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ABSTRACT

In thin melt films of polymer chains, chains near the substrate adsorb onto the
solid and form an irreversibly adsorbed layer *. Studies show that thermal annealing
is able to facilities the adsorptions *. To date, most studies have focused on linear-
polystyrene 2. It should be noted that the properties of thin films of branched chains
are different from the properties of films of their linear analogs 3. Thus, researchers
are curious regarding the adsorption of branched chains at polymer/solid interfaces.
In this work, thin films of well-defined 5k and 15k star-shaped polystyrene (SPS)
were thermally annealed at a temperature 60 °C above the polymer’s glass
transition temperature. X-ray reflectivity results reveal the thickness of the
irreversibly adsorbed layer (hag) remaining after a film cooled to room temperature
is immersed multiple times in toluene. For 15k SPS (Rg ~ 2.1 nm) that layer
thickness is rapidly established as 1.5 nm (0.7 Rg) and remains at that value with
annealing. For 5k SPS (Rg ~ 1.2 nm), however, hag increases to 2Ry after five days
of annealing. Further study reveals also the chain architecture effects on the
formation kinetics of the adsorbed layer. The time required for the adsorbed layer
thickness to reach steady state for 5k SPS is more than one order of magnitude



larger than that for 5k LPS. This difference is attributed to a greater
cooperativity required for rearrangement in the layer of star chains, even though the
molecules are formally unentangled. Moreover, the thickness of the steady state
adsorbed layer relative to the radius of gyration (had/ Rg) for the star polymer is1.5

times higher than for the linear polymer.
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CHAPTER I

INTRODUCTION

Thin films are used in a vast array of industrial applications for which
wetting, friction, and adhesion of these films are important. To meet various
industrial demands, the thicknesses of thin films have been decreased to the value
comparable to the size of polymer chains. Fundamental physical and chemical
properties of thin films, including their structures, chain conformations, and
dynamics, vary substantially from those of the bulk. The phenomena of properties
changing with decreasing film thickness belong to a family of behavior known as
“confinement effects” 4. Confinement effects show distinctions when it comes to
polymer films composed of chains having different architectures. Thin melt films
of branched chain have slow surface dynamics compared with those of the films of
linear chains *. It should be noted that when polymer films are sufficiently thin, the
system cannot be considered as homogeneous °. For a supported thin film, the
dynamical inhomogeneity can be roughly described using a three-layer model. The
layer at the very top of the film, at the free surface will in general have different

dynamics that the rest of the film. The middle layer may have bulk-like properties

1



if the film is thick enough. An “immobile layer,” which has a viscosity that
may be considered to be infinite is next to the substrate. There is growing attention
to this bottom immobile layer, which is sometimes referred to as the *“adsorbed
layer”. Finer distinctions among these various terms will be clarified later. Evidence
has been found that dynamical confinement effects ® and segmental relaxations ’
depend strongly on this immobile layer. The morphology 8, formation 8, stability °,
and adhesion properties 1° of the adsorbed layer of entangled linear polystyrenes
have quite recently been extensively studied.

This thesis starts with consideration of the simplest branched chain, SPS
(Figure 1) of two molecular weights and describes characterization of the adsorbed
layer using different techniques from various aspects. There has been work showing
that the adsorbed layer of the SPS is very important in stabilizing the whole thin
films %, Simulation results have also captured that the star molecules packed
densely near the solid Substrate However, little has been done on the direct
observation of the adsorbed layer for star-branched chain. The work described
reveals the morphology of the adsorbed layer and the formation kinetics of this

layer.
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Figure 1. Schematic structures of the polystyrene chains in this study.



CHAPTER II

BACKGROUND

2.1 Thin films of star-shaped polymers
2.1.1 Bulk properties of star-shaped polymers

A star-shaped polymer is a branched polymer with linear chains (the arms)
radiating from a central branching point (the core). Because of their unique
structures, star polymers can be tailored 2 and used as additives to modify and
control the properties of materials . The first synthesized star-shaped polymer was
a polyamide reported by John Schaefgen and Paul Flory in 1948 4,

The star molecule’s behavior varies in with the combination of functionality
(arm number), f and arm length, N. With increasing f and deceasing N, the star
adopts a core-corona structure **. The combination of star structure and size brings
star polymers distinct properties compared with those of their linear analogs. One
of the properties is bulk viscosity *°. When below the critical molecular weight for
entanglement, melts of a branched polymer can have a bulk viscosity much lower
than that of its linear analog However, the viscosity of a melt of an entangled
branched polymer can be several orders of magnitude larger than that of its linear

analog.



2.1.2 Anomalous properties in confined star-shaped polymer films

In ultrathin films, polymer chains are confined by two interfaces. Experiments
and simulations have shown that the films thickness dependent T4 17, dynamic
fragility 1819, viscosity 2°, and local density 2! in both supported films and free-
standing films. It is widely believed that at polymer/air interfaces, the presence of
the free surface results in higher chain mobilities #in the case of linear chains, while
substrate effects result in the reduction of mobilities at polymer/substrate
interfaces 2. Glynos et al. extensively studied the thin films of SPS ranging from f
=2 to 64 and values of chain arm length, My,®™, from 4 to 140 kg/mole. In the study
of T4 8, a transition has been found from film T4 lower than the bulk Tg, to film Ty
higher than bulk Tg, as shown in Figure 2. This transition occurred with increasing
f or decreasing N wherein f appears to be the stronger effect. The same group
reported that compared to the linear polymers, star PS materials has lower aging
rates 2 and better wetting 2*. These imply that thin films of star polymers are more
stable over the time and can be considered as an alternation material of thin films

of linear polymers.
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Figure 2. Diagram of the difference between the T4 of the film and the T, of the
bulk, ATg (Tg,fim — Tg, bu) for SPS thin films. Reprinted with permission from
Glynos, et al. 1 Copyright 2015 American Chemical Society.

Previous works in Foster’s group studied the dependence of thin films
surface fluctuation on different molecular architectures. Introduction or elimination
of branches significantly alters the melt surface fluctuations 1. The viscosities
inferred from XPCS (#xpcs) for linear chains over a wide range of film thicknesses
coincide with values for bulk viscosity (7suk). However, for branched PS the values
of nxpcs for films about 20 Rg thick can be as much as two orders of magnitude
higher than #guik, as shown in Figure 3. Moreover, more densely branched comb

PSs show smaller values of (7xpcs — #suik) than do less densely branched PSs. The



authors conjectured that is because the more compact polymers have less penetrable

volume, and thus hinder the movement of neighboring molecules less.
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Figure 3. Comparison of viscosities obtained from XPCS data (open symbols)
with viscosities from bulk rheology (filled symbols) as a function of T— Tg puik for
branched architectures as marked. Reprinted figure with permission from Wang,
S.-f.; Foster, M. D., Physical Review Letters 2013, 111 (6), 068303. Copyright
2014 by the American Physical Society.
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2.2 The adsorbed layer at the polymer and substrate interface

When polymer chains from a solution are gathered at an interface in a
condensed layer, we say that the polymer has “adsorbed” to the interface. Polymer
adsorption to solid surfaces from solution has been studied extensively. For a
polymer solution next to a substrate, whether adsorption will occur depends on the
net adsorption energy of the polymer segment. For adsorption to occur the
difference between the segment/surface contact free energy and the solvent/surface
contact free energy must be negative 2°. In other words, the energy of the system is
lowered when a polymer segment takes the place of a solvent molecule on the solid
surface. Guiselin’s approach 2° suggested for revealing the adsorbed layer at the
interface can be used for both adsorption from solution and adsorption from the
melt: by immersing or rinsing the thin films with a good solvent. The unabsorbed
chains are pulled away from the films. E. Jenkel and B. Rumbach first proposed
adsorbed molecule structures schematically 2’. These consisted of “trains”, which
are parts of the chains directly in contact with the substrate; “loops”, which connect
with two trains and have no contact with the substrate surface; and “tails”, which
contain non-adsorbing segments, and extend away from the substrate. Granick and

co-workers 2 developed a picture of this process of polymer adsorbing on the solid



based on this model. Molecules which first arrive absorb onto the surface, leaving
a little spacing for the later-arriving molecules to adsorb. In the case of pure
polymer melts, Koga et al. proposed the formation mechanism of a layer strongly
adsorbed on the substrate from the melt 2° shown in Figure 4. The molecules
arriving first form a dense “flattened layer”. The late arriving ones adsorb at points
in the open spaces to form a loosely adsorbed layer. The “flattened layer” and the
“loosely adsorbed layer together compose the immobile layer, also known as the

interfacial layer.

Outer “immobile” chains

- Inner flattened chains

Figure 4. Schematic view of the two different chain conformations in the
adsorbed layer. Reprinted with permission from Gin et al. 2 © 2012 American
Physical Society, used with permission.

The study of the adsorbed layer from melt films has received lots of attention.

Durning and coworkers 2° found hag of poly (methyl methacrylate) (PMMA) on
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quartz is scaled as N®4*005 N is the degree of polymerization. Tsui and
coworkers 3! found haq of polystyrene(PS) on H-Si and SiO; increases as annealing.
Moreover, hag of polystyrene(PS) on H-Si is higher than that on SiO.. Thermal
annealing is one of the ways to accelerate the adsorption of the chains onto the solid.
It has been found that the thickness of the adsorbed layer builds up as thin films are
annealed 8 %2, Napolitano and coworkers 3 found that the formation kinetics of the
adsorbed layer has two regimes, a power law growth regime and a later linear
growth regime until hag reaches to a steady state. The two regimes are separated by
a crossover time teross, as shown in Figure 5 (a). According to the experiment and
the simulation, the adsorption rate increases with increasing temperature, T, while
the film thickness, h, or the adsorption amount is T independent. Further study of
the mechanism of the adsorption * reveals that the thermal energy only affects the
adsorption rate, while the interfacial interaction determines the adsorbed amount.
In another study of the formation kinetics of the adsorbed layer on a H-Si substrate,
the power law growth with a crossover, tcross, is found in the films of entangled PS,

PMMA, and poly (2-vinyl pyridine) (P2VP), as shown in Figure 5 (b).
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Figure 5. Kinetics of irreversible adsorption of (a) PS thin films on SiO»,
Reprinted with permission from Housmans, et al. 3 © 2014 American Chemical
Society, used with permission and (b) PS (Mw = 290kDa), PMMA (My = 97kDa),
and P2VP (My = 200kDa), on H-Si, from Jiang, et al. ® © 2014 American
Chemical Society, used with permission.

It has been over 20 years since confinement effects in polymer thin films were
found 7. Recently researchers have shifted the attention from the polymer/air

interface to the polymer/solid interface. Ongoing work is revealing the connection
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between the macroscopic properties and the presence of the adsorbed layer at
polymer/solid interface. A recent study 3* demonstrates that the Ty in thin films of
poly(4-tert-butylstyrene) is reduced as thickness is decreased. However, the
formation of the adsorbed layer can cancel the free surface effect and cause the Ty
to recover to a value comparable to that of the bulk through prolonged annealing.
An enhanced segmental movement is found in poly (4-chloro styrene) thin films
with dielectric spectroscopy. The recovery of the a-relaxation is related to the
development of the adsorbed layer through annealing ’.

When the thickness of the film is sufficiently small, dynamical confinement of
cyclic PS thin films can be observed using XPCS °. The adsorbed layer of the cyclic
PS films has been determined to be higher than that of their linear analog films, as
shown in Figure 6 (a). When the thickness of the film is decreased to 16 times the
estimated chain radius of gyration (Rg), the effect of the adsorbed layer shows up,
resulting in slowing down of the surface movement of cyclic PS thin films, whereas
no confinement effect is found for the linear PS films with similar thickness or even
for thickness of 7 Ry. In another study 3%, substrate chemistry is modified using
deposition of a thin coating using plasma polymerization * to create a plasma

polymerized film (pp-film). After modification, there is no adsorbed layer observed

12



on the pp-films after rinsing with toluene. However, there still is some slowing of
the surface fluctuations when the film is in the melt. There must be an adsorbed
layer at the time the XPCS measurements are done, even though that adsorbed layer
on the pp-layer does not survive rinsing with toluene. The authors argue that the
adsorbed layer on the pp-film is smaller than that on silicon. Because of the thinner
adsorbed layer, shown in Figure 6 (b), the surface fluctuations of PS on the pp-film
are less susceptible to the decrease of thickness compared to those of PS on H-Si.
These studies are in agreement with what has been found in thin films in which
chains have been intentionally tethered to the substrate by covalent bonds, rather
than by physisorption. For example, if a PS brush is formed ¢ by means of tethering
all the PS chains on a substrate, a thin film surface can be realized for which all
fluctuations are so slow that they are outside the measurement window for the
XPCS instrument. However, even more similar to the case of physisorption is the
case of films in which only a portion of the PS chains are covalently tethered to the
substrate. Such films were studied by Lee et al *". They differ from the melt films
with physiosorbed chains only in the fact that the tethered chains are tethered at just

one end, rather than at multiple points of physisorption.
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Linear Chains

Strongly Adsorbed Layer “Strongly Adsorbed Layer”

Silicon Wafer Silicon Wafer

(b)

Thicker adsorbed layer

Figure 6. Schematic illustrations of adsorbed layers of thin films of (a) 6kDa
cyclic (left) and linear PS (right) (Reprinted with permission © 2016 American
Chemical Society) ©. (b) Linear PS (My = 131 kDa) on H-Si (left) and on a
plasma polymerized film (right) according to Zhou et al. * © 2017 American
Chemical Society.

So much is known about the formation of adsorbed layers in the case of linear
film. Researchers studied the formation, morphology, and thickness of the adsorbed
layer and how whole film properties affected by this layer. The linear polymers
studied have different molecular chemistries and M ranging from several kDa to

hundreds of kDa. However, little has been addressed from the perspective of chain
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architectures. There are remaining questions for adsorbed layers of SPS. For
example, are the kinetics of adsorption the same as for linear polymers? Are the
layers formed of the same thickness as for linear chains? Are the adsorbed layers
composed of two layers? Are these layers of the same morphologies as for linear
chains? In this work, unentangled 4 arm SPS are considered to study the adsorbed
layers of star polymers. X-ray Reflectivity (XR), Atom Force Microscopy(AFM),

and ellipsometry are used to answer the questions listed above.

2.3 Experimental techniques
2.3.1 Spin coating

Spin coating is one of the most widely used techniques for applying a thin film
to a substrate. The thin film thicknesses are well controlled and determined by
tuning solvent concentration and spinning speed. The spin coating process can be
divided into four stages: (1) Firstly, solution is deposited onto the substrate. (2) The
substrate rotates at high speed and the majority of the solution is flung off the
substrate. (3) The solvent evaporates rapidly as air flows above the film. (4) Lastly,

the film dries to leave the polymer on the substrate in an even covering.

15



Figure 7. Stages of spin coating using static dispensing of the solution. Copyright
of Ossila Ltd 2014, used with permission. https://www.ossila.com/pages/spin-

coating

In fact, the solvent cannot fully evaporate, resulting in a small amount being
trapped in the cast film due to the fast evaporation process . Furthermore, this
rapid solvent evaporation process leads to nonequilibrium conformations of
polymer chains. Both disadvantages can be alleviated through thermal annealing.
2.3.2 Annealing

Annealing is a thermal treatment in which polymer chains can eliminate the

residual stress and retained solvent caused by spin coating. Prolonged thermal

16
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annealing is typically required for fully relaxing the polymer chains and expediting
polymer adsorption from melt to solid 3. In 1993, Satija and coworkers “° observed
the negative expansion of an ultrathin film while heating using X-ray reflectivity.
Later, Kanaya and coworkers #! found that this abnormal phenomenon is due to an

unrelaxed structure, that is, lack of annealing of thin films.

2.4 Characterization methods
2.4.1 Ellipsometry

Ellipsometry is a versatile optical technique used for thin film characterization.
As shown in the Figure 8, an ellipsometer includes all the following: light source,
polarization generator, sample, polarization analyzer, and detector. The incident
polarized beam undergoes amplitude and phase changes of the s- and p-
components when reflected. Ellipsometry expresses these two changes by
measuring two values: ¥ and A. The first parameter W=|Rp|/|Rs| refers to the ratio
of reflection coefficients for the parallel and perpendicular components. The second
parameter is given by A=din-dout, Where din i the phase difference between s- and p-
component of the incoming wave and dout IS that of the outgoing wave. By

developing a model in the software using known parameters and fitting the model

17



to the measured data, the thickness and reflective index of the thin film can be

obtained.

Linearly Polarized Light
E p-plane

s-plane

.

plane of incidence

T

Reflect off Sample

Elliptically Polarized Light

p-plane . E

/)

777 A

s-plane

Z5

Figure 8. Geometry of an ellipsometry experiment, showing the s- and p-
directions. Copyright J.A. Woollam Company, Used with Permission.

2.4.2 Atomic force microscopy (AFM)

The scanning probe microscopy (SPM) is a technique used to physically study
the surface at an atomic scale level. The first SPM was scanning tunneling
microcopy (STM) developed by IBM Zurich in 1988 %2, STM uses a tunneling
current of electrons between the sample and tip to probe the surface image, which
means the surface of the sample must be conductive. This limitation of STM drove

the invention of AFM, one kind of SPM. Like STM, AFM maps the surface witha
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sharp tip. The tip is a couple of microns height and 8 -10 nm in diameter. The tip is

located at the end of a micron-long cantilever with a low spring constant. The forces

due to van der Waals and other forces between the sample surface and tip cause the

cantilever to bend and bring the tip close to surface. Whether the interaction is

attractive or repulsive forces depends on the distance between the sample and tip,

as shown in figure below.

Force
o
i

Tip is in hard contact
with the surface;

repulsive regime Tip is far from the

surface; no deflection

/

Tip is pulled toward the
surface - attractive regime

.,

Probe Distance from Sample (z distance)

Figure 9. Force-distance curve for AFM. Reproduced with permission. © 2017
Nanoscience Instruments.
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Two regimes are labeled in Figure 9, the repulsive regime and attractive regime.
Contact mode imaging is performed in the repulsive regime. The cantilever is held
less than a few angstroms from the sample surface whereas in non-contact mode
imaging, which is performed in the attractive regime the tip tens to hundreds of
angstroms above the surface. In tapping mode “3imaging, a stiff cantilever vibrates
above the sample surface, and the amplitude of vibration changes in response to
changes in the spacing between the average tip position and sample surface. In the
intermittent contact (tapping) regime *, the AFM tip constantly contacts the
surface and lift the tip. In this way, the AFM tip and sample surface are both
damaged less easily than in contact mode, and, at the same time, AFM can achieve
high resolution.

2.4.3 X-ray reflectivity(XR)

XR is a long-established technique widely utilized for thin film study. Surface
and interface roughness, film thickness, and density can be determined with X-ray
reflectivity in a nondestructive manner if there is enough contrast among different
layers in the film. In the specular reflection geometry, as shown in Figure 10, the
angle with respect to the surface at which the beam is reflected, & equals the incident

angle, 6o. X-rays undergo total external reflection if 8o is smaller than the critical
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angle, 0., which is specific to the medium 1. For 6y above this angle, the incident
beam begins to penetrate the sample, and a substantial part of the incident beam is
refracted, while a part of the incident beam is reflected. The intensity of the
reflected beam depends on the angle 6o and the contrast between medium 0 and
medium 1. This contrast can be expressed in terms of the refractive indices of the

two media, no and ni. The angle of refraction can be calculated using Snell’s

equation:
NocosB@o = N1coso:. (1)
When 61 = 0:
NocosO: = Ny. (2)
* Z
Incident beam : Reflected beam
Medium O 80 : 0

Medium 1 \Lﬂi\_’

Refracted beam

Figure 10. Scheme of an X-ray beam reflected and refracted at a planar, sharp
interface.
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When X-rays impinge on an ideally smooth surface of a semi-infinite medium
of uniform refractive index, e.g. silicon surface with air, the reflectivity curve
decreases monotonically for 6o beyond 6. For 6o below 6, reflectivity, R (the
reflected intensity, I, relative to incident intensity, lo, or lo / 1) remains unity (if
absorption is ignored). As 6o increases beyond 6., R decreases rapidly. The
reflectivity curve decays more rapidly if the roughness of the interface increases (as
shown in Figure 10 (a)) *°. The reflectivity curve will no longer be monotonic if the
sample has a structure more complicated than that of single uniform medium. A
typical reflectivity curve for a uniform single layer on a substrate has the following
features: (1) A sharp drop in R at the 2 6c. (2) The envelope of the curve decays
monotonically with increasing incident angle. (3) Oscillations in R with incident
angle, known as “Kiessig fringes” % appear. The fringes appear due to the
interference among the X-rays reflected from the air-film and film-substrate
interfaces.

X-ray reflectivity curves for films with different thicknesses on a Si substrate
are shown in Figure 10 (b) “°. Film thickness has an inverse relation with fringe

spacing, i.e., larger fringe spacing corresponds to a thicker film. Although it
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requires fitting to obtain the precise value of the film thickness, one can estimate
the film thickness from the fringe spacing:

h ~ 2m/Aq, 3)
Where h is the estimated film thickness and Aq is the difference between the values

of scattering vector for successive maxima or minima in the reflectivity curve.

(a) [ — : Surface roughness 0.5 nm (b)

: Surface roughness 2 nm

: Film thickness 5 nm

: Film thickness 20 nm

Reflectivity (I/1,)
Reflectivity (I/b)

28(deg.) 26 (deg.)

Figure 11. (a) Calculated reflectivity curves versus scattering angle 2 € from
silicon against air for an X-ray wavelength of 1.54 A or surface roughness (rms)
of 0.5 nm and 2 nm or a constant background assumed to be equivalent to R = 10°
’. (b) Reflectivity curves of Au film Si substrates with different film thickness.
Again, a constant background of 107 has been added to the calculated reflectivity.
Copyright © 2017 — Rigaku Corporation and its Global Subsidiaries. Used with
permission.
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CHAPITER 111
EXPERIMENTAL

3.1 Materials

Linear polystyrene (LPS) was purchased from Scientific Polymer Products Inc.
and used as-received. Monodisperse SPS were synthesized using anionic
polymerization and a silicon-chloride linking reaction #*°, The number-average
molecular weight (Mn), polydispersity (PDI), and bulk glass transition temperatures

(Tg, buik) are listed in Table3.1.

Table 1. Characteristics of the polymers in the study.

Materials M (g/mol) PDI Tg, bui® (°C)
LPS5 5000 1.02 8551

4SPS5 51002 1.06% 69.0 %
4SPS15 14900° 1.04 88°

4By size exclusion chromatography coupled with refractive index detection (£5%)
in THF at 30 °C.
b Determined by DSC with heating rate 10 °C/ min.
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3.2 Sample preparation

LPS and SPS solutions in toluene (Fisher Chemical, ACS), each with
concentration of 1.5 wt% were prepared and the polymer allowed to dissolve
overnight. The solutions were filtered (0.45um, Restek, PTFE) at least six times
before sample preparations. Polished silicon wafers (EL-CAT Inc.) were cut into
1.5cm x 2cm pieces. Firstly, silicon wafers were rinsed with deionized water and
dried with nitrogen several times to clean the surfaces. Wafer pieces were further
cleaned in a hot piranha solution (up to 120 °C) %3, a 3:1 mixture of concentrated
sulfuric acid (H2SO4) and hydrogen peroxide (H20z), for at least 20 min. Then, the
wafer pieces were rinsed with pure water. Wafers were submerged in 50 ml 1%
hydrofluoric acid (HF) (Aelf Aesar, ACS) aqueous solution for 40 seconds to
remove the native oxide layer and rinsed with water subsequently. Lastly, the
polymer solution was spun cast (spin speed = 2000 rpm) on the etched silicon pieces.
It should be noted that the wafer was spun immediately after HF etching and pure
water rinsing. The films were annealed in a high vacuum (ca. 1 x 107 Pa) oven and
quenched (ca. 200 °C/min quench rate) to room temperature in vacuum. The

average heating rate was 3 °C/min. The annealing time was counted as soon as the
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temperature reached the target temperature (within 0.1 °C).

To reveal the morphology, thickness, and density of the strongly adsorbed layer,
the annealed samples were treated using Guiselin’s approach 2° execuated using the
protocol developed by Dr. Koga and co-workers 2°. A film was immersed in 100 ml
toluene for 10 min and then dried with nitrogen. Then, the sample was put back to
the toluene used before. This immersion and drying was repeated five times. Last,
the sample was put in high vacuum oven at room temperature overnight. The layer

which remains after the rinsing is the irreversibly adsorbed layer.

3.3 Characterization techniques for studying film thickness and surface
morphology
3.3.1 Ellipsometry

Measurements with a spectroscopic ellipsometer (M-2000, J.A. Woollam)
were used to determine the thickness of the immobile layer. The refractive index
varies with polymer and wavelength. For a typical sample of polystyrene, the
visible light refractive index (RI) is 1.589 at a wavelength of 638 nm. Thicknesses
were estimated by fitting the data using a constant Rl (1.589). This means the

thickness values are subject to some error, depending on how much the densities of
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the adsorbed layers varied among chains of different architectures and films
annealed for different times. He et al. “® found that the density of the adsorbed
layer for linear chains was only 80% of the density for bulk chains, while the density
for the adsorbed layer of cyclic chains was about 98% of that for bulk chains.
Thickness measurements with XR are generally more precise, but the XR
instrument was not available for some portion of the time over which the

measurements were made.

3.3.2 Atomic force microscope (AFM)

Surface morphologies of films of LPS and SPS were studied using a Veeco
Dimension Icon AFM from Bruker Inc. The AFM was operated in tapping mode
under ambient condition. Commercial n-type silicon probes with a cantilever length
of 12-18 um and tip size of 8 nm (umasch, HQ: NSC35/Cr-Au BS) were chosen
for the measurements. The spring constant of the cantilever was 5.4-16 N/m and
the resonant frequency was typically 300 kHz. The scan rate was 1.0 Hz with
scanning density of 512 lines per frame. Height images and phase images were

acquired simultaneously.
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3.3.3 X-ray reflectivity (XR)

The detailed adsorbed layer structures were revealed using XR. The XR
measurements were done on a home-built reflectometer on an 18-kW rotating
anode (RA-HF18, Rigaku) with CuK, radiation (1 = 1.54 A). The wavelength and
angle divergences were 0.005A and 2 x 10— 3 x 10™. The XR curves were fitted

using MOTOFIT with a two-layer model (Si substrate and a polymer layer).
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Effect of annealing on the irreversibly adsorbed layer of 15k and 5k SPS
4.1.1 Thickness of the adsorbed layer (hag)

To begin, it would be useful to describe the terminology used here to refer to
samples. The designation “xx hours + irreversibly adsorbed layer” means a spin-
coated film annealed for xx hours, then treated using the Guiselin approach, and
finally dried in high vacuum at room temperature overnight. For example, “1 h
irreversibly adsorbed layer” refers to a SPS spin-coated film annealed for 1 h, then
treated with the Guiselin approach and finally dried in the vacuum. The annealing
time ranged from 0.2 h to 108 h. The annealing temperature were set to be 60 °C
above Tg. The thickness of the irreversibly adsorbed layer is plotted against the
annealing time in Figure 11. These thicknesses were determined from XR
measurements. For 15k SPS, as shown in Figure 11 (a), hag remains constant within
the uncertainty at 1.45 + 0. 06 nm or about 0.69 Ry., from the smallest time
measured through 70 h. According to simulations by Koutsos et al. %* of a single
star polymer with low functionality (f) adsorbing from solution, the chain adopts
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highly aspherical conformations on the surface to which it adsorbs. Especially
for 4-arm star polymers, the arms spread out from the cores and the molecules
adsorb like a plate on the plane >*. According to these simulations, the height of an
adsorbed molecule should be comparable to the backbone size. However, the value
of hag Observed is about twice the backbone size of PS chains (0.8 nm) *°. This
seems reasonable, since, in the pure polymer melt film, molecules adsorbing to the
substrate cannot spread out as readily as a single molecule adsorbing in the solution
simulation. Rather, the arms of one adsorbed star are likely to penetrate into the
pervaded volumes of neighboring adsorbed chains and lie on top of arms of these
neighboring chains cover others. Therefore, the resulting hag is higher than the

backbone size due to the overlapping of parts of adjacent molecules.
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Figure 12. Thickness of the irreversibly adsorbed layer of (a) 15k SPS and (b) 5k
SPS films versus annealing time.

The effects of the annealing on hag of 5k SPS are strikingly different. As shown
in Figure 11 (b), hag increases from 1.1 £ 0.1 nm to 1.9 = 0.1 nm. or from 0.97 Ry
to 1.55 Ry, in 50 hours. According to recent work of Napolitano et al. %, the final
adsorbed amount of for linear polymers is determined by the strength of the

polymer/substrate interaction potential, and therefore does not vary much with

Annealing time / h
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temperature. Also, they maintain that the equilibrium absorbed amount is not
dictated by the molecular motions of rearrangement. However, linear polymers of
higher M do build thicker adsorbed layers. In contrast, the value of hag for 5k SPS
is substantially larger than that for the 15k SPS in terms of both absolute thickness
and thickness relative to Rq. S0, the star chains behave dramatically differently than
the linear chains behave.

There are two remarkable features of the behavior to be explained. The first is
that no change in adsorbed amount with annealing time is observed for the larger
star, while for the smaller one there is a definite transition from an initial absorption
behavior to saturation. The second is the fact that the equilibrium adsorbed amount
(both in absolute sense and relative to Rg) is larger for the smaller star. First, we
consider the development in adsorbed amount with time. It appears that adsorbed
5k SPS chains can rearrange easily. Marm of 5k SPS is far below the critical
molecular weight for entanglement. 5k SPS is small, and since the arms are quite
short and relatively stiff, there may be a lower tendency for 5k SPS chains to “get
in each other’s way” when absorbing on the surface. Also, after the segments of 5k
SPS molecules adsorb onto a surface, the chains may be more likely to rearrange.

The current picture for adsorption of linear chains 2 is that rearrangement becomes
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less frequent as the thermal annealing progresses and as opportunities to further
optimize the organization of the adsorbed chains are exhausted. It would seem that
this should be true for 5k SPS also. According to our study, it takes 50 hours for the
5k SPS chains to rearrange and reach the steady state.

As far as the 15k SPS goes, it appears very few rearrangements can occur after
the initial adsorption, or if they do occur they do little to change the thickness. We
propose that this because the arms are long enough to interpenetrate with each other
and the star architecture allows for ways of one chain stuck to the surface to
constrain another chain that simply are not possible with linear chains. This
confines the movement of the 15k SPS molecules, resulting in few changes of
absorbed conformations after the initial adsorption of the star.

The second feature to be explained is the larger adsorbed amount, hag, for the
smaller star. This may also be due to the fact that the 5k SPS can rearrange more
readily, in the sense that the 5k SPS adsorbed layer can more readily optimize its
structure. However, in order to build this thicker layer clearly more than one layer
of 5k SPS molecules must be involved. If the chains can readily rearrange, how
does a second layer of 5k SPS chains get trapped or “stuck” at the surface of the

substrate? We do not yet have an answer for this, but may obtain some additional

33



insight by characterizing the structure of the absorbed layers further with XR and
AFM.

XR curves for the irreversibly adsorbed layers of both types of star
molecules are plotted in Figure 13a and 12c. The solid lines correspond to best fits
to the XR curves. The best fit was obtained using a model containing two media
(from bottom to top: a Si substrate and a PS layer); the best fit parameters used can

be found in

Table 2 and Table 3. It is apparent by inspection of the data that the adsorbed
layer for 15k SPS does not change much with annealing time while the adsorbed
layer for 5k SPS changes quite a bit. The weak minima in the curves for the 15k
SPS layers indicate some sort of thin layer is present, but may not be very well
defined.

Figure 13 (b) shows the SLD depth profiles of the adsorbed layers for 15k
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SPS. These show that the polymer material reflecting the X-rays in each case is not
in the form of a well-defined layer. The “thickness” of adsorbed layer reported
above for the 15k SPS films capture an apparent thickness corresponding to the
distance over which the SLD increases nearly linearly from 5.1 to 16.0 x 10 A2,
The nominal values of scattering length density (SLD) are 10 x 10 A for the
“boxes” used to represent the polymer layer in the film structure models before
convolution with interface profiles for both 15k and 5k SPS, 10% higher than the
SLD of the bulk SPS films (9.1 x 108 A-2). The nominal thickness reported is that
corresponding to the region between the two vertical dotted lines superposed on the
SLD plots. These vertical lines mark the centers for the air/polymer interface and
polymer/substrate interface convolution functions used to construct the SLD profile
to fit the XR data.

It must be noted that the SLD does not capture three dimensional details of
the layer structure. The SLD profile corresponds to a one-dimensional projection
of the structure onto the z-axis. Nonetheless, it is possible to say that near the
substrate, the polymer chains are densely packed because the SLD there is on the
order of the SLD of bulk PS chains (ca. 9.1 x 10 A?). Near the air, the polymer

segments are less densely distributed and the SLD varies nearly linearly through
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the layer. The-linear change of SLD has been created using a model of the layer in
which the sum of the roughnesses of the two interfaces (air/polymer and
polymer/substrate) is comparable to the apparent thickness of the layer, as may be

seen from the model parameter values listed in

Table 2. However, XR cannot distinguish if the layer structure actually has
two sharp, rough interfaces so that the laterally averaged SLD corresponds to such
a 1-D SLD profile or whether everywhere in the film the density actually varies
gradually from the substrate surface to the air interface. Rather, one can only
conclude that the adsorbed layer extends about 1.5 nm up from the substrate.
Making the distinction between a layer with rough interfaces and a smooth layer
with a gradient in SLD with depth everywhere in the film would require off-
specular scattering measurements or AFM imaging (see below).

In Figure 13 (c), there is a noticeable change in the shape of XR curve with
annealing time. The inset shows the corresponding SLD profile along the depth.
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The profile of 0.2 h and 24 h adsorbed layers of 5k SPS has the similar gradient
with that of 15k SPS, shown in Figure 13 (d). As the annealing progresses, the SLD
of the adsorbed layer becomes more defined. Ultimately, there is a well-defined

SLD for the adsorbed layer at 108 h, determined to be 10.0 x 10 A2,
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Figure 13. XR curves and their corresponding fits for (a) 15k SPS and (c) 5k SPS
irreversibly adsorbed layer. The corresponding profiles of SLD against distance
from the polymer/air interface are shown in (b) and (d). The SLD profiles are

offset for clarity by 2.5x10°® A2 at the SLD axis for clarity. The dashed vertical
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lines correspond to the centers of interfaces in the original box models that were

convoluted with interface profiles to create the overall SLD profile.

Table 2. Parameter values for film structure models used to construct SLD

profiles for fits to the XR data for 15k SPS

t/h | haa/nm | SLD/x10%A? | ospsair/ NM | ospsisubstrate/ NM
1 151 10.0 0.62 0.51

24 1.48 10.0 0.65 0.52

42 1.49 10.1 0.61 0.56

70 1.40 10.2 0.69 0.63

Table 3. Parameter values for film structure models used to construct SLD
profiles for fits to the XR data for 5k SPS

t/h | hag/nm | SLD/x10%A2 | ospsair/ NM | Gsps/substrate/ NM
02 | 1.08 9.9 0.62 0.57
24 1.52 10.0 0.63 0.40
48 1.84 10.0 0.41 0.52
108 | 1.89 10.0 0.32 0.45
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4.1.2 Surface morphology of the irriversibly adsorbed layer of SPS

The AFM height images of the absorbed layers at each annealing time for
15k SPS are shown in Figure 14 (a)-(d). The surface of the irreversibly adsorbed
layer of the 15k SPS has a “blob-like” structure on it. The average diameter can be
calculated using NanoScope Analysis. The average diameters of the “blob” are
determined to be 16nm, 18 nm, 17 nm, 16nm, for (a)-(e). Figure 14 (e) gives the
height profile along the white line along the surface diagonally across the imagein
(d) for the 70 h irreversibly adsorbed layer. The spikes correspond to the outlines
of the “blobs” on the surface. In the Figure 15, the surfaces of the 5k SPS
irreversibly adsorbed layers are seen to have similar textures, but with a lower areal

density of blobs.
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Figure 14. AFM height images (1 pm x 1 um) of the (a) 1 h, (b) 24 h, (¢) 42 h,
and (d) 70 h irreversibly adsorbed layers of 15k SPS. The average roughness
(RMS) is 0.55 + 0.03 nm. (e) The height profile along the white line in (d)
obtained using Section Analysis in NanoScope Analysis.
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Figure 15. AFM height images (1 pm x 1 um) of the (a) 0.2 h, (b) 24 h, (c) 48 h,
and (d) 108 h irreversibly adsorbed layers of 5k SPS. The average roughness
(RMS) is 0.45 + 0.05 nm. (e) The height profiles along the line cuts in (d) were
obtained using Section Analysis in NanoScope Analysis.

Koga et al. studied the irreversibly adsorbed layer of films of linear polymers
with molecular weight Mn. When M, was higher than 50Kk, the adsorbed layer was
composed of a bottom strongly adsorbed layer and an adjacent loosely adsorbed
layer °. The adsorbed layer was obtained by rinsing the film in toluene. The surface

of the adsorbed layer was smooth. Then, the adsorbed layer was treated with
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chloroform and the loosely adsorbed chains aggressively pulled away from the
substrate, leaving a “flattened layer” on the substrate. An “island” feature has been
found using AFM 8. However, for molecules of M, smaller than 50k, there was only
a bottom layer (flattened layer) in the film 2. The formation of the outer layer
required the chains to be long enough to fold and be pinned in vacant spaces of the
flattened layer, as shown in Figure 4. In the case of M below 50k, the chains are
too short to form the outer layer.

The surface of the adsorbed layer obtained after chloroform immersion for 15k
SPS film in this study is shown in Figure 16 (a). The AFM image shows a “ridges
and holes” structure on the surface. Though the surface morphology after the
immersion with the more aggressive solvent (chloroform) is different from the
surface morphology after immersion with toluene, the adsorbed layer of 15k SPS
molecules is not likely composed of two layers. Rather, it seems that in a single
layer the star molecules are absorbed more or less strongly. Molecules with more
segment attaching points adsorb more tightly to the surface, thus requiring stronger
solvents to be pulled away. Molecules with few attaching points absorb loosely onto
the substrate. Here, toluene takes the unabsorbed chains away from the film.

Chloroform, with a stronger ability to solvate PS, takes away the loosely adsorbed

42



molecules. The leaving of these molecules left the vacant spaces seen as “holes” in
the image in Figure 16 (a). However, this change in the 3-D morphology of the film
has the effect of decreasing slight the value of hag derived from XR. To study further
the way in which removing chains impacted the layers, they were examined using
ellipsometry before and after chloroform immersion. The value of hag determined
from ellipsometry by keeping the refractive index constant in the fitting dropped
from 3.0 nm to 2.3 nm. However, the AFM imaging suggests the true difference in
had was smaller than 0.7 nm. The Rl used to fit the data was the R1 of the bulk value.
Because of the presence of the holes, the value of hag (after chloroform immersion)
assigned in this way has to be lower than the true haq. In order to further look at the
changes of the thickness, the height profile along the white lines in Figure 14 (d)
and Figure 16 (a) are plotted in Figure 14 (e) and Figure 16 (b). The peak to value
heights for both profiles are 2.5-3 nm suggesting the actual change in hag is much
less than 0.7 nm. So, we come back to the idea that the adsorbed layer of the SPS
is not really composed of two layers, but rather one layer with some loosely
adsorbed chains embedded in it and these more loosely absorbed chains get pulled
out by the chloroform. The differences in behavior between the adsorbed layers of

star PS and the adsorbed layers of linear chains suggest something interesting about
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the ability of star chains below entanglement molecular weight to interpenetrate.

In a manner similar to linear chains with M below 50k these small stars do not build

a complete “second layer” that has a smooth surface and resists toluene removal.

However, for stars the flattened layer is still able to hold onto some stars that stick

up above the flattened layer, but cannot be removed with toluene. With stronger

solvent, such as chloroform, these stars that had been sitting in holes in the flattened

layer are taken away leaving the holes in Figure 16 (a).

Height / nm

(b)

Ridge

Hol

200

T T T 1
400 600 800 1000
Distance / nm

Figure 16. (a) AFM height image of 24 h bottom layer and (b) the height profile
along the white line obtained using Section Analysis in NanoScope Analysis. The
scan size and the height scale in (a) are 1 um x 1 ym and -2 to 2 nm.
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4.2 Comparison of effect of annealing on hag between linear and star PS of same
molecular weight

It has been examined how M affects the formation of the adsorbed layer for
four arm star chains. Though general comparison with the behavior of linear chains
of various molecular weights has been made the comparison for architecture effects
was made more precisely by considering matched analogs and also the comparison
was focused on My far from entanglement. Thin films of 5k SPS and LPS were
prepared using spin coating, annealed at T = 60 °C above Tg), and treated using the
Guiselin approach. Then, hag was determined using ellipsometry. The ellipsometric
parameters ¥ and A were fitted using a Cauchy model * with bulk values (1.589).
Figure 17 plots a normalized adsorbed layer thickness had/ Rq against annealing time
for both star and linear. The value of hag, aspss increases from 2.0 Rq to 2.9 Ry and
that for hag, Lpss from 0.9 Ry to 1.2 Ry. Here it is noticed that the value of thickness
determined from ellipsometry and XR are not comparable. This is because the
values of RI and thickness are highly coupled in the analysis of the ellipsometry
data, whereas they are practically decoupled in the XR analysis. Even so, the
ellipsometry data are enough to reveal differences in trends between the had, aspss

and hag, Lpss values. The first observation is that hag, aspss at steady state is higher
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than the steady state value for hag, Lrss. In a star molecule, the arms of the star are
tethered to a core. The conformations of an arm next to the core are highly hindered.
At these regions, the arms are stretched to compensate steric-hindrance effects. The
stretching leads to a reduction in the number of chain conformations for a star in
the bulk as compared to linear chain of the same M, in the bulk. When star
molecules are drawn close to a substrate, there is a lower reduction of
conformational entropy per chain and therefore less entropy penalty in the chain
free energy than for the case of the linear analog. The adsorption of star molecules
to a substrate is thus slightly more favorable than is the adsorption of linear analogs
to the same surface. Given sufficient time, then, to optimize the adsorbed layer
structure, a higher adsorbed layer thickness results for the star melt than for the

linear melt.
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Figure 17. The value of hag relative to Rq of 5k SPS (left axis) and LPS (right axis)
as a function of annealing time.

Another observation is that the time required to reach the steady state value of
adsorbed layer thickness is more than 10 times longer for the star chains. It takes
100 hours for hag, aspss to reach the steady state value, whereas it takes 8 hours or
less for had, Lpss to reach its steady state value. It appears that the motions of star
chains that allow the structure of the adsorbed layer to optimize are much slower

than the motions key to optimizing the adsorbed layer of linear chains. The linear

chain layer is already changing thickness at 1 hour annealing time, but the star layer



thickness does not begin to increase until about 7 hours of annealing. Perhaps those
motions for the star chain are slower because they involve coordinated movements
of multiple arms or ends, while the linear chains can move toward optimum with

the movement of only one chain end.
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CHAPTER V

CONCLUSIONS

In this research, we investigated the evolution of the irreversibly adsorbed
layer of four-arm SPS with annealing and characterized hag, layer density and layer
surface morphology using multiple techniques. First, differences between the
behaviors of SPS of two molecular weights, 5k and 15k were elucidated. Secondly,
differences between the evolution of adsorbed layers with annealing time for the
four-arm star and linear chains of the same molecular weight, 5k were quantified.

For 5k SPS, XR measurements reveal that hag at steady state is 1.9 + 0.1 nm
(1.6 Rg), which is 20% higher in absolute thickness than the steady value, 1.5 nm
(0.7 Ry), for the much larger 15k SPS. If one considers the thickness relative to Ry,
the difference is 270%. This contrasts with the case of linear chains for which
adsorbed layer thickness grows with molecular weight for molecular weights at
which the linear chains are unentangled to consistently attain thicknesses of order
Rg. 8

The kinetics of adsorbed layer development with annealing also differ in a
surprising way with molecular weight. It takes 50 h for the smaller star layer to
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reach steady state, while it takes less than 1 h in for the bigger star layer to do so.
Our explanation builds on the contention of by Napolitano et al. * that the
formation of the adsorbed layer of SPS depends on two factors, the potential of
adsorption, and rearrangement of the molecules after adsorption. The smaller stars
manage to rearrange as thermal annealing goes, but this rearrangement takes many
hours. However, in the case of the 15k, although M is below M, the arms seem
already to be long enough that the chains become trapped in the layer structure
formed very soon after absorbing. Comparison of the AFM with XR data suggest
that the 15k SPS cannot form a second well-formed adsorbed layer atop flattened
chains, but there are blobs of polymer sticking above the nominal surface which are
removed by immersion in the strong solvent chloroform. The treatment yanks out
of the adsorbed layer less strongly adsorbed chains that are apparently in the blobs,
leaves holes in a layer having an otherwise more or less flat surface.

Lastly, the change in the evolution of the adsorbed layer with annealing time
with chain architecture was studied in a controlled way using linear and star analogs
of the same molecular weight. The adsorbed layer of 5k SPS is found to be thicker
than that of 5k LPS, consistent with what has been found in other works 24 The

process of forming the adsorbed layer is found to be slower for the star than for its
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linear analog. This may be due to the cooperativity required to rearrange the
molecules that have more chain ends. Even though they are not entangled in a
conventional sense, the way in which the stars are interpenetrated, even for short
arms, markedly slows the rearrangement. Although there are remaining questions,
the observations made here emphasize that changing chain architecture can be used
to alter the thickness, morphology, and formation rate of the very thin adsorbed
layer at the polymer/solid interface that has been seen to influence glass transition
behavior and surface fluctuations. There may be opportunities to exploit this control

over dynamics of thin films in potential applications for industry.
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