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Abstract

Ultra-thin polymer films have ubiquitous technological applications, ranging
from electronic devices to artificial tissues. These nanoconfined polymer materi-
als, typically with thickness less than 100nm, exhibit properties that are differ-
ent from their bulk counterparts. Despite extensive efforts, a definitive picture
of nanoconfinement effects on dynamics, such as the glass transition tempera-
ture and fragility (two of the most important properties for amorphous polymer
processing) has yet to emerge. In particular, property changes in the dynamics
of supported polymer films in comparison to bulk materials involve a complex
convolution of effects such as boundary thermodynamic interactions, boundary
roughness and compliance, in addition to finite size effects due to confinement. In
this thesis, we consider molecular dynamics simulations of substrate-supported,
coarse-grained polymer films where these parameters (e.g polymer-substrate inter-
action) are tuned separately to determine how these variables influence polymer
film molecular dynamics. All these variables significantly influence the film dy-
namics, but all our observations can be understood in a unified framework through
a quantification of how these constraining variables influence string-like collective
motion within the film. This scale serves a measure of the scale of cooperatively re-
arranging regions, hypothesized in the Adams-Gibbs theory to describe molecular
relaxation.

A challenge to this framework is that this cooperative dynamical scale is not
readily accessed in experiments. Therefore, we investigate the relatively high
mobility interfacial layers near the polymer-air interface, whose thickness £ grows
in a similar fashion to the scale of collective motion within the film. We find

the precise scaling relation between & and the average length L of string-like



particle exchange displacements (strings). This is the first direct evidence that the
thickness of the interfacial mobile layer is related to the scale of collective motion
within the film. Moreover, this relation links £ to relaxation time via the Adam-
Gibbs relation, so that changes in £ can be directly connected to the changes in film
glass transition temperature. Our findings are consistent with other recent studies,
theoretically predicting or providing indirect evidences regarding the relation of £

to the scale of collective motion.
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Chapter 1

Introduction

1.1 Polymers and a Brief Introduction to the
Glass Transition

In 1959, Nobel Laureate physicist Richard Feynman in his famous lecture “There’s
Plenty of Room at the Bottom” proposed that properties of materials at nanoscale
would present future technological applications [I]. His view on future technolo-
gies has brought attention of the scientific community to the explorations and
manipulations of materials at nanoscale. A central goal of modern nanotech-
nology has been the realization of highly customizable structures, via either fine
manipulation or self-assembly, that can have novel features when compared to
bulk counterparts [2H4]. Polymers have played a substantial role in this develop-
ment [5H7]. We encounter polymer-based products every day, primarily because
polymer-based products are durable, light, and cost effective. The simplest case
of a polymer is a linear homopolymer, a macromolecule that consists of the same
type of N monomers forming a linear chain. Due to the complex nature of poly-

mers, at low temperature, a bulk polymer is mechanically brittle like a solid,
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Figure 1.1: Volume or enthalpy of a liquid as a function of temperature at constant pressure.
T is the melting temperature. A slow cooling rate produces a glass with glass transition
temperature Tg,. A fast cooling rate produces a glass with Ty, > Tya. The figure is taken from

Ref. [g].

but not necessarily in a crystalline state. Rather, polymers typically exhibit an
amorphous structure in their solid state, referred to as the glassy state. Upon
cooling, relaxation time or viscosity increases dramatically, and below a tempera-
ture, the so called glass transition temperature T, the timescale of the relaxation
becomes greater than the experimental timescale. At this temperature, T,, the
polymer melt becomes a ‘frozen liquid’. Naturally the location of 7, and changes
in this quantity due to confinement are of great practical interest, since polymer
processing relies on working with a fluid state.

Broadly speaking, the glass transition is a dynamic transition with no discon-

tinuous changes in thermodynamics. Given that glass transition is a dynamic
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phase transition, the observed 7T}, is dependent on the rate of cooling. In partic-
ular, the glass transition temperature is usually obtained by examining changes
in slopes of thermodynamic quantities such as volume or enthalpy. Figure [1.1]is
a schematic for how a fluid turns to a glass at different 7, when cooled with a

different cooling rate.
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Figure 1.2: Viscosity of various liquid as function of T'/T,, known as Angell’s plot. Strong glass
formers exhibit Arrhenius behavior, whereas at low temperature fragile glass formers exhibit
super-Arrhenius behavior, implying the temperature-dependence of the activation free energy

AG in equation 1' Figure is taken from Ref. [g].

From kinetic measurements, increases in viscosity or relaxation time with de-
creasing temperature are observed in many glass formers. Figure. [[.2] shows that

some glass formers like silica and germanium oxide exhibit an Arrhenius behavior
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described by,
. AG
= X —_—
n o p kBT )

(1.1)
where kg is Boltzmann constant and AG is activation free energy. Materials
following Arrhenius behavior are known as ‘strong’ glass formers. Other glass
formers known as ‘fragile’ glass-formers exhibit non-Arrhenius behavior: logarithm
of viscosity 1 does not scale linearly with 1/7, as shown in figure . In a lab
setting, T}, is often defined in practice as the T" at which the relaxation time reaches
100s or viscosity reaches 10'*Pa-s [9]. Clearly, scaling T with T, does not result
in a simple collapsed curve (illustrated by figure . Hence, it is also important

to understand the rate of change of viscosity (or relaxation time) at 7y, known as

the fragility index m, which is commonly defined as

dlnn
m(T,) = G(T—/Tg) Tg. (1.2)

Despite the significant changes in dynamics in the process of glass formation,
there is little change in the amorphous structure of the melt. This raises many
questions about the origins of glass formation. Understanding this non-intuitive
phenomenon and constructing theories in an attempt to explain the changes in
dynamics have been major research topics in glass-formation studies [8, 10, [11].
From technological applications, much effort has been put on tuning 7; of poly-
meric materials. For instance, occasionally it is desirable for some polymer-based
products to remain in a liquid-like or mechanically brittle state at room tem-
perature. Regarding this particular application, many studies are centered in T},

measurements [6], 7, [12].
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Figure 1.3: Schematic illustration of (a) a polymer film supported on a supporting substrate

(supported film) and (b) a polymer film confined between two walls (“sandwiched” film).

1.2 Polymer Films

There have been great interest to utilize polymeric materials not only in a bulk
form (large scale) but also in highly confined and nanoscale environments. In
particular, ultra-thin polymer films have ubiquitous technological applications,
ranging from electronic devices to artificial tissues [B, [7, 13|, [14]. Commonly, there
are three types of polymer films (illustrated in figure :

e Supported films are polymers that are supported on an attractive substrate.

e “Sandwiched” films are polymers that are confined between two walls.

e Free-standing films are polymer films with no confining wall (two free-

interfaces). These films are obviously unstable above 7},.

There has been extensive experimental [I5H23] and computational [24-H29] stud-
ies of polymer films aiming for understanding the large property changes that are
frequently observed under nanoconfinement, typically in a scale of < 100nm, in
relation to bulk materials. Changes in mechanical properties and the dynamical
properties of amorphous polymer films bear particular importance when it comes
to applications, and much of the effort in characterizing thin polymer films has
centered on the measurements related to the stiffness of the films [30] [31] and the

changes of molecular mobility as quantified by the glass-transition temperature
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T, [20,132].
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Figure 1.4: Depression of T, in polymer films. T, decreases with decreasing film thickness.

This figure is taken from Ref. [15].

In the early 1990s, one of the first experimental observations of T}, shifts in
polymer films relative to the bulk was reported by Keddie et al. [I5]. Keddie
et. al found that T}, of polymer films decreases with decreasing film thickness (see
figure , and they suggested that the depressions of T, are consequences of a
liquid-like layer at the free surface. Many similar studies have confirmed that a
free surface as well as a repulsive or neutral wall leads to enhanced dynamics and a
reduction of T}, [16], 28] 33|, [34]. In contrast, an attractive substrate, which typically
slows down the dynamics near the substrate, results an increase in T, [16] 18-
22, 24, 26, 29, B5H37]. However, an attractive smooth surface with a relatively
weak interaction may also enhance the rate of relaxation time and diffusion [17, [19]

22, 24, 138, 139], demonstrating that the polymer-substrate interfacial strength can
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have significant effects on the polymer film dynamics. In particular, it has been
noted that the enhancement or slowing of relaxation in supported films induced
by two interfaces with different properties can complicate the interpretation of
the thickness dependence of T, [16] 19, 28| 29, 33|, 3537, 39]. The most prevalent
type of polymer films are films supported on a solid substrate, where dynamics are
often reduced near the substrate, but enhanced at the free surface. Various probe
methods have been used to infer the variability of the mobility within the film
by reporting 7, near the surface [I5HI7, [19, B3], [40], or reporting T, as a function
of distance z from the film boundaries [22]. Many phenomenological trends are
clear from this wealth of data, but the understanding of the changes in the glass
transition with confinement remains qualitative.

A popular picture to rationalize the changes of the film dynamics is a superpo-
sition of polymer layers different dynamics. In this perspective, any changes in the
overall dynamics should be manifested locally, thus the interfacial layers are corre-
spondingly expected to give the primary contribution to the observed changes in
the overall dynamics. This layer picture of dynamics is often conceptually linked
to the local changes in structure and free volume. In particular, free volume layer
(FVL) ideas have been very influential in this thinking [20, 41, 42]. Near an at-
tractive substrate, polymers are bound to the wall and density is increased (free
volume reduced), leading to slower dynamics, while at the free surface of a sup-
ported or free-standing film (increased free volume), polymers have a relatively
higher mobility. At the film center, far from both interfaces, the local properties
are expected to be bulk-like.

Many experimental [I5-H23] 43], as well as computational [24H29] studies, have
reported large property changes in thin films and have attributed these changes
mainly to a convolution of interfacial thermodynamic interaction and geometrical

confinement. There is also a growing awareness of the relevance of surface rough-
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ness and boundary stiffness, as well as non-equilibrium residual stress effects in
cast films [43-45]. Experiments on multi-layered films have shown that the effects
of the free surface can be largely eliminated by placing films between stacks of
nano-layered polymer with different species [46], suggesting that there is a scale
associated with these dynamical changes. This leads to the question of whether
the dynamics depend simply on the interfacial interaction, or are there other phys-
ically relevant characteristics of the interface that must be considered. After all,
glass formation is a dynamical phenomenon so variables other than thermody-
namic quantities —such as surface rigidity— might be relevant. This motivates an
exploration of the effects of surface rigidity on properties of thin polymer films,
a property that can be tuned in polymeric materials through cross-linking or via
the control of the molecular structure [43-45].

It is a difficult matter to separate all of these different effects in experiments,
and this thesis addresses this general problem through molecular dynamics simula-
tions of substrate-supported, coarse-grained polymer melt films of variable thick-
ness, where the polymer-substrate interaction is varied, along with the boundary
roughness and rigidity. Since we can tune these parameters independently in sim-
ulation, we can obtain clear indications of how each of these variables influences
the film molecular dynamics. After an analysis of how these diverse factors affect
basic dynamic properties of the polymer film, we show that the dynamical changes
under all these conditions can be organized and understood in a general way from

how these constraining variables influence collective motion on the film.

1.3 Framework to Describe Film Dynamics

Given the sensitivity of the dynamics to the large collection of surface properties,

a general question arises: how do we obtain a unified understanding of all these
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Figure 1.5: Simulation snapshot of most mobile particles in a supported polymer film at
constant pressure P = 0 at (a) high temperature 7' = 1.0 and (b) low temperature 7' = 0.5.

The most mobile particles tend to clusters at low temperature.

effects on the polymer dynamics? To answer this, we first need to understand
the dynamics of glass formers at low temperature. In section [I.I} we briefly dis-
cussed how relaxation time or viscosity n changes dramatically with decreasing
temperature. In particular, figure illustrates how fragile glass formers exhibit
non-Arrhenius behavior below an onset temperature T (often called the Arrhe-
nius temperature): logarithm of viscosity 7 scales linearly with 1/7 for T > T but
then scales faster for T' < T. This indicates temperature-dependence of the acti-
vation free energy AG(T), which is commonly obtained from equation (L.1)),
AG(T) = kBTlnﬂ. (1.3)
o
In contrast, for a simple liquid, AG remains constant with respect to the changes
in temperature. The activation energy of a simple liquid can be thought of as
the amount of energy required for a system to rearrange into another state. To
explain the non-Arrhenius behavior in fragile glass formers, Adam-Gibbs (AG)
argued that the particles do not relax independently, but rather as a group of par-

ticles, recognizing that particles must move cooperatively at lower temperatures
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in a regime where particles displacement become highly correlated [47]. A simple
illustration of this scenario would be to take a look at the case where cars need to
move cooperatively in a traffic jam. In this perspective, the slowing mechanism
is associated with an increase in cooperativity. In particular, AG argued that the
activation Gibbs free energy is extensive in the size of cooperatively rearranging
regions (CRR). However, AG theory does not provide molecular definition of these
CRR.

Adam-Gibbs [47] and the closely related random first-order transition (RFOT) [4§]
theories proposed that the variation of relaxation approaching T revolves around
changes in an intrinsic scale. Glass-forming liquids generally exhibit dynamical
heterogeneity, typically manifested by spatial correlations of mobility. In partic-
ular, those monomers with the greatest mobility tend to cluster [illustrated in
figure [1.5], and subsets within these clusters move collectively in a string like-
fashion, observed both in computer simulations [27, 47, [49H55] and colloidal ex-
periments [56H59]. Simulations have identified cooperative rearrangement motions
directly in bulk polymer materials that are linked to the structural relaxation
time, and a similar connection has also been established inpolymer nanocompos-
ites model [55] 60, [61]. These works argue that this intrinsic scale can be related to
the characteristic scale of the string-like cooperative motion, providing a molecular
realization of the abstract cooperatively rearranging regions invoked by AG and
RFOT. This also suggests that AG grows in proportion to the scale of string-like
cooperative motion. Accordingly, we aim to test the applicability of this scheme
for dynamics of polymer films and further to test whether this approach can be
applied universally to all films that have high variability in dynamics.

While using the string size as a way to charecterize CRR seems to be a promis-
ing way to generalize film dynamics, direct experimental observations of this

string-like cooperative motion in molecular glass-forming liquids remains as a
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great challenge. Therefore, we further aim to quantify a scale that can be directly
measured in experiments and can potentially be linked to the scale of strings-like
cooperative motion.

Several recent studies, both in computer simulations [26-29, [39] and experi-
ments [22], 46], have shown that films are spatially heterogenous due to interfacial
effects. By examining the dynamics locally as a function of distance z from the
substrate or the free surface, one can find a quantifiable scale for the perturbation
of interfacial dynamics [34], [39]. At this point it is natural to ask to what degree
this scale relates to the scale of CRR. Stephenson and Wolynes [62] have argued,
based on the RFOT theory and scaling arguments, that the interfacial mobility
length of films should scale inversely to the configurational entropy of the films.
This result, combined with results showing that the string length scales inversely
to the configurational entropy [55], suggests that the interfacial mobility length
should scale proportionally to the string length, and thus describes the tempera-
ture dependence of relaxation. Very recently, Simmons and coworkers [63] found
that the interfacial mobility scale grows in proportion to the apparent activa-
tion energy for relaxation from molecular dynamics simulations of polymer films,
suggesting that this scale provides an estimate of the collective motion scale in
the AG model. These recent observations along with arguments by Stephenson
and Wolynes [62] motivate us to find a precise functional form relating the size
of strings-like cooperative motions and the interfacial mobility scale and to test
whether using interfacial mobility scales in terms of AG theory can be universally

applied to describe all film dynamics.
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1.4 Contribution of This Thesis

Here we summarize our main findings reported in this thesis. Broadly speaking, we
first characterize how interfacial properties alter dynamics, and then demonstrate
how these changes can be rationalized from changes in molecular scale coopera-
tivity. Finally, we show how this scale can be indirectly probed via changing the
scale of interfacial dynamics. Below, we provide more detail:

e First, we investigate the dependence of the dynamics on two relevant vari-
ables, surface roughness and the polymer-wall interaction strength. Con-
trasting the effects of both rough and smooth walls on the local properties,
we observe noticeable changes in the dynamics, characterized by changes
in the film 7 and fragility, while only small changes are observed in static
properties, such as density. We find that free volume ideas are not gen-
erally useful in predicting dynamics at the local level. We show that the
surface thermodynamic interaction, substrate roughness and stiffness can
all greatly influence the mobility gradient transverse to the substrate. Our
general findings for changes in structure, dynamics, and the variation of
T, with surface roughness and interaction strength are consistent with ear-
lier works [18] 22} 24], 28, [64) 65], but our findings considering fragility and
regarding substrate stiffness are new.

e We characterize the dynamical changes in terms of a cooperative motion
within the film, and in this way, we obtain a quantitative understanding
on the wide variations in the temperature-dependence of the structural re-
laxation time with respect to the film boundary conditions and thickness.
We test this predictive scheme for polymer films, where the inherent inho-
mogeneity of the dynamics of these materials makes it unclear whether the

model should still apply. Encouragingly, we find that the scale of strings-like
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cooperative motion in polymer films can be used to determine relaxation of
polymer film in terms of AG theory and obtain a remarkable reduction of
all our simulation data for structural relaxation time in thin polymer films
based on this unifying framework. Further, we investigate the influences of
confinement on activation free energy parameters.

e Lastly, we address how the scales of interfacial mobility of polymer films
supported on rough or smooth surfaces with variable substrate interaction
strength can be related to the scale of collective motion in films. Indeed,
we find that the scale of string-like cooperative motion is proportional to
the scale of the mobility gradient at the polymer-air interface to a good
approximation. This offers a possible route to experimentally probe the
scale of cooperative relaxation. At last, we use the interfacial mobility scales
as substitutes of string size to determine relaxation time in terms of AG
theory. We find a precise functional form relating the interfacial mobility
scale to relaxation time. We provide a new unified theoretical framework to
quantify relaxation time from interfacial scales. We also demonstrate that
this functional form is universal for films with a wide range of dynamics.
Our results are vital to experiments that try to extract relaxation time,
as we provide the way to relate relaxation time to the interfacial mobility
scale, which is experimentally accessible. With these findings, we are able to

explore and further study other fundamental problems in glass formation.



Chapter 2

Modeling

Our findings are based on equilibrium molecular dynamics simulations of a com-
mon coarse-grained representation of polymer chains supported on a substrate
with variable surface roughness and interaction strength. Specifically, we consider
(i) a perfectly smooth substrate and (ii) an atomistically rough surface, where the
roughness is controlled by the lattice binding strength. Non-bonded monomers
and rough wall atoms interact with each other via a Lennard-Jones (LJ) potential,
where a “force-shifted” truncation is used at r. = 2.50;; [66] (with o being the

monomer diameter),

dViz(r
Var(r) = Via(r) = Vaa(re) = (r = re) = I (2.1)
where the LJ potential is defined as,
Via(r) = 4e | (ay/ry) " = (Uij/rij)ﬁ]- (2:2)

The index pair 7j distinguishes monomer-monomer (mm), wall-monomer (wm),
and wall-wall (ww) interactions. The LJ interaction is not included for the nearest

bonded neighbors along the chain. Bonded monomers are connected by a harmonic

14
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spring potential
Ubond - (kchain/2> (7" - 7’0)2 (23)

with bond length ro = 0.90,, to avoid crystallization (equilibrium distance)
and a spring constant kepaim = (1111)€mm /02, [38]. We use this harmonic bond
potential, rather than the often used finite extensible nonlinear elastic (FENE)
bond potential [67], due to crystallization that we find using the FENE potential
for films on rough surfaces. Ref. [68] has considered a more detailed study of this

phenomenon.

Figure 2.1: Schematic illustration of a polymer chain model supported on a smooth (top) or a
rough surface (bottom). Size of the monomers and the molecular wall atoms are not drawn to

scale.

For the perfectly smooth substrate, the interaction between a monomer and

the substrate is given by a “9-3” LJ potential,

2T

‘/smooth = ?ewmpwallang |:1_5 (7) - (7) :| 3 (24)

where z is the distance of a monomer from the wall and py.y is the number density

of wall sites. This is the same model that we studied in our previous work [39].



Chapter 2 - Modeling 16

To model the rough wall, we tether the wall atoms to the sites of triangular lattice
[(111) face of an FCC lattice] with a harmonic potential Uyan(7;) = (kwan/2)|7: —
Tieq|?, Where 7o, denotes the equilibrium position of the triangular lattice and
kwan is the harmonic spring constant [26]. We choose the equilibrium distance
between nearest neighbors to be 2'/6g,, where oyw = 0.800mm (which also sets
pwan for the smooth surface). We use various substrate interaction strengths €y,
between the rough surface and polymers, ranging from 0.4 to 1.0 €, (with a fixed
k = 100); we vary the roughness of the wall by changing the strength of the wall
rigidity from 10 to 100 (with a fixed €y = 1).

To study the dynamical changes in polymer films, we simulate systems with a
number of chains N, = 200, 300, 400, 600, 1000, or 1200 of 10 monomers. These
sizes correspond to thicknesses from approximately 6 to 32 monomer diameters.
Additionally, we simulate a pure bulk system at zero pressure that consists of 400
chains of 10 monomers each. All values are in reduced units where o,,,, = 1 and
€mm = 1, temperature in the units of €/kp (kp is Boltzmann’s constant), and time
in unit of \/mo?2 . /emm, where m is the monomer mass. In physical units relevant
to real polymer materials, € ~ 1 kJ/mol for a polymer (like polystyrene) with
T, ~ 100 °C, the time unit is measured in ps, and the length of a chain segments
o is typically about 1-2 nm.

We use rRESPA multiple timescale integration method to improve simulation
speed with 6t = 0.006 [69]. Molecular dynamics simulations are performed in the
canonical (NVT) ensemble (fixed number of particles, volume, and temperature).
To prepare a supported film, we melt a crystalline polymer film confined in two
impenetrable walls at a high temperature 7" = 5.0, until the crystalline polymer
turns to an amorphous polymer melt. We then remove one of the wall to create a
free-interface resulting a film with one attractive supporting wall (substrate). To

obtain simulation data, we simulate all systems in a temperature range 7" = 1.0-
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0.35, controlled by Noose-Hover method [66]. This temperature range covers
both Arrhenius (7" > 0.6) and non-Arrhenius behavior. In physical units, our
lowest simulation temperature corresponds to a temperature where relaxation
times 7 ~ 1-10ns. For each temperature T' polymer films are equilibrated for a
running time roughly 100 times of the relaxation time to avoid non-equilibrium

effects and to ensure the polymer melt is not in a crystalline state.



Chapter 3

Structural and Dynamical

Properties of Polymer Films

In this chapter, we first examine structural changes in films, since free volume
layer (FVL) suggests a connection between changes in dynamics and density. We
start by examining the T-dependence of density p and film thickness h followed
by evaluating the pair correlation function and structure factor. For dynamical
analysis, we first describe the correlation function used to evaluate relaxation
time in glass forming liquids and the T-dependence of relaxation time. Lastly, we

describe the string-like cooperative motion in glass formers.

3.1 Structural Properties

3.1.1 Temperature Dependence of Density and Film thick-

ness

We first examine density profile p(z), shown in figure 3.1(a). Near the solid sub-

strate (z = 0), we see strong density oscillations induced by the planar wall and

18
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Figure 3.1: (a) Representative monomer density profile of p(z) using a bin size 6z = 0.05 for a
supported film on a attractive surface for a range of 7" for film thickness h, = 15, corresponding
to about 30 nm in physical polymer units. It is apparent from p(z,T') that the thickness of the
film decreases on cooling. The inset shows density profile of monomer for various thicknesses
scaled by the bulk value. We see that the peaks are independent of film thickness and there
is a bulk like region far from the interfaces. (b) Temperature dependence of film thickness.
Thickness h is plotted relative to its low temperature limit hg, which demonstrates approximate

Arrhenius behavior. We use this Arrhenius behavior to estimate h(Ty).

a relatively more narrow and diffuse interface near the polymer free surface, just

as anticipated by the layer model. Upon cooling, the film thickness decreases, the
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overall density increases, the amplitude and the range of p oscillations near the
solid substrate increase, and the polymer free-surface interface becomes progres-
sively sharper (see figure [3.1). Based on the FVL model, p(z) suggests slowed
dynamics near the substrate, accelerated dynamics at the free surface, and a sim-
ilar scale for the range of density and dynamical changes.

We precisely define the film thickness h(7T") from this density profile. Specifi-
cally, we define film thickness h(T') as a distance from the substrate where p(z)
profile goes to 0.10. Other reasonable cutoff or using a fitting function [39] does
not affect our qualitative findings. The resulting h(T)) [Figure [B.1(b)] is well de-

scribed by an Arrhenius form
WT) — hyg = Ae” E/T. (3.1)

We extrapolate the Arrhenius fit to 7' = T, (determined from the dynamics de-
scribed Chapter [ to define the characteristic film thickness hy, = h(T,)}

3.1.2 Pair Correlation Function ¢(r)

The pair correlation function (or the radial distribution function) g(r) describes
the variation of density within a distance r from a reference particle. Mathemat-

ically, g(r) is defined as

g(r) = 47”2]\72 2D atr ). (3.2)

In films, it is useful to evaluate the pair correlation function in the direction

parallel to the substrate, i.e. g(r!l), as a function of distance z from the substrate.

Hence, we write
g(r”) = 0[225(7’” —ryj)}, (3.3)

n figures, reported values of h, are rounded to the nearest integer values.
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Figure 3.2: Pair correlation function g(r) of a film with thickness h, = 15 at T'= 0.45. Inset

shows g¢(r) for various temperatures ranging from 7'= 1.0 to 7' = 0.42.

where C' is a geometry-dependent normalization factor. In this section, we will
only show the T-dependence of g(r) for a film supported in a rough surface.
In Chapter [5, we will use g(rll, z) extensively to examine local properties films
supported on different surfaces.

Figure[3.2|shows (i) g(r) vanishes as r — 0 due to the exclude volumes between
particles (ii) g(r) — 1 with small oscillations at large r due to the weak long-range
order particle interaction. The oscillatory behavior becomes more prominent for
low T, as particles pack closer at lower 7. The first peak of g(r) locates the
nearest neighbor. For particularly low 7" < 0.6, g(r) exhibits two peaks that
are close to each other at around r = 1. The first peak corresponds to the

bonded-interaction (with an equilibrium distance at » = 0.9) and the second peak
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corresponds to the non-bonded Lennard-Jones interaction (with an equilibrium

distance at r = 21/6).

3.1.3 Structure Factor S(q)

250 — T=1.0 -
F T=0.8 N
— T=0.6
[ — T=0.5 ]
2 — T=0.45 -
+ — T=0.42 B

o5

Figure 3.3: Structure Factor S(g) of a film thickness hy = 15. S(¢) becomes sharper as we
decrease temperature. The peak is located at ¢ = 7.0, which corresponds to the scale of first

neighboring. Sharpening in S(q) indicates increases in ordering in the liquid.

g(r) is often determined indirectly via its relation to the structure factor func-
tion S(g). This is so, because S(¢) can be measured experimentally using neutron
or X-ray scattering. S(q) is defined as time-independent density-density correla-
tion function, which is proportional to the scattering intensity. As a first step, we

write the particle density function in position space as

) = S8 7), (3.4)
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of which we can take Fourier transform and obtain
o) = - 3 e (35)
N - ’

which is now in a momentum space. Since, as mentioned perviously, S(¢) =

<p* (@) p(q) > , we obtain

1 o o
S@ =1+ > el (3.6)
J#k

where we split the double sum into j = k part and j # k part. Replacing the sum
in equation ([3.6)) with the integral, together with density correlation function g(r)
we obtain the desired relation between structure factor S(q) and the correlation

function g(r) as

-

ﬂ®=1+p/e*wwx (3.7)

\%4

In an ideal gas system with no interaction, S(¢) = 1 for all ¢, as the second
term of equation equals to zero. Liquids are isotropic, thus we need not
examine the vector dependence, and focus only on the magnitude ¢ = |g]. In
our polymeric liquid, S(g) has a peak at ¢ = 7.0, shown in figure . This peak
corresponds to the length scales of the first neighboring as observed in g(r) (see
figure 3.2). Figure shows that intensity of S(q) increases with decreasing T’
indicating that particles become more ordered. Measuring S(¢) is important in
our analysis because we can check occurrence of crystallization (high periodicity).

If in crystalline state, sharp peaks should be observed in S(q).
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Coherent Intermediate Scattering Function F(qo,t). F(qo,t) shows exponential

decay at high T. At low T', two step relaxation occurs where F(qg, t) no longer can be expressed

in simple exponential decay. The first relaxation correspond to vibrational relaxation and the

other relaxation corresponds to diffusive relaxation.

3.2 Dynamical Properties

3.2.1 Intermediate Scattering Function F'(q,t)

To characterize the dynamics in polymer films we evaluate a characteristic time

T, a time scale where in equilibrium the system is fully relaxed structurally. We

quantify this time scale using Intermediate Scattering function (ISF). The ISF is

defined as time-dependent density-density correlation function given by

Roughly speaking, ISF measures the time evolution of liquid’s structure. For-
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mally, ISF [denoted by F(q,t)] is given by

Flg.1) = (0" (@ 007 0)) (39

where N is the particle number. Using definition of p(¢) from equation with

additional time factor we can write

1 —iq. [ (8)— 7
F(q,t) = NS(q)< Z et [k (t) J(O)}>7 (3.9)

where 7 () is the position of the particle k at time ¢ and ¢ is the wave vector.

S(q) is the structure factor given by equation and so that at t = 0, F(q,t)
is normalized to 1. Specifically, we choose |q| = qo, where g = 7.0 is the peak of
S(q). Choosing qo with the highest periodicity results largest relaxation time since
the de Gennes narrowing hypothesis tells us that 7(¢q) ~ S(q)/q*. Specifically, we
define the characteristic time 7 by F'(go,7) = 0.2.

Figure shows F'(qo, t) of film thickness h, = 15 for various temperature. At
high temperature, F'(qo, t) can be expressed as a simple decaying exponential func-
tion, which is commonly observed in simple liquids. At low temperature F'(qo,t)
exhibits a two step relaxation. The first step relaxation is commonly related to
vibrational relaxation and the second one is commonly related to structural re-
laxation. The structural relaxation can be expressed as a stretched exponential

function,
F(q,t) ~ exp[ - (t/T)’B], (3.10)

where 3 typically ranges from 0.3 to 1.0. This two step relaxation is often asso-
ciated with “caging” of monomers , a scenario in which a particle being trapped
by its nearest neighbor. Several studies have indicated that 5 can be related to
fragility in glass forming liquid [70} [71]. However, in this thesis, we will not ex-

amine 3 in relation to the glass formation. We instead study the glass transition
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and fragility from the cooperative behavior of monomers within the films. The

temperature dependence of 7 will still be discussed in Section [3.2.3]

3.2.2 Incoherent Intermediate Scattering Function Fy(z, ¢, )

1 \H\‘ \\\\\H‘ T \\\H\‘ T \\\H\‘ \\7
L --- Near Substrate
— Film Center
0.8l A *— Near Free Surface _|
) N\ O Bulk
—~ 0.6
=
=)
o L
N
LL
0.4
0.2 f=r v e B ETEETTTEPPPPPPRPRTTERPR
0 kel Ll T T ® DOFRR
10 10" 10° 10" 10°

Figure 3.5: Fis(2,qo,t) of film thickness hy, = 15 at T' = 0.6 decomposed into layers as
a function of distance z from the supporting substrate. Specifically, we decompose films into
layers with a width 6z = 0.875 based on layering density profile. In substrate region with
a relatively strong interaction, monomers are relaxed much slower than the film center. In
contrast, at the free-surface, monomers are diffused relatively much faster than the film center.
Monomers at film center, where monomers are not perturbed by surfaces, relax closely to the

bulk’s relaxation.

Films are highly heterogenous due to interfacial effects, and, therefore, it is
useful to evaluate the dynamics locally. We use the self or incoherent Fi¢(z, q,t)

part (i.e. 7 = k) of equation (3.9), on the basis of the position z of a monomer at
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t = 0. We define the relaxation time 74(2) by Fi(2, qo, 75) = 0.2.

We evaluate F'(qo, t, z) of films with the partitioning interval 6z = 0.875 for all
temperatures based on the layering density profile [see figure 3.Ij(a)]. Smaller or
larger value of dz does not affect our qualitative findings. Figure shows the
typical Fir(qo,t) within the film. Near the free surface, monomers are relaxed
much faster in comparison to the film center which is close to the bulk relaxation.
In contrast, near the rough surface monomers relaxed at a greater time indicated

by the two-step relaxation process.

3.2.3 Temperature Dependence of Relaxation Time 7 and

Glass Transition temperature 7,

In a simple liquid, the 7" dependence of 7 is usually described by the Arrhenius
equation,

(3.11)

=26

ksT
or Eyring equation [72]. In the transition state theory, AG is the free energy of
activation, the required energy for a particle to relax into another configuration. In
the glass forming liquid, this Arrhenius behavior no longer holds at temperatures
below an onset temperature called Arrhenius temperature, Ty.

In this non-Arrhenius behavior regime, many unusual behaviors have been ob-
served such as the occurrence the two-step relaxation of the ISF and the par-
ticle clustering [49, 55, [73]. Many theories have been proposed to explain this
‘super Arrhenius’ behavior such as MCT [70, [7I] and AG theory [47]. The non-
exponential growth of 7 in many glass-forming liquids can be described by the

empirical Vogel-Fulcher-Tammann (VFT) equation,

7(T) = moeP /1), (3.12)
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Figure 3.6: Temperature dependence of relaxation time 7(7') of a film with thickness h, = 15.
The symbols represent simulation data, dotted red and solid line represent the fitting using the
Eyring equation and the VFT equation . Inset shows the Arrhenius behavior of 7
above Ty = 0.6. Below Ty, T-dependence of 7 transition into ‘super Arrhenius’ behavior which

is well described by the VFT equation 1)

where Tj is the temperature where 7 diverges on extrapolation.

In experiments, T, is often defined as 7" at which the relaxation time reaches
100s [9], and we adopt this simple criterion here. Specifically, we fit our simulated
data for Ty < T < T to the equation to obtain extrapolated value 7 =
100s. Figure [3.6] shows how the T dependence of 7 is well described by VFT
equation for T" < Th = 0.6 and by the Arrhenius equation for
T >Tha.
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3.2.4 Fragility m

As noted earlier, the breadth of glass transition temperature varies for different
glass formers. T} itself does not provide enough information for comparing changes
in dynamics toward 7, of different glass formers. Therefore, in order to study
glass-formation, we also need to evaluate fragility m defined as the rate of change
of relaxation time (or viscosity) as a function of temperature. We use the most
common definition of fragility defined as the slope logarithm of the relaxation time

at temperature 7" near 7,

Olnt
m(T,) = 0T

oT/T,) (313)

Tg
We evaluate fragility m using the fit of equation (3.12). Using equation (3.12)),

we obtain an explicit expression of m

DT

" T

(3.14)

Iy

For film thickness h, = 15 supported on a rough surface, we obtain D = 1.80, Tj, =
0.328, and 79 = 0.494. And according to equation , we found the estimated
fragility to be m = 635. Experimentally m is often found to be proportional to 7T},
for polymers [74]. However, measuring fragility in more detail becomes important
in analyzing polymer films, because competing effects between substrate and free-
surface may result in a non-monotonic dependence of thickness on overall 7, and
m. That is, at some critical thickness where interfaces are dominant, 7, and m is

no longer proportional to each other [39].

3.2.5 String-Like Cooperative Motion

Glass formers are dynamically heterogenous, typically manifested by spatial corre-

lations of mobility. Several studies have found the existence of cluster formation
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Figure 3.7: (a) Average strings length L(t) of film thickness hy = 15 for various T'. The peak
of L(t) and the characteristic time ¢ required for monomers to form the longest average strings

length increases with decreasing T'. (b) Temperature dependence of the of peak of L(t).

of the most mobile particles, and the found that subsets within these clusters
move in quasi-one-dimensional path replacing one another in a string-like fash-
ion [47, 5659, [75]. Studied by Ref. [55], mobile particles in our system typically
account 5-7% of particles below Ts. Accordingly, following Ref. [55] we select
most mobile particles as 6.5% of the particles with greatest displacement over

time ¢.
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Significantly, several works [55] [60) [61), [76] indicate that this string size may
offer a molecular realization of CRR. Accordingly, we evaluate the average size
of string-like cooperative motion, L(7T'). We evaluate L(T') following the methods
described in Ref. [50], 55]. Specifically, mobile particle i and j are considered to

be in the same string if
mm[m(t) - r;-<0)|] and mm[yr;(t) - ﬁ-(O)]] <4 (3.15)

This is to say, if particles ¢ and j satisfy the conditions in equation , the
particle ¢ moves from 7;(0) to 7;(t) in time ¢, while the other particle j moves from
to 75(0) to 7;(t) within a radius . Specifically, we choose § = 0.3025 to avoid
unambiguous replacement [50].

Figure (a) shows the time-dependent of average strings length L(t) of film
thickness h, = 15 for various 7. L(t) exhibits a maximum for each temperature;
the time required to reach this maximum as well as the value of this peak grow with
decreasing temperature [shown in figure [3.7(b)]. The growth of average strings
length upon cooling implies increasing cooperativity is at work in actualizing the

growth of CRR, supporting arguments proposed by Adam and Gibbs [47].



Chapter 4

Glass Transition and Fragility in

Polymer Films

In this chapter we examine the T" dependence of overall dynamics characterized
by relaxation time 7 for films with various thicknesses supported on rough or
smooth surfaces. Then, we contrast the thickness dependence of T, and m on
films supported on a rough and smooth surface. Further, we examine the overall
changes in 7 of films with variation in polymer-substrate interaction ey, and
surface rigidity k. Lastly, we evaluate the surface factor (€y,, and k) dependence
of T, and m and see how film thickness can complicate both the resulting 7}, and

m.

4.1 Thickness Dependence of 7, and m on Films
on Rough vs. Smooth Surfaces

In this section, we investigate the overall changes that occur in glass formation

process of polymer films supported on the rough or smooth substrate. Specifically,

32
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Figure 4.1: Effects of film thickness and structure of the supporting surface on glass transition
temperature Ty, and fragility. The 7' dependence of relaxation time 7 of a bulk system and
two representative film thicknesses supported on a rough (a) or smooth (b) surface. In this T
range, it is apparent that relative to the bulk 7 increases as we decrease the thickness of the
film supported on rough surface relative to the bulk, while films supported on smooth surface
shows an opposite behavior. (c) Relative T, and (d) fragility m to the bulk as function of film
thickness. Both T, and m of films supported on rough surface increases while T, and m of

smooth surface decreases as we decrease film thickness.
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we vary the thickness of the polymer film, where the supporting wall shares the
same wall-monomer interaction (€y, = 1.0). The main focus will be to discuss
the differences between the smooth and the rough surfaces.

Relative to the bulk system, the relaxation time 7 of polymer films on the
smooth surface decreases as we decrease film thickness, and these deviations
become more pronounced as we go to lower 7', consistent with previous stud-
ies [38, 39 [see figure [1.1(b)]. However, we find an opposite behavior for the
rough surface, as noted in Ref. [77, [78]. We see that the dynamics change more
rapidly with 7" for thinner films resulting in a higher relaxation time relative to
the bulk system [see figure [4.1)(a)]. Importantly, the roughness of the surface al-
ters the overall dynamics, even for identical wall-monomer interaction strength for
the smooth and rough surfaces. We estimate 7, by fitting our data with Vogel-
Fulcher-Tammann (VFT) equation in equation (3.12). We adopt the commonly
defined T, as as T at which the relaxation time reaches 100s [9]. Figure (c)
shows that, relative to the bulk, T, of polymer films on the rough surface increases
with decreasing film thickness, while for the smooth surface systems, 7}, decreases
with decreasing film thickness.

The variation in T" dependence of relaxation is quantified by fragility m [see
equation (3.13))]. We evaluate fragility m using the fit in equation (3.12)). In
figure [4.1)(d), we see that relative to the bulk, films on rough surface become more
fragile as we decrease thickness, which is apparent from the increasingly rapid
variation of 7(T') [figure [4.1[a)]. In contrast, the fragility of polymer films on the
smooth surface increases with decreasing film thickness.

Experimentally, T}, is often found to be proportional to m [74]. We also find a
correlation between T, and m for both surfaces, but this relation is not strictly
proportional. Note that the films supported on a smooth surface may have a

non-monotonic thickness dependence of 7T, and m on thickness. Specifically, our
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recent work [39] showed that T}, or m decreases with decreasing film thickness up
to some critical thickness, but then 7}, increases for very thin films as interfacial

effects become dominant.

4.2 Dependence of T, and m on Substrate Inter-
action and Surface Rigidity

Substrate roughness is clearly relevant to the film dynamics, but there are other
evident relevant variables. We investigate the dependence of dynamics on the
interfacial interaction strength as well as rigidity of the rough substrate. First,
we examine the role of surface interaction strength. Figure (a) and (b) show
how relaxation time for two representative film thicknesses changes as we vary the
interaction strength €y, between the rough wall and the polymers. The overall
changes in dynamics result from the competing effects of the substrate and free
interface, so that the relaxation time can be higher or lower compared to the bulk.
As we have established before, the free surface decreases the relaxation time while
a substrate with a relatively strong interaction increases relaxation time. Thus,
for a given thickness, 7 decreases with the decreasing interfacial interaction.

We find a similar effect when varying the stiffness k of the bonds describing the
substrate stiffness. Specifically, increasing the flexibility of the substrate atoms
(decreasing k) results in a smaller 7 [figure |4.2| (¢) and (d)]. Evidently, monomers
near the wall are less constrained, since the substrate atoms are more flexible.
The complete local analysis of the dynamics will be discussed in Chapter [5l By
comparing figure (a) and (b) as well as (c) and (d), we can clearly see that
the surface interaction or the flexibility of the substrate have greater influences on

the thinner film, which is expected since the thinner film has a bigger interfacial
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[(c) and (d)]. In general, dynamics are enhanced as we decrease the interfacial strength or the

molecular-wall stiffness.

surface-to-volume ratio.
We next evaluate the resulting dependence of the glass transition temperature

T, and fragility m on the interfacial interaction strength and rigidity of the rough
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Figure 4.3: Dependence of the relative T, and m of three representative film thicknesses on

interfacial strength ey, ((a) and (b)) and surface rigidity & ((c) and (d)). For thinner films, the

range of T, and m is wide due to the larger surface ratio.

surface. Figures (a) and (b) show how T}, of three representative thicknesses

change with varying surface interaction ey, at a fixed rigidity £ = 100. Generally,

increasing the polymer-substrate interaction increases both T, and m as monomer

dynamics near the surface presumably become progressively slower. These gen-
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eral trends of a decreasing T, with decreasing interfacial interaction have also been
observed both in experiments and computational works [I8] 24], 64, [65]. This de-
pression of fragility is also consistent with the findings in a free-standing film [27],
which formally takes eym — 0. Clearly, the dependence of T, or m on the sur-
face polymer interaction becomes more significant for thinner films, indicated by
a steeper variation of T, or m with €y, as shown in figure .

We found similar trends of 7T, and m for varying substrate rigidity. That is,
increasing surface rigidity & at fixed substrate interaction strength (ey, = 1) in-
creases both T, and m. It is interesting to note that there appears to be a nearly
fixed point for 7, and m as function of €y,. Specifically, for € >~ 0.9 (k = 100)
or k ~ 75 (eym = 1) T, and m, are independent of film thickness. We emphasize
that this does not mean there is no change in local dynamics, but rather that
there is a precise balance between the dynamic enhancement at the free surface
and the slowing down of the dynamics at the substrate. This finding is reminis-
cent of compensation effect of the self-excluded volume interaction of polymers in
solution near the theta point, where the measured properties of polymer become
independent of the solvent.

Both results potentially offer us insights into how T, changes in multilayer
films, which are “stacks” of polymer films with different species characterized by
different flexibility, inter-polymer interaction, or molecular weight (different 7).
Multilayer films experiments by Torkelson and co-workers have shown that differ-
ent layers within a multilayer may have different 7}, depending on the properties
of neighboring layers [46]. Here we emphasize that changes in dynamics do not
necessarily arise from the interfacial interaction strength alone; changes in the
rigidity of the interface (e.g polymer films placed on polymer substrate having
same interaction, but having different molecular flexibility which is commonly

characterized by different 7}) and interfacial roughness introduced in fabricating
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the polymer layers are also potentially relevant.



Chapter 5

Local Structural and Dynamical

Changes in Polymer Films

In Chapter [, we have already shown that the overall dynamics of polymer films,
characterized by the glass transition temperature 7, and m, can be altered sig-
nificantly by changing relevant variables such as, film thickness, surface rough-
ness, interfacial interaction strength and surface rigidity. Conceptually, any local
changes in dynamics contribute the overall changes. We should be able to un-
derstand the dependence of the relevant parameters on 7, and m by examining
the local dynamics. In particular, free volume layer (FVL) picture suggests a
connection between changes in structure (i.e density) and in dynamics.
Specifically, in this chapter we examine the local changes in structure and dy-
namics for film with various thicknesses supported on a rough or smooth surface,
as well as films supported on substrates with different surface interaction €y,
and surface rigidity k. We show that no significant changes is observed in struc-
ture, evidenced in the monomer density and pair correlation function analysis,

despite great changes is observed in film dynamics characterized by relaxation

40
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time obtained via Intermediate Scattering Function. This results suggests that
free volume layer picture is inadequate in explaining changes in dynamics. Fur-
ther, by obtaining local relaxation time within the films we are able to evaluate

T, and fragility m variation in polymer films.

5.1 Structural Changes

To understand the observed overall changes in T;, and fragility m, we resolve both
structure and dynamics locally, since the changes in the film as a whole should be
manifested by its local properties. The details of the analysis measuring monomer
density p, pair density correlation function g(r), and other relevant quantities can
be found in Chapter [3]

We first contrast the local dynamics and monomer density as functions of dis-
tance z from the substrate boundary of rough or smooth surfaces with €y,5 = 1.
We evaluate both monomer density p(z) and local relaxation time 745(z) with a
bin size 0z = 0.875. In figure (a), we observe that the monomer density
near either surfaces increases slightly, and has a steady value through most of the
film (2 < 13). The density drops down to zero over a narrow window at around
z ~ 15 + 2 transitioning to the free surface region. At the center of the film, the
density has a value close to that of the bulk. We note that the density profile
of the film on smooth surface is essentially identical to that of the film on rough
surface.

This time, we investigate the local structure parallel to the substrate by eval-
uating the density pair correlation function g(r) [figure (b) and (c)]. Far
from the substrate, g(r|) of both systems are identical as the monomers are com-
pletely unperturbed by the substrate, shown in figure (c). Near the substrate
[see figure (b)] , we see that there is a slight difference in the local structure.
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Figure 5.1: (a) Monomer density profile p(z) of a film, h, = 15, supported on rough or smooth
surface using bin size dz = 0.875. Density pair correlation in parallel direction g(r)) near
the substrate (b) and at the film center (c). Near substrate g(r||) between two surfaces show
differences even though it is not significant. Monomers near the rough surface are slightly more

packed and have better long-range ordering in comparison to those near the smooth surface.

Here, g(r)) of the rough surface carries somewhat higher peaks, showing that the
monomers near the rough surface are more ordered in comparison to those near
the smooth surface. In addition, there is a weak long-range ordering of monomers
for the rough surface, potentially induced by the periodicity of the wall atoms.

Since the overall dynamics of rough and smooth substrates differ significantly, it
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is clear that the free volume and structural based interpretations of T, changes

are inadequate.

5.2 Local Changes in Dynamics
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Figure 5.2: Relaxation time 7 as a function of distance z from the substrate. Although
the averaged densities of the two systems (rough and smooth surfaces) are identical, the local

dynamics is clearly distinct from one another, particularly near the the substrate.

We next examine the local film dynamics. Figure [5.2 shows that the dynamics
of the film on a rough or smooth surface are nearly identical from the center of
the film to the free surface. However, there are large differences of relaxation
time near the substrate. The local relaxation time 74 increases close to the rough
surface but decreases in the case of the smooth surface. The enhanced dynamics
near the smooth surface is a consequence of the fact the monomers can “slide”
along the substrate due to its smoothness (see Refs. [39, [79]). This effect is non-

existent for a rough surface. In contrast, the relaxation time increases near a
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rough surface, presumably because of a relatively strong interaction, as have been
observed in a number of computational studies including those that investigated
binary Lennard-Jones liquids or a bead-spring model of polymer melt [25] 26, [77,
78]. We, therefore, conclude that surface roughness is a decisive parameter for the
polymer film dynamics. Hence, the surface roughness factor must be controlled

carefully for consistent results.

5.3 Local Structure and Dynamics with Vari-
ation in Substrate Interaction and Surface
Rigidity

We revisit our analysis of both film structure and dynamics to further confirm
our arguments about the role of interfacial changes on the overall dynamics. Fig-
ures [5.3| (a) and (¢) show how the monomer density p(z) responds to the changes
in the interfacial strength €, or rigidity k& of the wall. Far from either substrate,
p(z) has a steady value close to the bulk. In general, the density near either sub-
strate increases slightly as we increase €y, or k. Only at very low rigidity (k = 10)
we find considerable changes in the local density: p(z) has a value close to the
bulk value except at the region very close to the substrate. This most flexible
wall, low rigidity, can be thought of as an amorphous solid wall that does not
perturb the film much, because such a wall can adapt its structure to that of the
deposited film.

Similar to our findings in comparing rough and smooth surfaces, we find sub-
stantial changes in local relaxation time 7, at the surface as a function of €y, or
k, despite no significant changes in the local density as ey, and k are varied [see

figure . This again confirms the limitations of a free volume based interpre-
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Figure 5.3: Variation monomer density profile p(z) and local relaxation time 75 as function
distance z from the substrate with varying polymer-substrate interaction €y, ((a) and (b)) or

surface rigidity & ((c) and (d)).

tation of thin film results. Local relaxation time 75(z) generally decreases as we

decrease ey, or k. Weaker interfacial interaction allows monomer to avoid caging
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near the attractive substrate. Likewise, decreasing wall rigidity allows monomers

to move freely, since the wall atoms are not strongly localized.

5.4 Local T, and fragility m

A convenient way to parameterize local dynamical changes is to use the local
dependence T, and m as functions of distance z from the substrate, based on T’
dependence of 7,(z) [see figure 5.2]. We estimated Ty(z) and m(z) following the
procedures described in Section [3.2.3 and [3.2.4] Figure (a) shows that T,

increases near the substrate for rough films, reflecting the fact that 7, increases
near the attractive substrate. Near the free surface, T, decreases due to the
enhanced mobility of monomers at the free surface boundary. For relatively thick
films, there is a substantial region in which 7} is close to that of the bulk value,
a scenario where the film thickness is large compared to the perturbing scales of
the interfaces [39]. T, is often found to be proportional to m, as it is observed
in the overall dynamics. However, we do not see this proportionality between the
local T, and m. Specifically, m decreases approaching the rough surface while 7,
increases. This opposite trend has also been observed in polymer-nanoparticle
composites [61].

Figures (c) and (d) contrast the local variation of T, and m for rough and
smooth surfaces of a relatively thick film, h, = 15. In contrast to the increasing
T, of polymer films near the rough substrate, Tj of smooth surface decreases
as it gets closer to the smooth surface, which is consistent with our findings of
variations of 7y shown in figure Note that T, and m are depressed for films
supported on the smooth surface, even at the middle of the film, a scenario where
the perturbing scales of both interfaces become comparable to film thickness,

meaning that effectively the entire film is affected by both interfaces.
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analogous figures for rough and smooth surfaces for one film thickness h, = 15. Near the free
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film supported on a rough surface, but decreases for a smooth surface.



Chapter 6

String-like Cooperative Motion
and Adam-Gibbs Theory

From the discussion in Chapters [4] and |5, there are a variety of factors that can
alter the dynamics of thin polymer films, including film thickness, roughness, the
polymer-boundary thermodynamic interaction and the stiffness of the boundary.
Impurities introduced from the film casting process and possible heterogeneity
in the substrate interfacial chemistry due to, e.g., substrate oxidation, are also
known to be relevant [27]. These effects are clearly all significant and the observed
changes of the film dynamics indeed involve the convoluted effect of all these
relevant variables. Clearly, we need some organizing principle that could be used
to reliably understand all these factors influencing film dynamics, which could
be used conceptually to guide the development of polymer films with rationally
engineered properties.

In Chapter |5| and in our previous studies [39], we have shown the limitations
of using density or ‘free volume’ as an indicator of dynamical changes. The more

suitable perspective on the dynamics of glassy materials put emphasis on the
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importance of collective molecular motion in relation to understanding rates of
structural relaxation. In this chapter, we explore this particular perspective to
obtain a unified understanding of the diverse dynamical changes that we observe
in polymer films subjected to various combinations of surface roughness, stiff-
ness, and boundary interaction. This exercise will serve as a further test of the

predictive power of the entropy theory of glass-formation.

6.1 Adam-Gibbs Theory

From a theoretical perspective, the arguments by Adam-Gibbs (AG) [47] provide
a framework for understanding how the scale of cooperative motion relates to the
time scale of structural relaxation. This was described qualitatively in Chapter [I]
More specifically, according to the AG theory, the activation Gibbs energy is

extensive in the size of CRR, so 7 may now be written as

(6.1)

7(T) = Toexp {Z AG} ,

kgT
where 7y is the high temperature limit of relaxation time, z* is the number of
particles involved in a cooperatively rearranging region (CRR), kg is the Boltz-
mann factor, T is the temperature of the system, and AG is the activation free
energy at high temperature. We note that at high temperature the particle mo-
tion should be independent of any cooperative behavior. This requires that z*
equals a constant at high temperature limit (AG originally assumed that z* ~ 1
at high temperatures, corresponding to completely uncooperative motion, but a
constant value of z* is all that is required to recover Arrhenius dynamics at high
T).

Recent simulations have shown that despite the rather heuristic nature of the

original arguments by AG, equation (6.1) with z*, which is identified specifically
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with the average extent of cooperative string-like particle exchange motion, pro-
vides a good description of the temperature dependence of the structural relax-
ation time in polymer melt simulations, even under the case when nanoparticles
have been added to tune the fragility over a wide range [39] 60}, 61]. In this chapter,
we, for the first time, test the predictive capacity of the AG relation prescribed
by equation for the case of ultra-thin supported polymer films. Riggleman
et al. [27] have previously evidenced that the scale of collective motion becomes
diminished in free-standing film simulations based on a similar coarse-grained
model to the present paper. According to Ref. [27], the fragility of polymer film
tends to become reduced for specific boundary conditions and the film thicknesses
considered in our study, in qualitative accordance with the expectations from
equation . We therefore perform a quantitative test of equation (6.1)).

As a first step, we consider the activation free energy AG. The activation free
energy AG from even the simple Eyring transition state theory [72] contains both
enthalpic AH and entropic AS terms, namely AG = AH — TAS, although the
entropic term has often been neglected from consideration. However, in recent
work on polymer nanocomposites [61], this term was found to be important. We,
therefore, retain the entropic term in the present analysis; as we shall see, this
term apparently plays a significant role in understanding confinement effects in
thin polymer films. In fact, Truskett and coworkers [80] take the entropy term
to be the primary factor in the dynamics of dense fluids, so far as to neglect the
enthalpic term in AG based on the assumption that the repulsive particle inter-
actions predominate the inter-particle interactions. This seems reasonable at a
first glance, but the common observation of Arrhenius temperature dependence
of transport properties and reactions in the condensed phase clearly shows that
the enthalpic contributions to the free energy barrier of transport can as well

be relevant [60, 61]. Indeed, as a matter of fact keeping both the entropic and
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enthalpic terms will turn out to be crucial in our analysis. This is so, because
these free energy variables vary with film boundary conditions and film thick-
ness. Appendix discusses these variables and their expected variation in thin
films.

AG are vague about the specific geometrical form and polydispersity of the
CRR, and offered no viable computational algorithm for finding these struc-
tures [47]. However, recent computational studies [55] [60, 61], R1] have identified
cooperative particle motion in the form of string-like units that grow in propor-
tion to the activation free energy on cooling. The mean mass (length) L of these
‘strings’ has been found to give us a quantitive estimation of z* in the AG theory,
so this string model together with the available quantitative estimation of z* goes
beyond the original heuristic reasoning of AG. These dynamic polymeric struc-
tures have an exponential size distribution and statistical geometry of branched
polymers [55], and recent work has shown the string properties can be quantita-
tively described by an equilibrium polymerization theory [81]. The analysis of the
dynamics of our thin polymer films is then based on the string model of structural

relaxation, in which 7 is described by the AG inspired relation
L(T
7(T) = Toexp %(AH —TAS)|, (6.2)

where AH and AS are the familiar temperature independent activation energy
parameters of transition state theory [72]. The applicability of this relation to all
of the different polymer film conditions described provides a rather stringent test
of this view on glass formation because of the wide range of fragility variations
these films exhibit. It is not clear a priori whether such a model should apply
effectively to such a generally inhomogeneous material. Previous success in ap-
plying equation to polymer nanocomposites with the highly variability in

fragility [61] suggests that the model might well apply, since nanocomposites are
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also rather structurally inhomogeneous. One issue that must be confronted when
treating thin films is that the energetic parameters AH and AS should change
from their bulk values in films or, for instance, when additives such as nanoparti-
cles are added to the polymer fluid. This is an important effect even without any
consideration of collective effects on the relaxation dynamics We next compare
our simulation data to this relation and check the physical sensibility of the fitted

values of the energetic parameters.

6.2 Scale of Cooperative Dynamics L

As the first step toward testing the relationship between the scale of cooperative
motions in polymer films and relaxation, we must evaluate the string size L(T),
following methods described in the previous works [82, [83]. Specifically, we select a
set of most mobile particles as the top 6.5% of the particles with greatest displace-
ment over time ¢. The details of identifying these strings and the T-dependence
of L over time ¢ are discussed in Section [3.2.5] In this section, we focus on how L
changes with respect to boundary effects.

Figures [6.1] (a) and (b) compares the T" dependence of L of films with distinct
thicknesses supported on a rough or a smooth substrate. For a given film thickness,
L is larger and grows faster for the film supported on a rough surface, which is
qualitatively consistent with the 7" dependence of relaxation time 7 [see figure
(a) and (b)], characterized by the changes of fragility [see figure [4.1[(d)]. Similarly,
the variation of L(T') with interfacial interaction strength €., or substrate rigidity
k, shown in figs. [6.1] (c) and (d), also qualitatively captures the 7" dependence of
relaxation time [see figures (b) and (d)]. This qualitative similarity suggests
that we can predict changes in fragility from the variation of L(T) as found in

previous works [27), 60], 61].
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Figure 6.1: Average string length L as a function of 1/T. Shown in (a) and (b) are the
dependence of L on T for different film thickness hy = 15 for (a) and hy, = 6 for (b). Note
that both (a) and (b) have two separate cases where films are introduced to either a rough
(circles) or a smooth (squares) surfaces. The different 7" dependences of L for the different
polymer-substrate interaction ey, and for different substrate rigidity k are shown in (c) and
(d), respectively. The variation of the T' dependence of L captures the T behavior of structural
relaxation time 7 with varying the relevant parameters (see figure and figure . This
qualitative consistency shows the applicability of AG theory employing cooperative dynamics,

characterized by L, in quantifying the T' dependence of 7, characterized by fragility.
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6.3 Analysis of Collective Motions as an Orga-

nizing Principle for Thin Films Dynamics
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Figure 6.2: Linear collapse of structural relaxation time 7 with the average strings size L for
(a) various thicknesses and (b) various polymer-substrate interactions or surface rigidities. The

data are scaled with parameters AH, AS and 7, from the fitting AG relation equation 1)

Now that we have L for all conditions, we can test the applicability of the AG
theory in equation (/6.2)) to quantify the dynamical changes with varying film thick-
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ness, polymer-substrate interaction, or substrate rigidity. Figure (a) shows the
collapse of all data points in one universal line holds for all film thicknesses sup-
ported on a rough or a smooth substrate as well as a bulk systemﬂ The qualitative
collapse is amazing. In figure (b), we show an equivalent plot of a representa-
tive film supported on a rough substrate, this time collapsing various interfacial
interaction or substrate rigidity on to a single universal line. The form of the two
collapse is identical between the figure panels, we only separate them for clarity.
This remarkable result shows that we can make a generalization in characterizing
all film dynamics, despite a wide range of dynamical changes due to film thickness,
polymer-substrate interaction, or surface rigidity, by relating structural relaxation
time with cooperative dynamics quantified by the average string length L. There-
fore, we appear to have identified the proposed organizing principle to rational our
thin film results. This result also supports the idea that the scale of cooperative
motions is proportional to AG(T'), showing that L is the molecular realization of
CRR.

It is important to understand the significance and the physical meaning of
the fit parameters in the AG relation. First, we consider the behavior of the
prefactor, 7... Treating this as a free parameter, we found that 7, varies by
several orders of magnitude, becoming as small as O(1077). Since 7, can be
interpreted as an inverse attempt frequency the existance of such small value at
first seems unphysical. Accordingly, we now explore a physical understanding of

this variation.

7o, AH and AS are obtained as fit parameters in equation 1'



Chapter 6 - String-like Cooperative Motion and Adam-Gibbs Theory 56

6.4 Influence of Confinement on Chain Confor-
mational Entropy

In this section we describe a framework for the variation of 7.,. We propose that
the changes in 7., can be associated with changes in chain conformational entropy,
which is controlled by the system size h (film thickness at any given temperature).
When polymer chains become confined on a scale comparable to the chain radius
of gyration R, the free energy of the polymer fluid changes in a way that is
significant in magnitude and universal in general functional form. This effect is
particularly significant for the chain conformational entropy since the number of
chain configurations depends strongly on the spatial dimension. In particular, it
is well known from chromatography applications [84] and modeling in the field of
rubber elasticity [85] that confinement changes chain conformational entropy by

a contribution that scales as a negative power of the confinement scale h,
AF, ~ —(R,/h)". (6.3)

We are particularly interested in the scaling exponent «;, which equals 1 for random
walk chains under physical condition in which the chain monomers occupy space
uniformly (reflecting boundary conditions). In particular, Dayantis and Sturm
found that o = 1 for Gaussian chains confined by with reflecting boundary (RB)
conditions, or v = 2 for absorbing boundary (AB) conditions [86]. They argue that
confined chains should obey AB statistics (o = 2) provided the confinement size
h > R,, and should obey RB statistics (o« = 1) when h ~ 2R,. At intermediate
h, one expects an intermediate behavior of a. This provides a physical way to
comprehend the behavior of 7.

Combining equation (6.2)) and (6.3]), we then obtain the extension of our bulk
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expression for 7 to describe relaxation in

L(T)

T = Too(bulk) exp {— (aRg/h)o‘} exp [T[AH(h) — AS(h)] (6.4)

where a and « are a constants that captures the thickness dependence of the
relaxation prefactor 7.,. Thus, while chain confinement has a limited effect on
the localization of T} [39], chain confinement should affect the rate of relaxation
by influencing the basic energetic parameters of activated transport. In general,
that parameter a is unspecified by our general scaling analysis can be expected
to depend on boundary roughness and the polymer-surface interaction strength.
The energetic parameters must also depend on chain length, but our simulations
in the present work are limited to a constant chain length. In the limit of film

thickness h — oo, we must recover by consistency the bulk AG relation,
7(T) = 7o (bulk) exp #(AH —TAS)|. (6.5)

For the case of a polymer melt, we expect o ~ 1 as a reasonable model for
uniform density polymer films and, based on our discussion above, we take this
scaling relation to also apply to the activation free energy AS(h) of our thin poly-
mer films as a function of film thickness, h. Similar reasoning applies to shifts of
second-order phase transitions which can also be understood quantitatively from a
shift in activation entropy of random walk and self-avoiding walk chains [87].

For our films, we must therefore consider the nature of interfacial interactions
at each boundary. The behavior of the free surface is known to be very similar
to that of a hard, impenetrable wall. We have previously shown that the smooth
wall — even with attraction — shows the same interfacial changes. Thus, we would
anticipate that the smooth substrate should obey RB statistics (o« = 1). For
the rough substrate, the interfacial dynamics are changed opposite those of the

smooth substrate. Thus, the rough surface might be expected to be more like
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the AB statistics. However, the rough substrate is in competition with the free

boundary, potentially resulting in some intermediate behavior (1 < a < 2).
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Figure 6.3: (a) The collapse of 7o (hy) as function of the inverse of hy. The data are scaled with

Too (bulk), b’ = a x Ry, and a. a and « are obtained from fitting our data to equation (6.4). (b)

Variation of AH and AS for different film thicknesses, surface roughness, interfacial interactions,

and substrate rigidities. The slope defines compensation temperature Tcomp = 0.18.

For our films, R, is relatively constant for all film thicknesses. We can also ne-
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glect the T" dependence of film thickness, since thickness does not vary significantly
with 7. We choose h = h, as the confinement scale and treat R, as a constant
value. With these considerations, we find o ~ 1 for the smooth substrate and
a ~ 1.3 for the rough substrate. Figure (a) shows how 7 (hy) normalized 7,
of the bulk varies as function of inverse of film thickness at T, scaled by a and «
see equation (6.8)]. This suggests that the smooth substrate follows a boundary
condition close a reflecting boundary condition where the density is very uniform,
consistent with our expectation. The rough substrate has a best fit value a ~ 1.3,
consistent with an intermediate boundary condition between reflecting and ab-
sorbing boundary, an effect presumably associated with a physically non-uniform
density near such boundaries. Note that, at the compensation temperature when
AH — TAS = 0 (see below), the prefactor 7, o exp[—(aR,/h)?] is entirely re-
sponsible for the variation of 7, with film thickness, and can therefore be entirely

attributed to the confinement effects.

6.5 Influence of Confinement on Activation Free
Energy Parameters

Having established a framework to understand thickness dependence of 7., we
next examine variation of activation free energy parameter AH and AS in sup-
ported polymer films. We obtained AH and AS from fitting our data to equa-
tion (6.2)). Figure[6.3](b) shows the variation of AH and AS for various film thick-
nesses, substrate structure (smooth or rough), interfacial energy, and surface rigid-
ity. In general AH and AS decreases with decreasing film thickness.Interestingly,

we find all data collapse in a single line. Using a simple linear function, we can
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write AH as
AH (hy, e, k) = AS(hy, €, k)Teomp + AHy. (6.6)

The slope of this linear equation, which defined as compensation temperature
Teomp ~ 0.18, is very close to the previously identified Kauzman temperature
(Tx = 0.2 for the bulk material) [55], the temperature at which the configura-
tional entropy Scons formally extrapolates to 0, and structural relaxation time
extrapolates to infinity. The proportionality between AH and AS having a slope
~ (.2 also appears in simulation of polymer nanocomposites based on the same
polymer model [81].

Now consider the compensation temperature 7' = Tipp, where AG reduces to

the relation

AG = AH(hy, e, k) — AS(hy, €, k) Teomp = AH,. (6.7)

At this temperature, the activation free energy AG does not depend on the geome-
try (confinement size) or other relevant factors related to the boundary conditions.
Although AG is universal at Tomp, the relaxation time 7 is not universal because
7 depends on chain conformational entropy which has thickness dependence,

L(Teomp)

comp

T(Toomp) = Too(bulk) exp [ — (aR, /h)"‘] exp [ (AHO)} . (6.8)

This result shows that the non-universal value of 7 at Tyonp is the consequences of
the changes in configurational entropy of the chains due to their confinements. Our
findings show the applicability of cooperative dynamics in determining structural
relaxation time in terms of AG theory. We also show that the confinement effects
may greatly affect the total configurational entropy of the whole film which leads
to the variation of 7 of the films even at Tiomp where AG is independent of film

thickness or other relevant factors related to the boundary conditions. More de-

tailed discussions on variation of AG and AS can be found in Appendix[9.2]
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6.6 Summary

We have systematically explored obvious potential factors to understanding the
dynamics of thin supported polymer films, film thickness, surface roughness,
polymer-surface interaction strength, and the rigidity of the supporting substrate.
All these factors were found to be highly relevant to the dynamics of our simulated
polymer films and their coupling makes an understanding of changes in polymer
film dynamics in thin films rather complicated. Simple free volume ideas are
simply not adequate to understanding the significant variations in film dynamics
that we observe so that static scattering observations should be of little value in
predicting dynamical changes in thin polymer films. A high level of control on
the boundary structure and interaction are evidently necessary to make polymer
films with reproducible properties. Moreover, prediction of film properties based
on computation will require the specification of many factors related to the film
boundary conditions.

Despite this wide range of changes of film dynamics with boundary conditions
and supported film thickness, we find that we obtain a remarkably general charac-
terization of the changes in all film dynamics using the string model of structural
relaxation. We thus have an effective unifying perspective of the changing dynam-
ics of supported polymer films based on how the collective motion is perturbed in
the film state The problem remains, however, of determining the extent of string-
like collective motion in real materials. Preliminary recent work suggests that
noise measurements might be effective for estimating average string length L [88].
Thus, in the next chapter we address how the extent of collective motion can be

effectively estimated from direct measurement.



Chapter 7

The Relation between
Cooperative Motion and the

Scale of Interfacial Mobility

For bulk glass formers, both the Adam-Gibbs (AG) [47] and the random first-
order transition (RFOT) [48] theories both have provided convincing evidences
that there is an intrinsic scale that controls the variation of relaxation time ap-
proaching the glass transition temperature 7,. From previous chapter and our
recent works [55] 60, 61], we have found that this intrinsic scale can be related to
the characteristic scale of the string-like cooperative motion, providing a molecular
realization of the abstract cooperatively rearranging regions (CRR) invoked by AG
and RFOT. However, direct experimental observations of this string-like cooper-
ative motion in molecular glass-forming liquids remains a central challenge.

In Chapter[5] we observe that near interfacial regions (substrate or free-surface)
dynamics are different from the that of the bulk. Therefore, it is possible define

a length scale by examining the depth of perturbations caused interfaces, and
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such of scales can also be measured experimentally [22] 34, 46]. Tt is natural
to ask to what degree this scale relates to the scale of CRR. Stephenson and
Wolynes [62] have argued, based on the RFOT theory and scaling arguments, that
the interfacial mobility length of films should scale inversely to the configurational
entropy of the films. Combining this result with the results showing that the string
length scales inversely to the configurational entropy [55], we then might expect
the interfacial mobility length should scale in proportion to the string length,
and thus describe the temperature 7' dependence of relaxation. Very recently,
Simmons and coworkers [63] indeed found that the interfacial mobility scale grows
in proportion to the apparent activation energy for relaxation from molecular
dynamics simulations of polymer films, suggesting that this scale provides an
estimate of the collective motion scale from the AG model. Our previous study [55]
also showed that RFOT is consistent with our observations of string-like collective
motion if the size of the entropic droplets of this model is equated to the radius
of gyration of the strings, further motivating the investigation of the potential
direct relation between the scale of string-like collective motion and the interfacial
mobility scale.

In this chapter, we address how the the scale £ of interfacial dynamics at the
polymer-air interface of polymer films supported on rough or smooth surfaces with
variable substrate interaction strength can be related to the scale of collective
motion L in films. This offers a possible route to experimentally probe the scale

of cooperative relaxation.

7.1 Interfacial Mobility Scales &

To quantify interfacial dynamics and the corresponding interfacial length scale,

we resolve the dynamics locally. We first contrast the local dynamics as a function
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Figure 7.1: (a) The local relaxation time 75 as a function of distance z from the substrate for
films supported on rough or smooth surfaces. The inset shows the resulting free surface mobile
layer scale, &, for films supported on a rough or smooth substrate as function of temperature T';
¢ is normalized by €4, where €4 is the value of £ at the Arrhenius temperature T4. We also show
¢ data for thickness h, = 32 (triangle right) in the inset. The values of ¢ for the smooth surface
are shifted by 0.5 for clarity. (b) £/£a — 1 for films supported on rough or smooth surfaces as
a function of L/La — 1, showing proportionality between these quantities. Note that Ly is the
value of L at Ta. The normalized £/£x — 1 of films on a smooth surface is shifted by 0.5 for
clarity of the figure.
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of distance z from the substrate boundary of the rough or smooth surfaces with
€wm = 1. To do so, we evaluate the self-part of the dynamical density correlation
function equation , and condition it by the the distance z from the substrate
in intervals 0z = 0.875, as we did in Chapter From this analysis, we obtain
the distance dependence of self relaxation time 74(z). Figure (a) shows that,
starting from the free interface (large z), to the film center, 74(2) has nearly the
same z dependence for rough or smooth surfaces; 75(2) differs for rough and smooth
substrate at distances close to the surface (2=0). Specifically, 75 increases close to
the rough surface, but decreases near the smooth surface. Due to the smoothness
of the perfectly flat substrate, monomers can “slide” along the substrate resulting
enhancements near the smooth surface, so that relaxation parallel to the substrate
is more rapid than relaxation perpendicular to the substrate (see Refs. [39, [79]).
This anisotropy disappears for the rough surface we study.

We next quantify the dynamical length scale £ of the free-interface (mobile-
layer scale) based on local relaxation time 7, near the free surface, as we did in
our previous work (see Ref. [39] for a detailed description). A similar choice, as
well as other choices, was examined by Simmons and coworkers [63]. We define &
as the length where 7, deviates by some percentage from the nearly constant value
at the film center. A natural question is whether our findings for the interfacial
scale ¢ have a strong sensitivity to the choice for the allowed deviation of 74(2)
from its value at the film center. Figure tests the robustness of our definition
of & for several cutoff choices. It is apparent that the choice of the cutoff does
not change our qualitative findings, provided that the choice is large enough that
fluctuations in 74(2) do play a role (2 15% for these data) but small enough to be
meaningful (< 50%). An advantage of this definition is that it depends both on
the behavior near the interface, as well as near the mean value of the film center.

We find below that both contributions are important for our results. We limit
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our analysis to films in which the interfacial scale is no larger than half of the film
thickness, since this is a limiting value [39]. In this analysis, we specifically define
¢ as the length where 7, deviates by 30 % from the nearly constant value at the
film center. For reference, we note that the values of L(Ty) and {(T) (using the
cutoff choice 30 %) are relatively constant for all systems; specifically, La ~ 1.41

and &5 ~ 3.6.
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Figure 7.2: Interfacial mobility scale £ as a function of temperature 7. Interfacial mobility
scale £ defined by the length where 7 deviates by 15 %, 30 %, or 50 % from the nearly constant
value at the film center. The T" dependence for all choices is nearly identical. The values of £ are

normalized by their values at Ty to remove the trivial effect of changing the cutoff percentage.

7.2 Relationship between ¢ and L

The inset of figure (a) shows the growth of ¢ with decreasing T for four
representative films supported on a rough or a smooth surface. ¢ is normalized by

its value at the onset temperature T) for “slow” dynamics[[] This typical growth

n glass-forming systems, the appearance of non-Arrhenius 7' dependence and cooperative

motion only occurs below an ‘onset’ temperature T, which for our system is approximately 0.6.
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of dynamical length scales has been observed in other computational studies [38,
39, 63, [77]. Tt is also important to recognize that this interfacial mobility scale is
independent from the scale of interfacial density changes [39)].

We next consider the possible relation of the interfacial scale to a dynamical
heterogeneity scale. As discussed in Chapter [0} glass-formers are dynamically het-
erogenous, evidenced by spatial correlation in mobility. In particular, computer
simulations [27, [47, 49-55] and colloidal experiments [56-59] have shown the ex-
istance of cluster formation of the most mobile particles, and these most mobile
particles tend to move coolinearly in string-like fashion. We, therefore, aim to test
whether the interfacial scale might be reflective of this scale of cooperative motion.
Accordingly, we evaluate average size of string-like cooperative motion, L(T"). We
evaluate L(T') following the methods described in Chapter 3 (see Ref. [55] for more
details). Figure [7.1(b) shows that L and ¢ grow proportionally, relative to their

values £4 and L4 at the the onset temperature T},

[L/Ly —1] = A[¢/€a —1]. (7.1)

The proportionality constant A fluctuates with no apparent trend around a mean
A = 0.32. Given that L varies inversely proportional to the configurational en-
tropy Scont [55], £ should also vary inversely proportional to Seons (With the factors
of {5 and Ly included) broadly consistent with the prediction by Stephenson and
Wolynes [62]. This provides our first indication that the interfacial scale might
indeed reflect a fundamental heterogeneity scale.

To further test the robustness of the possible relation between interfacial and
heterogeneity scales, we extend our analysis to consider variations in surface-
polymer interaction strength €, and surface rigidity k. Analogous to 75(z) shown
for smooth and rough surfaces, figure [7.3|a), shows 7(z) increases near the sub-

strate as we increase €y, since stronger interfacial interactions enhance the trap-
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Figure 7.3: (a) The local relaxation time 75 as function of distance z from the substrate for

various interfacial energies €y, and surface rigidities k. The inset shows mobile layer scales &

for films supported on a rough surface with various € and & as function of temperature T', where

& is normalized by its value at Tx. The values of ¢ for substrate with different k are shifted

by 0.5 for clarity. (b) £/£a — 1 for films supported on rough surface as function of L/La — 1,

indicating their apparent proportionality. The normalized £/{a — 1 values for substrates with

different k are shifted by 0.5 for clarity of the figure.

ping of monomers near the attractive substrate. Likewise, decreasing wall rigidity

k allows monomers to move more freely, since the wall atoms are less strongly
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localized.

From these data we obtain & just as done for the previous case where we extract
¢ from films supported on smooth or rough surfaces. The dependence of & on €y,
and k is not obvious, since 7(z) appears both nearly identical near the free surface
for various €y, and k. However, the behavior near the interface and at the center
play a role in determining the variation of £. Since the values for 75(2) near the film
center differ for different €, and k, we find a modest but non-trivial difference
in ¢ as the suface properties change. Figure (a) inset shows that ¢ increases
on cooling [similar to figure (a) inset]. Moreover, figure [7.3|b) confirms the
apparent proportional variation between in /&y — 1 and L/Lx — 1, consistent
with our findings in figure [7.1(b). This supports the hypothesis that £ and L are

related.

7.3 Determining Relaxation Using Interfacial Mo-

bility Scale £ in terms of AG theory

To demonstrate the physical importance of such a relation, consider that according
to the AG theory, the activation energy is extensive in the size of CRR, so that 7

(for the entire film) can be related with the average string size L by

L(T) Ap
La kgT]’

7(T) = 7o exp[ (7.2)

where Ay is the limiting activation free energy at elevated temperatures where
7 has Arrhenius dependence. Ap contains both enthalpic AH and entropic AS
terms, so that Ay = AH —TAS (see Chapter [0 for detailed discussions). In equa-
tion (7.2), we normalize L(T) by La, so that the ratio approaches 1 as T — T [}

ZNote that normalization by L4 in the AG relation [equation. (7.2)] is not strictly needed (as

we previously did in Chapter @, since it simple redefines the values of AH and AS; however, it
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Figure (a) confirms the applicability of the string size to quantify dynam-
ical changes in polymer films under all conditions eramined, including variable
film thickness, surface roughness, and polymer-substrate interaction, as we had
shown in Chapter [6f While such a relation has been shown in bulk and polymer
composite systems [55], 60], [61], here we demonstrate the applicability to polymer
films for a wide range of surface conditions and film thicknesses. The remarkable
degree of data collapse in figure (a) provides strong evidence supporting the
identification of the strings with the abstract CRR of AG.

Since there is no readily accessible experimental measurement of string-like
cooperative motions, and since we found an apparent proportionality between L
and the interfacial scale &, we consider if £ can be used as a substitute for L.

Combining equations ([7.1)) and (6.1]) suggests an AG-like relation between 7 and
3

D]

Our data indicate that the 7" dependence of the leading term exp[(1 — A)Au/kpT]

T:Tooexp{

is weak in comparison to the term involving £, both because 1 — A is relatively
small and since ¢ grows on cooling. Consequently, if one approximates the first
exponential term as constant, the expression simplifies to

(T) AAM} ‘

T@Tgexp{

More generally, without approximation, 7c = 7 exp[(1 — A)Ap/kgT]. The ap-
proximation that 7¢ is constant is important for possible experimental application,
since L (and hence A) is not easily measured. Using this approximation, we find
that £ works nearly as well as L to describe 7(T') using the same AH and AS

values already determined from the relation of 7 with L. In other words, we do

is convenient to include L when using equation 1) to recast the AG relation in terms of &.
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not allow these parameters to be refit. This parameterization results in a collapse

of all data shown in figure (b)
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Figure 7.4: Test of the AG relation using string size L and interfacial scale £. (a) Collapse
of In(7/7) vs [L/La][Ap/T) for all systems. (b) Collapse of In(7/7¢) vs. [§/Ea][(AAw)/T] for
all systems. Inset (a) shows the proportionality between AH vs AS for all systems with an

entropy-enthalpy compensation temperature slope T¢omp ~ 0.2.

The data collapse shown in figure depends on the parameters AH and AS.
Thus, it is natural to consider how these quantities vary. Curiously, the inset of

figure (a) shows a linear dependence of between AH and AS, the slope of
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which defines an entropy-enthalpy ‘compensation temperature’ Tiomp ~ 0.2. The

origin of this particular value poses an interesting question for future study.

7.4 Summary

The high interfacial mobility of both glassy and crystalline materials is a problem
of profound importance for both a fundamental understanding of glass-formation
and technological applications. The physical picture, derived from both the clas-
sical AG theory and the more recent RFOT theory, suggests that the strong
temperature dependence of relaxation times in glass-forming liquids derives from
the growing extent of the collective motion on cooling, and our findings support
interpreting the string size as this scale of collective motion. We further address
how the dynamical interfacial layer might be related to collective molecular mo-
tion.

In particular, Stephen and Wolynes [62] argued that the interfacial mobility
scale is inversely proportional to the configurational entropy Scons [55], which im-
plies that the interfacial scale £ of glass-forming liquids should scale in direct
proportionality to L. We have validated a very similar relationship in our simu-
lations. Significantly, we have shown the validity the relation of L to 7 and to &
for a variety of surface energies and for a range of boundary stiffnesses on model
rough and smooth surfaces, supporting the generality.

Simmons and coworkers [63] recently observed a relation between 7 and £ math-
ematically equivalent to equation (7.4) where, in effect, the constants 7 and A
in the prefactor and exponent were freely adjusted to fit their relaxation time
data for a similar coarse grained polymer model. They did not quantify collective
motion in their films so their findings were only suggestive of a relation between

¢ and the CRR scale.
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Our findings help to advance our understanding of collective motion in glassy
materials, and the impact of these collective motions on the interfacial mobility
of glassy materials. At the same time, our results suggest a practical metrology
for estimating changes in the scale of collective motion in glassy materials that
might be used in the design of advanced materials.

An important aspect of our work is that it opens a possible route to indirectly
access the cooperativity scale in experiments. Similarly, the scale of collective par-
ticle motion was found to relate to the ‘colored noise’ exponent describing particle
displacement fluctuations in the glassy interfacial zone of Ni nanoparticles [88];
however, this suggested relation has not been confirmed in ordinary glass-forming
liquid. Tanaka and coworkers [89] have also found a relationship between the inter-
facial mobility scale as we have defined it and a correlation length associated with
clusters having high local order and a class of particles that is highly immobile.
The observations of the present work suggests that there might be complementar-
ity between these different types of clusters of extreme mobility, and future work

should explore this relationship.
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Conclusion

In the first part of this thesis, we have systematically explored potential factors
that may affect dynamics of polymer films. Evidently, we find that glass transition
temperature and fragility of our simulated supported polymer films are sensitive
to film thickness, surface roughness, polymer-substrate interaction strength, and
surface rigidity. To understand the observed changes in overall dynamics, we
examine both dynamic and structural properties of polymer films locally. Free
volume layer (FVL) idea provides a simple picture to rationalize changes in dy-
namics of polymer films: enhanced dynamics are associated with available space
in that region (low density), while slow dynamics are associated with a dense en-
vironment. Our analysis on local relaxation time (dynamics) and density shows
the limitation of this simple free volume layer idea in explaining the significant
variations in dynamics of polymer films. For instance, we find a great difference in
relaxation time at smooth and rough surfaces, but no difference observed in den-
sity analysis. Our findings suggest that (i) producing polymer films at nanoscale
requires a high level of control on interaction and boundary structure and (ii)

observed changes in dynamics are not necessarily connected to observed changes

74
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in structural properties (e.g. density).

Despite wide property changes in film dynamics —due to variation in film thick-
ness, surface roughness, polymer-substrate interaction, and surface rigidity— we
obtain a unified framework to generalize all film dynamics using the string model
of structural relaxation. We thus have an effective way to describe dynamics of
supported polymer films based on how we perturb collective motions in films.
However, the experimental measurements of string-like cooperative motion in real
material remains a challenge. Motivated by this, we further address how the in-
terfacial mobility scale —which can be accessed in experiments— might be related
to the scale of collective molecular motions.

We also study the confinement effects on the activation free energy parameters
from equation . We find a scaling relation to describe the changes in con-
finement free energy [see equation (6.3)] in respect to changes in film thickness
based on the assumption that chain conformational entropy should change as the
polymer is confined to a scale comparable to the radius gyration of the polymer.
Understanding this scaling relation is important for producing advanced nanoscale
materials, because we find that the scaling depends on the chain length, sur-
face roughness, and polymer-substrate interaction. As we only studied one chain
length, future study should address whether this scaling still holds for different
chain length or for polymers confined in other geometry, such as nanotubes and
nano-spheres.

In particular, Ref. [55] performed exact calculations on configurational entropy
Scont Of a bulk polymer melt and showed that the size of string-like cooperative
motion scales inversely proportional to the configurational entropy. To our knowl-
edge, calculations on configurational entropy of confined polymeric material has
not been done either in computer simulations or in experiments. Since we are

able to generalize all film dynamics based on analysis of strings-like cooperative
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motions, we expect that configurational entropy of polymer films may have a di-
rect link to the significant changes in glass-transition temperature and fragility of
polymer films.

Many recent experimental studies of glass-forming polymer films are now able
to examine the variation of dynamics in polymer films [22] 34, 46] with a high pre-
cision and they found a relatively high-mobility interfacial layer near the polymer-
air interface. In principle, we can extract a scale from the variation of mobility
at these interfaces. We, therefore, test the possibility of relating interfacial mo-
bility thickness £ to the scale of collective motion within the film. Combining the
arguments that the interfacial mobility scale £ is inversely proportional to the con-
figurational entropy Seons [62] with arguments that Seone is inversely proportional
to the size of string-like cooperative motion L [55], we hypothesize that £ can be
directly related to L. We have validated such a relationship in our simulations.
Significantly, we have shown the validity of the relation of L to 7 and to & in
describing all film dynamics, supporting the generality.

Through these findings, we now have a better understanding on how the collec-
tive behavior relates to the interfacial mobility gradient in glassy materials. This
helps to further our understanding of glass formation, and is not limited to con-
fined systems, where interfacial mobility scale may not be well defined. Tanaka
and coworkers [89] found a correlation length from a class of highly immobile par-
ticles and clusters having high local order, and this correlation length is found to
have connections with the interfacial mobility scale. This observation combined
with our result suggests the possibility of relating clusters with high mobility to
that are highly immobile. Future work should explore such a relationship.

In summary, we have explored how dynamics of polymer films can be greatly
altered by relevant factors, such as film thickness, boundary structure, and surface-

polymer interaction. All of these dynamical variations can be understood in a
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unified framework using the scale of collective motions in films; however, this
dynamical scale is not accessible in experiments. We then find an interfacial scale
—which is experimentally accessible— that can be related to the scale of collective
motion, and thus we are able to characterize all film dynamics using this interfacial
scale. Having established a precise functional form relating the interfacial mobility
scale and the scale of collective motion, we provide a practical importance for
estimating changes in the scale of string-like cooperative motion that might have

future applications for high-tech devices.
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Appendix

9.1 Effects of Film Thickness on Transition State
Energetic Parameters of Supported Polymer
Films

We take transition state theory as our starting point for describing relaxation in
our thin polymer films in the absence of collective motion. This description is then
extended to include the effect of collective motion, providing a means of general
scheme for reducing our supported film relaxation data.

Within transition state theory [72], 00, O], the diffusion coefficient, structural
relaxation time and shear viscosity can all be described by an Arrhenius tempera-
ture dependence. For specificity, we consider the case of the structural relaxation

time T,

T = Too€XP [?—i} AG = AH —TAS, (9.1)
B

where and 7., is a pre-factor related to local vibrational motions in simple fluids

having a typical order of magnitude of 10713s | and the activation free energy AG
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associated with the molecular displacing unit, corresponding to a polymer statis-
tical segment in the case of polymers [92] [93], has separate energetic contributions
AH and AS related to the strength of the intermolecular cohesive interaction
strength and an entropic contribution related to coordinated motions required to
surmount energy barriers in condensed materials [94-97].

While the direct link between the ‘activation energy AH and the heat of vapor-
ization and other measures of the intermolecular cohesive interaction has long been
recognized both theoretically (at least within simplified fluid models) and exper-
imentally [98-HI00], the variation of the entropy of activation AS with molecular
parameters is much less understood. In simulations of molecules having simple
Lennard-Jones interactions, it has been established that AH scales in proportion
to the interaction parameter e [LI0IHI03] and AS is often found to be roughly con-
stant, at least at elevated temperatures where glassy dynamics does not prevail.
The situation is similar for many small liquids and this has led to a preoccupation
with the ubiquitous activation energy parameter AH. However, molecules with
many internal degrees of freedom such as polymers can exhibit a considerable
experimental variation in AS [94]. In particular, a survey by Bondi [94] revealed
that AS could vary over a 100 entropy units AS/kp and even can change sign so
that AS cannot possibly be ignored.

A basic problem in developing a theoretical model of relaxation in polymer thin
films, polymer materials with molecular additives and also polymer nanocompos-
ites is that we must first theoretically understand and measure AH and AS of
the neat bulk polymer reference system to understand the melt dynamics of the
perturbed system at even elevated temperatures where glassy fluid dynamics is
not a complicating factor.

In general, the activation parameters at high temperature should depend on film

thickness since all these properties depend on the film thermodynamic properties.
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To [from equation (3.12)] gain insight into this fundamental problem for polymer
fluid thin films, we consider what has been learned over time from the study of
unentangled alkane fluids where large body of experimental and computational
data exists.

First, we must understand how the polymeric nature of the fluid influences the
activation parameters and then we consider the effect of confinement. Frankly, no
fundamental predictive theory of the activation energy parameters of transition
state theory for condensed disordered materials exists and our arguments must
draw upon intuition, facts and phenomenology. Transition state theory retains
its value as a general theoretical framework for organizing computational and
experimental data under these circumstances.

It has been known for over 50 years that the activation energy for diffusion and
viscosity of low molecular mass alkanes at high temperatures exhibits a strong
dependence on chain molecular mass. This is a phenomenon exhibited by virtually
all polymers. The typical range of activation energies typically involves roughly
a factor of three increase in the activation energy AH as one increases the mass
of the polymer from a monomer to an oligomeric polymer [104} [105] so the effect
is rather large even in comparison with changes in the effective activation energy
in glass-forming liquids where only a factor of 3 to 4 or so change in activation is
required to understand the observed astronomical changes in relaxation times and
diffusion in glass-forming liquids [106]. This significant variation of the activation
energy with chain length is also generally observed in the beta relaxation time of
polymeric materials [I07], and the activation energy of polymer relaxation should
similarly have such a strong mass dependence, a phenomenon of great significance
for thin film measurements.

There is also much less discussed variation in the magnitude in the entropy of

activation AS in polymer liquids such as alkanes. The pioneering study of AS by
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Bondi [94] describes the frustrations of early theoretical efforts to estimate AS the-
oretically for complex fluids and he then notes that at least you can measure this
quantity, assuming the applicability of transition state theory. These observations
point to how we might model the variation of AS in our thin films, by extension.
Recent simulation studies by Truskett and coworkers [I08] and Charusita and
coworkers [109] have also provided insights into the molecular variation of AS in
polymer fluids and they have explored the relation between and the excess entropy
of the fluid. DiMarzio and Yang have further argued for a connection between
activation entropy AS and the configurational entropy of polymeric fluids, but no
firm quantitative and general relation has been established [110].

According to Eyrings arguments [91], and long-standing physical observations
on simple fluids, the high temperature enthalpy of activation is governed by the
potential energy change associated with removal of one molecule from the en-
vironment of a test molecule and thus this quantity is proportional to the heat
of vaporization or the cohesive interaction energy. The argument is simple, but
this relation has established for hundreds of fluids and has recently been explored
computationally by Egami and coworkers for metallic fluids [103]. The situation
is evidently more complicated for polymer fluid where the cohesive interaction
depends on the chain topology. For a melt of linear unentangled polymer chains,
it is reasonable to assume they have random walk configurations because of the
screening of excluded volume interactions in the condensed state. The polymer
cohesive interaction should then scale as the number of polymer chain contacts
which for a random walk chain scales as cn — dn'/? where ¢ and d are constants;
self-avoiding walks exhibit a similar scaling where the non-analytic correction to
scaling exponent is somewhat modified [I11]. If we take the activation energy
for activation at elevated temperatures to scale with this basic measure of chain

cohesive interaction then we can expect the activation enthalpy of polymer fluids
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to scale as
AH (bulk unentangled polymer melt) ~ cn — dn'/%. (9.2)

Many authors have observed an approximately linear change in the activation
energy of alkanes with chain length for both the viscosity n and diffusion coefficient
D of low molecular mass alkanes [112] [113], and experiments over a large chain
length range have shown that AH exhibits a progressively slower variation as n
becomes as large as 20 to 30 carbon atoms [104], in qualitative accord with equa-
tion . The same qualitative trend in AH is exhibited in molecular dynamics
simulations of n and D for alkanes [114]. Equation points to an increase
in the activation energy in polymers with an increase in the number of chain
contact interactions, a phenomenon that makes perfect qualitative sense within
a transition state framework. Correspondingly, it is natural to expect AS (bulk
unentangled polymer melt) to be proportional to the entropy of a polymer chain
under space filling conditions. For space-filling Hamilton walks, the chain entropy
scales similarly to AH in equation , except the non-analytic correction to
scaling exponent is then (d — 1)/d where d is the spatial dimension [1T5].

Bondi’s analysis [94] of AS for low molecular mass linear alkanes (up to 40
carbon atoms in molecule) at elevated temperatures, where an Arrhenius tem-
peratures is applicable, shows an n variation for AS mirrors that suggested for
AH above (see figure 6 of Bondi [94]) so the predicted strong n variation of AS
for polymer melts is apparently observed. Recently, the strong variation of AS
alkanes has been noted as being important for understanding the effect of polymer
structure on catalytic reactions (cracking of alkanes and other reactions on zeolitic
catalysts) [84], 116, [117] so this phenomenon is expected to have rather broad prac-
tical significance beyond the finite size effects on glassy dynamics considered in

the present paper.
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We are then proposing that the enthalpic and entropic energetic parameters
governing configurational free energy of the polymers in the melt govern, at least
in their general scaling form with chain mass, the activation enthalpy and en-
tropies of activation of polymer fluids. This is crucial for the analysis of this
thesis since this model points to how confinement might alter the activation free
energy parameters since it is generally understood how confinement alters the

configurational properties of polymers, modeled as random walks.

9.2 Influence of Confinement on Activation En-
ergy Parameters

We consider AS(h) to be generally dependent on film thickness because of the
inherently relative high activation energies AH of transport in polymer materials
is normally found in condensed materials to give a proportionate contribution to
AS [97, T18]. This important relation between the enthalpy and entropy activa-
tion energies directly mirrors Troutons rule [119, [120], a proportionate relation
between the heat of vaporization and the entropy of vaporization of gases and
the Barclay-Butler phenomenological relation linking enthalpies and entropies of
solvation in many mixtures [I21H124]. From the general link between activation
enthalpy AH and the heat of vaporization so the activation energy can naturally
be expected to be linked in the same fashion (See Ref. [94]). Indeed many stud-
ies have established and attempted to rationalize the specific functional relation

supported by observations on impressively diverse materials [95-97],
AS = AS, + AH/kpTeomp (9.3)

and this linear relation has long been established in Arrhenius activation pa-

rameters of bulk polymer fluids [125, [126]. In diluted glass-forming materials,
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the entropy-enthalpy compensation temperature 7., in this relation has been
suggested [127] to be generally near the glass transition temperature and measure-
ments on the glass-forming liquid trehalose and polycarbonate with additives indi-
cated that this temperature was comparable to the VET temperature T; [128] [129].
We anticipate a similar trend in the dynamics of thin polymer film generally, but
this remains to be established through comparison to experiment and measure-
ment where such an effect would be rather conspicuous experimentally. We also
note that AS can have a purely entropic contribution in the case of athermal sys-
tems such as hard spheres where the energetic barriers are predominantly entropic
in nature and the term AS, in equattion dominates the activation free en-
ergy when enthalpic interaction effects are weak so that AH can be neglected [61].
We test these predicted relations in our simulations of supported polymer films
and find them to be remarkable supported by our simulation data.

The development of long range collective motion in condensed materials neces-
sitates a further extension of our model expression for 7 for thin films. Within
the simple Adam-Gibbs model for bulk materials, this effect is accounted for by
simply multiplying the activation free energy AG by the extent of cooperative
motion z*, which we have formerly established. Specifically we found z* can be
identified quantitatively with the average length of string-like collective motion,
L [55,160]. In thin films, it is not clear how collective motion alters the change in
AS' associated with confinement, but it seems reasonable to adopt the tentative

relation,
o L(T)
7(T) = Too(bulk) exp | — (aRy/h)*| exp T(AH —TAS) (9.4)
which is the functional relation that we explore in our simulation data. According
to this relation we also find the chain conformational entropy be related to the

system size, described in Chapter [6]
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