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Abstract

Polymer thin films are studied extensively due to their important applications in the fields
of material coatings, biomedical devices, nanoelectronics, and more. Many of these ap-
plications directly depend on the surface properties of the films as this may influence the
efficacy or properties of the resultant mechanism. The usual methods to create and use thin
films involve the application of solvents to the surface. Processes such as nanolithography
apply solvents of a poor quality to the thin films as a form of washing, with the expectation
that no lasting effects will be present on the surface. However, this thesis proves that a
nanoscopic morphology is resultant from the application of poor solvents to the surface of
polymer thin films. It has been shown that the morphology exhibits a characteristic length
scale which is independent of the poor solvent used and independent of molecular weight
at large chain lengths. Finally, a physical model of lateral instability has been proposed
which provides a descriptive driving mechanism of the morphology.
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Chapter 1

Introduction

This chapter will introduce the content and background required to fully comprehend
the extent of this thesis. General information about polymer physics as well as speci�c
background related to this project will be introduced here.

1.1 Polymers

1.1.1 Polymer Basics

Polymers are macromolecule materials consisting of smaller elementary units called monomers
(Figure 1.1). In fact, the roots \poly" and \mer" mean \many" and \parts", respectively[1].

Figure 1.1: Depiction of a monomer (A) and its related polymer (B). Image taken from
[2].

1



The monomers that make up a polymer are repeating patterns of the same base unit
but may be limited to a small variety of unit types. A process called polymerization is
used to convert monomers into polymers[3].

The number of repeating monomers and their distribution determines the molecular
weight of the polymeric material. The molecular weight of a sample distribution can be
de�ned in two main ways. The weight average (or mass average) molecular weight,Mw ,
averages the mass of the monomers over the entire sample

Mw =
P

N i M 2
iP

N i M i
(1.1)

whereM i is the molar mass andN i is the number of molecules of molar massM i within
the distribution[4]. Alternatively, the number average molecular weight,M n , averages the
number of monomer chains

M n =
P

N i M iP
N i

(1.2)

Due to the nature of these two calculations, the mass average will always be greater than
the number average molecular weight[5]. The ratio of the two molecular weights provide a
value known as the polydispersity index. IfMw=Mn is exactly one, the sample is completely
monodisperse, with every chain having the exact same number of repeating units. The
larger the value becomes, the more polydisperse the sample[3].

1.1.2 Polymer Chain Statistics

Ideal Chains

In order to understand the nature of polymers, it is pertinent to present the theory behind
their interactions. At this point the idea of ideal polymer chains will be presented and
various chain statistics will be derived. This aids in a fuller understanding of the physics
that drives polymer systems.

Ideal chains are chains whose conformations generate su�cient space between monomers
such that there exists no interaction between them[1, 6]. Consider a 
exible polymer with
free joints betweenN monomers. Each of the backbone atoms, Ai , are connected by bonds
which can be considered vectors,~ri . Then, the end-to-end vector of the system is calculated
as

~RN =
NX

i =1

~ri (1.3)

2



As the freely jointed model is being employed here, it can be stated that the bond length
between successive atoms is constantl = j~ri j. This leads into a simple statistical distribu-
tion of end-to-end distances using the mean-square average

hR2i = h ~RN
2
i = h ~RN � ~RN i =

NX

i =1

NX

j =1

h~ri � ~rj i (1.4)

Applying projection formalism, the dot product can be expressed as the cosine angle be-
tween vectors~ri and ~rj such that the ensemble average becomes

hR2i = l2
NX

i =1

NX

j =1

hcos�ij i (1.5)

Speci�cally for the freely-jointed model, there exists no interaction between the monomers
and, therefore, the average bond vectors,hcos�ij i = 0 for i 6= j and hcos�ij i = 1 for i = j [1,
7]. Then, the mean-square end-to-end distance of an ideal chain is represented as

hR2i = Nl 2 (1.6)

The freely jointed ideal chain is visualized in Figure 1.2.

Figure 1.2: Mean-square end-to-end distance of an ideal polymer chain, visualized. Mea-
surements and variables correspond to those in-text. Figure taken from [1].

The ideal chain model can also be easily represented as a simple random walk (Figure
1.3). Consider a basic one-dimensional lattice. The walk consists of N steps and, with each
step, may progress to one of its nearest neighbors (n+ or n� ). Each neighboring site has

3



Figure 1.3: A depiction of a 1-dimensional random walk based on a number line. Each
jump, an , represents a step taken by the walk. Figure taken from [8].

an equal probability of being walked to. Using the same variables as before, the size of the
random walk is said to beR0 � N 1=2l . The distribution of end-to-end vectors~r then takes
a Gaussian shape in one dimension, as follows[9]:

p(~r) =
RNP
~r RN

whereRN = RN (~r) is the number of distinct walks

p(N; x) =
1

2N

N !
(n+ !)(n� !)

By applying Stirling's approximation one obtains

p(N; x) =
1

p
2�N

exp
�

� x2

2N

�

p(N; x) =
1

p
2� hx2i

exp
�

� x2

2hx2i

�
(1.7)

The above result can be generalized into higher dimensions by taking the product of proba-
bilities for each dimension. Speci�cally, for this project, the three-dimensional case becomes
important.

Another statistic of importance for the ideal chain model is that of the e�ective bond
length b, also called the Kuhn length. To lead into this calculation, takeRmax to be
the maximum end-to-end distance of the polymer, or the length when the chain is fully
extended. Also de�ne the mean length of a bond vector to ber s where

r s =
p

h~ri i 2 (1.8)

Then, with these two de�nitions, it is possible to put together a formula for the maximum
end-to-end distance[7, 1]

Rmax = Nr s (1.9)

4



Using this information, along with the previous calculation of the mean-square end-to-end
distance, the Kuhn length,b, is derived:

b=
hR2i
Rmax

(1.10)

Apart from its importance in theoretical calculations of polymer chain statistics, the Kuhn
length, in practice, corresponds to the sti�ness of a polymer chain[7].

As a �nal statistic, the idea of a radius of gyration will be presented. The radius
of gyration, Rg, characterizes the average distance between monomers and the center of
mass of the polymer coil when the polymer adopts a certain con�guration. This idea is in
addition to that of the end-to-end distance which can be applied to any macromolecule[10].
To begin the derivation, take the radius of gyration to be the squared average length
between a monomer position,~Ri , and the center of mass of the system,~Rcm , as

hR2
gi =

1
N

NX

i =1

( ~Ri � ~Rcm)2 (1.11)

Next, the center of mass position is de�ned as an average of all the position vectors within
the system

~Rcm =
1
N

NX

j =1

~Rj (1.12)

Combining the two formulas and inputting the double sum of squares leads to a �nal
formula for the radius of gyration[7]:

hR2
gi =

1
N

NX

i =1

NX

j =1

( ~Ri � ~Rj )2 (1.13)
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Real Chains

While ideal chains provide a general overview of the physics, polymer chains do not behave
in an ideal manner within real systems. The chains no longer exhibit free rotation and
simple distributions. Often, real chains are represented by a self-avoiding random walk[6].
This is still a random walk on a lattice, but the walk may never visit the same space twice
[1].

The �rst statistical value to review for real chains is that of the total number of self-
avoiding walks that consist of N steps. For large N this formula takes the form

hRN (tot)i = zN N 
 � 1 (1.14)

In this case, the values ofz and 
 are dependent on the dimensionality of the system. For
a three-dimensional system, z=4.68. The enhancement factor,N 
 � 1 is 1, 4/3, and 7/6 for
1, 2, and 3 dimensional systems respectively[6]. In following with this, the average root
mean-square end-to-end distance can then be calculated for the real chain system to be

hRi = lN � (1.15)

where � is known as the Flory exponent[6]. As in previous formulas, the value� depends
on dimension and is known to be 1, 3/4, and 3/5 for 1, 2, and 3 dimensions respectively[6].
It is important to note that the size of real chains is signi�cantly larger than those of ideal
chains. The distribution function of chain lengths is no longer a Gaussian function when
dealing with real chains. The behavior of the distribution becomes asymptotic at large
values of R, suggesting that the chain is less likely to return to its starting point at large
end-to-end distances[7]. The distribution function is shown in Figure 1.4.

Entanglement

An important characteristic of real chains is that of entanglement. This happens when the
chains become long enough that they are able to interact with one another in a speci�c
manner which creates topological constraints[11, 6]. One can imagine a mass of extension
cords which have become tangled, thereby creating a constraint when you try to pull just
one of them out. Entanglement e�ects also alter the physical properties of the polymer.

There are numerous ways to analogize and physically describe entanglement. The
entangled chain can be thought of as a network strand that has been con�ned to a tube[1].If
the tube is considered to have diametera then the end-to-end distance of an entangled
chain can be represented as

a � bN1=2
e (1.16)
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Figure 1.4: A distribution of mean-square end-to-end distances for a 1-dimensional real
chain. The vertical axis represents the probability while the horizontal axis shows the
particle position. RF is the size of the polymer chain. Image taken from [7].

In another representation, entanglement is de�ned as a persistent contact between the mean
paths of the polymer chains[12]. For either model of the entangled network, it is suggested
that entangled chains dominate the topological behaviour of long polymer networks as
there becomes a greater dependence on both N and the Kuhn length.

The entanglement molecular weight of a polymer,M e is a transitional range in molecular
weight whereby the polymer has qualities closer to that of a liquid below the transition
and closer to that of a rubber above the transition. The rubber-like qualities are due to
interaction between polymer chains such that mechanical stress may be transferred among
them. For example, the stress relaxation function of a polymer tends to slow down above
entanglement while the viscosity begins to increase[12]. Often, physical properties of a
polymer are independent of molecular weight when they are larger than the entanglement
degree of polymerization,Ne.

1.1.3 Polymer Solutions

Polymer solutions are created by mixing polymers with various solvents. Solvents are char-
acterized by their ability to dissolve polymers and are placed into numerous categories[1].
A knowledge of solvent-polymer interactions is especially important in nanotechnology.
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Processes such as wet etching and nanolithography involve the use of poor solvents to
remove a masking substance or wash the surface of the substrate. Speci�cally, the most
recent 10th generation Intel microprocessor (Ice Lake) is produced by washing the silicon
chip with solvent while simultaneously attempting to maintain features smaller than 10
nm[13]. Therefore, the investigation that follows in this thesis has substantial consequences
for numerous manufacturing processes. The following sections of this report will outline the
experimental procedures for investigating the e�ects of poor solvents on polymer surfaces.

There exist various classi�cations of solvents when describing their ability to dissolve a
solute. A `good' solvent is characterized by its ability to completely dissolve the material's
surface and bulk. A `poor' solvent is generally accepted to have no lasting e�ects on the
solute surface[14]. In the case of a good solvent, each molecule of polymer is surrounded
by a solvent shell which e�ectively dissolves the polymer. However, in the case of a poor
solvent there exists a preference to solvent-solvent interactions rather than that of the
polymer-solvent interactions[7].

1. Good Solvents
The monomer-solvent interaction is stronger than the monomer-monomer interaction.

2. Theta Solvents
The monomer-solvent interaction and the monomer-monomer interaction are equally
weighted.

3. Poor Solvents
The monomer-monomer interaction is slightly stronger than the monomer-solvent
interaction.

4. Non-Solvents
The monomer-monomer interaction is stronger than the monomer-solvent interaction.
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Solution Chain Statistics

Chain statistics may vary depending on the polymer solution - which model (ideal or
real) of polymer chains is used, and what class of solvent it is combined with. As stated
previously, the size of a random walk which represents an ideal chain in a theta solvent
scales as� N 1=2. However, this only shows the case of an ideal system and cannot be
taken as a universal relationship. The �rst thing to note is that polymer chains are real
chains which generate some excluded volume. In this case, a polymer in a good solvent
will scale as� N 3=5. For a real chain in a poor solvent, there exists more a�nity between
monomers than there does between monomers and solvent, meaning that the monomers
will tend to bunch up, creating a smaller \blob" of polymer region than in a good solvent.
Therefore, in this case, the size of the walk scales as� N 1=3[1]. Then, to summarize:

� hR� i � bN1=2

� hRgoodi � bN3=5

� hRpoor i � bN1=3

Flory-Huggins Solution Theory

When mixing polymers and solvents, it is crucial to have a theoretical model on which to
base calculations in an attempt to understand the end result of the mixture. In 1941, Flory
and Huggins simultaneously proposed a theory to explain the free energy and entropy of
mixing multiple polymers together or mixing a polymer and a solvent[15, 16].This expla-
nation is, as above, better described through a lattice model. Consider a random walk on
a lattice with each lattice site occupied by one solvent molecule. De�ne the lattice volume
density of sites occupied by monomers to be� . The Helmholtz Free EnergyF can then
be expressed as the sum of an entropy term,S, and an energy term,U:

� Fmix = � Umix � T� Smix (1.17)

The entropy term is best understood as the number of chain arrangements that can exist
for a given lattice volume density while the energy term describes the interactions between
monomers and their neighbours[6]. Then, introduce the value� which is called the Flory-
Huggins variable. The variable� represents the free energy per unit of the lattice. Good
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solvents have a lower� than poor solvents and, if� = 0, the monomer has no particular
preference between other monomers and a solvent molecule[6]. For cases of large N poly-
mers, miscibility is only possible when� < 0[17]. The �nal Flory-Huggins equation takes
the form

� Fmix = kT
�

�
N

ln� + (1 � � )ln(1 � � ) + �� (1 � � )
�

(1.18)

In Equation 1.18, the� terms correspond to the monomers while the 1� � terms relate to
the solvent. Because the entropy term is divided byN , that term has very little in
uence
on driving mixing. While the Flory-Huggins model provides a good theoretical basic for
polymer-solvent mixtures, it makes the assumption that volume does not change upon
mixing, which is not true of real polymer mixtures[1].

Grafted Chains in Solvent

While the Flory-Huggins theory provides a good description of phase separation when
solvents are applied to polymer systems, it doesn't examine the full picture. Grafted chain
systems are often examined in the literature relating to polymer solutions. In this case the
chains are directly grafted to the substrate and form various surface morphologies when
solvents are introduced. Brie
y, these systems are known to swell when in contact with
solvents, thereby producing an energetic interaction between the swelling of the polymer
and the grafted tether. This interplay of forces will often result in polymer \rich" and
polymer \poor" zones which shows as a surface morphology[18, 19, 20]. Theories regarding
the interactions between grafted chains and solvents will be presented more readily in the
discussion.

1.2 Thin Films

1.2.1 Interactions

Polymer thin �lms interact in numerous ways with their surroundings. I will now focus
on surface e�ects resultant from interactions between polymer �lms and solvents. A brief
overview of some interactions will be presented such that the next section can expand
on the surface morphologies previously investigated in the literature. In the majority of
these interactions, the e�ect is small enough that large-scale forces such as gravity are not
present.
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An e�ect that shows up often in thin �lms is that of capillary roughness. When there
exists a liquid meniscus between two surfaces, a capillary force is present[21]. This is the
case in thin �lms when a solvent is placed on the surface. When the �lm is created through
spin casting (Chapter 2) a nanoscopic roughness with a lateral length scale on the order
of � 2�m is induced due to the in
uence of the capillary force on the surface tension.

A second interaction that often results in microscale roughness is that of the Marangoni
e�ect. Changes in the surface tension of a material caused by variations in temperature
or concentration can create a morphology across the �lm surface[22]. When spin coating a
�lm (Chapter 2) a surface tension gradient is formed radially outwards which may induce
Marangoni instability and related roughness. The lateral length scale of this e�ect generally
occurs on the order of tens of microns.

Over the experimental time of solvent exposure, it is often found that the �lms will
roughen and eventually the creation of cylindrical holes will occur[23, 24]. This is attributed
to an e�ect known as dewetting which causes holes in the �lm surface on a microscopic
scale.

Thin �lms are also known to blister or bubble in the presence of di�erent ions[25].
When an ion interacts favourably with the polymer, portions of the �lm may be lifted
to allow ions into the surface. This will result in a nanoscopic delamination of the �lm
surface.

The �nal interaction to be presented here is that of drying. As a solvent evaporates from
the surface of a thin �lm, the shear stress of the system will cause the surface to crack[26].
The cracks appear to be nanoscopic in scale but appear across the entire surface.

1.2.2 Morphologies

Although the e�ect of solvents on the roughness of polymer thin �lms has been previously
investigated, it has rarely been characterized on a nanoscopic scale. Before introducing the
project at hand, one must understand the previous work that has been completed in this
�eld.

Previously, studies have examined the various morphologies present within polymer
thin �lms. Karim et al. investigated the phase-separation surface morphology present
in polymer blends due to temperature[27]. The �lm covering the surface had a topology
that revealed a pattern amplitude of 250 nm and lateral size of 2� m in diameter. The
morphology found by Karim et al. was attributed to a critical temperature lateral phase
separation of the polymers present in the blend, beginning with droplets and slowly mor-
phing into a lateral pattern. Xue et al. performed similar experiments, instead inducing a
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spinodal instability in the �lms through a perturbing �eld[28]. Here, the resultant structure
was even larger with a lateral length scale of 8� m. Strawhecker and Kumar performed
a study in which it was found that the Marangoni e�ect of solvent evaporation from thin
�lms could be avoided by adjusting the evaporation rate[29]. Here, the authors found that
Marangoni-induced surface roughening occurred on the scale of 10� m. More recently,
Fowler et al. investigated surface morphology present due to the drying of spin coated
�lms which showed the Marangoni e�ect[30]. It was found that temperature induced the
Marangoni instability and led to a morphology with amplitude of 50 nm and length scale
of 30 � m. While all of these results showed interesting forms of phase separation and the
production of surface morphologies, the majority of this literature presents results on the
microscale that, in the present day, are fully understood.

Previous work that has examined the interactions between polymer thin �lms and sol-
vents on the nanoscale are less prevalent in the literature. de Gennes formulated a theory
which describes when a thin �lm becomes rough after evaporation of a high vapour pres-
sure solvent[26]. Furthermore, he determined that, during evaporation, polymers create
a polymer-rich crust on the surface from the solvent-induced swelling and then prompt
collapse of the polymer chains. Perlichet al. found that a small amount of solvent consis-
tently remains in the �lm after evaporation during spin casting[20]. This implies that the
remaining solvent swells the polymer surface and creates a surface morphology. Moreover,
it was determined through neutron re
ectometry that the leftover solvent amount increases
with increasing molecular weight and thickness of the polymer �lm[20]. In 2001, it was
shown that solvents produce ridges in the �lm rather than a crust or blistering e�ects and
it was seen that the intensity of the morphology was dependent on the volatility of the
solvent[31]. No particular interaction was attributed to this morphology. A recent study by
Statt et al. performed a molecular dynamics simulation which investigated poor solvents
on polymer thin �lms[14]. This paper was published based on previous work completed
by my group. Both monodisperse and polydisperse systems were considered along with a
range of solvent qualities. It was then supported that both the roughness and interfacial
width increased with increasing solvent quality (Fig 1.5). While the Statt paper provided
the relation of surface morphology to solvent quality, it shows few results in the way of
length scales, amplitudes, or other characteristics of the morphology. Further, the work
only dealt with small N chains and it is not clear how to fully compare that to the work
of this thesis.

Theories based around polymer brushes and their interactions with poor solvents are
more prevalent in the literature than that of thin �lm studies. Polymer brushes are chains
which have been grafted by one end onto a substrate, similar to the grafted chains which
were previously introduced. Theoretical treatments of these types of systems revolve
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Figure 1.5: An image of results from the Stattet al. work relating solvent quality, � to
the surface roughness. The colour indicates the relative height of the monomers in the
simulation and the arrows indicate the progression of time through the simulation (solvent
present, evaporation, and crust formation). Image taken from[14].

around the optimization of free energy and entropy e�ects which lead to lateral insta-
bilities in the �lm surface. Further examination of these theories will be completed in the
discussion.

Based on the literature review of solvent-polymer interactions, it is clear that there
exists no unifying theory to explain surface roughness resultant from solvent e�ects. Fur-
ther, there is little information regarding the formation of nanoscopic morphologies due to
the presence of poor solvents. These points then motivate the goals of this thesis. To the
best of my knowledge, this thesis presents the �rst experimental study which investigates
nanoscopic surface roughness due to the exposure of polymer thin �lms to poor solvents.
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Chapter 2

Techniques

This chapter will provide an overview of the methods and techniques applied to this thesis.
I will present the materials used in the sample preparation as well as the characterization
methods utilized to provide results.

2.1 Sample Preparation

The process for creating polymer thin �lms is well known in the polymer science �eld
and was followed closely for this experiment. As a general overview, the polymer is �rst
dissolved in a good solvent to make a low percentage solution of polymer-to-solvent by
mass. The solution is then deposited by pipette onto a substrate and spin-coated to create
a �lm of uniform thickness. The exact amounts and process of creation for this project are
detailed in the following sections.

2.1.1 Polymers

Polystyrene (PS) is a commonly used material due to its widespread abundance and thor-
oughly investigated properties[7, 32]. The physical properties of PS make it a desirable
substance to use in morphology experiments as it tends to have a low amount of crystallinity
and is often brittle due to its sti� carbon backbone. PS is a polymer consisting of a car-
bon backbone and phenyl side groups (Figure 2.1). Reported molecular weights between
entanglements (M e) for polystyrene range between 23 000 g/mol and 30 000 g/mol[11].
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Figure 2.1: A schematic of one monomer of polystyrene, where n is the number of repeats.

Another commonly used polymer is Poly(Methyl Methacrylate) (PMMA). The M e

values for PMMA runs from 9200 g/mol to 13 750 g/mol[33]. A schematic of PMMA is
shown in Figure 2.2.

Figure 2.2: A schematic of one monomer of PMMA, where n is the number of repeats.

Nine number average molecular weights of polystyrene were chosen for this experiment.
Solutions of each molecular weight sample were prepared as a 2% PS-to-Toluene solution
in preparation for a spin coating procedure.M n values were: 995 kg/mol, 545 kg/mol, 83
kg/mol, 44.6 kg/mol, 21 kg/mol, 16.4 kg/mol, 11.5 kg/mol, 10.5 kg/mol, and 8 kg/mol.
The molecular weights were selected to examine solvent-induced morphologies forM n val-
ues of polystyrene that were smaller and larger thanM e. All of the samples were purchased
from Polymer Source Inc. and had polydispersity indices ranging from 1.05 to 1.2. Once
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the solutions had been prepared they remained undisturbed for 24 hours to ensure that the
solution was fully mixed at the time of spin coating. The resultant solutions were clear,
transparent liquids.

Solutions of 2% PMMA to Toluene were prepared in the same manner as the PS
solutions. Two number average molecular weights of PMMA were used as a proof of
concept: 405 kg/mol and 10 kg/mol.

2.1.2 Spin Coating

Spin coating is a simple and versatile method for preparing thin �lms. First, a polymer is
dissolved in a good solvent and is then deposited onto a substrate surface which is spun
at high speed[34]. The thin �lms created by this process are often uniform in thickness.
For a constant molecular weight and solution concentration, the thickness of the �lm is
dependent on the rotation speed and will visually appear as a variation in colour (Figure
2.3). The colour di�erence is due to wavelength interference created by the Fresnel e�ect.
When light passes through a smooth boundary between materials of two di�erent refractive
indices, the alternative re
ection and transmission will lead to a color variation (Figure
2.4)[35, 36].

Figure 2.3: A depiction of the visual colour di�erence in polymer thin �lms of ranging
thickness. The thickness increases from right to left.
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Figure 2.4: A graphic of the Fresnel e�ect in a thin �lm. The incident beam will split into
various transmissions and re
ections,t(n) and r (n), which interfere when they reach the
viewer's eye. The coe�cients depend on the thickness and related refractive index of the
thin �lm.

For this project, solutions were deposited on 1 cm2 wafers ofh100i silicon in a speed
range of 900 rpm to 2500 rpm. The �nal polymer thin �lms ranged in thickness from 100
nm to 130 nm.

2.1.3 Solvent Exposure

All molecular weights of PS and PMMA were exposed to poor solvents for the purpose
of creating nanoscopic surface morphology. The experiments for PS were in-depth and
tested a wide range of molecular weights while those for PMMA were simply a proof of
concept and were less rigorous. Each molecular weight sample was exposed to numerous
poor solvents over a range of exposure times to test for multiple variables. A simpli�ed
table of the experimental solvent exposure procedure is shown in Table 2.1.

The varying exposure times were completed with two di�erent methods. The `drop
while spinning' exposure consisted of dropping the solvent onto the thin �lm while the
stage was already at speed. The `5 second exposure' method consisted of dropping the
solvent onto the thin �lm, waiting for 5 seconds, then spinning the system at the required
speed.
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Polymer Poor Solvent Exposure Time
Polystyrene Pentane Drop While Spinning
Polystyrene Pentane 5 Second Exposure
Polystyrene Heptane Drop While Spinning
Polystyrene Heptane 5 Second Exposure
Polystyrene Dodecane Drop While Spinning
Polystyrene Dodecane 5 Second Exposure

PMMA Methanol 5 Second Exposure
PMMA Propanol 5 Second Exposure

Table 2.1: A table describing the experimental setup for solvent exposure. Each solvent-
exposure time combination was completed for all molecular weights of both PS and PMMA.

2.2 Atomic Force Microscopy

The main principle for the operation of an AFM is the measurement of force as a needle
placed at the end of a cantilever is translated across the sample surface (Figure 2.5).

Figure 2.5: A schematic depiction of a typical AFM setup.

When the cantilever is de
ected over the surface roughness, a photo diode is used to
sense the movement and send this signal to a computer[37]. Hooke's Law is applied with
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knowledge of the lever sti�ness to calculate the force of the interaction

F = � kz (2.1)

wherek is the cantilever sti�ness, z is the measured de
ection, and� F is the calculated
restoring force[38, 39].

In an AFM system, the measurement of the tip de
ection is completed through laser
re
ection. A laser beam is focused onto the top of the cantilever tip and is re
ected back
onto a detector. This detector is usually a photo diode[37]. The diode is divided into four
quadrants and the laser is initially centered to de�ne zero tip de
ection. As the tip is bent
or de
ected by the surface, the laser will be moved into di�erent areas of the photo detector.
Computer software then uses the di�erence in laser position on the detector to engage a
proportional-integral-derivative (PID) feedback loop[37, 40]. The de
ection of the tip will
be minimized by the PID such that a restoring force is applied to the tip, thereby ensuring
that the de
ection is nearly always at zero. This feedback loop ensures that the tip moves
along the surface at a given parameter such as constant force or constant height[40].

An AFM is mostly operated in one of three main modes. These are commonly referred
to as contact mode, non-contact mode, and tapping mode. In contact mode, the cantilever
is pulled across the sample surface while the feedback loop maintains a constant de
ection
with respect to the sample, allowing for the measurement of force using Hooke's law. The
output of this mode results in a topographical map of the surface[39, 40]. For non-contact
mode, the cantilever tip is purposely kept at a �xed distance away from the sample while
being oscillated close to its resonance frequency. This mode can measure the shifts in
vibration from the natural frequency and is able to provide information on the amplitude,
phase, and frequency of the tip oscillations. The variation from the resonance frequency
is related to the force and the computer will provide a topographical output[39, 40]. The
advantage of using an AFM in non-contact mode is that it provides less invasive imaging
such that the tip does not usually ruin the sample being imaged. The third mode that is
commonly used to operate an AFM is tapping mode. This operation combines the e�ects
of contact and non-contact allowing for the tip to be oscillated at resonance frequency while
also maintaining contact with the sample surface. This method allows for topographical
outputs of samples that may have friction or adhesion, causing problems in other modes[40].
Through the previously discussed feedback loop and a piezo actuator, the amplitude of
the cantilever tip oscillation is held constant in tapping mode[40]. Similar to the non-
contact mode, tapping mode can produce images of amplitude, phase di�erence between
the cantilever and the driving piezo, and the topography[41, 42]. A typical topography
created from tapping mode AFM is shown in Figure 2.6.
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Figure 2.6: A 2� m size AFM image of the topography of a thin polymer �lm. Image (A)
depicts the height scan while image (B) shows the phase. The phase image represents a
change in the frequency of the tip such that the resonance frequency is not in phase with
the frequency of running across the sample. This type of image generally visualizes e�ects
due to forces such as adhesion or sti�ness of the sample.

In the project presented here, after the entire range of samples had been exposed to
solvent, AFM was used to garner topographic information regarding the surface morphol-
ogy of the �lms. The JPK Nanowizard 3 BioAFM was used in tapping mode to image the
samples over 3 scan sizes. Each sample was imaged at 10� m2, 2 � m2, and 1 � m2 such
that the surface could be examined at a variety of length scales. The scan rate was then
altered for each successive scan size such that the tip was moving over the surface at the
same speed.

2.3 Quartz Crystal Microbalance

A QCM-D is a tool which measures mass and structural change in a sample through the
use of a vibrating quartz crystal that is placed between electrodes (Figure 2.7).

The oscillation resonance frequency changes depending on the mass change per unit
area of the substrate. In this manner, adsorption or swelling e�ects are able to be studied
with this tool[43]. QCM-D works on the principle of the piezoelectric e�ect, in which an
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Figure 2.7: Schematic depiction of a typical QCM setup.

electric signal is converted to mechanical motion. Since the quartz crystal has a resonance
frequency any e�ects that produce a physical motion o�-resonance will appear as a peak
in the frequency sweep data. Generally, the mass change on the crystal can be calculated
using the Sauerbrey equation which relates a change in frequency to a mass change per
unit area[44]. The equation is

� m =
� C� f

n
(2.2)

where m is mass per unit area,C is a constant that depends on crystal properties,n is
the overtone, andf is the frequency. For the type of crystal used in this thesis (5 MHz at
room temperature), the constant isC = 17:7 ng/cm2[45].

As a measurement of surface swelling for this thesis, a Q-Sense QCM-D was used to
examine the mass change in the thin �lms when exposed to a poor solvent. The previously
described polymer-toluene solutions were spin cast onto gold coated QCM-D crystals to
create a thin �lm. The crystal was then connected to an open-air system. A background
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reading for the thin �lm without solvent was taken to ensure a baseline measurement. To
expose the �lm to a poor solvent vapour, a Kim WipeT M was dampened with the desired
solvent and placed into the bottom of a 250 mL beaker. The beaker was inverted over the
open-air portion of the ACM system, and Para�lmT M was wrapped around the base to
ensure a good seal. Thus, the QCM-D crystal and, therefore, the polymer thin �lm was
exposed to poor solvent vapour. The system was left to measure the mass change until
the system was at equilibrium. At this point, the beaker was removed and the system was
allowed to recover. This process happened over a long time period ranging from 1 hour to
20 hours, depending on the solvent. The Sauerbrey equation was chosen for analysis of the
QCM results as it provides a good approximation to the case of QCM in solvent vapour,
rather than in pure liquid.
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Chapter 3

Experimental Results

What follows in this chapter is the data resultant from experiments completed throughout
this thesis. I will present the raw data, methods utilized to analyze the results, and �nal
interpretations.

3.1 AFM Results

Visuals of the AFM results presented in coming sections are shown in Figures 3.1 through
3.4.

Figure 3.1: AFM images of PS to compare di�erent exposure times. TheMw of 545 000
g/mol and the solvent, heptane, remain the same across all images. Image (A) shows the
background, or no solvent, case. Images (B) and (C), show surface morphology induced
by a 5 second exposure and a drop while spinning, respectively.
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Figure 3.2: AFM images of PS to compare di�erent poor solvents. TheMw of 545 000
g/mol and the 5 second exposure time remains constant across all images. Image (A) shows
the background, or no solvent, case. Images (B), (C), and (D) show surface morphology
induced by dodecane, pentane, and heptane respectively.
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