume between initial and final
states, we can define the local volume as V = πr2L0L/δL,
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where δL = L − L0. Differentiating the free energy with
respect to island radius, finding a critical radius for island
formation, and substituting the critical radius back into
eq. (2), we obtain an energy barrier for nucleation of

ΔF ∗ =
−πσ2

ΔGV
· δL

L0L
. (3)

In the SSL, the difference between the initial and final
state entropic and enthalpic contributions is given by [24]

ΔGV =

(
γ

L0
+ αL2

0

)
−

( γ

L
+ αL2

)
, (4)

where γ is the interfacial tension at the PS-PMMA inter-
faces and the constant α = kT/(N2a5), with polymeriza-
tion index N and monomeric lengthscale a.

At the equilibrium condition (dGV /dL)|L0
= 0, and

thus γ = 2αL3
0. In combination with eq. (3), this equation

yields a free-energy barrier to nucleation of

ΔF ∗ =
πσ2

3αL2
0δL + αL0(δL)2

. (5)

Therefore, the incubation time may be calculated as

τinc = τ0 exp

(
ΔF ∗

kT

)
= τ0 exp

(
β

δL + δL2

3L0

)
, (6)

where τ0 and β are fitting constants with β ≡
πσ2/(3kTαL2

0). The constant τ0 governs the dynamics of
the system and corresponds to the case where there is
no energy barrier (ΔF ∗ = 0) and equilibration is limited
by molecular mobility. The parameter δL is experimen-
tally determined from the initial film height, h0, using
eq. (1) and the equilibrium bilayer spacing measured us-
ing AFM. Thus, the incubation time for islands may be
calculated for each (N + 1/2) number of layers formed
in the metastable state. As well, the identical calculation
may be performed for hole, rather than island, nucleation
with the same result, the only difference being that δL is
a negative quantity, causing a sign change in the exponen-
tial of eq. (6). Notice that for a commensurate film where
L = L0, δL = 0, and we recover the expected divergence of
the incubation time for commensurate films. Conversely,
as the film thickness deviates further from commensura-
bility, δL increases causing a greater driving force to nu-
cleation and a resultant decrease in the incubation time
as indicated by eq. (6).

In fig. 3 we plot the experimentally determined incu-
bation time as a function of film thickness, as well as the
model with τ0 = 1100 s and β = 0.1L0. Clearly the sim-
ple nucleation model, calculated in the SSL, effectively
describes the data. As the initial film height approaches
commensurability, the model diverges and the measured
values increase more than 2 orders of magnitude in com-
parison to τinc for incommensurate films. There is little
variation in τinc for incommensurate films regardless of the
number of bilayers formed in the metastable state. How-
ever, the nearly commensurate films show larger increases

in τinc for thicker films. This difference in commensurabil-
ity effect on τinc can be attributed to the fact that bilay-
ers deform less in the metastable state for thicker films,
as there are more bilayers to compensate for the incom-
mensurability of the film. Since the bilayers are deformed
less, there is a decrease in the driving force to nucleate
for thicker films, thus the incubation time is longer. This
phenomenon emerges naturally from the model since L,
and consequently δL = L − L0, is inversely proportional
to (N +1/2) according to eq. (1). This inverse proportion-
ality causes a decrease in maximum δL for thicker films,
resulting in an exponential increase in eq. (6). This de-
crease in driving force causes a narrower region of short
incubation times as can be seen in the linear inset of fig. 3.
We note that this model assumes a homogeneous sample,
ignoring any existence of defects. Additionally, the precise
pathway by which islands and holes are nucleated is not
taken into consideration for our calculations. Thus, it is
expected that some of our measured incubation times will
be much shorter than predicted, simply due to defects and
ordering pathways of the sample which lower the activa-
tion barrier to nucleation. Therefore, the model provides
an upper bound on the experimental results.

Though our model provides a good description for
nearly commensurate films (h0 ∼ (N + 1/2)L0), as the
film heights approach complete incommensurability, the
assumptions of the model break down. We assumed that
the intermediate state consists of equally deformed lamel-
lae as that is the lowest free-energy morphology consis-
tent with our measurements. However, for incommensu-
rate films, the incubation time becomes much shorter and
approaches the timescale of the ordering time. As τinc gets
shorter, the intermediate state will take on a morphology
which is not only driven by energetics, but kinetics as
well. This intermediate state could then be quite different
from the assumption of equally deformed layers, altering
the ordering pathway and dynamics for island and hole
formation. Nevertheless, the model of the ordering path-
way provided here for PS-PMMA thin films provides an
acceptable description of the data.

5 Conclusions

In summary, using ellipsometry we were able to measure
two distinct timescales in the ordering process of symmet-
ric diblock copolymer films before the ultimate formation
of islands or holes at the free surface. At 155 ◦C we observe
an increase in τord for thicker films which we attribute to
the additional time required to order more bilayers in the
metastable state. Annealing at 160 ◦C, incubation times
were found to increase by up to 2 orders of magnitude for
nearly commensurate films. As well, thicker films demon-
strated a stronger dependence of τinc on commensurability
due to a decrease in driving force from bilayer deforma-
tion in the metastable state. The nucleation model, based
upon the SSL, captures the physics required to describe
the incubation time results while providing insight into
the metastable morphology of nearly commensurate sym-
metric diblock films.

PhD Thesis - R.D. Peters McMaster University - Physics and Astronomy

58



Page 6 of 6 Eur. Phys. J. E (2012) 35: 132

Financial Support for this work was provided by National Sci-
ences and Engineering Research Council (NSERC). The au-
thors thank Mark Matsen for helpful comments.

References

1. G.H. Fredrickson, F.S. Bates, Annu. Rev. Mater. Sci. 26,
501 (1996).

2. I. Hamley, Progr. Polym. Sci. 34, 1161 (2009).
3. T. Thurn-Albrecht, J. Schotter, G.A. Kastle, N. Emley,

T. Schibauchi, L. Krusen-Ebaum, K. Guarini, K.T. Black,
M.T. Tuominen, T.P. Russell, Science 290, 2126 (2000).

4. C. Tang, E.M. Lennon, G.H. Fredrickson, E.J. Kramer,
C.J. Hawker, Science 322, 429 (2008).

5. C. Creton, E.J. Kramer, H.R. Brown, C.Y. Hui, Adv.
Polym. Sci. 156, 53 (2001).

6. P. Mansky, Y. Liu, E. Huang, T.P. Russell, C. Hawker,
Science 275, 1458 (1997).

7. M.J. Fasolka, A.M. Mayes, Annu. Rev. Mater. Res. 31,
323 (2001).

8. P.F. Green, R. Limary, Adv. Colloid Interface Sci. 94, 53
(2001).

9. S. Joly, D. Ausserre, G. Brotons, Y. Gallot, Eur. Phys. J.
E 8, 355 (2002).

10. G. Vignaud, A. Bigaud, G. Grubel, S. Joly, D. Ausserre,
J.F. Legrand, Y. Gallot, Physica B 248, 250 (1998).

11. S. Joly, A. Raquois, F. Paris, B. Hamdoun, L. Auvray, D.
Ausserre, Y. Gallot, Phys. Rev. Lett. 77, 4394 (1996).

12. B. Collin, D. Chatenay, G. Coulon, D. Ausserre, Y. Gallot,
Macromolecules 25, 1621 (1992).

13. K.S. Lyakhova, A. Horvat, A.V. Zvelindovsky, G.J.A.
Sevink, Langmuir 22, 5848 (2006).

14. J.L. Carvalho, M.V. Massa, S.L. Cormier, M.W. Matsen,
K. Dalnoki-Veress, Eur. Phys. J. E 34, (2011).

15. R.M.A. Azzam, N.M. Bashara, Ellipsometry and Polarized
Light (North Holland, Amsterdam, 1987).

16. A. Menelle, T.P. Russell, S.H. Anastasiadis, S.K. Satija,
C.F. Marjkrzak, Phys. Rev. Lett. 68, 67 (1992).

17. K.R. Shull, Macromolecules 25, 2122 (1992).
18. A.B. Croll, A.C. Shi, K. Dalnoki-Veress, Phys. Rev. E 80,

051803 (2009).
19. M.J. Fasolka, P. Banerjee, A.M. Mayes, G. Pickett, A.C.

Balazs, Macromolecules 33, 5702 (2000).
20. S. Wu, Polymer Interfaces and Adhesion (Marcel Dekker,

New York, 1982).
21. T. Russell, Macromolecules 23, 890 (1990).
22. G.H. Fredrickson, E. Helfand, J. Chem. Phys. 87, 697

(1987).
23. M. Matsen, J. Chem. Phys 106, 7781 (1997).
24. A. Semenov, Sov. Phys. JETP 61, 733 (1985).
25. T.P. Russell, P. Lambooy, G.J. Kellogg, A.M. Mayes, Phys-

ica B 213-214, 22 (1995).

PhD Thesis - R.D. Peters McMaster University - Physics and Astronomy

59



PhD Thesis - R.D. Peters McMaster University - Physics and Astronomy

3.2 Manuscript II

Morphology induced spinodal decomposition at the surface of symmetric

diblock copolymer films

R. D. Peters, P. Stasiak, M. W. Matsen, K. Dalnoki-Veress, ACS Macro Letters

2, 441-445 (2013).

This second study on the dynamics of surface feature growth in PS-PMMA films

looked at the decomposition of the film surface for maximally incommensurate thin

films. Films were first annealed on an ellipsometer for τord as described in Manuscript

I, then transferred to the AFM. We measured the evolution of the topology at the

film surface for successive heating cycles, observing a spinodal decomposition of the

film surface with a characteristic length scale of ≈ 2 − 3 µm. The same spinodal

decomposition was observed for films with incommensurate thickness of ν = 10, 12,

and 14 monolayers.

At the onset of spinodal decomposition, AFM was used to probe the morphology at

the film surface, identifying flat films with perpendicular oriented lamellae at the free

interface. These measurements provided evidence of a mixed morphology of parallel

lamellae at the substrate surface, and perpendicular lamellae at the free surface.

Using SCFT, we determined that the mixed morphology was unstable and was likely

the kinetically favoured morphology for a symmetric diblock which will order from

the substrate up. We concluded that this mixed morphology was the source of the

spinodal decomposition of the film surface, providing a clear picture of the ordering

kinetics of symmetric diblock films of maximally incommensurate thicknesses.

I was the principal investigator on this study, which involved performing exper-

iments, analyzing data and writing the manuscript. Dr. Kari Dalnoki-Veress con-

tributed by editing the manuscript and through discussions on experimentation and

data analysis and interpretation. Pawel Stasiak performed SCFT calculations. Mark

Matsen edited manuscript and provided interpretation of SCFT and experimental

results.
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ABSTRACT: Atomic force microscopy is used to study the
ordering dynamics of symmetric diblock copolymer films. The
films order to form a lamellar structure which results in a
frustration when the film thickness is incommensurate with the
lamellae. By probing the morphology of incommensurate films
in the early ordering stages, we discover an intermediate phase
of lamellae arranged perpendicular to the film surface. This
morphology is accompanied by a continuous growth in
amplitude of the film surface topography with a characteristic
wavelength, indicative of a spinodal process. Using self-
consistent field theory, we show that the observation of
perpendicular lamellae suggests an intermediate state with
parallel lamellae at the substrate and perpendicular lamellae at
the free surface. The calculations confirm that the intermediate state is unstable to thickness fluctuations, thereby driving the
spinodal growth of surface structures.

Spinodal processes involve the continuous and rapid growth
of two or more distinct phases from an unstable initial

state, as opposed to the slower nucleation processes when the
initial state is metastable. Spinodal dynamics are known to
occur in a wide array of physical systems including alloys,1

binary fluids,2 glasses,3 liquid-crystalline films,4 polymer
blends,2 dewetting polymer films,5−9 and even the rupture of
foams in a champagne glass.10 Thin films of symmetric diblock
copolymer are of particular interest11−13 because they are a
simple 2D system where the dynamics of the conserved order
parameter Ψ(x,y) = h(x,y) − h0 (film thickness relative to the
initial uniform thickness) are potentially slow enough to
observe the early time behavior.14 Maaloum et al. first surmised
the existence of a spinodal process in diblock copolymer films
from the long-time real-space patterns of Ψ(x,y), which looked
as if they emerged from fluctuations of a single characteristic
wavelength.11 They therefore assumed that the initial
disordered state is unstable with respect to variations in film
thickness. Joly et al. provided further evidence for a spinodal
process by the absence of an incubation time.12 However, they
proposed a different explanation, which assumes that the free
energy of an ordered film, F(Ψ), is a smooth function with an
interval of negative curvature (i.e., unstable region) between the
two stable film thicknesses. Although these studies have
speculated the existence of a spinodal process, conclusive
proof and a solid theoretical explanation have yet to be
provided. There is no reason for the disordered film to be

unstable, nor is the free energy of ordered films a smooth
continuous function of film thickness.
In an “AB” diblock copolymer, incompatibility between the

two blocks is characterized by the Flory−Huggins parameter, χ,
which varies inversely with temperature. When the blocks
segregate, like oil and water, it is the relative size of the A block
to the entire polymer chain, f, that determines the morphology.
Symmetric diblock copolymers, with equally sized blocks ( f =
1/2), assemble into a stack of AB/BA bilayers creating a
lamellar phase of alternating A- and B-rich domains. In the
bulk, this ordered periodic microstructure forms from the
disordered melt once χN ≳ 10,15,16 where N is the total
polymerization index of the copolymers. The preferred
thickness of a bilayer, L0, is determined by a competition
between the entropic cost of stretching polymers and the
tension of the A−B interfaces.17

Though equilibrium morphologies of diblock copolymers in
the bulk are well understood,15−17 the study of these molecules
under confinement is of particular interest owing to their
potential for use in a variety of applications and for providing
insight into physics at the nanoscale.18−22 In the case of thin
films supported on a substrate, the copolymer is confined in 1-
dimension. The difference in interfacial energies of the A and B
block with the substrate and the free (air or vacuum) surface
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can cause preferential segregation of a particular block at each
interface. In the case of symmetric diblocks, these preferred
surface interactions direct lamellae to orient parallel to the
interfaces.23−28 To preserve the equilibrium bilayer thickness
throughout the film, the film thickness at equilibrium must
satisfy the commensurability condition h = L0ν/2, where ν is an
integer denoting the number of AB monolayers. We denote this
parallel phase Lv

∥. For symmetric wetting conditions where both
interfaces have an affinity for the same block, ν is even.
Conversely, for asymmetric wetting, ν must be odd. Films with
initial thickness, h0, which do not satisfy the quantized
commensurability condition, will order into regions consisting
of ν and ν + 2 monolayers, with a step of thickness L0
separating the Lv

∥ and Lv+2
∥ regions. With increasing h0, the

areal fraction of the Lv+2
∥ phase expands to satisfy volume

conservation. In this case, the relief structures evolve from
islands, to a bicontinuous pattern, to holes when the majority of
the film is Lv+2

∥ .23,24 Though these structures have been well
studied, direct measurements of film morphologies during the
intermediate stages of annealing in symmetric diblock films
remain elusive, yielding a gap in our understanding of the
ordering process.
Ordering of these lamellar forming films is known to initiate

at the interfaces.26,28−30 Once the microphase separation of the
diblocks is complete within the film, the topography of the free
surface begins to develop relief structures by either
nucleation13,31−33 or spinodal11−13 growth. Though nucleated
growth has been shown to arise in nearly commensurate films
from a metastable state consisting of parallel lamellae with
nonequilibrium bilayer thickness,32,33 an explanation for the
observation of spinodal decomposition of topological structure
far from commensurability is yet to be provided. In order to
investigate the origins of the spinodal morphology, we focus
here on the pathway as the film transitions from a
homogeneous slab to the final ordered phase during sample
annealing. We will show that there is an intermediate
morphology at the free surface that mediates the transition,
and we establish the link between this morphology and the
subsequent spinodal decomposition of the topography. Self-
consistent field theory (SCFT) calculations verify the differ-
ences in the free energy of the observed structures that drive
spinodal decomposition.
Experiments were performed using poly(styrene-methyl

methacrylate) (PS-PMMA) copolymer, an asymmetrically
wetting diblock. The topography evolution of an incommensu-
rate 157 nm (ν ≈ 12) film annealed at 155 °C is shown in
Figure 1. The upper panels show the spinodal growth of surface

relief structures typical of all incommensurate films studied,
evolving from initial undulations of <3 nm at annealing times of
t = 175 min to equilibrium fluctuations of 26.5 nm
corresponding to the full bilayer thickness at t = 445 min.
The lower panels plot the 2D Fourier transform (2DFT)
computed at each annealing stage. The spinodal ring, which
grows in intensity for longer annealing times, is clearly visible.
From the radial average of the 2DFT, we obtain a peak
frequency of the spinodal pattern at ∼0.3 μm−1, corresponding
to a correlation wavelength of ∼3 μm (Figure 2a). Though we

only quantify the early stages of the topography evolution in
accordance with the linearized spinodal theory, we do also
observe the onset of coarsening through a shift in the 2DFT
peak toward shorter frequencies (see Supporting Information).
The root-mean-squared roughness, R, is calculated to

characterize the growth of surface fluctuations.12,31 In the
early stages of spinodal growth, the film exhibits an exponential
growth rate in R, consistent with a spinodal process (Figure
2b).2 As annealing continues, the roughness plateaus as the
equilibrium lamellar thickness is reached. The 2DFT peak
amplitude also displays these growth kinetics.34 In addition to
the measurements of a film with ν ≈ 12, the measurement of
early stage spinodal growth was observed for incommensurate
films with initial thickness of h0 ≈ 10L0/2 and h0 ≈ 14L0/2.
These films vary in thickness by about 60 nm, yet all exhibit
similar spinodal wavelengths of 2−3 μm, with a slight increase
in wavelength for thicker films (Figure 2c). The similarity in
wavelength suggests that the driving force is dependent
primarily on the film commensurability and not total film
thickness: the wavelength is a property of the diblock structure
nearest to the free surface.
As spinodal fluctuations begin to form (t ∼ 160 min), we

probe the morphology at the film surface. An AFM phase image
taken during the onset of spinodal growth (Figure 3) clearly
shows a majority of lamellae arranged perpendicular to the film

Figure 1. (Top Row) AFM topography images of 157 nm (ν ≈ 12)
film for annealing times of (a) t = 175, (b) t = 265, (c) t = 355, and
(d) t = 445 min at 155 °C. Scan size is 25 μm. The vertical scale is the
same for each image with black to white corresponding to a 30 nm
thickness difference. (Bottom Row) 2DFT obtained from each AFM
image.

Figure 2. (a) Radial average 2DFT of AFM topography images for
increasing annealing times. Dashed line is average peak position at
early annealing times. (b) Root-mean-squared roughness, R, as a
function of time on a log−linear plot. Straight dashed line shows the
exponential growth of the thickness fluctuations at early annealing
times. (c) Radial average of the 2DFT for films with initial thickness
129 nm (solid line), 157 nm (dashed line), and 187 nm (dashed-
dotted line), corresponding to ν ≈ 10, 12, and 14 respectively.
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surface. The perpendicular lamellae of this intermediate
morphology have the expected equilibrium bilayer period, L0.
The larger dark areas in the phase image indicate regions of
non-perpendicular morphology caused by the growth of parallel
lamellae. This rearrangement is facilitated by the spinodal
topography fluctuations at the surface that are already
detectable at these annealing times, as demonstrated in Figure
1. Films that are closer to commensurate show nucleated
growth of islands or holes, without passing through the
intermediate perpendicular lamellar phase of Figure 3.33 Thus,
the intermediate morphology that facilitates spinodal decom-
position into the Lv

∥ and Lv+2
∥ regions is a feature of the

frustration in thin maximally incommensurate films.
For all maximally incommensurate films studied, we always

observed perpendicular lamellae at the film surface preceding
the spinodal growth in the surface topography. As a
consequence, our measurements indicate that, for highly
incommensurate films, an intermediate ordered state must
consist of either (i) perpendicular lamellae throughout the
entire film or (ii) a mixed morphology state consisting of
perpendicular lamellae at the free surface and parallel lamellae
at the substrate, as shown in Figure 3. The PMMA block is
known to have a strong preferential interaction with the Si
substrate.29,35 This surface affinity has been shown to align
lamellae parallel to the substrate, well above the ODT,29,30 and
consequently, a parallel morphology will exist near the substrate
upon annealing. Therefore, the perpendicular lamellae at the
free surface of incommensurate films indicate that a mixed
morphology must occur as an intermediate ordering state.
Mixed morphologies have been observed in films with a neutral

substrate36 and in capped films;37 however, the existence of a
mixed morphology as an intermediate state in the ordering of
films with a free surface is new.
To gain further insight into our system, Figure 4 shows the

free energies, F, of different morphologies calculated with

SCFT. Our calculations follow ref 25, except that we use
reflecting boundary conditions at the substrate and air
surfaces.38 The experimental conditions are approximated by
setting the block copolymer parameters to χN = 25 and f = 0.5
and providing an affinity for PS (red) at the air surface of
strength ΛN = 0.3, as defined in ref 38. The substrate affinity
for PMMA is much greater, which rules out the possibility of
perpendicular lamellae according to previous SCFT calcu-
lations.38 Therefore, we only consider morphologies where the
entire substrate is coated by PMMA (black). We chose a film
thickness of h ≈ 6L0/2 (ν ≈ 6), as thicker films, like those used
in our experimental study, will differ only in the number of
parallel layers near the substrate. A film thickness correspond-
ing to ν ≈ 6 is suited to the L6

∥ morphology, but nevertheless,
the L5

∥ or L7
∥ morphologies of either stretched or compressed

domains are energetically favorable because they allow for the
exposure of PS at the air surface. The mixed (Lv

M)
morphologies allow all lamellae to adopt the preferred domain
thickness while still allowing a majority of the air surface to be
covered by PS. However, there is still some PMMA at the air
surface as well as a grain boundary between the parallel and
perpendicular lamellae, making mixed morphologies less stable
than the L5

∥ and L7
∥ morphologies. Notice that the free energies

of L5
∥ and L7

∥ do not form a single smooth curve as originally
assumed by Joly et al.12

Although the SCFT tells us which morphologies are favored
at equilibrium, one has to consider the kinetics involved in
forming the domains. The substrate has a far stronger affinity
for PMMA than the air surface does for PS,29 thus, the ordering
will begin at the substrate with parallel lamellae of the preferred
thickness. As the disordered region near the air interface gets
thinner, the incommensurability of the film will become
apparent. If the system continues to form parallel monolayers
of equilibrium thickness, the system will end up in the costly L6

∥

morphology, with PMMA at the free interface. However, in
order to form the more favorable L5

∥ or L7
∥ morphologies, the

system must adjust the thickness of the existing lamellae near
the substrate, which is a slow process due to the necessity of
polymer exchange between layers.39 The alternative is for the
remaining disordered region to form perpendicular lamellae,
resulting in the mixed morphology L4

M structure. The L5
M

Figure 3. (Top) Phase image (2.5 μm) of film surface at t ∼ 160 min
showing majority perpendicular lamellar morphology (PS dark,
PMMA light). (Bottom) SCFT calculation of mixed morphology
intermediate state.

Figure 4. Free energy, F, of parallel (Lv
∥) and mixed (Lv

M) lamellar
morphologies plotted as a function of film thickness, h. F0 is the free
energy of the bulk lamellar phase.
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morphology is unfavorable because of the high free energy
associated with the excess bending of the lamellar domains.
Despite the lower free energy of the L3

M morphology, we expect
this to be bypassed because of the rapid formation of parallel
lamellae; it is only when there is a disordered layer of thickness
∼L0 that the frustration of incommensurability is apparent to
the system.
With the system in the intermediate morphology, L4

M, the
subsequent evolution of the system is then intimately related to
the curvature of the free energy. The negative curvature of the
L4
M morphology implies that it is unstable with respect to small

variations in film thickness.25 Consequently, any flow of
material from one area of the film to another will lower the
overall free energy of the system; this instability is the key
ingredient for spinodal fluctuations to occur.
Direct measurement of an unstable intermediate mixed

morphology for highly incommensurate films completes the
picture of symmetric diblock copolymer film ordering. As has
already been well established, surface relief structures grow via a
nucleated process for nearly commensurate films due to a
metastable intermediate state of deformed parallel lamellae.32,33

Conversely, the maximally incommensurate films will exhibit
spinodal growth patterns induced by a kinetically favored
unstable intermediate state of mixed lamellar orientations.
Additionally, in the regime of moderate incommensurability we
might expect that nucleated and spinodal growth kinetics could
occur simultaneously, as is indeed observed in experiment (see
Supporting Information).
In conclusion, we have characterized the ordering process of

PS-PMMA symmetric copolymer thin films. Identifying a direct
link between our observations of an intermediate film
morphology and surface relief growth kinetics, we have
determined the source of spinodal decomposition in the film
topography. The ordering pathway consists of an intermediate
state of mixed lamellar morphology which precedes topological
fluctuations. The free energy of the mixed morphology is
calculated using SCFT, and is found to be an unstable state. In
particular, it has a negative curvature in the free energy as a
function of film thickness, providing the driving force necessary
for the spinodal decomposition of the surface fluctuations.
These results provide a clear picture of the ordering pathway of
symmetric diblock films through an intermediate mixed
morphology that is unstable to spinodal thickness variations.

■ EXPERIMENTAL SECTION
PS-PMMA copolymer of molecular weight for the blocks Mw(PS) ≈
25 kg/mol, Mw(PMMA) ≈ 26 kg/mol, and dispersity = 1.06 (Polymer
Source, Canada) was used. The equilibrium bilayer thickness was
determined to be L0 = 26.5 nm using atomic force microscopy (AFM;
Veeco Caliber, U.S.A.). Samples were spincast in air from dilute
toluene solutions onto Si substrates with the native oxide layer present,
such that they were maximally incommensurate, that is, h0 ≈ L0ν/2 with
ν even, because PS-PMMA is asymmetrically wetting. The initial as-
cast films exhibit thickness variations of less than 1 nm as measured
using ellipsometry and have no long-range order due to rapid solvent
evaporation during spincoating. These films were subsequently
annealed at 155 °C, well below the order−disorder transition
temperature (ODT), causing the film to order into lamellae. The
samples were monitored during annealing using an ellipsometry
technique sensitive to changes in film morphology,33 and quenched
into the glassy state as soon as surface topography began to change.
Using AFM in tapping mode, the film surface was studied both with
topography and phase imaging. The phase signal is sensitive to the
mechanical contrast between PS and PMMA domains at the surface.40

We continue to anneal films at 155 °C, interrupted by rapid quenches

into the glassy state to observe the evolution of the film surface with
AFM.
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(i) Analysis of 2DFT peak amplitude and position revealing the
onset of coarsening of the surface topography at large times.
(ii) Topography evolution of films with moderate incom-
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Internet at http://pubs.acs.org.
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3.3 Manuscript III

An intermediate perforated lamella morphology mediates an order-order

transition in thin symmetric diblock copolymer films

R. D. Peters, K. Dalnoki-Veress, (Submitted to Journal of Polymer Science Part

B: Polymer Physics)

This third study on thin films of symmetric diblock copolymers observed the order-

order transition between asymmetrically wetting lamellae to symmetrically wetting

lamellae. Thin films of symmetric diblock PS-PMMA were prepared on mica sub-

strates and annealed to order lamellae parallel to the substrate with PMMA segre-

gated to the mica substrate and PS at the free surface. Asymmetrically commen-

surate films were used (ν odd) such that at equilibrium, the film surface was flat

and featureless. Films were then transferred via the floating technique to substrates

which favoured the PS block, changing the boundary conditions from asymmetric to

symmetric wetting (ν even). Films were transferred such that the PMMA interface

was exposed at the free interface, producing maximally incommensurate films, with

surface energy boundary conditions not satisfied at the free surface.

The films were subsequently annealed and observed using AFM to study both the

topology and morphology at the free surface. Initially, film surface topology remained

unchanged while the lamella at the free surface developed interfacial curvature to

produce a perforated lamella (PL) morphology. This PL morphology, though inducing

curvature for a lamellar forming polymer, exposes the lower interfacial energy PS at

the surface, providing a method for free energy decrease before forming islands or

holes. After subsequent annealing, the growth of islands and holes is observed from

the PL morphology. The holes were shown to grow with an anisotropic and ramified

growth, indicating a preference for higher curvature holes when growing from the

perforated lamella morphology.

As the principal investigator, I developed the sample preparation technique and

performed measurements, analyzed data and prepared the manuscript. Dr. Kari

Dalnoki-Veress contributed with discussions on measurements, data analysis and edit-

ing of the manuscript.
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An intermediate perforated lamella morphology mediates an order-
order transition in thin symmetric diblock copolymer films

Robert D. Peters1 and Kari Dalnoki-Veress1,2

Atomic force microscopy is used to study the order-order transition of lamellae forming symmetric poly(styrene-b-methyl
methacrylate) diblock copolymer thin films with a step change in the surface interactions. Commensurate asymmetrically wetting
lamellar films are prepared and equilibrated before being transferred to a new substrate that imposes sudden symmetric wetting
conditions. The change in boundary conditions creates frustration in the film at the free surface. This frustration leads to the
formation of an intermediate morphology upon annealing of a perforated lamella at the free interface. Upon further annealing,
we observe separation of the film surface into regions of commensurate thickness with hole growth that is highly anisotropic in
shape.
Keywords: block copolymers, order-order transitions, perforated lamella, thin films.

1 Introduction
Self-assembled periodic microstructures are prevalent in a wide
variety of physical systems including liquid crystals1,2, lipid
membranes/vesicles3,4, and block copolymer melts5. The equi-
librium morphologies exhibited in these systems, in particular
in block copolymer melts, are well understood and have re-
ceived a great deal of interest due to the possibility for applica-
tions in nanolithography6–9, data storage10,11, biomolecule pat-
terning12, and more5,13,14. One subset of this broad class of self
assembling molecules is the simple “AB” diblock copolymer, a
linear polymer consisting of two separate polymer blocks, “A”
and “B”, covalently bonded together. Due to the chemical dif-
ferences between the two blocks, phase separation is preferred
at sufficiently low temperatures, below the order-disorder tran-
sition temperature, TODT. However, since the two polymer
blocks are bonded together, macrophase separation is impos-
sible causing phase separation to be restricted to the molecular
scale (∼ 10 nm). The ratio of lengths of the two blocks de-
termines the resultant morphology of the ordered structure at
equilibrium5,13. In the case of symmetric diblock copolymers,
composed of two polymer blocks of similar length, the melt
orders into AB/BA bilayers with characteristic thickness, L0,
when annealed below TODT

15. As the asymmetry of the block
lengths is increased, a spontaneous interfacial curvature gives
rise to equilibrium states which adopt cylindrical then spherical
domain morphologies, or under certain conditions more com-
plex morphologies such as the gyroid morphology5,16.

In the case of supported diblock thin films, the additional
interfaces at the substrate and free surface play a role in de-
termining the equilibrium morphology13,17–19. A difference in

1 Department of Physics & Astronomy and the Brockhouse Institute for
Materials Research, McMaster University, Hamilton, ON, Canada; E-mail:
dalnoki@mcmaster.ca

2 Laboratoire de Physico-Chimie Théorique, UMR CNRS 7083 Gulliver,
ESPCI ParisTech, PSL Research University

interfacial energies of the two blocks at each surface induces
an ordering of lamellae parallel to these boundaries13. Due to
this orientation of lamellae, at equilibrium the film thickness,
h, must satisfy the commensurability condition

h =
νL0

2
, (1)

where ν is a positive integer representing the number of mono-
layers in the system13,15,20. Under asymmetric wetting condi-
tions, where interfacial energies are such that one block pref-
erentially orders at the substrate and the other block orders at
the free surface, ν is odd. Conversely, when the same block is
energetically preferable at both interfaces, ν is even. This en-
sures that the equilibrium bilayer width, L0, is preserved while
satisfying surface energy conditions and volume conservation.
For films with initial thickness that do not satisfy Equation 1,
the film separates into regions consisting of ν and ν +2 mono-
layers, forming a terraced structure of islands or holes at the
free interface, separated in thickness by L0

15,21–25.
The equilibrium structures formed by diblock copolymers

are well understood in thin films and the bulk. However,
the kinetics of ordering is of great interest for understand-
ing properties of ordered copolymers and optimizing process-
ing26. The transition pathway for the disorder-order transition
of symmetric diblock copolymer films has been studied thor-
oughly21–24,27–30. However, there is still much to be learnt
through research of order-order transitions (OOTs) in thin film
copolymer systems. The kinetics of OOTs have been studied
using experiment19,31–38, theory39–41, and simulation35,36,42,43

to understand the transition between different morphologies.
Most of this work has focused on understanding the epitax-
ial growth of one morphology from another morphology with
different interfacial curvature of the micro-domains. However,
significantly less work has been done on the transition between
two similar morphologies.

1
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Koneripalli et al. have studied the lamellar to lamellar tran-
sition in thin films, where capped films (films sandwiched be-
tween two hard interfaces) were annealed to produce paral-
lel oriented lamellae with non-equilibrium bilayer thickness,
L < L0. These non-equilibrium films were subsequently un-
capped to produce a free interface and annealed to monitor the
growth of holes at the free surface33. In this system, there is a
high degree of strain on the films due to the non-equilibrium
lamellae in comparison to their bulk ordered conformations.
In our work we also study the transition between two mor-
phologies of parallel oriented lamellae in thin films, however
films are prepared such that they possess equilibrium bilayer
thickness both before and at long times after the transition. We
perform this experiment by switching the boundary conditions
from asymmetric (ν odd) to symmetric wetting (ν even), ob-
serving the transition between a commensurate asymmetrically
wetting film to a completely incommensurate symmetrically
wetting film. Upon annealing, we monitor the free surface for
the evolution of both the morphology and topography.

2 Experiment
Thin films of symmetric diblock poly(styrene-b-methyl meth-
acrylate) (PS-PMMA) (Mw = 25000− 26000 g/mol, polydis-
persity index = 1.06) (Polymer Source, Canada) were spincast
from toluene solution (2.0%− 4.0% polymer by weight) onto
freshly cleaved mica sheets (Ted Pella Inc., USA). The equilib-
rium bilayer thickness for this copolymer was measured to be
L0 ≈ 26.5 nm using atomic force microscopy (AFM) (Veeco
Caliber, USA). Films were annealed at 180 ◦C for 24 hours un-
der vacuum to obtain equilibrium commensurate lamellar films
on mica∗. The PS block has a lower surface energy at the air in-
terface44 and PMMA is preferred at the mica substrate45, yield-
ing an equilibrium condition of asymmetrically wetting lamel-
lae with film thicknesses that correspond to ν odd (see Equa-
tion 1). In this study, we look at diblock film thicknesses which
are commensurate under these asymmetric wetting conditions
(h0 ≈ 200 nm ≈ 7.5L0), providing a smooth, featureless topog-
raphy at equilibrium. Initial film thicknesses were measured
using ellipsometry (EP3, Accurion GmbH, Germany).

A substrate favourable to the PS block is prepared by spin
coating high molecular weight PS (Mw = 1140 kg/mol) (Poly-
mer Source, Canada) from a dilute toluene solution (0.5%
polymer by weight) onto freshly cleaved Si wafers. All PS
films are annealed for 24 hrs at 180 ◦C under vacuum to re-
move solvent and produce uniform films with a film thickness
h ≈ 50 nm. Due to the much higher molecular weight of the PS
(Mw = 1140 kg/mol) in comparison to that of the PS-PMMA
(Mw = 51 kg/mol), the dynamics of the PS film will be sig-

∗We note that adjusting the film thickness to obtain commensurate films
requires careful adjustment of the thickness and some trial-and-error.

nificantly slower, allowing us to focus on the kinetics of the
copolymer films. From hereafter, these high molecular weight
PS films will be referred to as PS substrates.

After annealing at 180 ◦C for 24 hrs, both the PS-PMMA
films on mica and PS substrates are quenched to room temper-
ature where they are in the glassy state. The PS-PMMA films
on mica are then submerged in a beaker of ultra pure water (18
MΩ cm, Pall Cascada, LS) to transfer the PS-PMMA onto the
water surface. The film is then removed from the water sur-
face using the PS substrate. This new substrate changes the
wetting conditions from asymmetric to symmetric since the PS
block is now preferred at both the substrate and free air inter-
face. The change in wetting conditions means the films that
were previously prepared to be commensurate under asymmet-
ric wetting conditions are now maximally frustrated, and must
separate into regions which satisfy the new commensurability
condition (ν even in Equation 1) while conserving volume.

After the diblock films are transferred from the water sur-
face to the PS substrate, the residual water is allowed to fully
evaporate before annealing. These frustrated diblock copoly-
mer films are subsequently annealed on a heating stage for spe-
cific intervals (Linkam Scientific, UK), quenched to room tem-
perature, and imaged with AFM. The AFM was used in tapping
mode, providing data for both film topology and the phase shift
in AFM tip oscillation. The phase shift of the AFM tip oscilla-
tion is sensitive to the contrast in mechanical properties of the
two block domains at the free interface46, providing informa-
tion on self assembled morphology at the free surface. Though
surface defects such as wrinkles in the film or contaminants are
unavoidable, great care was taken to image only areas which
were defect free.

3 Results and Discussion

An interesting aspect of the sample preparation is that the
asymmetrically ordered films may be oriented in one of two
ways on the PS substrate. If the diblock film is removed from
the water surface from underneath, this leaves the PS block ex-
posed at the free surface (favourable) and the PMMA block in
contact with the PS substrate (unfavourable). Alternatively, the
PS-PMMA film may be oriented such that the PMMA block
is exposed at the free surface (unfavourable), and the PS block
is segregated to the PS substrate (favourable). In both orienta-
tions, the PMMA interface of the diblock copolymer film does
not satisfy the new symmetric wetting conditions, and the film
must rearrange to satisfy the commensurability condition such
that ν is even.

In this manuscript we focus on the latter case, exposing
PMMA at the free interface. This orientation allows us to con-
centrate the frustration in film morphology at the free surface

2
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Figure 1 AFM phase images after annealing at 150 ◦C for
(a) t = 5 min, (b) t = 15 min, (c) t = 25 min, and (d) t = 35 min.
Light regions represent PMMA whereas dark regions represent PS.
Each image is 2.5 µm wide and has the same vertical (phase) scale
range of -0.25 to 0.25 V. The insets display the calculated 2D Fourier
transform of each image (top) and a magnified 0.5 µm wide image of
perforations (bottom). The bottom schematic outlines the transition
that we suspect is occurring through this annealing process.

where we can observe the changes with AFM†. In this config-
uration, we expect the film surface to decompose into regions
of commensurate thickness for symmetric wetting conditions
at equilibrium, exposing PS at the free interface. Annealing
at 150 ◦C and imaging at 5 minute intervals with AFM, we
observed a flat film surface with no change in film topology.
However, though there was no measurable change in the topol-
ogy, the AFM phase images revealed a change in morphology
at the free surface.

AFM phase images of the evolution of a film with h0 =
198±1 nm (≈ 7.5L0) are shown in Figure 1. Before annealing,

†The case where the PMMA block is in contact with the PS substrate was
studied as well. However no changes in morphology or topology were observed
at the free surface for this orientation due to the frustration being localized at
the substrate.
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Figure 2 (a) Radial average of 2D Fourier transform intensity of AFM
phase image as a function of wavevector, q, for a sequence of 5 minute
annealing steps at 150 ◦C. The dashed lines indicates the growth of a
peak at q ≈ 28 µm−1. The curves are fit to an exponential background
function (black line) plus a Gaussian signal peak. (b) Amplitude of the
Gaussian signal peak as a function of annealing time, the dashed line
indicates the maximum amplitude in peak intensity.

the film surface is flat in topology and featureless in the phase
image. This is expected as the equilibrium morphology on mica
consisted of solely PMMA at the mica/diblock interface (the
interface that is exposed after transfer to the PS substrate) and
thus shows no major changes in morphology at the film sur-
face. After annealing at 150 ◦C for 5, 15, 25, and 35 minutes,
an array of circular PS domains grow at the surface, indicated
by the dark regions in the images (shown in Figure 1a-d). The
2D Fourier transform of these images, displayed in the insets of
Figure 1, show the the growth of a ring of intensity in the later
stages of annealing (Figure 1c-d), indicating a spatial ordering
for these PS domains. We suspect this indicates a morphology
similar to a perforated lamella (PL) at the surface as shown in
the schematic of Figure 1. We note that the schematic outlines
the transition for only the top few lamellar layers at the surface
of our 7.5L0 thick film.

The PL morphology has been known to exist as a metastable
intermediate state in order-order transitions of bulk sys-
tems31,32 though it could possibly exist as a stable morphology

3
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in thin films42,47. The PL morphology we see at the top surface
enables some of the favourable PS to be exposed at the free
surface through the circular domains. Though the symmetric
PS-PMMA copolymer we use assembles into lamellae at equi-
librium, the PL morphology satisfies the preference for expo-
sure of the lower surface energy PS domain at the free interface
without nucleating islands or holes at the free surface. We sus-
pect this is due to the higher energy barrier of hole and island
nucleation in comparison to the cost of bending the lamellar
domains at the surface. We investigated the length scale and
growth of this PL morphology by calculating the radial aver-
age of the Fourier transform for each annealing step (shown in
Figure 2a). As the sample was annealed, the growth of a length
scale correlation is observed for q ≈ 28 µm−1, indicating the
growth of a morphology with periodicity ≈ 35 nm. The Fourier
curves in Figure 2a were fit with the sum of a background ex-
ponential decay function and a Gaussian signal peak. The evo-
lution of the Gaussian peak amplitude is shown in Figure 2b,
indicating that the PL morphology grows in on a time scale of
∼ 30 min.

Figure 3 AFM topology (left) and phase (right) images of film after 10
minutes of annealing at 180 ◦C. Images are 2.5 µm wide. The enlarged
portion of the phase image highlights the remaining metastable PL
layer.

It has been shown before that the PL morphology is
metastable32, and thus to probe the stability of this PL mor-
phology, we anneal the same film at higher temperatures. Upon
annealing the film at 180 ◦C, the surface begins to nucleate into
regions of commensurate height with a terraced topography as
can be seen in the topology image shown in Figure 3. The com-
mensurate lamellae replace the metastable perforated lamella
that initially formed at the free surface. Specifically, in the ini-
tial state the top highly frustrated layer consists of a monolayer
of PS-PMMA, with PMMA at the free surface. This frustrated
layer ultimately breaks up into a bilayer of PS-PMMA/PMMA-
PS and a region exposing the PS block of the layer below, via
an intermediate PL morphology.

The commensurate regions in the topography image of Fig-

Figure 4 AFM phase images after annealing at 175 ◦C for (a) 5 min-
utes, (b) 15 minutes, (c) 20 minutes and (d) 25 minutes. Images are
1.25 µm wide. We note that these images were not taken of the same
hole.

ure 3 (dark and light regions) correspond to featureless regions
in the AFM phase image of Figure 3. We note that the phase
shift of the featureless commensurate regions and the circular
PL domains in the phase image (see enlarged portion of the
phase image in Figure 3) are the same, indicating as we pre-
sumed that the intermediate morphology is indeed a perforated
PMMA lamella with PS domains exposed.

Though small circular holes seem to have nucleated in Fig-
ure 3 in the corners of the image, the larger holes (see the one
in the centre of Figure 3) have irregular shapes that do not seem
to be growing isotropically. In order to investigate this further
we annealed at a slightly lower temperature, slowing the pro-
cess of film equilibration to examine hole growth out of this PL
morphology. In Figure 4, we show phase images for a sample
(h0 ≈ 200 nm) annealed at 175 ◦C. At early annealing times,
small holes with a high degree of curvature are nucleated with
a fairly circular, isotropic shape (Figure 4a). However as the
holes continue to grow, they form shapes with extended arms
(Figure 4b-d), increasing their curvature in comparison to a cir-
cular hole of equal volume. This hole growth is reminiscent of
the ramified structures formed due to the high degree of strain
in the films studied by Koneripalli et al. in Ref.33. There are
many possible sources for this anisotropic growth of holes such
as surface defects, film wrinkles, and strain on the lamella at

4
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the film surface due to the step change in boundary conditions.
However, though we can not identify which source is the cause
of the ramified growth we observe, it is clear from our exper-
iments that the holes grow out of the perforated lamella with
shapes that exhibit an increased curvature.

4 Conclusions
The data shown in this paper are the result of a sample prepa-
ration technique that allows for the switching of boundary wet-
ting conditions from asymmetric to symmetric for lamellar
forming diblock films. Using AFM to observe the order-order
transition from commensurate asymmetrically ordered films to
their incommensurate symmetrically wetting counterpart, we
discovered the formation of an intermediate morphology with
a perforated lamella which exposed PS domains at the free
surface. This morphology forms to reduce surface energy in
the system without nucleating commensurate islands or holes.
Upon further annealing the films did nucleate islands and holes
out of the metastable intermediate morphology to form equilib-
rium commensurate film thicknesses. However, the growth of
holes was observed to be highly ramified, indicating a prefer-
ence for growth of holes with a higher degree of curvature out
of the PL morphology.
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3.4 Manuscript IV

Strain rate effects on symmetric diblock copolymer liquid bridges: order

induced stability of polymer fibres

R. D. Peters, K. Dalnoki-Veress, (Submitted to EPJE)

In this study, we switch focus from the thin film geometry to that of liquid bridges.

We monitored the break-up of unstable polymer melt bridges to study the effect of

shear strain rates on viscosity. Experiments were performed at a variety of different

temperatures to probe a wider range of shear strain rates, and superposed using

Time-Temperature superposition. We began with measurements on homopolymer

polystyrene (PS) of low molecular weight as a reference for measurements made on

diblock copolymers. The PS bridges exhibited a shear thinning response in agreement

with bulk shear thinning of homopolymers at low shear strain rates, and exhibited

shear thickening at high shear strain rates due to the build up of elastic stresses from

chain elongation.

Experiments were then performed on symmetric diblock poly(styrene-b-2-vinyl

pyridine) (PS-P2VP) which has an experimentally accessible ODT at TODT ≈ 160 ◦C.

Measurements were performed both in the disordered and ordered state and super-

posed using time-temperature superposition. It was found that disordered liquid

bridges exhibited similar dynamics and shear response to their homopolymer coun-

terparts. Conversely, the ordered symmetric diblock copolymer bridges demonstrated

elevated effective viscosities, indicating an increased fibre stability, and a strictly shear

thinning response over the entire shear strain rate range we studied. An explanation

for the enhancement of stability was provided by the supposed isotropic orientation

of lamellae in the bulk, providing energy barriers to flow within the bridge. As well,

the shear thinning was proposed to be caused by the alignment of lamellae along the

direction of shear strain rates, providing pathways for copolymer flow from the bridge

into the reservoir droplets. More strongly segregated PS-PMMA ordered copolymer

bridges were also studied, exhibiting a negligible temperature dependence on effective

viscosity over a 20 ◦C range. This temperature independence indicates a domination
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of the dynamics by the lamellar domain alignment and not the viscosities of the

individual polymer blocks.

As principal investigator, I developed the experimental apparatus and technique

for studying polymer bridges, analyzed the data, and wrote the manuscript. Dr.

Kari Dalnoki-Veress contributed by editing the manuscript and with discussions on

experimental design and data analysis.
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Abstract. Optical microscopy is used to study the effect of lamellar order on the evolution of polymer-
melt bridges. Measurements are performed on symmetric diblock copolymers and linear homopolymers
in the melt state. Diblock copolymer bridges measured in the disordered phase are shown to exhibit the
same strain rate response as their homopolymer counterparts: shear thinning at low strain rates and shear
thickening at high strain rates. However, when measured in the ordered phase, copolymer-melt bridges
demonstrate an increased effective viscosity due to the lamellar order and a shear thinning response over the
entire range of strain rates probed. The increased viscosity demonstrates an enhanced stability in lamellae
forming diblock liquid bridges, presumed to be caused by the isotropic orientational order of lamellar
domains that provide energy barriers to flow within the bridge. The shear thinning can be understood
as an alignment of lamellae along the axis of the bridge due to flow, facilitating unimpeded diffusion of
polymer out of the liquid bridge along lamellar boundaries.

1 Introduction

The breakup of a long cylindrical Newtonian liquid jet into
individual droplets is explained by the Plateau-Rayleigh
instability. A common example of this phenomenon is the
breakup of a thin stream of water from a kitchen faucet
into droplets [1]. Though the water exits the faucet as
a cylindrical jet, the surface is unstable to perturbations
of wavelength greater than the circumference of the jet.
The free energy of the thin stream is reduced via a sinu-
soidal perturbation that grows continuously until the jet
is separated into individual droplets. Understanding the
breakup of liquid jets allows us to understand many nat-
ural systems [1], however it is also vital for understanding
and improving various industrial and research applications
such as electrospinning [2], inkjet printing [3], and diesel
engines [4], to name a few.

The breakup of a cylindrical liquid element may also be
observed in the case of an unstable liquid bridge. When a
droplet of fluid spanning two solid substrates is separated,
for example saliva between your fingers, an axi-symmetric
liquid bridge joins the two reservoirs. For small separation
distances the outer curvature of the liquid bridge domi-
nates and will induce an attractive capillary force which
pulls the substrates back together [5]. However, if the sep-
aration distance is large enough then the liquid bridge is
unstable as the inner curvature dominates and surface ten-
sion causes fluid to drain from the bridge into two reservoir

a e-mail: dalnoki@mcmaster.ca

droplets, one on each substrate [5]. In the case of a slen-
der liquid bridge where the bridge is nearly cylindrical at
its midpoint, (ie. the inner curvature is much greater than
the outer curvature), the minimum diameter of the bridge,
dmin, is known to evolve as

dmin = d0 − 2α
γ

η
t, (1)

where η is the viscosity of the liquid, γ is the surface ten-
sion, and α is a numerical geometric prefactor [6,7]. The
geometric factor α has been calculated previously by Pa-
pageorgiou to be α = 0.0709 for a liquid bridge system [6],
and verified experimentally by McKinley and Tripathi [7].
Equation 1 is quite remarkable as it illustrates how one
can measure a simple observable parameter in a naturally
evolving system, the minimum diameter of a thinning liq-
uid bridge, to extract an important rheological property,
the ratio of surface tension to viscosity of a fluid system
γ/η. The parameter γ/η is known as the capillary velocity.
In the case of a simple Newtonian liquid (η is constant)
and a constant surface tension, this leads to a linear de-
crease in filament diameter.

Though the breakup of Newtonian liquid jets and bridges
is well understood [1], when additives, such as polymers,
are included in a liquid jet or bridge system, the physics of
breakup may become highly non-linear due to viscoelastic
effects. An area of intense research focus is the breakup of
dilute polymer solutions [8–17] and polymer melts [18–22].
In bulk polymer rheology, it is known that for sufficiently
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high strain rates, polymer melts exhibit a shear thinning
property such that

η

γ
= ε̇ν , (2)

where ν < 0 for shear thinning and ε̇ is the strain rate
applied to the bulk polymer melt. For a Newtonian liquid
ν = 0, while ν > 0 denotes shear thickening. In the case
of bulk polymer systems, shear thinning has been mea-
sured with a power law exponent as large as ν ∼ −0.85
[23]. However, as axially symmetric polymer systems such
as liquid jets and bridges evolve toward pinch-off, regions
which experience a local decrease in radius also experience
a stretching of the fluid element in that region, extending
the polymer chains along with it. This stretching of the
polymer chains by the extensional flow creates a build
up of elastic stresses resulting in an increase in effective
viscosity, or a shear thickening, of the liquid [8–22]. The
onset of this shear thickening has been observed in dilute
polymer solutions for shear strain rates that are compa-
rable to the inverse of the polymer relaxation time [10].
This shear thickening has been shown to increase the vis-
cosity by orders of magnitude in dilute solutions of high
molecular weight polymer [8–16]. The large elongational
strain rates experienced at the midpoint of a cylindrical
filament, ε̇, are the source of the shear thickening and are
calculated as

ε̇ =
1

l

dl

dt
= − 2

dmin

d

dt
(dmin) , (3)

where l is the length of the cylindrical fluid element which
is stretched upon liquid bridge thinning [11]. This local-
ized shear thickening in regions near pinch off leads to a
variety of interesting viscoelastic effects in the breakup of
both liquid bridge [13,14] and liquid jet [24] homopolymer
systems.

Though extensive research has been performed on the
breakup of jets and bridges both for homopolymer solu-
tions and melts, very little has been reported on the ef-
fect of diblock copolymer architecture on the dynamics in
these axially symmetric systems. Diblock copolymers con-
sist of two chemically distinct homopolymer chains that
are covalently bonded together. In the liquid state, the in-
compatibility between the two polymer blocks can favour
phase separation at temperatures that are sufficiently low.
Due to the connectivity of the two blocks, macroscale
phase separation is not possible, thus diblock copolymer
molecules are known to self assemble into unique micro-
structures which depend on the relative lengths of the two
polymer chains [25,26]. A symmetric diblock, where both
blocks take up a similar volume, will microphase separate
into a lamellar morphology. The lamellar thickness, L0,
is dependent on the molecular weight of the diblock and
determined by the balance of both entropic and enthalpic
energy terms [25]. However, as temperature is increased,
the lamellar order can be destroyed as entropy becomes
dominant, and the system favours mixing. The order dis-
order transition temperature, TODT, is determined by the
relative incompatibility of the two blocks and the length
of the copolymer chain [25].

A number of experimental studies have shown that
diblock copolymer order has a significant effect on the
rheological properties in the melt state (for example [25,
27,28]). In particular, diblock copolymers in the disor-
dered state can exhibit properties similar to Newtonian
liquids [25]. However, in the ordered state the lamellar
morphology of symmetric diblock copolymer restricts flow
depending on strains and strain rates [25,28]. Here we in-
vestigate the effect of strain rate dependant rheological
properties on the thinning dynamics of symmetric diblock
copolymer melt bridges.

2 Experiment

2.1 Sample preparation

All measurements were performed with low polydisper-
sity symmetric diblock copolymer and homopolymer pur-
chased from Polymer Source Inc. (Dorval, Quebec). The
homopolymers used were polystyrene (PS) and poly(2-
vinylpyridine) (P2VP), while the diblocks were poly(sty-
rene-b-2-vinylpyridine) (PS-b-P2VP) and poly(styrene-b-
methyl methacrylate) (PS-b-PMMA) see Table 1 for de-
tails. All polymers were dissolved in toluene to form con-
centrated solutions with ∼ 25 − 40% polymer by weight.

Table 1. Polymers used in this study. Mn is the number av-
eraged molecular weight and PI is the polydispersity index.

Polymer Mn (kg/mol) PI
PS 8.0 1.10
PS 16.0 1.03

P2VP 15.5 1.04
PS-b-P2VP 8.2-b-8.3 1.09

PS-b-PMMA 25-b-26 1.09

A schematic of our experimental setup is shown in Fig-
ure 1. One polymer droplet is deposited on a glass sub-
strate that is mounted perpendicular to a freshly cleaved
Si wafer (University Wafer, USA). A second droplet of the
same polymer is deposited on a glass substrate that is at-
tached to a stiff micropipette. The micropipette is affixed
to a multi-axis translation stage that allows us to ma-
noeuvre the polymer droplets in and out of contact. The
entire experimental setup is then placed on a modified op-
tical microscope hot stage (Linkam Scientific THMS 600,
United Kingdom) capable of elevating the temperature, T ,
of the polymer above the glass transition and into the melt
state. To ensure consistent temperature regulation, the ex-
perimentation volume is enclosed within a metal ring and
capped with a sapphire window. The metal ring is in inti-
mate contact with the heating block of the hot stage, and
the sapphire window is in contact with the metal ring. The
conductive contacts and high thermal conductivity of sap-
phire all ensure that the temperature is well known and
well controlled. All polymer droplets are annealed ∼ 50◦C
above the glass transition temperature for sufficient time
(∼ 30 min) to remove all toluene from the system and
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Fig. 1. Schematic of experimental setup from top view (left)
and side view (right). The labels shown correspond to the dif-
ferent components of the setup: a) pipette, b) metal ring, c)
Si wafer, d) sapphire window, e) glass substrate, f) microscope
objective, g) hot stage. The pipette can be translated as indi-
cated by the arrows in order bring the two droplets together
and prepare the liquid bridge.

allow the droplets to relax to equilibrium spherical caps
before measurements are performed.

A measurement is executed by bringing two polymer
droplets into contact, causing them to coalesce (see Fig. 1).
The droplets are then separated quickly to a fixed dis-
tance, forming a liquid bridge that is unstable. The evolu-
tion of the polymer bridge is then monitored on an optical
microscope in reflection mode (Olympus BX51, Canada).
The silicon wafer provides a highly reflective background,
creating high contrast between the polymer bridge and
its surroundings, facilitating image analysis of the liquid
bridge profile.

2.2 Time-Temperature superposition

Measurements are performed over a wide range of temper-
atures in order to observe a broad range of dynamics. It is
important to note that for all polymers used in this study,
surface tension is known to vary by less than 10% over
the temperature ranges used in these experiments [29],
and is not dependent on the shear strain rates. However,
as will be shown below, the viscosity changes by orders
of magnitude. Thus, we ignore the small changes in sur-
face tension and focus instead on the temperature and
strain rate effects on viscosity which play the dominant
role in dynamics. As the temperature response of the vis-
cosity in polymeric systems is well understood, we use the
Williams-Landel-Ferry (WLF) equation to perform time-
temperature superposition such that all experimental time
scales are shifted to those of a reference temperature [30].
The WLF equation allows us to calculate shift factors, a

T
,

for specific temperatures, T , based on the equation

log (a
T

) = − −C1 (T − T0)

C2 + (T − T0)
, (4)

where C1 and C2, are empirical constants, and T0 is the
reference temperature chosen to construct the compliance

master curve in bulk rheology measurements. All time co-
ordinates for experiments performed at different temper-
atures, T1 and T2 may be equated through the relation

t1 =

(
a

T1

a
T2

)
t2, (5)

where t1 and t2 are the timescales of the experiments per-
formed at temperatures T1 and T2 respectively [30]. Using
Equations 4 and 5, we can form master curves for experi-
ments performed at a variety of temperatures on the same
material. All measurements made above 180 ◦C were made
under N2 atmosphere to prevent degradation.

3 Results and Discussions

In section 3.1 we discuss the simplest case of the 8 kg/mol
PS homopolymer – this simple canonical system will serve
as a reference for the measurements on diblock copoly-
mers. In section 3.2 we discuss the diblock copolymers.
First a PS-b-P2VP with a total molecular weight of 16
kg/mol which has an experimentally accessible TODT. As
will be seen, the lamellar order resulting from the mi-
crophase separation in symmetric diblock copolymer melts
has a significant effect on the breakup dynamics of the
bridges. We will then compare the 16 kg/mol PS-b-P2VP
to both PS and P2VP homopolymer, both with the same
molecular weight as the diblock. Ensuring that the PS-b-
P2VP, PS, and P2VP all have similar molecular weights
facilitates a fair comparison of the dynamics. The second
diblock studied is PS-b-PMMA diblock which is strongly
segregated and serves as a comparison to the PS-b-P2VP
to investigate the general features of diblock fibres.

3.1 Homopolymer bridges

To facilitate comparison to the more complex case of di-
block copolymers, we performed experiments on a linear,
8 kg/mol PS homopolymer, which is well below the en-
tanglement molecular weight. The evolution of a typical
homopolymer bridge is shown in Figure 2. Initially, after
the droplets are separated, there is significant outer curva-
ture in the bridge (Figure 2a). After a short time, the liq-
uid bridge forms an approximately cylindrical fiber, with
negligible outer curvature at the midpoint (Figure 2b) and
this liquid cylinder decreases in diameter until its eventual
pinch-off (Figure 2c-d). Due to the high contrast between
the polymer and the highly reflective Si wafer background,
the diameter of the bridge is easily measured as a function
of time, resulting in a typical plot shown in Figure 3. In
that plot it can be seen that in the early stages, after ini-
tial droplet separation, the dynamics are highly non-linear
(t . 0.5 min, see also image in Fig. 2a); however, after the
bridge evolves to a cylindrical geometry we can use Equa-
tion 1 to obtain the evolution of viscosity in the system.
In this measurement, when the nearly cylindrical geome-
try is reached (t ∼ 0.5 minutes), dmin decreases linearly
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with time indicating a constant viscosity. However, as the
diameter of the bridge decreases, the bridge evolution de-
viates from this linearity. Clearly the bridge begins to thin
more slowly. Since 1/η is proportional to the slope of the
plot in Figure 3 (see Eq. 1), the slowing down indicates
an increasing viscosity for small bridge diameters.

Since an instantaneous η/γ and ε̇ can be calculated
from dmin(t) using Equations 1 and 3 respectively, we can
monitor the effect of strain rate on the viscosity of our sys-
tem. All results presented hereafter for η/γ as a function
of ε̇ are calculated from the average of at least 4 separate
liquid bridge breakup experiments at each temperature.
Measurements on 8 kg/mol PS were performed over a tem-
perature range of 112 ◦C to 155 ◦C, allowing us to probe
a wide range of different strain rates and polymer viscosi-
ties. The viscosity changes by orders of magnitude and is
known to be impacted by shear flows in both bulk and liq-
uid bridge systems [22,23]. By applying time-temperature
superposition using Equations 4 and 5, we shift all mea-
surements to a reference temperature of 140 ◦C obtaining
a master curve of all data. We use WLF shift parameters
for PS of C1 = 15 ◦C, C2 = 60 ◦C, and T0 = 98 ◦C, taken
from Ref. [31].

In Figure 4 is shown the data for η/γ and ε̇, both with-
out time-temperature superposition (inset) as well as the
superposed data for the 8 kg/mol PS. From the inset it
is clear that over 4 orders of magnitude in viscosity and
strain rate are observed for the different temperatures.
The temperature shifted data (main plot) shown in Figure
4, illustrates an excellent collapse of all the data. A transi-
tion between two regimes for the viscosity at the midpoint
of the homopolymer bridge as a function of strain rate
is observed. At low strain rates, the polymer bridge de-
creases in viscosity as a function of strain rate, indicative
of a shear thinning fluid. This shear thinning approaches
a power law (see Eq. 2) with an exponent of ν ∼ −0.85,

t = 0 min

a

t = 0.5 min

b

t = 1.5 min

c

t = 5 min

d

Fig. 2. Optical microscopy images of stages of liquid bridge
evolution for 8 kg/mol PS homopolymer melt at 130 ◦C. All
images are 500 µm wide.

0 1 2 3 4 5
0

10

20

30

40

50

60

t (min)

d
m

in
(µ

m
)

Fig. 3. Typical measurement of minimum diameter (dmin) as
a function of time for homopolymer, taken for 8 kg/mol PS
bridge at 130 ◦C. The dashed line identifies the approximately
constant viscosity regime after the cylindrical bridge is formed.
Deviations from the simple Newtonian fluid can be identified
by the decrease in the slope at late times, which corresponds
to an increase in viscosity.

indicating bulk shear response in accordance with previ-
ous measurements [23]. However, at higher strain rates
there is a transition to a shear thickening regime, where
the viscosity increases as a function of strain rate within
the bridge. This is in response to the high elongational
flow experienced in the liquid bridge geometry extending
polymer chains, thereby increasing the effective viscosity
of the homopolymer melt [10]. The shear thickening effect
is not as drastic as in previous experiments [11–16], where
viscosity was observed to increase by orders of magnitude,
for 2 main reasons. Firstly, our strain rates are lower than
in these previous experiments. Secondly, previous experi-
ments were performed primarily on polymer solutions and
homopolymers of much larger molecular weight, increasing
the relaxation time of the polymer and creating a greater
build up of elastic stresses due to extensional flows.

3.2 Symmetric diblock copolymer bridges

Having understood the dynamics in the simple homopoly-
mer system, we now focus on the effect of lamellar or-
dering of symmetric diblocks on the dynamics of copoly-
mer bridges. We use PS-b-P2VP which has an experimen-
tally accessible bulk TODT of ∼ 160 ◦C [32]. Simply by
changing temperature we can treat this system as a sim-
ple homogenous polymer fluid, like the PS homopolymer
case discussed above, or as a complex fluid with ordered
lamellae. Furthermore, PS-b-P2VP was chosen as both PS
and P2VP are similar in terms of chemical composition
and have similar rheological properties [33]. As before,
we measure the PS-b-P2VP at varying temperatures from
150 ◦C to 180 ◦C, thereby capturing the dynamics above
and below TODT. Optical images of evolution and the cor-
responding typical measurements of dmin(t) are shown in
Figure 5 for the disordered state at 175 ◦C (Figure 5a) and
ordered state at 155 ◦C (Figure 5b). The left-right asym-
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Fig. 4. Measurement of the ratio of viscosity to surface tension
as a function of strain rate at the midpoint of the liquid bridge
for temperatures of 112 ◦C to 155 ◦C for PS with 8 kg/mol. The
data has been shifted using the WLF equation as described in
the text. The two power law slopes represent guides to the eye
for the shear thinning and shear thickening representing power
laws of ν = −0.85 and ν = 1/3 respectively in correspondence
with Equation 3. The inset demonstrates the unshifted data
for each temperature.

metry seen in the optical images reflects slightly different
geometries for the left droplet and right droplet prior to
coalescence. This asymmetry is not a concern since the
system is locally symmetric at the minimum diameter,
from where the measurement dmin(t) is obtained. Though
it is difficult to compare measurements made at the two
temperatures shown in Figure 5, the difference in evolu-
tion of dmin(t) is marked. While the disordered diblock
copolymer exhibits dynamics similar to what we observed
for the homopolymer case (fairly constant viscosity), the
ordered lamellar diblock bridge evolves differently, thin-
ning out much faster as the liquid bridge gets thinner and
strain rates increase at t & 25 min.

Since diblock copolymer melts are a complex fluid with
nanostructure, it is difficult to define a viscosity or surface
tension1 for the system. However, since the evolution of
diblock bridges is cylindrical at the midpoint for the late
stages of break-up, we can calculate an effective viscos-
ity, (γ/η)eff, and strain rate using Equations 1 and 3. The
calculation of an effective viscosity in diblock copolymer
systems has been performed in the past using bulk rhe-
ological techniques [25]. In Figure 6 we show the results
of (η/γ)eff as a function of ε̇. The raw unshifted data is
shown in the inset and, as in the homopolymer case, an
increase in temperature is accompanied by orders of mag-
nitude decreases in viscosity. However, the shear response
of the low temperature lamellar ordered diblock melt is
quite different from the high temperature disordered melt,

1 Again, we stress that though the surface tension may differ,
the changes are at the 10% level while the effective viscosity
changes by orders of magnitude
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Fig. 5. Typical measurement of the minimum diameter as a
function of time for the bridge evolution of PS-b-P2VP in the
disordered (top) and ordered (bottom) state at 175 ◦C and
155 ◦C respectively. The dashed lines identify the constant
viscosity regimes. The optical microscopy images (times indi-
cated) are representative of the breakup of the diblock bridges.
The images are 500 µm wide.

exhibiting solely shear thinning response during the liquid
bridge evolution. This shear thinning response is entirely
consistent with the increasing negative slope of Figure 5b).

In addition to experiments on lamellar forming 16.5
kg/mol PS-b-P2VP, we also performed measurements on
16 kg/mol homopolymer PS and 16 kg/mol homopoly-
mer P2VP melt bridges to facilitate comparison. Since
both PS and P2VP exhibit extremely similar rheological
properties (both in previous measurements [33] as well as
the liquid bridge evolution experiments performed with
our experimental setup), we performed time-temperature
superposition of all PS, P2VP and PS-b-P2VP with the
same WLF shift parameters as before using Equations 4
and 5. In the main plot of Figure 6 is shown the effective
ratio of viscosity to surface tension as a function of strain
rate for all three polymer melts superposed to a temper-
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Fig. 6. Measurement of the ratio of viscosity to surface ten-
sion as a function of strain rate during bridge evolution for 16
kg/mol PS-b-P2VP (filled circles), 16 kg/mol linear PS (open
circles), and 16 kg/mol linear P2VP (x). All the data in the
main plot has been superposed using the PS WLF parame-
ters. The inset shows the same PS-b-P2VP data unshifted by
time-temperature superposition. The horizontal dashed line in-
dicates the separation between measurements made in the or-
dered and disordered states.

ature of 140 ◦C. As expected, the homopolymer PS and
P2VP data collapse to similar viscosities and strain rate
responses. Just as the 8 kg/mol PS of Figure 4, there is
an initial shear thinning regime followed by a shear thick-
ening with increasing shear strain rate. However, when we
perform time-temperature superposition on the diblock
copolymer data, we obtain a remarkable collapse of the
data to two markedly different master curves correspond-
ing to the ordered and disordered diblock phases.

All experiments performed in the disordered phase,
collapse to a single curve that exhibits a similar shear
response to that of the homopolymer PS and P2VP sys-
tems, whereby there is a shear thinning effect at low strain
rates, and a shear thickening effect at high strain rates.
At these high temperatures, there is no order and the ho-
mogeneous diblock system is rheologically equivalent to a
homopolymer. This result is in agreement with measure-
ments performed on bulk disordered diblock copolymers,
where similar rheological properties to simple homopoly-
mers were observed [25,28]. One interesting and surpris-
ing result for disordered diblock bridges is that though
they have similar shear responses, they exhibit increased
effective viscosity in comparison to the experiments on ho-
mopolymers of each block, though all three molecules were
chosen to have very similar molecular weight. We specu-
late that this may be caused by an increased energy cost
of flowing unlike blocks past each other in the melt, even
in the disordered case where the diblock copolymers are a
homogeneous mixture.

The measurements made in the ordered lamellar phase,
below TODT, collapse to a distinct second curve. The mea-

surements on ordered diblock copolymer demonstrate an
elevated effective viscosity at low shears in comparison
to measurements made in the disordered state, indicat-
ing an enhanced stability of ordered diblock melt bridges.
Additionally, the strain rate response is shear thinning
throughout the entire measurement, recombining with the
disordered data only at the largest strain rates just before
bridge breakup. Since all measurements were performed
on the same diblock copolymer droplets, the difference in
dynamics is attributed solely to the effect of order on the
flow in symmetric diblock bridges.

In order to understand the results for the lamellar
ordered diblock, we first revisit the length scales in the
system. The symmetric diblock copolymer orders with a
repeating bilayer thickness on the ∼ 10 nm length scale,
L0 ≈ 13.5 nm, whereas the polymer bridge diameter is ini-
tially 10’s to 100’s of microns in diameter. This represents
a difference of 103-104 in length scale between the lamellae
and the entire system, indicating that we may treat our
liquid bridges as an unconfined, bulk system with regard
to the diblock ordering. In bulk symmetric diblock copoly-
mer systems ordered under low shear or no shear, the ori-
entation of lamellar domains is isotropic [25]. Thus, within
our bridge there are lamellae oriented in many different di-
rections. Though polymer may flow along the boundary of
a lamella continuously, there is an energy barrier to hop-
ping from one lamellar layer to another [34], or hopping
across defects between lamellae of different orientations
[35]. The energy barrier to layer hopping or motion across
a defect is induced by the energy cost of moving a poly-
mer block through a region of unlike polymer. In the case
of our ordered symmetric diblock melt bridges, due to the
isotropic orientations of the lamellae, there are countless
energy barriers that must be overcome in flowing polymer
from the centre of the bridge to the reservoir droplets.
These energy barriers impede flow and consequently in-
crease the effective viscosity of the system and the inher-
ent stability of the polymer bridge.

We now turn to the shear thinning that is observed
over the entire range of shear strain rate explored for the
ordered diblocks. As the ordered diblock bridge thins in
diameter, strain rates increase and as is evident from Fig-
ure 6, the effective viscosity decreases. It is known that
in the case of oscillatory shear measurements made on
bulk symmetric diblock copolymer melts in the ordered
phase, the lamellar domains may become aligned with
shear forces dependent on annealing history as well as the
amplitude and frequency of shear [36]. Additionally, the
application of sufficiently large shear stress is known to
align lamellae, cylinders and spheres in block copolymer
thin films [37,38]. The process is believed to occur through
the destruction of ordered domains not oriented parallel
to the shear stress, and the subsequent reformation of or-
dered structures in alignment with applied shear [39,40].
Since we measure shear thinning in our measurements on
ordered diblock melt bridges, we suggest that the strain
rates within the bridge are in the regime where lamellae
are forced to align such that the normal vector to the
lamellae are directed perpendicular to the flow. This ori-
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entation would allow copolymer to travel more efficiently
along the lamellar boundaries, flowing into the reservoir
droplets without having to hop between lamellae or across
as many defects. As the strain rates increase, the lamellae
become increasingly more aligned and the effective viscos-
ity correspondingly decreases.

In addition to this shear thinning effect, it is evident
from Figure 6 that measurements made both above and
below TODT converge at high strain rates to the same ef-
fective viscosity. There are two possible explanations for
this convergence; the disordered phase is ordering under
shear or the ordered phase is disordering. In bulk systems,
oscillatory shear has been shown to increase the TODT

for lamellar forming diblocks, and the domains created
under these conditions are aligned such that flow is pos-
sible along the lamellar boundaries [41,42]. Therefore, it
seems likely that under the strain rates experienced in our
measurements, the disordered diblock is ordering lamellae
at high strain rates such that flow is less impeded and
dynamics are identical to measurements performed below
bulk TODT. Indeed this suggestion is further evidenced by
the fact that the disordered diblock, rather than contin-
uing along the trend of shear tickening with increasing ε̇
actually follows perfectly the extrapolated shear thinning
trend of the ordered diblock.

Bridge evolution measurements were also performed
on a 51 kg/mol PS-b-PMMA symmetric diblock copoly-
mer which has an experimentally unaccessible TODT, and
thus contains more strongly segregated lamellae than its
PS-b-P2VP counterpart [43]. Polymer-melt bridge evolu-
tion was investigated at 220, 230 and 240 ◦C for the PS-
b-PMMA melt in a N2 atmosphere. In Figure 7 we plot
the effective viscosity divided by surface tension as a func-
tion of strain rate for the PS-b-PMMA copolymer without
performing any time-temperature shifts. It is clear that for
this highly ordered polymer melt, a shear thinning effect is
once again observed due to the shear alignment of lamellae
along the direction of flow within the bridge. However, it
is interesting to note that in the case of this highly ordered
symmetric diblock, the effect of temperature seems to be
negligible since the dynamics at all 3 temperatures seem
to overlap. As the PS-b-PMMA system is more strongly
segregated, there is a much larger energy penalty for layer
hopping or moving across a defect than for the weakly
ordered PS-b-P2VP melt. We speculate that the dynam-
ics are dominated by the shear alignment of the lamellae,
rather than the viscosity effects of the individual polymer
blocks, resulting in identical dynamics for measurements
at different temperatures.

An increase in effective viscosity upon lamellar order-
ing and a decrease in viscosity upon application of strain
has been observed previously in oscillatory shear rheology
experiments [25,27,28]. In particular, Schulz et al. per-
formed measurements on a PS-P2VP diblock copolymer
and observed a discontinuity in the rheological properties
as a function of temperature for constant shear rates [27].
This discontinuity is consistent with a transition from
the ordered to the disordered curves in Figure 6. The
collapse of ordered and disordered data with only time-
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Fig. 7. Measurements of effective viscosity divided by sur-
face tension as a function of strain rate for a 51 kg/mol PS-b-
PMMA symmetric copolymer. Measurements are not shifted
using time-temperature superposition.

temperature superposition from a direct observation of
bridge diameter supports previous rheological measure-
ments of symmetric diblock copolymer. As well, the ad-
ditional complexity of the elongational flows within the
axisymmetric liquid bridges provides a useful method for
studying complex macromolecular fluids where molecule
extension or alignment may play a key role in the resul-
tant dynamics.

4 Conclusions

Using optical microscopy we have investigated the effect of
the lamellar order in symmetric diblock copolymer melts
on the dynamics of unstable polymer-melt bridges. In the
disordered phase, symmetric diblock copolymer melts were
observed to exhibit similar dynamics to their homopoly-
mer counterparts: at low strain rates, a shear thinning re-
sponse due to bulk shear effects, followed by a shear thick-
ening response due to polymer extension at high strain
rates. Though qualitatively similar to the homopolymers
in response to strain rate, the symmetric diblock copoly-
mer in the disordered state was measured to have higher
effective viscosity than the homopolymers. In the ordered
phase, symmetric diblock copolymers were observed to be
markedly different from disordered. The ordered system
was more stable, with a higher effective viscosities in com-
parison to the disordered phase. This enhanced stability
may be attributed to the energy barriers to flow induced
by the isotropic orientation of lamellae. As strain rates
increased, a shear thinning response was measured consis-
tent with an alignment of lamellae which facilitates flow
of polymers from the bridge into the adjacent droplets.
In the case of the strongly segregated lamellar forming
diblock, PS-b-PMMA, the effect of temperature was neg-
ligible in comparison to the shear thinning effect in the
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liquid bridge evolution, exhibiting identical dynamics over
a 20 ◦C temperature range. The ability of diblock copoly-
mers to prevent break-up and enhance the stability of liq-
uid fibres may be useful for the production of textiles or
in the creation of electrospun fibres.
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ences and Engineering Research Council (NSERC). The au-
thors thank Mark Matsen and An-Chang Shi for helpful dis-
cussions.
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Chapter 4

Conclusions

In the research contained within this dissertation, we have studied the dynamics of

symmetric diblock copolymer melts in both the thin film and liquid bridge geometries.

We began by investigating the effect of incommensurability on the dynamics of island

and hole formation at the film surface of symmetric diblock copolymer films when

ordering from the spincast, homogeneous state. In the case of moderately incommen-

surate films, we found that the measurement of three distinct regimes in the ordering

process was possible. First, an ordering regime which consisted of the formation of

parallel lamellae of non-equilibrium lamellar spacing. Second, an incubation regime

was observed followed finally by a nucleation regime, when islands and holes began to

nucleate at the surface of the film. The ordering time was found to depend on the total

film thickness, taking longer to reach the intermediate state in thicker films due to the

necessity of forming more lamellar layers. As well, the incubation time was found to

increase by up to 2 orders of magnitude as it approached commensurate thicknesses.

This incubation time was modelled successfully with a simple calculation using clas-

sical nucleation theory and assuming strong segregation of the two blocks. However,

this model failed for highly incommensurate films as the intermediate state of parallel

lamellae with non-equilibrium bilayer width became kinetically unfavourable. As a

consequence, an intermediate state of mixed morphology was found to exist for max-

imally incommensurate films, where lamellae were oriented parallel at the substrate,

and perpendicular at the film surface. This morphology was found to be unstable

through SCFT calculations, explaining the existence of a spinodal decomposition of
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the film surface in highly incommensurate films. The changeover in dynamics from

nucleation to spinodal was induced simply by changing initial film thickness, illus-

trating the impact that the equilibrium ordered structures of diblock copolymers can

have on dynamics in confined systems.

In our next work, we considered the evolution of symmetric diblock copolymer

films which were equilibrated and commensurate under asymmetric wetting condi-

tions. Films were then transferred to a symmetrically wetting substrate, resulting in

the higher surface energy block being exposed at the free interface. The resultant film

was maximally incommensurate as in the previous study, but already ordered with

equilibrium width lamellar bilayers oriented parallel to the substrate. Upon anneal-

ing, the lamellar monolayer at the free surface developed curvature in the lamellar

domains to form a perforated lamella (PL) at the free surface, exposing the lower

surface energy PS at the interface. Upon further annealing, this metastable PL mor-

phology was shown to nucleate islands and holes at the free surface as expected,

however hole growth exhibited a ramified structure, displaying higher curvature hole

growth out of the PL morphology.

In our final study, we measured the effect of symmetric diblock copolymer on

the dynamics within liquid bridges. It was observed that the diblock copolymer in

the disordered state displayed similar properties to its homopolymer counterparts:

a shear thinning response at low shear strain rates and a shear thickening response

at high shear strain rates. However, the ordering of diblock copolymers significantly

changed the dynamics of break-up within the liquid bridges, enhancing the stability

through an increase in the effective viscosity, and displaying shear thinning response

over all shear strain rates probed. The enhanced stability was proposed to be induced

by an isotropic orientational order of lamellae within the bridge providing numerous

energy barriers to flow. The shear thinning was then postulated to be caused by the

alignment of diblock copolymer domains under the strain rates in the axisymmetric

bridge, providing pathways for the diblock copolymer to move throughout the bridge

along domain boundaries.

These studies all highlight the interesting effects that even one of the simplest

copolymers, the symmetric diblock copolymer, can have on dynamics in various ge-

ometries. By simply changing the initial conditions in the first three studies on thin
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films, we were able to study three significantly different sets of equilibration kinet-

ics. As well, in studying the dynamics of symmetric diblock bridges, we encountered

a practical enhancement of the stability in liquid fibres induced through symmetric

diblock order while observing a shear thinning dynamic response. This enhancement

of stability that we observed is just one example of the importance of understanding

dynamics in ordered copolymer systems. It is easy to see that though they are quite

complex, understanding the kinetics of diblock ordering processes and non-equilibrium

dynamics is the first step toward having a global control over their final structures,

and consequently their desirable physical properties.
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Works not included in thesis

A.1 Paper I

Hierarchical, self-similar structure in native squid pen

F.-C. Yang, R. D. Peters, H. Dies, M. C. Rheinstädter, Soft Matter 10, 5541-5549

(2014).

A.2 Paper II

The Rayleigh-Plateau instability on a fiber revisited: Influence of the

hydrodynamic boundary condition

S. Haefner, O. Bäumchen, M. Benzaquen, T. Salez, R. D. Peters, J. D. McGraw,

E. Raphael, K. Jacobs, K. Dalnoki-Veress, (In Preparation)
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copolymer thin films as revealed by atomic force microscopy. Macromolecules,

25:1621–1622, 1992.
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