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Abstract

This thesis presents investigations on stable polymer glasses prepared through physical
vapour deposition from different perspectives. This is the first time that polymers have
been used in simple vapour deposition and made into stable glass.

The ability of our lab to create stable polymer glasses with exceptional stability and
extremely long lifetimes is demonstrated through the preparation and characterization of
ultrastable PS as well as PMMA glasses. Compared to liquid cooled regular glasses, these
materials exhibit enhanced kinetic stability, low fictive temperatures and high density char-
acteristic of stable glasses. With a molecular weight distribution that can be controlled
with vapour deposition, stable polymer glasses have high tunabilities on properties such
as the glass transition temperature, which is one of the most important factors that differ-
entiate them from stable molecular glasses. By controlling the substrate temperature and
deposition rate, a variety of stable polymer glasses are prepared and characterized.

Attempts at preparing stable polymer glass with higher molecular weight are reported,
including two different methods–using higher molecular weight sources and crosslinking
as-deposited glasses with ultraviolet radiation. Although the molecular weight is still
limited in our studies, valuable lessons are learned about vapour deposited stable glasses.
The highest molecular weight to be achieved from simple vapour deposition is limited by
the competition between the deposition rate and the rate of chain scission. The mass
distributions in vapour deposited glass films are characterized after UV treatment, and
interesting measurements from ellipsometry are linked to possible processes that could
occur in vapour deposited polymer glasses during UV treatment.

The enhanced surface dynamics is considered to be critical in the process of making
stable glasses. Thus the surface properties of stable polymer glasses including their surface
morphology and surface relaxation are studied. Observations of unique morphology fea-
tures on the surface of some glasses are reported and the reasons behind them are explored.
With the aid of gold nanoparticles, quantitative characterizations of the surface and bulk
dynamics under external perturbations are performed. The build-up of polymer material
around the nanoparticle provides a quantitative measure of the surface mobility, and the
final bulk embedding of the nanoparticle describes the bulk dynamics of stable polymer
glasses. With a slower bulk dynamics in stable glasses as expected, the surface evolution of
the as-deposited films and the rejuvenated films are both enhanced compared to the bulk
and are not easily distinguishable from each other.

Investigations on stable polymer glasses confined to thin films are reported. The in-
fluence of film thickness on properties of glassy thin films including their glass transition
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temperature has been extensively studied for many years. Similarly, film thickness de-
pendence in stable glasses for thin films down to 11 nm is observed. Particularly, the
thickness dependence of the glass transition temperature, thermodynamic and kinetic sta-
bility including the onset temperature, fictive temperature and the increased density are
studied. The results support the existence of a surface mobile layer, and it is found that
glass stability decreases with decreasing film thickness, as determined by different mea-
sures of stability. The rejuvenation process from a stable glass to a supercooled liquid
is also investigated and the results show that rejuvenation appears to happen below the
traditionally defined onset temperature, suggesting that a fraction of the film is not stable
in the as-deposited glasses. The fraction of stable glasses is quantitatively analyzed in thin
films, and the rejuvenation rate is also found to be dependent on film thickness.

The glass transition in polymer thin films has been a vibrant research area for three
decades and the new type of material–stable glass–has also attracted great research interest
since it was first discovered. At the intersection of these two research fields, stable polymer
glasses are an excellent candidate for contributing into both fields and hopefully will open
up a new area of research on its own. By studying these materials from different perspec-
tives in this thesis, we hope to provide valuable insights into many fundamental questions
about the surface dynamics in thin films, the limit of packing in amorphous materials, and
the nature of the complex and fascinating phenomenon–the glass transition.
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Chapter 1

Introduction

Glasses are disordered solids that play an important role in our daily life. From window
glass and optical fibers made of amorphous silica to many industrial polymeric glasses,
their wide range of applications have shaped our lives in every possible way. Despite their
abundant presence, the nature of glasses is still mysterious to us and the research on glasses
has been an ongoing marathon. Nobel Laureate Philip Anderson commented in 1995 [29],
“The deepest and most interesting unsolved problem in solid state theory is probably the
nature of glass and the glass transition.”

Recently, new insights have been provided by the exciting discovery of ultrastable
glasses near the limits of the densest amorphous packing in the form of an “ideal glass”
which may be the ground state that ordinary glasses are trying to reach. In this thesis,
we explore these newly discovered materials and hope to gain a better understanding of
glasses. Not only on the fundamental level, the study of stable glasses is also important
on the applied level. Studies of stable glasses have also suggested that they are attractive
candidates for better organic light-emitting diodes (OLEDs) [30], higher quality mirrors
for the Laser Interferometer Gravitational-Wave Observatory (LIGO) [31], more robust
packaging, etc.

1.1 Structure of this thesis

This thesis covers most of the work I conducted during my Ph.D. studies on stable polymer
glasses. This is the first time stable polymer glasses have been prepared through simple
physical vapour deposition and I am the first Ph.D. student during our lab’s exploration
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and development in this research area. This means that we have developed every aspect of
the process along the way. To date, we are the only group with this demonstrated capacity.
Among all of the exploratory studies included in this thesis, some of them turned out to
contribute to this area of research with significant impact. Although some of the projects
were not as successful in making scientific progress, they still provide meaningful insights
into these novel materials and could help guide future research. In this thesis we include
both the studies that are published or going to be published [1, 2, 3, 4], as well as those
that did not end up in publications. Another paper [32] that was published during my
Ph.D. of which I am the first author is not covered in this thesis.

The structure of the thesis is as follows.

In Chapter 1 basic concepts about polymers, glasses, and the glass transition are pre-
sented. Studies on glassy thin films and their interfacial dynamics are reviewed, and stable
glasses by physical vapour deposition are introduced. In Chapter 2 the experimental tech-
niques used to prepare and characterize these materials are described. Chapter 3 is based
on a paper of which I am the second author [1], where we report the preparation and
characterization of ultrastable PS as well as PMMA glasses, which demonstrates the abil-
ity to apply physical vapour deposition to polymers and create stable glasses for the first
time. In chapter 4, two projects are reviewed where we push our limits and pursue stable
polymer glass with the highest molecular weight. In this attempt, we use two different
methods–using higher molecular weight sources and crosslinking as-deposited glasses with
ultraviolet radiation. Chapter 5 also contains two parts. In Section 5.1 I report observa-
tions of their special morphology features and explore the reasons behind them. Section
5.2 is based on a paper of which I am the first author [2], where we quantitatively char-
acterize the surface mobility of vapour deposited stable polymer glass utilizing external
perturbations. In Chapter 6 I investigate stable polymer glasses confined to thin films in
two aspects. Section 6.1 is based on a paper of which I am the first author [3], where we
find that similar to regular confined films, the film thickness also influences the properties
of stable glasses including their stability and glass transition temperature. Section 6.2 is
an ongoing, unpublished work [4] where we study the thickness dependence of the trans-
formation process from a stable glass to a supercooled liquid. Chapter 7 summarizes this
thesis and suggests some future work.

1.2 Polymers

Polymers are large molecules that consist of many repeating units–monomers–connected by
covalent bonds. From synthetic polymers such as polystyrene and polyethylene to natural
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polymers such as DNA, proteins and natural rubber, polymers play an important part in
the daily life and the human history with their broad range of properties and applications.

The number of monomers that a polymer contains is defined as its degree of polymeriza-
tion or polymerization index, N . Thus the molecular weight of a polymer is M = NMmon,
where Mmon is the molecular weight of a monomer. Polymers with large N values are also
called macromolecules. With smaller N values (typically lower than 20), the properties of
the material change significantly upon the addition or removal of one monomer, and such
polymers are also called oligomers.

Polymers that contain only one type of monomers are called homopolymers, while those
containing two or more types of monomers are called heteropolymers [33]. For example,
polystyrene is a homopolymer while DNA is a heteropolymer consisting of 4 types of
monomers (nucleotides).

Polymer samples normally contain a distribution of components with different lengths.
In order to describe the average size of the entire sample, there are two common ways to
calculate the average molecular weight–the number average molecular weight, Mn, and the
weight average molecular weight, Mw:

Mn =

∑
NiMi∑
Ni

=
∑

niMi (1.1)

Mw =

∑
NiM

2
i∑

NiMi

=
∑

wiMi (1.2)

where Mi is the molecular weight of a polymer chain, and Ni is the number of polymer
chains with molecular weight Mi. ni and wi represent the number fraction and weight
fraction of a particular component, respectively. In either way of calculation, the fractions
of all components always add up to 1, expressed as

∑
ni = 1 and

∑
wi = 1. On both sides

of Mn, there are equal numbers of polymers, while on both sides of Mw, there are equal
weights of polymers.

Polydispersity index (PDI) is defined by the ratio of the weight average molecular
weight to the number average molecular weight

PDI =
Mw

Mn

(1.3)

and it describes how broad the molecular weight distribution is. If all the polymers in
a sample have the same degree of polymerization, PDI is equal to 1, and the sample is
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called monodisperse. The larger PDI is, the broader the molecular weight distribution is.
When the properties under study are sensitive to the value of N , a small PDI is normally
preferred because it is easier to look at individual N ’s. For an intuitive understanding of
PDI a simple example is given below. A sample contains half, by number, of polymers
with molecular weight 1000 g/mol, and the other half with molecular weight 2000 g/mol.
Mn of this sample is calculated to be 1500 g/mol, and Mw is 1667 g/mol. Thus PDI of
this sample is 1.11. Although 1.11 seems relatively small, the corresponding sample is
far from monodisperse. In real cases the polymers are more likely to have a smoother
distribution of different molecular weights rather than shown in this particular example,
but this calculation demonstrates that in some cases Mw, Mn and PDI may not fully
describe the distribution of a polymer sample.

Even the most monodisperse synthetic polymers have a polydispersity index (PDI) of
about 1.01 [34], which still contain many different N values. This fact is closely related
to the process of producing synthetic polymers, polymerization, which is the process of
connecting monomers together into one polymer chain. Common types of polymeriza-
tion include step-growth polymerization, chain-growth polymerization, and living anionic
polymerization, which is a special case of chain-growth.

Step-growth polymerization refers to the process in which stepwise reactions among
functional groups of monomers form polymers. Typical polymers produced by step-growth
include polyamide (nylon), polyester, and polyether [35]. Chain-growth polymerization
refers to the process in which monomers are added onto the active sites of a growing
polymer successively. Typical polymers produced by chain-growth include polyethylene,
polypropylene, and polyvinyl chloride [36]. Being a special case of chain-growth, living
polymerization is a process in which the termination step of the polymer growth is elimi-
nated, and the rate of chain initiation is much larger than chain propagation, making the
polymer growth easier to control. Different methods normally lead to different polydisper-
sity indices. The typical PDI from step-growth is around 2, and for common chain-growth
such as free radical polymerization, PDI can be from 1.5 to 2. Living anionic polymeriza-
tion normally leads to a PDI less than 1.2, which can even reach a number very close to 1,
provided proper conditions [37].

The degree of polymerization N is a major factor that determines many properties of
polymers. For example, physical properties of alkanes change dramatically as its N value
increases. For alkanes composed of 4 or fewer carbon atoms, they are present in the gas
phase at room temperature. With 5 to 16 carbon atoms, they turn into the liquid phase.
With 17 or more carbon atoms they become solids.

As the reader goes through this thesis, it will be noticed that most of the materials
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studied here are traditionally defined as oligomers as they have relatively low molecular
weight. It should be noted that in the current use of the term polymer, it is not the
molecular weight that distinguishes these material from other molecules with comparable
molecular weights. The key differentiating factor is the high tunability that comes with
polymers. In the case of small molecules, the physical and chemical properties do not vary
from batch to batch. However, the ability to control N values and the distribution of
molecular weight in polymer samples give them a wide range of properties even with their
relatively low molecular weight.

1.3 Glass and glass transition

Glasses are disordered solids that play an important role in our world. Window glass,
optical fibers made of amorphous silica, and many polymeric glasses are widely utilized in
our daily life. It is found that most water in the universe may exist in the glassy state [38].
Structurally, a glass is almost indistinguishable from its forming liquid, unlike a crystal
which is structurally ordered in contrast to a liquid. From this perspective, glass can be
viewed as a liquid whose molecules cannot flow. This commonly-seen but mysterious fact
and the existence of glass itself are still to be understood. As Anderson commented in 1995
[29], “The deepest and most interesting unsolved problem in solid state theory is probably
the theory of the nature of glass and the glass transition.”

1.3.1 Phenomenology in glass-forming materials

Fig. 1.1 illustrates the enthalpy or molar volume of a liquid as temperature is lowered. If
crystallization is avoided on cooling, the system enters the supercooled liquid region, where
particle motions slow down increasingly with decreasing temperature. At the glass transi-
tion temperature Tg, molecular rearrangements become so slow that the system appears to
be kinetically “frozen” on the laboratory timescale and falls out of equilibrium. Curve 1
represents the formation of such a glass. Slower cooling produces a denser and more stable
glass, as curve 2 shows, since it provides more time for molecular rearrangements. With a
slower cooling rate, Tg decreases and the system can stay on curve 3 (extrapolation from
the equilibrium state) for longer before the glass transition. The density of glass can also
be raised through isothermal aging below Tg. It can therefore be seen that the properties
of a glass depend on the process of its formation and its thermal history.

Compared to the liquid-crystal transition, liquid-glass transition is evidently different
from the figure. Phase transitions are classified by Ehrenfest [39] based on the behaviour of
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may affect the mechanical properties of the glass in a
spectacular manner. The glass faces of smartphones
have been optimized in both composition and pro-
cessing to robustly protect the display.

Suppose we want to make a higher-density glass
in the expectation that it would also show improved
stiffness and thermal stability. Figure 1 shows one
method: If held for a long period of time below Tg,
the volume of a glass will decrease toward the super-
cooled liquid volume in a process known as physical
aging. That densification occurs as a result of the
thermodynamic driving force to reach the super-
cooled liquid state. However, the process is kineti-
cally hindered by the extremely long times required
for rearrangements of the local structure. The situa-
tion is actually worse because for every step made to-
ward the supercooled liquid, a structure is formed
that has even higher barriers to rearrangement. Thus
the process of densification through physical aging
slows logarithmically over time.3

Alternatively, researchers have recently discov-
ered that high-density glasses can be assembled
much more quickly in a process known as physical vapor de -
position,4 as illustrated in figure 2. Mobility at the free surface
of a glass can be 109 times higher than in the interior and is the
key to the process. Even below Tg, molecules near the surface
quickly equilibrate toward the supercooled liquid state, a
process that occurs much more slowly in the bulk. Much like
a block-stacking video game, further deposition locks the pack-
ing into place. 

Surface mobility coupled with slow deposition leads to
well-packed glasses that exhibit high kinetic stability, even at
temperatures above Tg. Ultrastable glasses made via physical
vapor deposition can be nearly 1.5% denser than conventional
glasses. Achieving such density through physical aging would
require an estimated 106 years.

Physical vapor deposition produces high-density glasses
with remarkable properties. They have lower enthalpy than
liquid-cooled glasses and provide the first indications of how
supercooled liquids might behave if the liquid state could be
extended to temperatures below Tg. The materials have higher
stiffness and their packing can be so efficient that they trans-
form into a liquid via a sharp transformation front when heated
above Tg. That behavior is more like the isothermal melting of
a crystal than the gradual so#ening observed in liquid-cooled
glasses. 

In another indication of high-density glasses’ efficient pack-
ing, their heat capacities were recently shown to maintain a
cubic temperature dependence5 down to 0.6 K. In that regard,
high-density glasses resemble nonmetallic crystals, in which
phonons are the dominant contributors to heat capacity. In con-
trast, the heat capacities of lower-density liquid-cooled glasses
show a roughly linear temperature dependence at low temper-
atures, a behavior that had been interpreted as evidence for
universal low-temperature excitations in amorphous solids. 

The deposition conditions that produce high-density
glasses can also produce oriented glasses in which the mole-
cules adopt, for example, planar orientation in the film. Or-
ganic LEDs, used in many millions of mobile phone displays,
are made from glasses produced by vapor deposition. Creating

planar orientation of the emi$ing molecules in those glassy
films could increase the display efficiency by more than 30%.

A genuine state of matter?
In practice, glasses prepared from liquids use finite cooling
rates and form by falling out of equilibrium with respect to the
supercooled liquid. What state would result if a liquid could
be cooled infinitely slowly without crystallization? Can an
equilibrium liquid-to-glass phase transition exist? Those ques-
tions touch on fundamental issues in the statistical mechanics
of phase transitions for complex systems that contain disorder,
impurities, and many-body interactions. Despite decades of in-
tense research and steady progress, the questions have not yet
been answered satisfactorily.1,2

In the conventional Landau approach to phase transitions,
one must first identify an order parameter—for example, the
magnetization in ferromagnetic transitions or the density in
liquid–gas transitions—before surmising an expression for the
free energy based on general symmetry considerations. For
first-order phase transitions, the order parameter discontinu-
ously becomes nonzero. For second-order phase transitions, it
obeys algebraic scaling laws and goes continuously to zero
near critical points. 

For the putative liquid-to-glass transition, the choice of an
order parameter is not at all obvious because the molecular
arrangements in the glass are so similar to the ones found in the
liquid (see figure 1). There is no obvious symmetry breaking be-
tween the two states. Rather, the two states are dy namically dis-
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FIGURE 1. CAN YOU FIND THE GLASS? The enthalpy or molar 
volume of a liquid as the temperature is lowered past the melting
temperature Tm illustrates the production of three different glasses. 
If crystallization is avoided, glass will be formed on cooling a liquid
(glass 1). Slower cooling produces a denser glass (glass 2). Isothermal
aging below the glass transition temperature Tg produces an even
denser glass (glass 3). Typical particle configurations from molecular
dynamics computer simulations are shown for a glass, a supercooled
liquid, and a crystal. 

Figure 1.1: Temperature dependence of a liquid’s enthalpy or molar volume. Different
processes produce different glasses. Typical particle configurations are shown for a glass,
a supercooled liquid, and a crystal. Figure from Ref. [5].

the thermodynamic free energy. When the first derivatives of the free energy such as vol-
ume and entropy are discontinuous, it is a first-order phase transition. The liquid-crystal
transition is therefore first order. When the first derivatives are continuous but second
derivatives such as thermal expansion coefficients and heat capacity are discontinuous, it
is classified as a second-order phase transition. Under this definition, the glass transition
resembles a second-order phase transition since the second derivatives go through a step at
Tg. However, it is generally believed that the glass transition is not a thermodynamic tran-
sition but rather a kinetic one since it is not a transition between states of thermodynamic
equilibrium. With the crystal being the true equilibrium state, the glass is regarded as a
kinetically locked state. There is no structural difference between the liquid and the glass,
and the only difference is the dynamic slow down due to the increase of density. Whether
an underlying second-order phase transition exists in the limit of infinitely long relaxation
times is still under debate.
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Kinetics

During the glass transition upon cooling, physical properties including density, modu-
lus, heat capacity, refractive index and viscosity of the system change significantly. The
timescale of molecular motion increases dramatically as the temperature approaches Tg. A
convenient definition of the glass transition is the temperature at which the relaxation time
is 100 s or the viscosity is 1013 poise (1012 Pa · s) [6]. Based on the different temperature
dependence of viscosity, glass-forming materials are categorized into “strong” vs “fragile”
liquids, as shown in Fig. 1.2.

The dependence of viscosity on temperature of “strong” liquids such as silica is well
described by the Arrhenius functionality:

η = A exp

(
Ea

kBT

)
, (1.4)

where A and Ea are temperature-independent constants and kB is Boltzmann’s constant.
It is worth noting that strong liquids typically have network structures of covalent bonds,
while molecules in fragile liquids typically interact through nondirectional, noncovalent
forces [7]. For “fragile” liquids, the viscosity and relaxation time scales are quite non-
Arrhenius and can be approximately described by the empirical Vogel-Fulcher-Tammann
(VFT) equation [40, 41, 42]:

η = A exp

(
B

T − T0

)
, (1.5)

where A and B are temperature-independent constants and T0 is called the VFT temper-
ature. When T0 = 0, the Arrhenius equation is recovered. When T0 > 0, the behaviour
is non-Arrhenius, and the viscosity (or relaxation time) is expected to diverge at T0. The
VFT equation is equivalent to another widely known equation, the Williams-Landel-Ferry
(WLF) equation [43]:

log(aT ) =
−C1(T − Ts)
C2 + (T − Ts)

, (1.6)

where Ts is the reference temperature, C1 and C2 are temperature independent constants,
and aT = τ(T )/τ(Ts) or aT = η(T )/η(Ts) is the ratio of relaxation times or viscosities at
temperatures T and Ts, respectively.

Fragile liquids display non-exponential response to various perturbations [44]. This be-
haviour is often described by the stretched exponential function, or Kohlrausch–Williams–Watts
(KWW) function [45, 46]. The response function F (t) of a system (e.g. the strain resulting

7



ANRV308-PC58-09 ARI 21 February 2007 11:40

2. BASIC PHENOMENOLOGY OF THE STRUCTURAL
GLASS TRANSITION
Liquids exhibit a remarkable range of dynamical behaviors within a relatively narrow
temperature interval. Viscosity, for example, varies over a tremendous dynamic
range: Figure 2 plots the viscosities for supercooled liquids as functions of the in-
verse temperature scaled to their respective glass transition temperatures, at which the
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Figure 2
The viscosities of several supercooled liquids plotted as functions of the inverse temperature.
Substances with almost-Arrhenius-like dependences are said to be strong liquids, whereas the
visibly convex curves are described as fragile substances. The full dynamic ranges from
approximately 1 ps, on the lower viscosity side, to approximately 104 s when the viscosity
reaches 1013 poise. Figure taken from Reference 5.
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Figure 1.2: A Tg-scaled Arrhenius plot of liquid viscosities. “Strong” liquids exhibit Ar-
rhenius behaviours, while “fragile” liquids exhibit non-Arrhenius behaviours. Figure from
Ref. [6].

from an applied stress, or the stress in response to an imposed deformation) follows:

F (t) = exp

[
−
(
t

τ

)β]
, (1.7)

where τ is a characteristic relaxation time, which often has non-Arrhenius temperature
dependence. When β = 1, the exponential function is recovered. A smaller β value
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stretches the exponential more. This behaviour is believed to be related to the spatial
heterogeneity of the system. Whether the distinct domains relax identically in a non-
exponential manner or differently with various exponential behaviours remains unknown
[47].

At temperatures much higher than the glass transition temperature, the dielectric re-
laxation time of the liquid has an Arrhenius temperature dependence and there is a single
relaxation peak. This relaxation is named the α-relaxation (segmental relaxation) and it
is the main structural relaxation in polymers. The single relaxation peak splits into two
at lower temperatures for most materials [48]. The secondary relaxation is name the β-
relaxation and has a smaller amplitude than the α-relaxation. The β-relaxation (faster) is
believed to be a precursor of the structural α-relaxation, related to local vibrations. While
the α-relaxation becomes non-Arrhenius at lower temperatures, the β-relaxation remains
Arrhenius.

Thermodynamics

One of the most important quantities in describing the thermodynamics of glasses is the
entropy, which is directly related to the nature of glassy states. Entropy is a function of the
state of the system which depends on the density of states of a system. A higher density of
states at a specific energy level means there are more states available for occupation, which
is favoured with a higher probability. If we compare a system in its liquid state with its
glassy state under a microscope, there is no obvious difference to the eye. As can be seen
from the schematics in Fig. 1.1, unlike any other phase transitions [49], glass formation does
not cause a sharp structural change in the system or create any order. Instead, the density
of states in equilibrium reduces with decreasing temperature, causing the slowing down of
molecular rearrangements, and the relaxation time of the system increases rapidly. Finally,
the liquid falls out of equilibrium and forms a glass at the glass transition temperature Tg.
During this process, conventional order parameters do not capture the change, and only
observables related to the density of states are able to describe the transition. Therefore,
entropy, specifically configurational entropy, has naturally become a quantity of interest
and plays a central role in glass science.

From calorimetric measurements, the entropy of a system can be obtained through
integrating over the measured specific heat. Upon glass formation, the specific heat drops
to a lower value, causing a kink in the entropy of the system, as Fig. 1.3 shows. The slope
of the entropy curve is the larger for the liquid and supercooled liquid, compared to that
for the glass and crystal. This leads to the entropy crisis, or Kauzmann paradox [50]: if the
system remained in the supercooled liquid state as temperature is continuously lowered,
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the entropy of the liquid would be equal to and even less than that of the crystal at some
point. This point is known as the Kauzmann temperature TK. It is counterintuitive that
a glass with disordered structure could have equal entropy, or degree of randomness, as a
crystal with perfectly ordered structure. Below TK, the entropy can even become negative
at a finite temperature, which violates the third law of thermodynamics.

mobility also show very large changes as the temperature is
lowered toward Tg.
The three liquids shown in Figure 2 have different temperature

dependences as Tg is approached. The viscosity of SiO2 has
almost an Arrhenius dependence while the viscosity and rotation
times for o-terphenyl are quite non-Arrhenius. On this type of
plot, almost all materials would fall in between these two
curves.8 On the basis of this property and others, supercooled
liquids have been classified as strong or fragile.8 Strong liquids
(e.g., SiO2) show Arrhenius relaxation processes and typically
have three-dimensional network structures of covalent bonds.
Fragile liquids (e.g., o-terphenyl) have quite non-Arrhenius
relaxation properties and typically consist of molecules interact-
ing through nondirectional, noncovalent interactions (e.g.,
dispersion forces).
The temperature dependence of relaxation times (or the

viscosity) for supercooled liquids is often described at least
approximately by the Vogel-Tammann-Fulcher (VTF) equa-
tion:

When T∞ ) 0, the familiar Arrhenius equation results. In this
case, the constant B is equal to E/k, where E is the activation
barrier. When T∞ > 0, the temperature dependence is non-
Arrhenius, and the relaxation time is predicted to become infinite
at T∞. At any given temperature, non-Arrhenius relaxation
processes can be characterized by an apparent activation energy
()k[d(ln Ù)/d(1/T)]). Fragile liquids may have apparent activa-
tion energies of 500 kJ/mol or more near Tg, corresponding to
changes in dynamics of 1 decade for a temperature change of
3-5 K. The Williams-Landel-Ferry (WLF) equation often
used to describe viscosity or relaxation times in polymers is
mathematically equivalent to the VTF equation.
Usually supercooled liquids show more than one relaxation

process at temperatures near Tg. Figure 3 illustrates the behavior
of o-terphenyl.9,10 For nonpolymeric liquids, the slowest
relaxation process is called the alpha (R) process and roughly
corresponds to molecular rotation. Secondary relaxation pro-
cesses occur on shorter time scales. Unfortunately, the designa-

tion of these secondary processes in the literature is not uniform.
In Figure 3, two secondary processes are marked as the slow
and fast beta (‚) processes.11 The ‚s process is believed to be
due to partial reorientation of o-terphenyl molecules.12 For
decades this process was called simply the ‚ relaxation; “slow”
has recently been added to distinguish it from much faster
processes. One of these, labeled as the ‚f process in Figure 3,
is thought to be a complex collective anharmonic cage rattling
process.13 The ‚s process has also been called the Johari-
Goldstein process.
Thermodynamics as Tg Is Approached: The Entropy

Crisis. The specific entropy, s, of a supercooled liquid, even
though it is not the state of lowest free energy, can be calculated
in the usual way by integrating over the measured specific heat.
Figure 4a shows a schematic graph of a typical specific heat
curve for the crystal, liquid, supercooled liquid, and glass.14 The
specific heat cp(T) is largest in the supercooled liquid and drops
to a lower value, close to the value found in the crystal phase,
near Tg. The temperature at which the specific heat drops
rapidly depends sensitively on the rate of cooling of the liquid.
The two separate curves in the figure indicate the result of
cooling at two different rates. Upon even slower cooling, the
curve would shift even farther to lower temperatures. The
thermodynamic relation

allows a determination of the entropy from such data. The
crystal entropy at the melting point Tm can be calculated if the
specific heat of the crystal is measured from T ) 0 to Tm. The
entropy of the liquid at Tm is obtained by adding the entropy of
fusion to the crystal entropy. Upon recooling the liquid below
Tm, one again measures cp and uses eq 2 to determine the entropy
of the supercooled liquid. This is shown schematically in Figure
4b. The slope of s versus T must be largest in the liquid and
supercooled liquid phases since that is where cp is largest. Thus,
as the temperature drops, the entropies of the supercooled liquid
and the crystal must quickly approach one another.
If the specific heat did not drop at Tg, and the rapid decrease

of the liquid entropy were to continue to arbitrarily low

Figure 3. Compilation of various relaxation times measured for
o-terphenyl. R-relaxation: dielectric relaxation (+); dynamic Kerr effect
(£); light scattering (x); NMR (b). ‚s-relaxation: dielectric relaxation
(O); time-resolved optical spectroscopy (4). ‚f-relaxation: neutron
scattering ([). The ordinate is the base 10 logarithm. Solid and dashed
lines are guides for the eye. Different experimental techniques often
give similar relaxation times in one-component supercooled liquids.
Data sources are given in ref 10. Reproduced with permission from
ref 9. Copyright 1994 North-Holland.
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Figure 4. A schematic diagram of the temperature dependence of (a)
the specific heat, cp, and (b) the specific entropy, s, of a crystal, liquid,
supercooled liquid, and glass. Glasses 1 and 2 are obtained with different
cooling rates and have different apparent glass transition temperatures.
Glass 1, shown by the dashed curve, represents the result of a faster
cooling rate than that used to produce glass 2, the solid curve.
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Figure 4. A schematic diagram of the temperature dependence of (a)
the specific heat, cp, and (b) the specific entropy, s, of a crystal, liquid,
supercooled liquid, and glass. Glasses 1 and 2 are obtained with different
cooling rates and have different apparent glass transition temperatures.
Glass 1, shown by the dashed curve, represents the result of a faster
cooling rate than that used to produce glass 2, the solid curve.
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Figure 1.3: A schematic diagram of the specific heat (a) and the entropy (b) of a crystal,
liquid, supercooled liquid, and glass as a function of temperature. The cooling rate in the
formation of glass 1 (dashed curve) is faster than that for glass 2 (solid curve). Figure
from Reference [7].

Experimentally, the crisis is always avoided with a kinetic glass transition, causing the
entropy to decrease at a slower rate at T < Tg. However, in theoretical considerations that
is devoid of experimental ambiguities, there appears to be nothing to prevent the crisis
even at very low temperatures, as shown in computer simulations [51].

10



1.3.2 Theories of the glass transition

Entropy theories

In his own attempt to solve the Kauzmann paradox [50], Kauzmann proposed that spon-
taneous crystallization or kinetic arrest eventually prevents entropy crisis in experiment.
It is also in this paper that Kauzmann defined glass as “an amorphous or non-crystalline
material in which certain internal degrees of freedom characteristic of the liquid state have
not had time to come into thermodynamic equilibrium with their surroundings”. This
definition emphasizes the kinetic nature of an experimental glass transition, but is an im-
plication for revealing a hidden thermodynamic second-order phase transition to an “ideal
glass” which is free of the kinetic constraints. As a matter of fact Kauzmann never excluded
the possibility of a thermodynamic glass transition.

The concept of an ideal glass has been used in other attempts in solving the Kauzmann
paradox [52, 53]. If the liquid transforms to the ideal glass state with the densest possible
random packing at TK, the crisis is then avoided. The configurational entropy of a system
can be defined based on the Boltzmann entropy [54]:

Sconf = kB ln Ω, (1.8)

where Ω is the number of configurational states available in the system. The configurational
entropy is regarded as the entropy from the availability of different configurations to the
structure, and therefore Sconf of the ideal glass is zero and equal to that of the ideal
crystal. Unlike crystals, the orderliness of an ideal glass is less obvious in structure, and
it is described as a “long range amorphous order”. In the theoretical work on polymer
chains by Gibbs and DiMarzio [52], it is shown that at the critical temperature TK, a
thermodynamic second-order phase transition from liquid to glassy state occurs, where the
decreasing configurational entropy Sconf reaches zero and remains zero below TK. Since
Sconf is a logarithm of the number of configurations, the system stays in its ground state
with minimum energy when Sconf vanishes. This work indicates that the ideal glass is a
genuine phase of matter through a second-order thermodynamic phase transition.

As mentioned previously, the most significant feature of glasses compared to liquids is
their slow dynamics. In 1965, the connection between the thermodynamic quantity Sconf

and the dynamic phenomenology in glass formation was first build by Adam and Gibbs
[55], using the concept of cooperatively rearranging regions. They described the relation
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between relaxation time τ and configurational entropy Sconf as

τ ∝ exp

(
1

TSconf

)
, (1.9)

where the relaxation time diverges at the Kauzmann temperature. It is not hard to under-
stand this relation since the driving force behind relaxations is the possibility to explore
distinct states, quantified by Sconf. The Adam and Gibbs relation provides an excellent
description on the relaxation behaviour of supercooled liquids. In fact, the empirical VFT
equation[40, 41, 42] that has been widely used to describe dynamics of glass-forming ma-
terials is readily derived from the Adam and Gibbs relation. This relation provides a
thermodynamic explanation on the kinetics, and is in support of the underlying thermo-
dynamic transition to an ideal glass with a unique configuration. For many fragile liquids,
the value T0 in the VFT equation is very close to TK obtained from calorimetric mea-
surements [56], which provides stronger support in the connection between dynamics and
thermodynamics.

Sconf has been experimentally measured and numerically simulated in various materials
and models. Studies by Berthier et al. [57, 58] show that extrapolation of equilibrium
data suggests that Sconf vanishes at TK > 0 in three dimensions, and at TK = 0 in two
dimensions. These results support the existence of entropy crisis, although not necessarily
a thermodynamic glass transition.

Mean field theory

Since the work of Gibbs and DiMarzio [52] on the configurational entropy Sconf using
mean-field approximations, there have been a plenitude of studies on the entropy crisis
based on mean-field theory (MFT), with the famous random first order transition (RFOT)
theory being one of them [57]. The mean field theory associates the growing dynamic
lengthscales with an ideal glass transition [59, 60], consistent with the findings of previous
thermodynamics theories.

In the mean-field theory describing the phase transition between a gas and a liquid, the
free energy has two minima corresponding to gas and liquid states. The order parameter,
density, readily distinguishes the two states. The glass state, however, is much more dif-
ficult to be distinguished from the liquid state by its density, so another order parameter
named the overlap function Q has been introduced to serve as the new order parameter. Q
characterizes the degree of similarity of the density profiles of two equilibrium configura-
tions and is inversely related to entropy. For two uncorrelated profiles such as in the liquid
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driving force for relaxation
from the localized, metastable
glass state to the liquid phase.
Scaling arguments inspired
by classical nucleation theory
provide a time scale for relax-
ation that grows exponen-
tially with 1/(kBTSconf), where
kB denotes the Boltzmann
constant. That time scale di-
verges as TK is approached
from above and Sconf goes to
zero, and it is infinite in the
entire glass phase below TK.
The physical interpretation is
that dynamics slow as tem-
perature decreases because
ever fewer configurations are
available, and the kinetic
pathways between them be-
come ever more complex and
collective.

Past research on the
physics of phase transitions
has repeatedly warned us that
ideas that appear pertinent in
the mean-field limit may
break down completely when
finite dimensional fluctua-
tions are included. Whereas
such fluctuations have been
successfully included in mod-
ern theoretical descriptions of
simple phase transitions, they
are still being intensely studied for problems where disorder
and complex free-energy landscapes appear. 

In parallel, researchers are exploring theoretical alternatives
to the mean-field approach—for instance those based on real-
space dynamic excitations that describe the liquid relaxation
dynamics via the emergence of a sparse collection of spatially
correlated molecular displacements.10 Another approach con-
siders locally favored geometrical motifs and analyzes the over-
all disordered liquid structure as an assembly of topologically
distinct clusters.11

Do glasses contain defects?
Defects are central to the physics of ordered condensed-ma!er
phases. Physicists typically view deformation and fracture in
crystalline solids in terms of defect dynamics. For example,
crystalline metals can deform when one plane of atoms slides
over another. Given the intrinsic disorder of glassy materials,
analogous slip planes can obviously not occur in glasses.

The whole idea of defects in glasses might be dismissed by
saying that everything about the packing in glasses appears de-
fective, whereas defects are useful objects only when they are
sparse. Surprisingly, recent research has identified sparse de-
fects or so" spots that seem to play an important role.

When a glass is deformed at low temperature, one observes
spatially localized irreversible rearrangements, o"en called
shear transformation zones, even at low strains.12 Shear trans-

formation zones act as defects but are
only revealed by mechanical deforma-
tions. Indeed, they do not relate to obvi-
ous structural features, unlike defects in
crystals, and that makes it hard to pre-
dict where glasses will begin to flow. In
computer simulations or in experiments
that track colloidal particles with a mi-
croscope, shear transformation zones
are easy to find, but only a"er the fact.

The current view is that when a glass
is deformed, the strain first becomes localized in a small num-
ber of shear transformation zones. On further deformation,
those zones organize spatially to initiate shear bands that rep-
resent planes where the entire deformation of the material con-
centrates. That concentration eventually leads to the large-scale
failure of the glass.

Because shear transformation zones provide a molecular
view of how glasses break, understanding their structural ori-
gin and predicting their behavior are important research goals.
Based on the results of recent computer simulations, researchers
have hypothesized that shear transformation zones in glasses
are correlated with localized low frequency vibrations.13

In a crystal, the lowest-frequency vibrational modes involve
a large number of atoms. Although some low-frequency modes
in glasses also have that character, additional low-frequency
modes involve an unusually small number of atoms. Such modes
do not exist in perfect crystals. It is those localized low-fre-
quency modes that appear to correlate with shear transforma-
tion zones. One might think of shear transformation zones as
being unusually poorly packed regions of the glass, but at pres-
ent no structural measure allows for their direct identification.

As the temperature is raised, thermal fluctuations sponta-
neously trigger more and more molecular rearrangements. Ex-
periments and simulations indicate that just above Tg, molec-
ular motion is spatially heterogeneous and temporally highly
intermi!ent. In other words, some regions of the glass are mo-
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FIGURE 3. MEAN-FIELD THEORY of the equilibrium
 liquid–glass phase transition. (a) The equilibrium free 
energy is shown in a representation analogous to the 
liquid–gas transition, but with the average overlap, which
quantifies the similarities in pairs of configurations, in
place of density on the horizontal axis. For temperature T
greater than the so-called Kauzmann transition
 temperature TK, the liquid (the state with zero average
overlap) is the stable phase. The configurational entropy
Sconf represents the free-energy cost to occupy the
metastable glass state (the state with nonzero average
overlap). (b) As T decreases toward TK, Sconf decreases
 rapidly and vanishes at TK. (c) At that point, the system
jumps discontinuously to the glass phase with high
 average overlap. Below TK, the glass state is the 
thermodynamically stable phase, the overlap is large, 
and the configurational entropy is zero. All dimensioned
quantities are given in arbitrary units.
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driving force for relaxation
from the localized, metastable
glass state to the liquid phase.
Scaling arguments inspired
by classical nucleation theory
provide a time scale for relax-
ation that grows exponen-
tially with 1/(kBTSconf), where
kB denotes the Boltzmann
constant. That time scale di-
verges as TK is approached
from above and Sconf goes to
zero, and it is infinite in the
entire glass phase below TK.
The physical interpretation is
that dynamics slow as tem-
perature decreases because
ever fewer configurations are
available, and the kinetic
pathways between them be-
come ever more complex and
collective.

Past research on the
physics of phase transitions
has repeatedly warned us that
ideas that appear pertinent in
the mean-field limit may
break down completely when
finite dimensional fluctua-
tions are included. Whereas
such fluctuations have been
successfully included in mod-
ern theoretical descriptions of
simple phase transitions, they
are still being intensely studied for problems where disorder
and complex free-energy landscapes appear. 

In parallel, researchers are exploring theoretical alternatives
to the mean-field approach—for instance those based on real-
space dynamic excitations that describe the liquid relaxation
dynamics via the emergence of a sparse collection of spatially
correlated molecular displacements.10 Another approach con-
siders locally favored geometrical motifs and analyzes the over-
all disordered liquid structure as an assembly of topologically
distinct clusters.11

Do glasses contain defects?
Defects are central to the physics of ordered condensed-ma!er
phases. Physicists typically view deformation and fracture in
crystalline solids in terms of defect dynamics. For example,
crystalline metals can deform when one plane of atoms slides
over another. Given the intrinsic disorder of glassy materials,
analogous slip planes can obviously not occur in glasses.

The whole idea of defects in glasses might be dismissed by
saying that everything about the packing in glasses appears de-
fective, whereas defects are useful objects only when they are
sparse. Surprisingly, recent research has identified sparse de-
fects or so" spots that seem to play an important role.

When a glass is deformed at low temperature, one observes
spatially localized irreversible rearrangements, o"en called
shear transformation zones, even at low strains.12 Shear trans-

formation zones act as defects but are
only revealed by mechanical deforma-
tions. Indeed, they do not relate to obvi-
ous structural features, unlike defects in
crystals, and that makes it hard to pre-
dict where glasses will begin to flow. In
computer simulations or in experiments
that track colloidal particles with a mi-
croscope, shear transformation zones
are easy to find, but only a"er the fact.

The current view is that when a glass
is deformed, the strain first becomes localized in a small num-
ber of shear transformation zones. On further deformation,
those zones organize spatially to initiate shear bands that rep-
resent planes where the entire deformation of the material con-
centrates. That concentration eventually leads to the large-scale
failure of the glass.

Because shear transformation zones provide a molecular
view of how glasses break, understanding their structural ori-
gin and predicting their behavior are important research goals.
Based on the results of recent computer simulations, researchers
have hypothesized that shear transformation zones in glasses
are correlated with localized low frequency vibrations.13

In a crystal, the lowest-frequency vibrational modes involve
a large number of atoms. Although some low-frequency modes
in glasses also have that character, additional low-frequency
modes involve an unusually small number of atoms. Such modes
do not exist in perfect crystals. It is those localized low-fre-
quency modes that appear to correlate with shear transforma-
tion zones. One might think of shear transformation zones as
being unusually poorly packed regions of the glass, but at pres-
ent no structural measure allows for their direct identification.

As the temperature is raised, thermal fluctuations sponta-
neously trigger more and more molecular rearrangements. Ex-
periments and simulations indicate that just above Tg, molec-
ular motion is spatially heterogeneous and temporally highly
intermi!ent. In other words, some regions of the glass are mo-
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FIGURE 3. MEAN-FIELD THEORY of the equilibrium
 liquid–glass phase transition. (a) The equilibrium free 
energy is shown in a representation analogous to the 
liquid–gas transition, but with the average overlap, which
quantifies the similarities in pairs of configurations, in
place of density on the horizontal axis. For temperature T
greater than the so-called Kauzmann transition
 temperature TK, the liquid (the state with zero average
overlap) is the stable phase. The configurational entropy
Sconf represents the free-energy cost to occupy the
metastable glass state (the state with nonzero average
overlap). (b) As T decreases toward TK, Sconf decreases
 rapidly and vanishes at TK. (c) At that point, the system
jumps discontinuously to the glass phase with high
 average overlap. Below TK, the glass state is the 
thermodynamically stable phase, the overlap is large, 
and the configurational entropy is zero. All dimensioned
quantities are given in arbitrary units.

(b)
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driving force for relaxation
from the localized, metastable
glass state to the liquid phase.
Scaling arguments inspired
by classical nucleation theory
provide a time scale for relax-
ation that grows exponen-
tially with 1/(kBTSconf), where
kB denotes the Boltzmann
constant. That time scale di-
verges as TK is approached
from above and Sconf goes to
zero, and it is infinite in the
entire glass phase below TK.
The physical interpretation is
that dynamics slow as tem-
perature decreases because
ever fewer configurations are
available, and the kinetic
pathways between them be-
come ever more complex and
collective.

Past research on the
physics of phase transitions
has repeatedly warned us that
ideas that appear pertinent in
the mean-field limit may
break down completely when
finite dimensional fluctua-
tions are included. Whereas
such fluctuations have been
successfully included in mod-
ern theoretical descriptions of
simple phase transitions, they
are still being intensely studied for problems where disorder
and complex free-energy landscapes appear. 

In parallel, researchers are exploring theoretical alternatives
to the mean-field approach—for instance those based on real-
space dynamic excitations that describe the liquid relaxation
dynamics via the emergence of a sparse collection of spatially
correlated molecular displacements.10 Another approach con-
siders locally favored geometrical motifs and analyzes the over-
all disordered liquid structure as an assembly of topologically
distinct clusters.11

Do glasses contain defects?
Defects are central to the physics of ordered condensed-ma!er
phases. Physicists typically view deformation and fracture in
crystalline solids in terms of defect dynamics. For example,
crystalline metals can deform when one plane of atoms slides
over another. Given the intrinsic disorder of glassy materials,
analogous slip planes can obviously not occur in glasses.

The whole idea of defects in glasses might be dismissed by
saying that everything about the packing in glasses appears de-
fective, whereas defects are useful objects only when they are
sparse. Surprisingly, recent research has identified sparse de-
fects or so" spots that seem to play an important role.

When a glass is deformed at low temperature, one observes
spatially localized irreversible rearrangements, o"en called
shear transformation zones, even at low strains.12 Shear trans-

formation zones act as defects but are
only revealed by mechanical deforma-
tions. Indeed, they do not relate to obvi-
ous structural features, unlike defects in
crystals, and that makes it hard to pre-
dict where glasses will begin to flow. In
computer simulations or in experiments
that track colloidal particles with a mi-
croscope, shear transformation zones
are easy to find, but only a"er the fact.

The current view is that when a glass
is deformed, the strain first becomes localized in a small num-
ber of shear transformation zones. On further deformation,
those zones organize spatially to initiate shear bands that rep-
resent planes where the entire deformation of the material con-
centrates. That concentration eventually leads to the large-scale
failure of the glass.

Because shear transformation zones provide a molecular
view of how glasses break, understanding their structural ori-
gin and predicting their behavior are important research goals.
Based on the results of recent computer simulations, researchers
have hypothesized that shear transformation zones in glasses
are correlated with localized low frequency vibrations.13

In a crystal, the lowest-frequency vibrational modes involve
a large number of atoms. Although some low-frequency modes
in glasses also have that character, additional low-frequency
modes involve an unusually small number of atoms. Such modes
do not exist in perfect crystals. It is those localized low-fre-
quency modes that appear to correlate with shear transforma-
tion zones. One might think of shear transformation zones as
being unusually poorly packed regions of the glass, but at pres-
ent no structural measure allows for their direct identification.

As the temperature is raised, thermal fluctuations sponta-
neously trigger more and more molecular rearrangements. Ex-
periments and simulations indicate that just above Tg, molec-
ular motion is spatially heterogeneous and temporally highly
intermi!ent. In other words, some regions of the glass are mo-
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FIGURE 3. MEAN-FIELD THEORY of the equilibrium
 liquid–glass phase transition. (a) The equilibrium free 
energy is shown in a representation analogous to the 
liquid–gas transition, but with the average overlap, which
quantifies the similarities in pairs of configurations, in
place of density on the horizontal axis. For temperature T
greater than the so-called Kauzmann transition
 temperature TK, the liquid (the state with zero average
overlap) is the stable phase. The configurational entropy
Sconf represents the free-energy cost to occupy the
metastable glass state (the state with nonzero average
overlap). (b) As T decreases toward TK, Sconf decreases
 rapidly and vanishes at TK. (c) At that point, the system
jumps discontinuously to the glass phase with high
 average overlap. Below TK, the glass state is the 
thermodynamically stable phase, the overlap is large, 
and the configurational entropy is zero. All dimensioned
quantities are given in arbitrary units.

(c)

Figure 1.4: Mean-field theory of the equilibrium liquid–glass phase transition. (a) The free
energy as a function of the average overlap. (b) Configurational entropy vanishes at TK
on cooling. (c) Below TK, the glass state is the thermodynamically stable phase with high
average overlap. Figure from Reference [5].

state, Q ≈ 0 being the minimum, while for two similar profiles such as in the glassy state,
Q ≈ 1 being the maximum. The free energy V (Q) can then be expressed as a function of
an order parameter Q [61, 62], as Fig. 1.4 shows. As expected, at high temperatures the
global minimum of V (Q) is at Q = 0, and the metastable glass state has a local minimum
as Q approaches 1. To occupy the glass state which is a restricted part of its potential
energy landscape, the system has to pay a free energy cost of TSconf. At the Kauzmann
temperature TK, the two minima have the same value of V (Q) and the free energy cost
becomes zero, corresponding to a zero configurational entropy. Below TK, the glass state
becomes the stable state with a higher overlap. The discontinuous change in Q is similar to
the case of a first order phase transition, and the ideal glass transition is therefore named
a random first order transition [5].

In the mean-field limit, the exact solution to the glass-transition problem has been
obtained for infinite dimensions [57, 63, 64], where the theory explains the viscous slowdown
of a glass-forming system through the rarefaction of the number of glassy metastable states
upon approaching TK. However, results for infinite dimensions in the mean-field limit may
break down completely when finite dimensional fluctuations are involved according to past
researches on phase transitions [5]. New computational techniques are being developed to
study the validity of MFT in finite dimensions [64, 65, 66], and recent studies [57, 58] have
shown that the thermodynamic transition occurs at absolute zero in two dimensions and
at a finite temperature in three dimensions, suggesting that the lower critical dimension
for the long-range amorphous order is d = 2.
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Potential energy landscape

The potential energy landscape (PEL) [67, 68] provides a framework for interpreting the
phenomenology involved in glass transition. For an N -body system, the potential energy
is represented by Φ(r1 · · · rN), where ri accounts for position, orientation, velocity and
other relevant parameters of the each particle. The potential energy landscape can be
illustrated in a one-dimensional representation as shown in Fig. 1.5. The points for which
dΦ/dr = 0 are the local minima on the landscape, and they represent metastable states
(also named inherent structures) of the system, with the thermodynamically stable state
at absolute zero being the global minimum. The local minima, or basins, are separated by
barriers which represent the activation energy to transition from one state to another. The
landscape picture separates molecular motion into distinct potential energy minima and
vibration within a minimum. As the temperature decreases, the average potential energy
lowers. “TA” in Fig. 1.5 is where non-Arrhenius dynamics appears, and the characteristic
time scale for molecular reorientation at this point is typically on the order of nanoseconds.
“Tg” is normally the energy level that is reached with a cooling rate of 1 K/min. By cooling
the material more slowly or aging the material, the materials is brought deeper down in
the landscape.

210901-3 M. D. Ediger J. Chem. Phys. 147, 210901 (2017)

FIG. 3. A schematic representation of the potential energy landscape of a
glass forming system. At constant volume, a single landscape controls the
dynamics, thermodynamics, and structure of the supercooled liquid and all
possible glassy states.

when cooling the liquid at 1 K/min; when the material leaves
equilibrium at Tg, it is stuck on the energy landscape and
further cooling does not lower its potential energy. Extended
aging not too far below Tg allows some equilibration and low-
ers the position of the system on the landscape; the line shown
might indicate the influence of one year of aging. The posi-
tion on the energy landscape achieved for some systems by
physical vapor deposition is much lower than can be achieved
in the laboratory by aging or slow cooling, as we discuss
below.

A key feature of Fig. 3 is that there is a well-defined bot-
tom to the amorphous part of the potential energy landscape.
The rapid drop of the entropy of the supercooled liquid as it
is cooled indicates a landscape with fewer and fewer amor-
phous states at lower potential energy, i.e., fewer and fewer
ways of arranging the molecules. The bottom of the landscape
corresponds to the temperature where the part of the entropy
associated with configurations (Sconf) reaches zero. This rep-
resents a limiting state of perfected amorphous packing which
is sometimes called the “ideal glass.” Whether the actual land-
scapes of real systems have an ideal glass state (with Sconf = 0)
is an open question that we discuss below. While some models
of the glass transition make specific predictions about what
happens near the bottom of the landscape,10,13,14 the proper-
ties of glasses near the bottom of the landscape are of interest
beyond these predictions. For example, it is likely that the
lowest energy glass has the highest modulus and the highest
thermal stability of any amorphous packing. For cooling at
constant pressure, the lowest energy glass is likely the densest
possible amorphous packing of a given system. As discussed
below, states approaching the ideal glass or lowest energy glass
can be prepared by physical vapor deposition.

HIGH DENSITY AND LOW ENTHALPY
VAPOR-DEPOSITED GLASSES

Figure 1 highlights an important regime of high den-
sity materials that is inaccessible from the supercooled liq-
uid because of the enormous times scales that would be
required for cooling or aging. In 2007, Swallen et al.
showed that glasses with these high densities could be pre-
pared by physical vapor deposition.4 Figure 4 shows results
from an ellipsometry experiment on an ⇠600 nm film of

FIG. 4. Spectroscopic ellipsometry measurements of film thickness for a
glass of indomethacin vapor-deposited at 0.2 nm/s onto a silicon substrate
at 285 K. The arrows indicate the thermal path of the sample, with heating
and cooling at 1 K/min. The as-deposited glass is denser and has a higher
onset temperature than the liquid-cooled glass. Data are taken from Ref. 15.

indomethacin.15 The glass was vapor-deposited onto a silicon
substrate held at Tsubstrate = 285 K and then heated at 1 K/min
while measuring the thickness. After the sample transformed
into the supercooled liquid, it was cooled and then re-heated
at 1 K/min in order to obtain data on a reference liquid-cooled
glass. The as-deposited glass is 0.85% thinner (i.e., 0.85%
more dense) than the liquid-cooled glass. An extrapolation of
the data shown indicates that the density of the as-deposited
glass (at Tsubstrate) is very close to that expected for the equilib-
rium liquid at this temperature, even though this is 25 K below
the conventional Tg = 310 K. There are a number of ways
to estimate how long one would have to age a liquid-cooled
glass to attain this density, with results ranging from 100 to
100 000 years. Based upon these estimates, such high-density
glasses until recently would have been considered “impossible
materials.” Another notable feature of the as-deposited glass
in Fig. 4 is its high kinetic stability as indicated by the fact
that the onset temperature for transformation into the super-
cooled liquid is 20 K higher than for the liquid-cooled glass;
this indicates that the energy barriers governing rearrange-
ment are higher in the as-deposited glass. Qualitatively, one
could consider the as-deposited glass to be “superaged” in
that it has the high density and high kinetic stability expected
for highly aged liquid-cooled glasses. As shown below, even
denser and “older” glasses of indomethacin can be prepared at
lower Tsubstrate.

The results shown in Fig. 4 are surprising given the pre-
2007 literature on vapor deposition. It had been thought that
vapor-deposited glasses always exhibited low density and low
stability, as a result of the very fast cooling rate for individ-
ual molecules when they hit the surface (⇠1013 K/s). From
Fig. 1, we see that fast cooling rates would be expected to yield
glasses with low density since the system would leave equi-
librium at a high temperature. The formation of high density
glasses via vapor deposition can be rationalized by a surface
equilibration mechanism: If there is sufficiently high mobil-
ity at the surface of the glass, molecules can equilibrate (or
nearly equilibrate) as they are deposited even if the tempera-
ture is below Tg.4,16 Even in 2007, there were indications that
mobility at glass surfaces might be more than 104 times faster

Figure 1.5: Schematic representation of the potential energy landscape of a glass-forming
system. Figure from Reference [8].

The configurational entropy Sconf = kB ln Ω is related to the number of configurational
states Ω in a system. In the picture of potential energy landscape, Ω is equivalent to the
number of minima or inherent structures. At high temperatures the system is able to sam-
ple all possible configurations of the system. At lower temperatures available states become
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fewer and fewer with lower potential energy and the entropy of the system decreases. The
system does not have enough energy to overcome the higher barriers and becomes trapped
in local minima. With infinitely slow cooling or infinitely long aging, the configurational
entropy of the system finally reaches zero, corresponding to a unique configuration. This
final state is known as the ideal glass state, which presumably has the densest possible
amorphous packing. The concept of ideal glass appears in the potential energy landscape
as a natural consequence, although its existence remains to be proved.

One of the biggest problems with the PEL model is that it is impractical to be used
in real world problems, since it is almost impossible to define the energy landscape of a
system with large degrees of freedom. Since it is largely static, it is incapable of describing
the exact transition from a supercooled liquid to a glass [69]. However, it satisfactorily
describes the thermodynamics, dynamics, and the structure of disordered systems, and
offers an attractive route to understand the microscopic basis of glass formation and the
concept of an ideal glass.

Free volume theory

When temperature decreases, the density of a glass increases and becomes high enough
so that particles/monomers get in the way of each other when they move. The free vol-
ume theory is one way to describe this effect [43, 70, 71, 72, 73, 74]. In contrast to the
thermodynamic models introduced above, the free volume theory is based on kinetics. At
higher density, the free volume decreases, so particles need to cooperate to make room for
relaxation. During the development of the free volume theory, there have been different
versions in the definition of free volume. In Fig. 1.6 the different regions in the entire
sample volume are shown.

Of the entire volume V of a system, the temperature dependent “vibrational volume”,
Vvib, takes the largest fraction, which corresponds to the underlying solid-like contribution
to the total volume. It consists of a “hard core” volume shown in black and the nearby
space shown in gray. In different versions of definitions of the free volume, a key difference is
the categorization of the surrounding space in gray. In many of the earlier studies including
those by Fox and Flory [70, 71, 72] and Williams, Landel, and Ferry [43], the vibrational
volume Vvib are considered as “occupied volume” and only the white space (Vfree:exs in the
figure) is regarded as the free volume since it is the fraction beyond solid-like range of
motion and is key for allowing the system to behave like a liquid. In some other works
[73, 74, 75], a “total free volume” is defined as all the volume excluding the hard cores,
which is the Vfree shown in the figure, composed of the gray and white space together.
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distinctions between how various contributions to the total free
volume originate. It is worth the effort to clarify the differences
between models, as we do below, in order to translate and make
comparisons between them. This will also allow us to better place
our own results in the context of earlier work.
Explicit clarification is also valuable in discussing the approach

used to deduce the presence of and quantify free volume. Our
method is to determine free volume first and then ask about its
relationship to dynamics, rather than begin with an assumption
of a particular relationship. Associated with this are the choices in
the kinds of experimental properties on which any formalism
must rely. For example, in probing VFT-type phenomenology,
conclusions have often been drawn from analyzing dynamical
data e.g. τ or η as a function of T. Note, however, that doing so
involves the presumption that free volume is connected to
dynamics and Tg. Another route is to quantify free volume via
thermodynamic/PVT data; this is the path that the LCL model
follows, and it presumes only that the experimental volume
occupied by a sample contains within it a van der Waals-like
“hard core” component. The LCL theory is a statistical
thermodynamic model; it does not exhibit a Tg, and no formal
connection with dynamic properties is assumed. Yet we show in
the work that follows that our analysis of melt behavior produces
correlations that track the onset of glassiness, allowing us to
develop characteristic signatures that reflect the reduction in free
volume and segmental entropy characteristic of the glassy state.
1.2. Definitions for “Free Volume”. A typical free volume

definition is given by the following kind of expression

=
− ‐

[free volume] [total volume]

[some measure of “occupied” or “hard core” volume]

where the “total volume” is of course T and P dependent, while
the quantity of volume that gets subtracted may, or may not, beT
and/or P dependent. For the commonly used free volume
definitions see Figure 1, which shows a schematic of the
contributions to free volume and how they are related. The first
differentiation concerns whether a constant “hard-core” volume,
or a T-dependent volume, is subtracted from the total. The
former is the most straightforward definition of free volume and
represents the maximum possible amount of free volume, i.e.,
everything except the limiting, fixed, hard-core contribution. We
denote this simply as Vfree, and it is given by

= −V V Vfree hc (4)

In the next section we show how Vhc, and thus Vfree, can be clearly
calculated in the terms of our LCL model parameters, obtained
by characterization using PVT data, since the LCL model has a
natural definition for Vhc.
The other route to defining a free volume results in quantities

that represent a portion of the “full amount”. In this picture, and
as shown in Figure 1, Vfree is considered to be made up of two
types of free volume: One is Vfree:vib, which is the free space
contained within the temperature-dependent “vibrational
volume”, Vvib. Vvib is the hypothetical volume that the segments
would “own” even in the crystalline solid state and is given by

= +V V Vvib free:vib hc (5)

Vvib is viewed as the underlying solid-like contribution to the total
liquid volume, comprised by the hard core volume (Vhc) plus the
nearby free space (Vfree:vib) expected to be covered by simple
solid-like vibrational motion of the segments. Note that Vvib has

often been called the “occupied volume” in other works in the
literature, e.g., Fox and Flory.20−22

The other contribution to the total is the additional free
volume needed to give the overall total amount “owned” by the
melt (the liquid), and we will call this the “excess free volume”,
denoted by Vfree:exs.

= −V V Vfree:exs vib (6)

Thus, we have

= +V V Vfree free:exs free:vib (7)

In Figure 2 we present a stylized depiction of the various
contributions to the total volume, with a guide to notation listed
below the diagram.

The temperature dependence of the different types of free
volume can be connected to the coefficient of thermal expansion
α = (1/V)(∂V/∂T)P. A distinction between the “total free
volume” and the “excess free volume” is that (∂Vfree/∂T)P = VαL,
and (∂Vfree:exs/∂T)P = (∂Vfree/∂T)P − (∂Vfree:vib/∂T)P ≈ V(αL −
αG), where αL is that of the liquid and αG is that of the glass (or
the crystalline solid, as it often has a similar value).
It is important to be explicit about the meaning of Vfree:exs and

Vfree:vib. We begin with a discussion of what these quantities were
intended to represent from a physical standpoint. Fox and
Flory20−22 were among those to introduce a quantity analogous
to what we define here as Vfree:exs, which they denoted vf. In
addition, what we identify as the T-dependent vibrational
volume, Vvib, is analogous to what Fox and Flory denoted as the
(T-dependent) “occupied volume”, v0. The goal in identifying
Vfree:exs(vf) is to quantify that particular amount of free volume
that is above and beyond the free space that would (hypotheti-
cally) be “owned” by segments behaving in a solid-like manner.
As noted above, solid-like segmental behavior reflects conditions

Figure 2.Diagram showing a breakdown of regions assigned to different
types of volumes and free volumes in a sample of segments in a liquid.
The black circles represent the hard cores of the segments. The gray
regions surrounding the segmental hard cores are the (T-dependent)
free space (Vfree:vib) that the segments may range over when
hypothetically limited to just the execution of simple solid-like
vibrational motion. The white regions are the extra free space available
to the segments in the liquid, above and beyond the expected solid-like
range of motion. (Note: the drawing is technically not to scale for a 3D
liquid, which would have a lower overall fraction of available free space,
e.g., typically for a liquid, %Vfree < 35%. Also note any remaining “space”
envisioned in a representation of hard spheres at hexagonal close
packing is effectively not available, so from a PVT relations point of view,
it should thus be part of the effective hard-core volume.)
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Figure 1.6: Schematic diagram showing the various contributions to the total volume.
The black regions represent the hard cores of the particles/monomers. The gray regions
represent the surrounding volume expected to be covered by simple solid-like vibrational
motion. The white regions are the extra free space available in the system, beyond the
expected solid-like range of motion. Figure from Ref. [9].

The different types of free volume can be related to different thermal expansion coef-
ficients (α = (1/V )(∂V/∂T )P ). For the “total free volume”, αL = (1/V )(∂Vfree/∂T )P , or
equivalently, (∂Vfree/∂T )P = V αL, where αL is the liquid thermal expansion coefficient. For
the “excess free volume”, (∂Vfree:exs/∂T )P = (∂Vfree/∂T )P − (∂Vfree:vib/∂T )P ≈ V (αL−αG),
where αG is the glass thermal expansion coefficient. The crystalline solid often has a sim-
ilar value as that of the glass. Fig. 1.7 is a diagram showing the different types of volume
and the overall volume change with temperature.

In Fig. 1.7 the relations of different types of volume and their temperature dependence
are easily seen. Corresponding to the gray area in Fig. 1.6, Vfree:vib = Vvib − Vhc = Vfree −
Vfree:exc. The temperature dependence of Vvib is often considered to be that of the glass,
i.e., solid-like. The excess free volume, Vfree:exs, is temperature dependent in the liquid
state, yet temperature independent in the glassy state. This appears in the figure as the
fact that the liquid has a higher thermal expansion coefficient than the glass. When the
system transforms into a glass, Vfree:exs becomes frozen and fixed due to imperfections in
packing that waste space. As the temperature decreases below Tg, the glass only contracts
through a reduction in Vfree:vib.
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η = +A B Tln ln / (1)

(or equivalently, η = Aexp[B/T]) where T is absolute
temperature and A and B are constants. B is often identified as
an “activation energy” and associated with the related diffusive
motion. In drawing a connection with free volume, Doolittle
made an influential early contribution.14 In his work correlating
viscosity measurements with temperature, Doolittle replaced the
“T” in eq 1 with the corresponding values of “relative free
volume”, (V − Vhc)/Vhc, where V is the total volume and Vhc the
hard-core volume, yielding

η = + −A BV V Vln ln /( )hc hc (2)

This form, referred to as the “Doolittle equation”, reflects a more
complicated temperature dependence, residing as it does in the
relative free volume, rather than in the factor of “T”. While
Doolittle’s analysis lead him to propose this form as giving a a
better fit to the behavior of hydrocarbon liquids than the
standard eq 1, we have found that within the relatively high
temperature range that Doolittle used an Arrhenius form still
works equally well, if not better (see note 15). A number of other
models have made connections to Doolittle’s early work,
particularly in terms of how it invoked the concept of free
volume. We will discuss this further below.
As noted above, the simple Arrhenius form (eq 1) does not

capture the behavior of many glass-forming systems at
temperatures approaching the glass transition. The typical
situation for glass formers is that the apparent activation energy,
B (originally intended to be a constant), appears to increase as
temperature decreases. This “super-Arrhenius behavior” has
been described by the phenomenological Vogel−Fulcher−
Tammann (VFT) equation.16−18 The expression for the viscosity
(with an analogous form for relaxation time, τ) is given by

η = + −A B T Tln ln /( )0 (3)

where T is temperature, A and B are constants, and T0 is a third
constant (sometimes called the “Vogel temperature”). In this

form, as T approaches T0 the viscosity goes to infinity; fits to
experimental data often show T0 to be roughly 50 deg below the
glass transition temperature, Tg. The VFT equation is equivalent
to the well-known Williams−Landel−Ferry (WLF) equation,19

which is discussed in more detail further below.
1.1. Connecting Free Volume to Glassy Behavior. It is

worth emphasizing that the super-Arrhenius behavior as
described by the VFT or WLF forms has provided a basic
phenomenological description that tracks experimentally
observed behavior in glass-forming systems with reasonable
success. Thus, in efforts to derive more fundamental descriptions
that will yield a deeper understanding of glassy behavior,
researchers have often welcomed, and even specifically targeted,
models that reproduce the VFT or WLF form. However, it is
important to recognize that significant differences exist in the
physical details upon which the various models are based. This
means that in interpreting a model’s fit to its own version of a
VFT- or WLF-type equation, it is crucial to pay attention to
exactly how a quantity such as free volume has been defined
within the model framework. Put another way, fitted parameters
that are mapped back into each model’s definitions will lead to
different conclusions as to what is actually driving the physical
behavior, depending on which model was chosen. Readers in the
field should be aware, especially in contrasting results from
different models, that the phrase “free volume” does not always
have the same meaning from one paper to the next.
An important goal of this Perspective, therefore, is to highlight

the differences in how free volume is defined. Our own LCL
model definition of free volume (results from which will be
covered later in this paper) has an advantage of being very clearly
quantifiable, as it is measured against a hard-core volume that
remains fixed even as temperature (or pressure) changes. The
LCL prediction for free volume therefore reflects the maximum
amount of potentially compressible (thus “free”) space available
in a system. There are other models that share this definition,
while a different subset involves a somewhat more nuanced view
in how free volume is defined. For example, they might draw

Figure 1. Diagram showing the two most common ways of defining free volume, denoted Vfree and Vfree:exs. Vfree is the “total free volume”, being the
overall system volume minus a temperature-independent hard-core volume, Vhc. Vfree:exs is the “excess free volume”, being the overall system volume
minus a temperature-dependent volume, denoted Vvib. Vvib is a hypothetical amount of volume consisting of the segmental hard cores and their “nearby
volume” that would be covered by simple solid-like vibrational motions. (Note that Vvib has often been called the “occupied volume” in other works.)
The amount of free volume contained withinVvib is denoted Vfree:vib =Vvib−Vhc =Vfree−Vfree:exs. TheT dependence ofVvib (i.e., the slope of theVvib line)
is commonly taken to be the same as that of the glass (or solid). Details of the definitions for Vvib and Vhc have varied, and this is discussed in the text.
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Figure 1.7: Diagram showing the overall volume as well as the different contributions as a
function of temperature for PS liquid and glass. Figure from Ref. [9].

Free volume does not only depend on temperature, but also on the chain length (molec-
ular weight) of a polymer sample. Since intermolecular distances are longer than covalent
bonds, chain end units have large free volume compared to units on the backbone. There-
fore a higher molecular weight polymer sample with lower fraction of chain ends will have
less free volume. The glass transition temperature is thus also affected by the molecular
weight. This relation is described in the Fox-Flory equation [76]:

Tg = Tg,∞ −
K

Mn

(1.10)

where Tg,∞ is the maximum glass transition temperature that can be achieved at a the-
oretical infinite molecular weight and K is an empirical parameter that is related to the
free volume present in the polymer sample. With lower molecular weight, Tg of a polymer
sample decreases.

Assuming the fraction of free volume is f , the Doolittle equation [33, 77] describes the
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viscosity based on the simple Arrhenius relation:

η ∼ exp

(
B

f

)
, (1.11)

where B is an empirical constant. Assuming further that the free volume has a linear
temperature dependence,

f = αf (T − T∞), (1.12)

where αf is the thermal expansion coefficient of the free volume. Combining the above
two equations one can get the WLF equation which was first applied to polymer melts by
Williams, Landel, and Ferry [43]:

η

η0
= exp

(
B

[
1

f
− 1

f0

])
(1.13)

= exp

(
B

αf

[
1

T − T∞
− 1

T0 − T∞

])
(1.14)

= exp

(
B

αf

[
T0 − T

(T − T∞)(T0 − T∞)

])
(1.15)

= exp

(
B

f0

(T0 − T )

(T − T∞)

)
(1.16)

Although the equation leads to the WLF equation (or equivalently, the VFT equation),
the assumptions used in the derivation including Eqn. 1.11 and Eqn. 1.12 are unsubstan-
tiated and it’s thus just a phenomenological description of the temperature dependence of
viscosity.

The free volume theory is successful in explaining different observations near the glass
transition temperature, but it also has problems. For example, if the slow dynamics was
mainly caused by the decrease in free volume, the glass transition would disappear when
the temperature is decreased at a constant volume. However, there are both experimental
[78] and numerical [79] evidence of the isochoric glass transition.

Mode-coupling theory

Using the kinetics of a simple hard sphere model, the mode-coupling theory (MCT) [80, 81]
characterizes the dynamics of the glass transition. Starting from the density of particles
in a liquid and using the autocorrelation function, MCT makes detailed predictions on
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behaviours of the liquid, the supercooled liquid, and the glassy state [69]. Above the melting
temperature, the liquid has exponential relaxation. A supercooled liquid undergoes three
regimes: 1. free and collisional events leading to the short timescale decay (α-relaxation);
2. caging of particles by their nearest neighbours resulting in a plateau and subsequent
cage-breaking resulting in another decay (β-relaxation); 3. at long times, a stretched
exponential form of relaxation. For a glass, there is a sharp transition from an ergodic
regime to a non-ergodic regime as the temperature is decreased below the mode-coupling
temperature TMCT, which freezes the structure in the non-ergodic regime.

MCT successfully predicts a glass transition and the caging effect. The description
of the early stages of viscous slowdown for fragile liquids and the multi-step relaxations
have been verified in experiments [7]. However, TMCT is typically 30–50 K higher than
the experimental Tg, and the transition predicted is too sharp compared to experimental
observations. Moreover, it does not work as satisfactorily for strong liquids [82]. Another
weakness of MCT is that it does not describe the real system below TMCT. The concept of
an ideal glass, consequently, is not involved in MCT.

1.4 Thin film glasses and interfacial dynamics

When glass forming materials are confined in small sizes, the glass transition and other
physical properties of the material may be expected to change due to the system’s inter-
action with its boundaries. Among the earliest studies on the confinement effect, porous
media was used and the glass transition temperature Tg of the material confined in the
nano-pores was measured [83, 84, 85]. It was found that depending on the interaction
between the glass forming material and the porous media, Tg could be either increased
or decreased. Enhanced dynamics and the existence of a mobile layer was proposed in
explaining the observations. However, the interaction between the glassy material and the
media made it difficult to explain the exact nature of such effects.

In the mean time period, there was a growing number of studies on polymer thin films.
These films can be easily prepared and are widely used in various applications including
packaging, transistors [86] and batteries [87]. Over the past few decades, nano-confined
glassy thin films have been studied extensively and it is abundantly observed that the
confinement and the interfacial effects play an essential role in altering the interfacial
dynamics and the properties of thin films. Numerous studies have shown that the physical
properties of polymer thin films can strongly deviate from those of bulk materials. These
properties include the glass transition temperature [10, 11, 88, 89, 90, 91, 92, 93, 94, 95, 96,
97, 98, 99], viscosity [17, 18, 100, 101], mechanical modulus [102, 103, 104], fragility[105,
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106, 107, 108, 109] and physical aging rates [110, 111, 112, 113]. The techniques in include
ellipsometry [10, 88, 89, 90, 93, 94, 95, 97, 109, 112], Brillouin light scattering [11, 90], X-ray
and neutron reflectivity [109], differential scanning calorimetry [96, 107, 108], atomic force
microscopy [17, 18, 100, 102, 103, 104], dielectric spectroscopy [91, 92, 94, 99, 114, 115],
fluorescence spectroscopy [96, 98, 108, 110, 111], etc. In this section, we briefly review
studies on thin film glasses and the role of interfaces.

1.4.1 Tg measurements

Among the many different ways of characterizing the interfacial effects on glass properties,
the glass transition temperature is one of the most useful and representative quantity in
describing the dynamics of a glass forming material.

The first study which revealed the effect of film thickness on Tg was the experiment
by Keddie, Jones and Cory [10], where they measured Tg of PS thin films with different
thicknesses and molecular weights by ellipsometry, and observed the reduction in Tg for
films less than 100 nm thick. Fig. 1.8 shows that compared to the bulk value, Tg decreases
monotonically with decreasing film thickness, and the reduction is independent of molecular
weight within the range measured. The data can be nicely fit with an empirical equation:

Tg(d) = Tg(∞)

[
1−

(
A

d

)δ]
, (1.17)

where d is the film thickness. The best fit is obtained with Tg(∞) = 373.8 K, the charac-
teristic length A = (3.2± 0.6) nm and the exponent δ = 1.8± 0.2. Using a model with a
mobile surface layer whose thickness ξ(T ) diverges at Tg(∞):

ξ(T ) = A

(
1− T

Tg(∞)

)−1/δ
, (1.18)

the authors recovered an expression for the thickness dependence of Tg of the form of
Eqn. 1.17.

With the existence of a liquid-like surface layer, the thermal expansion coefficient (ex-
pansivity) of the glass is also altered. For thinner films, the larger fraction of the surface
layer is expected to lead to a larger expansivity. Assuming an average size of the mo-
bile layer ξ̄, the glass expansivity can be calculated by simply adding up the different
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where d is the film thickness. We find for the best fit that the bulk glass transition 
temperature Tg ( ~4 ) = (373.8 k 0.7) K (comparable to previously reported values [ll]), the 
characteristic length A = (3.2 k 0.6) nm and the exponent 6 = 1.8 k 0.2. The characteristic 
length is not molecular-weight dependent, and thus cannot be associated with, for example, 
the overall chain dimensions of the polymer. This rules out a mechanism suggested by 
Reiterr21 to account for enhanced chain mobility in thin films, based on the idea that, as 
chains are constrained below their unperturbed size, they become less entangled. Another 
mechanism that has been suggested is that locked-in strain due to the different expansion 
coefficients of polymer and substrate may lead to lowering of the Tg. However, Beaucage et 
al. [7] have estimated such residual strains and found them to be small, even in the limiting 
case assuming no slip between polymer and substrate. As Tg depressions of a similar order of 
magnitude have been observed in small-molecule liquids imbibed in porous media [12,131, we 
suggest that one should seek an explanation for this phenomenon which is not of specifically 
polymeric origin. 

No such general theory for the effect on the glass transition of finite size, or of the 
presence of a surface, has yet been presented. However, a number of theories of the glass 
transition stress the importance of cooperativity of motion near the glass transition 
temperature [14-171. This notion of cooperativity implies the existence of some length 5 which 
increases as the temperature decreases, implying that larger and larger regions have to 
move cooperatively to permit any motion at all. The existence of such a diverging length scale 
would be expected to lead naturally to finite-size effects, and indeed very recently there is 
some evidence for such effects from computer simulation of a 2-dimensional glass [3]. 

Molecular-dynamics simulations of a polymer melt near a wall [18] have found that the 
solid-melt interface is extremely narrow. The simulations indicate that mobility is affected 
only in chains within the interface that extends about two chain segments from the wall. This 
suggests that the Tg of polystyrene should not be substantially affected by the silicon 
substrate in our experiments. The presence of a free surface, on the other hand, is more 
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Figure 1.8: The glass transition temperature Tg with respect to film thickness for PS of 3
different molecular weights. Triangles represent MW = 120 kg/mol, circles represent MW
= 500.8 kg/mol, and diamonds represent MW = 2900 kg/mol. The solid line is a best fit
to the data (except for the two data points with the lowest thicknesses) using Eqn. 1.17,
with Tg(∞) = 373.8 K, A = 3.2 nm and δ = 1.8. Figure from Ref. [10].

contributions:

α =
ξ̄

d
(αmelt − α∞glass) + α∞glass, (1.19)

where ξ̄ is the average size of the mobile layer within the temperature range measured,
αmelt is the expansivity in the melt, and α∞glass is the glass expansivity in bulk material.

As shown in Fig. 1.9, Eqn. 1.19 is found to describe the experimental results effectively.
The solid line is a best fit which gives an average mobile layer thickness ξ̄ of 8 (± 0.8)
nm. Using Eqn. 1.18 ξ̄ is estimated to be 13 (± 3) nm, which is in fair agreement with the
former value.

For polymer thin films spincast onto silicon substrates (supported films) including the
samples in Ref. [10], the polymer has two interfaces with one being with the air (called the
free surface) and the other one being with the substrate. In investigating the interfacial
effect, the role of the silicon substrate and its interaction with the polymer is unclear. In
order to avoid the difficulties with the combined influences of the substrate and the free
air, Forrest et al. [11] studied the glass transition of freely standing films, which eliminates
the substrate entirely.

This study also shows a reduction in Tg, but the amount of reduction is much larger
compared to supported PS films as shown in the inset of Fig. 1.10. With two surfaces
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where d is the film thickness. We find for the best fit that the bulk glass transition 
temperature Tg ( ~4 ) = (373.8 k 0.7) K (comparable to previously reported values [ll]), the 
characteristic length A = (3.2 k 0.6) nm and the exponent 6 = 1.8 k 0.2. The characteristic 
length is not molecular-weight dependent, and thus cannot be associated with, for example, 
the overall chain dimensions of the polymer. This rules out a mechanism suggested by 
Reiterr21 to account for enhanced chain mobility in thin films, based on the idea that, as 
chains are constrained below their unperturbed size, they become less entangled. Another 
mechanism that has been suggested is that locked-in strain due to the different expansion 
coefficients of polymer and substrate may lead to lowering of the Tg. However, Beaucage et 
al. [7] have estimated such residual strains and found them to be small, even in the limiting 
case assuming no slip between polymer and substrate. As Tg depressions of a similar order of 
magnitude have been observed in small-molecule liquids imbibed in porous media [12,131, we 
suggest that one should seek an explanation for this phenomenon which is not of specifically 
polymeric origin. 

No such general theory for the effect on the glass transition of finite size, or of the 
presence of a surface, has yet been presented. However, a number of theories of the glass 
transition stress the importance of cooperativity of motion near the glass transition 
temperature [14-171. This notion of cooperativity implies the existence of some length 5 which 
increases as the temperature decreases, implying that larger and larger regions have to 
move cooperatively to permit any motion at all. The existence of such a diverging length scale 
would be expected to lead naturally to finite-size effects, and indeed very recently there is 
some evidence for such effects from computer simulation of a 2-dimensional glass [3]. 

Molecular-dynamics simulations of a polymer melt near a wall [18] have found that the 
solid-melt interface is extremely narrow. The simulations indicate that mobility is affected 
only in chains within the interface that extends about two chain segments from the wall. This 
suggests that the Tg of polystyrene should not be substantially affected by the silicon 
substrate in our experiments. The presence of a free surface, on the other hand, is more 
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Figure 1.9: The glass expansivity with respect to film thickness for PS of all 3 different
molecular weights. The solid line is a best fit to the data using Eqn. 1.19, with αmelt fixed
at 7.2 × 10−4 K−1. Best fit values of α∞glass and ξ̄ are 1.9 × 10−4 (± 2 × 10−5) K−1 and
8 (± 0.8) nm, respectively. Figure from Ref. [10].

present, the larger reduction in Tg is in support of the existence of a mobile layer.

The role of the free surface was more evidently shown in a study by Sharp et al.
[12] using a novel sample geometry. By simply capping the free surface of Si supported
PS films by evaporating metal layers on top, Tg may or may not be altered depending
on the choice of evaporated metal. However, when two films each with thickness h/2
(one being Si supported and the other one supported by a NaCl crystal substrate and
coated with a metal layer) are placed together with their free surfaces in contact and then
annealed, the Tg reduction is shown to disappear for all film thicknesses studied, as shown
in Fig. 1.11. Once the capping metal layer is removed, the Tg reduction is recovered just like
a normal uncapped thin film supported on silicon. This study shows that covering the free
surface eliminates Tg reductions and removing the capping layer recovers the reductions.
It provides compelling evidence that the existence of free surfaces is directly responsible
for Tg reductions in polymer thin films.

The effect of thickness on Tg has also been studied for poly(methyl methacrylate)
(PMMA) thin films by Keddie, Jones, and Cory [88]. For PMMA films on Au substrates,
a similar Tg reduction is observed as in PS thin films. However, for PMMA films on Si
substrates the thickness dependence is reversed, with an increasing Tg for thinner and
thinner films. This study shows that the Tg is influenced by both the free surface and the
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The S0 mode frequency was measured as a function
of temperature for seven freely standing films, ranging
in thickness from h ≠ 290 to 1840 Å. Figure 1 shows
the frequency versus temperature data for three films
of different thicknesses. The data for each film can be
represented very well by fitting straight lines of different
slopes to the low temperature (glass) and high temperature
(melt) regimes. As for bulk BLS measurements [16],
the temperature corresponding to the intersection of the
lines defining the low temperature and high temperature
regimes is identified as Tg. In Fig. 1, the Tg values
for each film are indicated by vertical arrows. For the
seven freely standing films, the slopes of plots of the
phonon frequency versus temperature sdfydT dglass in
the glass regime sT , Tgd ranged from 22.9 3 1023

to 24.8 3 1023 GHzyK. This corresponds to a typical
frequency change of only 0.03 GHz for a change in
sample temperature of 6 K between BLS spectra. This
frequency change corresponds to only 0.3% of the free
spectral range of the Fabry-Pérot interferometer, and its
measurement is at the limits of the frequency resolution of
the BLS spectrometer. The slopes of plots of frequency
versus temperature in the melt regime sT . Tgd were
larger than those in the glass regime, ranging from
23.48 3 1022 to 27.12 3 1023 GHzyK. The glass
transition temperature can be determined accurately only
if there is sufficient contrast between the slopes for the
melt and glass regimes. For the seven films used in
this study, the ratio of slopes for the melt and glass

FIG. 1. Frequency of the S0 mode as a function of temper-
ature for three freely standing PS films. The film thicknesses
are, from top to bottom, 1840, 620, and 420 Å. The assigned
glass transition temperatures, as indicated by the vertical ar-
rows, are 369, 360, and 325 K.

regimes fsdfydT dmeltysdfydTdglassg ranged from 1.8 to
10. These relatively large values of the ratio of the slopes
allow us to determine the glass transition to within 62 K.
We note that the transition between the glass and melt
regimes occurs over a narrow range in temperature for
all of the films, including those with the smallest film
thicknesses. This implies that, for each film, the film
undergoes the glass transition at a single temperature.
Although the slope of the glassy regions in the lower

two plots in Fig. 1 are almost identical, the magnitude
of the slope in the melt region for the h ≠ 640 Å
film is clearly larger than that of the h ≠ 420 Å film.
By calculating the dependence of c11 on density from
experimental data [14], the slopes of the lines in Fig. 1
can be related to the thermal expansivity. Figure 1
illustrates that, as the film thickness is decreased, the glass
expansivity remains relatively constant while that of the
melt region decreases.
The linewidth of the S0 mode was measured for all

spectra, and no increases were observed for T . Tg. In
the particular case of the h ≠ 420 Å film, measurements
were performed up to T ≠ Tg 1 40 K. Linewidths
of 0.5 GHz were measured for all temperatures, and
were only slightly larger than the 0.4 GHz instrumental
linewidth.
The measured Tg values are shown in Fig. 2 as a

function of film thickness h. The film thickness values
were determined using room temperature ellipsometry

FIG. 2. Measured glass transition temperature Tg as a func-
tion of film thickness h for freely standing PS films. The solid
(and dashed) lines are a fit of the data by Eq. (2) in the text.
In the inset, which has a logarithmic thickness axis, the data
for freely standing films is shown (symbols), together with the
data of Ref. [6] (dashed line), and a fit of our data by Eq. (1)
described in the text (solid line).

2004

Figure 1.10: The glass transition temperature Tg with respect to film thickness for freely
standing PS films. The solid (and dashed) lines are a fit of the data to a linear function
of Tg proposed by the authors. In the inset the data in this study (symbols) is compared
to the data of Ref. [10] (dashed line), with the solid line being a fit to Eqn. 1.17. Figure
from Ref. [11].

expected to remove the effects of the free polymer surface
and to give rise to bulklike behavior even for the thinnest
films studied. The PS films with evaporated Al coatings
have Tg values essentially the same as those of uncapped
films. This has also been observed by Fukao et al.
[13]. The differences between the thickness depen-
dence of the Tg values of PS films with different evapo-
rated metal coatings is unexpected and warrants further
discussion.

As mentioned above, capping the PS films with a metal
layer is expected to suppress the film thickness depen-
dence of the Tg. This is clearly not the case for the Al
capped films. One reason for this could arise from differ-
ences in the interfacial properties of the two metal-
polymer interfaces studied. Studies [17,18] have shown
that the structure of metal-polymer interfaces depends
upon the choice of metal used during thermal evapo-
ration. In systems where the metal-polymer interaction
is relatively weak (such as gold/polyimides and gold/
polycarbonates), the width of the polymer-metal inter-
face is much broader (typically tens of nanometers) than
the interface between more reactive metals such as Al and
the same polymers [17,18]. Strunskus et al. have sug-
gested [18] that, as a result of the evaporation procedure,
the metal capping layer and polymer film are not in
perfect contact and that the mismatch in expansion co-
efficients of the polymer and metal capping layer can give
rise to mechanical failure during the heating provided by
evaporation. In the case of Al capped films [17], this could
cause the bilayer to partially delaminate. Such a mecha-
nism provides a possible explanation for why the mea-
sured Tg in the Al capped PS films are similar to those
measured for uncapped films. The broader interfaces for
Au capped PS films [19] are expected to be more resistant
to this mode of failure. However, regardless of whether
or not the above mechanism occurs and is responsible for
the differences in the measured Tg in the present study, it
highlights some of the frequently discussed difficulties
associated with the use of evaporated coatings to cover
the free surface. More importantly, it suggests that such a
process is not ideally suited to quantify the effect that
free surfaces have upon the Tg of thin polymer films. To
circumvent this difficulty, we consider Al capped films
that have been prepared in such a way as to remove (as
much as possible) the effects of the free surface. This is
done by preparing a series of 2!h=2" films as described
above. Annealing the 2!h=2" films should cause the inter-
face between the two films to broaden and after annealing
give rise to bulk properties at the center of the resulting
composite films. The annealing temperature and times
used in these experiments have been shown to result in a
broadening of the initially sharp interface between two
PS films of similar molecular weights of between 5 and
8 nm [20–22]. This method of sample preparation also
ensures that the top surface of the 2!h=2" samples has
been in intimate contact with the capping layer during the

spin coating process and removes any density defect at
this top interface.

Figure 2 shows the thickness dependent Tg data for the
2!h=2" films. This plot shows that the 2!h=2" films have a
bulk Tg value of 370# 1 K and that there are no signifi-
cant changes in the measured Tg as the film thickness is
decreased, for films as thin as 7 nm. The results show
convincingly that it is possible to suppress the film thick-
ness dependence of the Tg in Al capped films by prepar-
ing the samples in such a way that they do not have any
free surfaces. This lends strong support to the idea that the
existence of a free surface is crucial to the existence of
reduced Tg values in thin PS films. To illustrate that the
NaCl is not responsible for suppressing the thickness
dependence of the Tg, measurements were performed on
uncapped PS films that had been immersed in saturated
NaCl solutions for 4 h. For all the film thickness studied,
the measured Tg values were the same as those measured
for the uncapped PS films of the same thickness. To
determine whether or not removing the capping layer
(and restoring the free surface) restores the reduced Tg
values that are characteristic of uncapped PS films, the Al
layer was chemically removed from the 2!h=2" films
using the technique described above. The circles in
Fig. 2 are the measured Tg values of the same 2!h=2"
films used for the measurements represented by the dia-
monds after the Al coating has been removed. In order to
separately quantify the effects of the NaOH solution and
show that it is the reintroduction of the free surface that is
most important, a number of uncapped PS films over the
entire range of thickness were immersed in 1M NaOH
and the resulting Tg measured. This test confirmed that
immersing samples in a NaOH solution has no effect on
the Tg of uncapped films. The measurements shown in
Figs. 1 and 2 demonstrate that covering the free surface
suppresses Tg reductions and subsequently removing the
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FIG. 2. Tg values for the 2!h=2" films (see text) before (!)
and after (") removal of the Al capping layer. The solid line
describes the thickness dependence of the Tg in thin PS films
obtained for the uncapped PS films in Fig. 1.
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Figure 1.11: The glass transition temperature Tg with respect to film thickness for 2(h/2)
PS films before (hollow diamonds) and after (solid circles) the removal of the metal layer.
Figure from Ref. [12].
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sample-substrate interactions. In fact it was found that a weakly adsorbing substrate could
enhance the dynamics, leading to a decrease in Tg, while a strongly adsorbing substrate
could slow down the dynamics, leading to an increase in Tg [97]. PS-Si interactions are
relatively week, and thus the free surface dominates the thickness dependence. PMMA
is also weakly adhesive on Au substrates, so its Tg reduction is similar to that of PS
supported on silicon. However, there exist strong attractive interactions between PMMA
and Si substrates, which lead to higher Tg’s in thinner films.

1.4.2 Probing the free surface

At temperatures near the bulk Tg, a 10 K increase in temperature roughly results in a
decrease in the segmental and terminal relaxation times, which corresponds to an increase
in mobility, by a factor of 1000 [116]. As the previous section shows, Tg is significantly
reduced in thin films for as much as 70 K in freely standing PS films in Fig. 1.10. These
Tg reductions are expected to correspond to huge changes in the mobility, particularly the
surface mobility since the free surface is believed to be responsible for such effects. There-
fore, there have been extensive studies to directly probe the dynamics on the surface of
both polymers and small molecules, and different techniques have been developed including
nanoparticle embedding [13, 117, 118, 119, 120, 121, 122], nanohole relaxation [16, 123],
stepped film relaxation [18], tobacco mosaic virus perturbations [124, 125, 126], surface
grating relaxation [19, 127, 128], etc.

Teichroeb et al. [13] performed the first nanoparticle embedding experiment, where 10
nm and 20 nm gold nanoparticles were introduced onto PS films. Above Tg, the polymer
wets the gold nanoparticles and later the nanoparticles embed into the film in order to
minimize the surface energy. Below Tg, if the entire film is truly in the glassy state including
the surface, the nanoparticle should stay on the surface without any embedding. However,
their experiments show that this is not the case.

Fig. 1.12 shows the evolution of the apparent height of the nanoparticles at different
temperatures. For nanoparticles on bare silicon, the apparent height stays constant with
time. Above Tg, the nanoparticle fully embeds into the film as expected. Below Tg, the
nanoparticle does not stay on the surface, but partially embeds into the film by a few
nanometers. The fact that the amount of embedding is the same for 10 nm and 20 nm
nanoparticles suggests that the partial embedding is due to the existence of a mobile layer
and that this value may correspond to the thickness of the mobile layer at the corresponding
temperature.

In the study by Fakhraai and Forrest [16], nanohole relaxation was used to study the
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effect can be further quantified. Figure 2 shows a collec-
tion of data for the 10 and 20 nm spheres at a number of
temperatures. The data can be grouped into two different
classes, one with T > Tg and one for T < Tg. The case for
T > Tg was discussed above. For T < Tg the behavior is
quite fascinating in that even for the glassy samples, there
is a degree of embedding into the polymer surface. In
Fig. 2(a) we see that for temperatures of 363 and 368 K
(all less than the measured bulk Tg value), the particles
become embedded to a depth of about 3.8 nm. In all
cases the rate of embedding is such that this depth is
attained in a time of about 50 min. After this initial
behavior the particles remain at that depth. In some cases
(T ! 363 K) we have followed the embedding for times
> 1000 min with no change in the apparent particle
height. In order to rule out time dependent changes in
the properties of the nanoparticles that could possibly
produce such effects, we performed measurements on
(both 10 and 20 nm) nanoparticles on bare Si at T !
363 K. These measurements, also shown in Fig. 2, indi-
cate that there is no discernible change in the apparent

height of the Au nanoparticles on the hard Si surface.
With this check, it is clear that the measurements indicate
an embedding of the nanoparticles. This observation may
indicate a layer of increased mobility in the top 3–4 nm
of the polymer free surface, but it also may be a result of
large surface stresses forcing plastic flow [22]. If the
driving force is indeed the interfacial tension, then the
most straightforward test is to increase the driving force
by using smaller spheres which necessarily have a greater
curvature. The results for 10 nm spheres are shown in
Fig. 2(b). In this case we see the same behavior described
above for T > Tg. For the 373 K data the behavior is
quantitatively similar to that for the 20 nm spheres. For
the case T < Tg, the particles become embedded to a
depth of 3.5 nm, and the time it takes to do so is
"40 min. This level of agreement between the 10 and
20 nm sphere embedding does suggest that the initial
3–4 nm embedding is due to the existence of a liquidlike
surface layer. It is hard to make comparisons between the
viscosity of the surface layer and the bulk materials based
on the time frame for embedding because the flow in the
case for T < Tg is affected by many factors not affecting
bulk flow. For instance, it is obvious that the polymer flow
occurs only in a very thin layer. In addition, the molecules
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FIG. 2. Time and temperature dependence of the apparent
height of gold nanospheres as a function of time for tempera-
tures from 358 to 378 K for the 20 nm spheres (a), and for 363
to 378 K for the 10 nm spheres (b).FIG. 1 (color). A series of AFM images for 10 nm Au spheres

embedding into a 180 nm PS film at T ! 363 K. The image
size is 900# 900 nm, and the same set of particles is imaged
each time.
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Figure 1.12: The apparent height of gold nanospheres with respect to time for temperatures
from 358 to 378 K for the 20 nm spheres (a), and for 363 to 378 K for the 10 nm spheres
(b). Figure from Ref. [13].

surface of PS thin films. By partially embedding gold nanoparticles and then removing
them with mercury, nanoholes with a depth of a few nanometers were created on the surface.
The temporal evolution of the nanoholes were monitored with atomic force microscope
at different temperatures and it was found that the depths could be described by single
exponential functions. Relaxation times were then extracted from the exponential functions
and plotted in Fig. 1.13.

Fig. 1.13 shows that the surface relaxation occurs at all temperatures measured (down
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cumulative plot. Note that each data point on this
plot is obtained from a different sample, and the
resulting scatter is mainly a result of the fact that
each sample has a slightly different distribution
of hole sizes (all with average values between 2
and 4 nm). The data in Fig. 3 are scaled to a
reference temperature of 369 K, which is the
highest temperature for which we were able to
get reliable relaxation measurements. It is clear
that the relaxation function can be well
described by a single exponential. This is in
contrast to the relaxation function of bulk PS,
which exhibits stretching (f = f0 exp[−(t/t)b])
with a b value of 0.4 (dashed curve in Fig. 3).

Large deviations from the bulk are also seen
in the shift factors used to collapse the relaxation
functions. For bulk PS at temperatures greater
than Tg, the shift factors for PS have the form
log(aT) = [C1(T −Tref)]/(C2 +T −Tref), whereC1 =
12.7 to 13.7, Tref = 373 K, and C2 = 49.9 (25)
[solid (T > Tg) and dotted (T < Tg) curves, inset of
Fig. 3]. An obvious consequence of this form is
the divergence of shift factors at a temperature
T* = Tref − C2 = 322.9 K. Below bulk Tg, the
sample is in a nonequilibrium glassy state. In this
state the measured dynamics are faster than an
extrapolation of the liquid dynamics and take on
an Arrhenius form (solid line, inset of Fig. 3). This

enhanced a relaxation in the glassy state (aging)
is still substantially slower than what we ob-
served for the surface; more important, it has a
different temperature dependence. For the PS
surface relaxation, at lower temperatures the
temperature dependence of the shift factors
becomes so weak that no substantial temperature
dependence is observed below 307K. In the inset
of Fig. 3, the bulk dynamics are obtained from
the a relaxation measurements as probed by the
relaxation of dye molecules using the second
harmonic generation (SHG) technique (26). The
surface relaxation data clearly do not obey the
behavior of bulk PS; instead, the slope decreases
with decreasing temperature. Figure 3 represents
a reasonably complete quantification of the
dynamics of the top 2- to 4-nm surface layer of
PS below the bulk glass transition temperature.

A more detailed comparison to the bulk a
process (the main structural relaxation process in
bulk glass-formers) is possible. Equation 5 can be
used to convert the shift factors into temperature-
dependent relaxation times of the surface. Figure
4 shows the relaxation times alongwith plots of a
and b (local vibrational relaxation) of PS. Note
that because different techniques are used for the
bulk (26) and surface measurements, there may
be a relative vertical shift (about one or two

orders of magnitude) in one or both of the data
sets, but the temperature dependences are
independent of the technique and can be used to
compare the two data sets. It can be seen that the
relaxation times of the surface are similar to the
bulk a relaxation times near the bulk value of Tg
but deviate strongly from the bulk as the temper-
ature is decreased further below the bulk value of
Tg. To address the idea of using different driving
forces (such as one would get with different
sphere sizes), this plot also shows an analysis of
the rim data (solid symbols) where they could
also be determined. The similarity of the hole and
rim data, combined with the fact that the radius of
curvature of the rims is about twice as large (and
hence subject to half the stress) as that of the
holes, provides more evidence that the observed
relaxation is a linear viscoelastic response.

Although the analysis provided by Eqs. 1 to
5 provides for a definite scale between the
observed relaxation times and the characteristic
relaxation time of the near-surface region, the
essential results of this work (definitive enhanced
surface mobility and weak temperature depen-
dence of relaxation times) are robust and model-
independent. Note that for temperatures near the
bulk Tg, the relaxation time of the surface is very
similar to the bulk a relaxation time, as was also
observed in (21) for PMMA. As the temperature
is decreased below the bulk Tg, the bulk dynamics
freeze rapidly while the surface relaxation time
changes only about two orders of magnitude over
a temperature range of about 80 K. This results in
a growing disparity between surface and bulk
properties as the temperature is lowered below Tg.
Of particular interest is that the temperature
dependence of the surface relaxation becomes
weaker as the temperature is decreased (opposite
to the temperature dependence typical of glass-
forming behavior, where an Arrhenius temper-
ature dependence with a constant activation
energy exists below Tg), and between 277 and
307 K no temperature dependence was dis-
cerned. These results alone are not sufficient to
determine whether the surface relaxation is an a
process that strongly deviates from the bulk, or
whether it is a previously unobserved mode of
relaxation that is only available near the free sur-
face. The temperature dependence of the surface
relaxation process can provide an explanation of
some apparent contradictions in the literature. For
example, experiments that probe the dynamics
above or near the bulk Tg would show that the
dynamics of the surface are very similar to the
bulk dynamics—a result that would contradict
measurements made at lower temperatures.

Our experiment enabled us to measure the
temperature-dependent relaxation time for the
very near (2 to 4 nm) surface region of PS films.
The surface region showed relaxation at all
temperatures measured (down to 277 K), and
the resulting relaxation times displayed a surpris-
ingly weak temperature dependence below the
bulk Tg value, which became immeasurable for
temperatures less than ~307 K. These results are

Fig. 4. Comparison of the cal-
culated surface relaxation times
(open triangles) with bulk a (26)
and b (27) relaxations of PS. The
solid curve shows a relaxation
times in PS obtained from the
SHG technique (26). The dashed
curve indicates the b relaxation
times of PS obtained from dynamic
mechanical measurements (27).
The solid triangles denote relaxa-
tion times obtained from the
annealing of the rims, which have
a larger radius of curvature than
the holes. -8
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Figure 1.13: Measured surface relaxation times (symbols) compared to bulk α (solid line)
[14] and β (dashed line) [15] relaxations of PS. Figure from Ref. [16].

to 277 K which is ∼ 100 K below bulk Tg). The surface relaxation deviates from the bulk
VFT curve and its temperature dependence is very weak below the bulk Tg value, which
becomes immeasurable for temperatures less than 307 K. This result is also in support of
the existence of a mobile surface layer.

The surface dynamics of molecular glasses have also been studied using perturbation
of nanoparticles. In the study by Daley et al. [121], the evolution of the surface of 1,3-
bis-(1-naphthyl)-5-(2-naphthyl)benzene (TNB) glass was monitored in response to gold
nanoparticles on the surface. Before bulk embedding occurred, an initial buildup stage
was observed where material accumulated towards the vicinity of the nanoparticle at tem-
peratures below the bulk Tg, which was believed to be a result of the surface flow. The
temperature dependencies of surface and bulk relaxation processes were thus directly com-
pared and it was found that surface flow (characterized through initial buildup) exhibited
a weaker temperature dependence compared to bulk flow (characterized through embed-
ding).

To study the viscosity and surface mobility of low molecular weight PS, Yang et al.
[17, 129] developed a method to monitor thermally induced surface morphology with AFM.
Fig. 1.14 shows a collection of data for PS films with various thicknesses. The dashed line
in Fig. 1.14(b) is the viscosity data for bulk material and it can be seen that only the
films with the largest thicknesses follow the bulk curve, whereas thinner films have smaller
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values and show an Arrhenius temperature dependence. The data deviating from the bulk
curve in Fig. 1.14(b) is found to collapse onto the solid line in Fig. 1.14(a) with Arrhenius
temperature dependence. This way the data is divided into two regions, with the thinner
films collapsing on the Arrhenius line and the thicker films following the bulk curve. By
modeling the film as a bilayer system with a bulk-like layer and a mobile surface layer, the
authors found that the surface layer with a thickness of less than 2.3 nm is responsible for
the reduction in the viscosity and thereby Tg.

Figure 1.14: (a) η/h3 as a function of temperature for PS films with different thicknesses
from 2.3 nm to 79 nm, where η is the viscosity and h is the film thickness. Solid symbols
represent data that collapse into the solid straight line which has Arrhenius temperature
dependence. The rest of the data are represented by open symbols. The arrows indicate
where the data of each thicknesses start to depart from the solid line. (b) Viscosity η as a
function of temperature. Figure from Ref. [17].

Chai et al. probed the surface of low molecular weight PS films with a simple geometry
of a stepped film [18]. By creating a step with two films and monitoring the flattening of
the step, they provided quantitative evidence for the existence of a mobile surface layer.
From above Tg to below Tg, a sharp transition from bulk flow to localized flow on the
near surface layer was observed. The mobility (defined in terms of thickness and viscosity)
of the bulk and the surface at different temperatures were obtained by fitting the height
profile to either the capillary-driven thin-film equation or the glassy thin-film equation. As
shown in Fig. 1.15, the bulk mobility of the stepped films follows the VFT law above the
bulk Tg. Below Tg, the mobility is limited to the surface and it deviates from the bulk
VFT and shows an Arrhenius temperature dependence.
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activation energy Ea ~ 337 T 20 kJ mol–1, in
agreement with existing literature (18, 20, 23).

In conclusion, by employing the stepped-film
geometry and analyzing the resulting flow, we
report quantitative evidence for the existence of a
thin layer of liquid-like material at the free sur-

face of glassy, low-molecular-weight polystyrene
films. The sample thicknesses and preparation are
such that annealing effects, chain confinement,
and substrate effects can be neglected. The tran-
sition from whole-film flow to flow localized in
a thin surface layer has been measured and ob-

served to occur sharply at the bulk Tg value. For
temperatures inside the transition region, we were
able to measure time-dependent evolutions from
glassy to liquid behavior. This technique provides
an opportunity to accurately follow the transition
from surface flow to bulk flow within a single
sample. Below Tg, a fit to the measured profile
gives a surface mobility parameter h3m=ð3hmÞ that
can be used to estimate a surface viscosity. In
particular, we obtain hm ~ 108 Pa · s at 20 K
below Tg. Independent determination of either
the size hm(T) of the surface region or its vis-
cosity hm(T) would allow a complete determi-
nation of the temperature-dependent properties
of the near-surface region.
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Fig. 4. Temperature dependence of the correlation function and thermal expansivity. The
correlation function c(T) defined in Eq. 3 is given by the green square and black diamond symbols (left
axis) for samples with h1 = h2 = 90 nm. The thermal expansivity for an independent flat 87-nm sample is
given by the purple triangles (right axis). The black diamond symbols are c(T) for a single sample that was
held first for 90 hours at T < Tg, then measured and heated to T > Tg until the self-similar profile was
reached. The inset shows the temporal evolution of c for T = 343 K and 348 K data that lie in the
transition region (blue circles are for T = 343 K; orange diamonds are for T = 348 K). Error bars are
indicated once for each subplot.

Fig. 5. Temperature dependence of themobility. This figure is made of two subplots representing
h1 = h2 = 90-nm samples. ThemobilityH3/(3h) is determined by a fit to either the analytical GTFE solution
(blue circles) or the numerical TFE solution (red squares), with h and H as defined in the legend.
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Figure 1.15: Mobility with respect to temperature. Red squares represent bulk mobility
above the bulk Tg and are determined by fitting the height profile to the capillary-driven
thin-film equation. Blue circles represent surface mobility below the bulk Tg and are
determined by fitting the height profile to the glassy thin-film equation. Figure from
Ref. [18].

Surface gratings are another type of geometry used to probe the surface dynamics of
polymer. In the study by Zhang and Yu [19], periodic gratings were patterned on the
surface of low molecular weight PS and the flattening of the surface was monitored at
various temperatures above and below Tg.

As shown in Fig. 1.16, compared to the bulk diffusion coefficients Dv above Tg which
follow the bulk VFT law, the surface diffusion coefficients Ds measured below Tg deviate
from the bulk behaviours with weaker temperature dependence, and the values are orders
of magnitude larger than the bulk diffusion. This study also suggests the existence of a
surface layer with enhanced dynamics. The similar behaviours are found in PS as well as
several small molecules [19, 127, 128, 130, 131, 132], which indicates that the enhanced
surface dynamics is a general phenomenon across different systems. Depending on the
specific materials, there are still variations in the diffusion coefficients depending on their
molecular size and intermolecular interactions [19, 131].

In summary, there have been extensive efforts in studying the surface dynamics of glassy
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eq 1, but the mobility constant B is replaced by γd3/3η.2 Thus,
in a thin-film experiment, the q4 dependence is the signature of
both surface transport (eq 1) and whole-f ilm viscous f low under
the no-slip condition, as observed by Chai et al.2 In our thick-film
experiments, in contrast, the two mechanisms are readily
distinguished by their different q dependence: q4 for surface
transport; q for viscous flow. This should be considered an
advantage of thick-film experiments. To distinguish the two
mechanisms in thin-film studies, previous workers relied on the
thickness dependence of surface evolution: viscous flow
requires the observed rate to vary as d3, with the associated
viscosity matching the known bulk value, while surface
transport requires that film thickness has no effect on the
mobility constant3 or the surface profile that develops in a self-
similar manner.2 There are other issues concerning the use of
nanometer-thin films. Given that a solid substrate alters the
structure and dynamics of polymer chains within several
nanometers,7,10 it is unclear whether the free surface of a
supported nanometer-thin film accurately represents that of a
bulk glass. While a no-slip condition is generally assumed for a
supported thin film, Chen et al. recently reported the possibility
of slippage during annealing.31 Since these issues do not arise in
thick-film experiments, they provide important control for thin-
film experiments.
It is significant that all three studies identified a surface-

transport process on polystyrene, which differs from viscous
flow and whose rate varies as Bq4 (eq 1). The “primary data”
from all three studies are the mobility constant B (B
corresponds to γMt in ref 3 and γhm

3/(3ηm) in ref 2). Figure

4 compares the values of B from the three studies. We find an
approximate agreement between these studies on similar PS

fractions (1−3 kg/mol): B falls in the range 10−32−10−33 m4/s
at Tg and appears to have stronger temperature dependence
with increasing molecular weight. For these PS fractions, the
calculated Ds values are approximately 10

−16 m2/s at Tg (Figure
5). This agreement is encouraging given the significant
difference between the experiments and suggests the potential
for thin-film experiments to report the surface dynamics of bulk
glasses.
It is important to note that while the different studies yielded

roughly consistent mobility constants B, they provide different
interpretations.2,3 Using Mullins’s model, we interpret B as
γDsΩ2ν/kT, which characterizes the lateral diffusion of
molecules in the top surface layer (exposed to free space).
This interpretation does not imply that the mobile surface layer
is one-molecule thick; it is fully consistent with the existence of
a mobility gradient suggested by theories and simulations.4−12

This interpretation offers no direct information about the
mobility field beneath the free surface, other than requiring for
internal consistency that local diffusion of molecules beneath
the top layer be sufficiently slow so that surface diffusion, not
bulk diffusion, dominates the observed surface evolution.14 In
contrast, Chai et al. describe the surface-transport process
conforming to eq 1 as viscous f low in a thin surface layer of
unknown thickness hm that has a uniform viscosity ηm and no
slip from the bulk material underneath. In this model, B =
γhm

3/(3ηm). These two models are mathematically equivalent
for modeling experimental data. We prefer the surface diffusion
picture as a basis for comparing the surface transport of small-
molecule glasses and short-chain polymer glasses and for
comparing experimental results and theoretical predictions.5

Which interpretation is more accurate can be tested by
simulations that compare the relative contributions of surface
and subsurface molecules to the evolution of a glass surface.
We now discuss the slower surface diffusion of PS relative to

small-molecule glasses (Figure 3). To focus this discussion,
Figure 5A shows the surface and bulk diffusion coefficients, Ds
and Dv, evaluated at Tg for various systems plotted against the
molecular weight M. Note the large decrease of Ds with M
compared with the smaller decrease of Dv. Simulations have
shown that the end-to-end vectors Ree of PS chains are almost

Figure 3. Surface and bulk diffusion coefficients (Ds and Dv) vs Tg/T.
The Dv values are clustered while Ds shows stronger molecular
dependence. The temperature has been scaled by the DSC Tg (onset):
307 K for PS1.1k, 319 K for PS1.7k, 246 K for OTP, 315 K for IMC
and NIF, 347 K for TNB. For IMC, Dv above 10

−15 m2/s is obtained
by extending low-temperature data29 by viscosity and the Stokes−
Einstein relation.

Figure 4. Comparison of the surface-mobility constants B from this
work (PS1.1k, Tg = 307 K; PS1.7k, Tg = 319 K), ref 3 (PS2.4k, Tg =
337 K), and ref 2 (PS3k, Tg = 343 K).
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Figure 1.16: Surface and bulk diffusion coefficients (Ds andDv) with respect to temperature
normalized by Tg of each material. Figure from Ref. [19].

films using different kinds of probes [133]. These studies vary in experimental designs,
techniques, materials, but they collectively suggest that the dynamics near the free surface
are significantly enhanced compared to the bulk. The temperature dependence of surface
dynamics are also found to be weaker than in the bulk. With the bulk being immobile,
the mobile surface allows for surface relaxation under external perturbations. Despite of
the many experimental and theoretical achievements in understanding the thin film glasses
and their surface dynamics, there are still many open questions including the thickness of
the mobile surface layer. Based on the recent discoveries, how we should tackle the glass
transition problem and understand the formation of glasses does not have a clear answer
yet and requires further investigations.
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1.5 Stable glass by physical vapour deposition

1.5.1 Discovery of stable glass

In addition to its importance in thin film glasses and the glass transition problem, the
surface dynamics of glasses also plays a key role in the ability to form a new type of glasses
which have been called stable glasses [134, 135]. The chase after the conceptual ideal glass
has been on for many decades, and the recent discovery of vapour deposited stable glasses
made a big step forward [136].

Made in the laboratory within a short period of time, such stable glasses are close to the
ideal glass and can have exceptionally high kinetic stability. Their relaxation timescales
are so long that the only comparable glasses in nature are ambers that have been aged for
millions of years. Instead of using the conventional method of cooling a liquid, glasses are
made by placing molecules one by one onto a substrate through physical vapour deposition.
In addition to its high kinetic stability, the density and modulus of vapour deposited glasses
can also be greatly enhanced compared to traditional glasses [136, 137, 138, 139, 140, 141].

1.5.2 Properties of stable glass compared to regular glass

An example is shown in Fig. 1.17, where the film thickness of a vapour deposited in-
domethacin glass is measured during heating and cooling scans. During the first heating,
the as-deposited glass stays in the glassy state and does not transform into a liquid until
at a much higher temperature than the glass transition temperature. During the sec-
ond heating scan after liquid-cooling, the glass exhibits an onset temperature equal to Tg,
which shows that it has been rejuvenated to an ordinary glass. The high onset tempera-
ture (Tonset) on the first heating scan indicates that the as-deposited glass has enhanced
kinetic stability than the liquid-cooled glass. The extrapolated liquid line and the line of
the as-deposited glass intersect at the temperature called fictive temperature, Tf, which is
a common measure of stability in stable glasses. Tf can be understood as the temperature
the glass fell out of equilibrium as if the glass was prepared by liquid cooling. A bigger
difference between Tf and Tg thus means a greater stability. Another feature in the figure
that measures the stability if the density increase ∆ρ, which is obtained from the gap be-
tween the as-deposited glass line and the liquid-cooled glass line. The as-deposited glass
has a lower thickness corresponding to a higher density than the ordinary glass.

It is believed that the efficient packing and exceptional properties of stable glasses are
mostly due to the highly mobile surfaces of glasses [134, 135]. The dynamics on the surface
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FIG. 3. A schematic representation of the potential energy landscape of a
glass forming system. At constant volume, a single landscape controls the
dynamics, thermodynamics, and structure of the supercooled liquid and all
possible glassy states.

when cooling the liquid at 1 K/min; when the material leaves
equilibrium at Tg, it is stuck on the energy landscape and
further cooling does not lower its potential energy. Extended
aging not too far below Tg allows some equilibration and low-
ers the position of the system on the landscape; the line shown
might indicate the influence of one year of aging. The posi-
tion on the energy landscape achieved for some systems by
physical vapor deposition is much lower than can be achieved
in the laboratory by aging or slow cooling, as we discuss
below.

A key feature of Fig. 3 is that there is a well-defined bot-
tom to the amorphous part of the potential energy landscape.
The rapid drop of the entropy of the supercooled liquid as it
is cooled indicates a landscape with fewer and fewer amor-
phous states at lower potential energy, i.e., fewer and fewer
ways of arranging the molecules. The bottom of the landscape
corresponds to the temperature where the part of the entropy
associated with configurations (Sconf) reaches zero. This rep-
resents a limiting state of perfected amorphous packing which
is sometimes called the “ideal glass.” Whether the actual land-
scapes of real systems have an ideal glass state (with Sconf = 0)
is an open question that we discuss below. While some models
of the glass transition make specific predictions about what
happens near the bottom of the landscape,10,13,14 the proper-
ties of glasses near the bottom of the landscape are of interest
beyond these predictions. For example, it is likely that the
lowest energy glass has the highest modulus and the highest
thermal stability of any amorphous packing. For cooling at
constant pressure, the lowest energy glass is likely the densest
possible amorphous packing of a given system. As discussed
below, states approaching the ideal glass or lowest energy glass
can be prepared by physical vapor deposition.

HIGH DENSITY AND LOW ENTHALPY
VAPOR-DEPOSITED GLASSES

Figure 1 highlights an important regime of high den-
sity materials that is inaccessible from the supercooled liq-
uid because of the enormous times scales that would be
required for cooling or aging. In 2007, Swallen et al.
showed that glasses with these high densities could be pre-
pared by physical vapor deposition.4 Figure 4 shows results
from an ellipsometry experiment on an ⇠600 nm film of

FIG. 4. Spectroscopic ellipsometry measurements of film thickness for a
glass of indomethacin vapor-deposited at 0.2 nm/s onto a silicon substrate
at 285 K. The arrows indicate the thermal path of the sample, with heating
and cooling at 1 K/min. The as-deposited glass is denser and has a higher
onset temperature than the liquid-cooled glass. Data are taken from Ref. 15.

indomethacin.15 The glass was vapor-deposited onto a silicon
substrate held at Tsubstrate = 285 K and then heated at 1 K/min
while measuring the thickness. After the sample transformed
into the supercooled liquid, it was cooled and then re-heated
at 1 K/min in order to obtain data on a reference liquid-cooled
glass. The as-deposited glass is 0.85% thinner (i.e., 0.85%
more dense) than the liquid-cooled glass. An extrapolation of
the data shown indicates that the density of the as-deposited
glass (at Tsubstrate) is very close to that expected for the equilib-
rium liquid at this temperature, even though this is 25 K below
the conventional Tg = 310 K. There are a number of ways
to estimate how long one would have to age a liquid-cooled
glass to attain this density, with results ranging from 100 to
100 000 years. Based upon these estimates, such high-density
glasses until recently would have been considered “impossible
materials.” Another notable feature of the as-deposited glass
in Fig. 4 is its high kinetic stability as indicated by the fact
that the onset temperature for transformation into the super-
cooled liquid is 20 K higher than for the liquid-cooled glass;
this indicates that the energy barriers governing rearrange-
ment are higher in the as-deposited glass. Qualitatively, one
could consider the as-deposited glass to be “superaged” in
that it has the high density and high kinetic stability expected
for highly aged liquid-cooled glasses. As shown below, even
denser and “older” glasses of indomethacin can be prepared at
lower Tsubstrate.

The results shown in Fig. 4 are surprising given the pre-
2007 literature on vapor deposition. It had been thought that
vapor-deposited glasses always exhibited low density and low
stability, as a result of the very fast cooling rate for individ-
ual molecules when they hit the surface (⇠1013 K/s). From
Fig. 1, we see that fast cooling rates would be expected to yield
glasses with low density since the system would leave equi-
librium at a high temperature. The formation of high density
glasses via vapor deposition can be rationalized by a surface
equilibration mechanism: If there is sufficiently high mobil-
ity at the surface of the glass, molecules can equilibrate (or
nearly equilibrate) as they are deposited even if the tempera-
ture is below Tg.4,16 Even in 2007, there were indications that
mobility at glass surfaces might be more than 104 times faster

Figure 1.17: Ellipsometrically measured film thickness of a vapour deposited indomethacin
glass. Figure from Ref. [8].

are fast enough to provide sufficient configurational sampling to approach equilibrium
before the next layer is deposited on top.

The relaxation times of vapour deposited glass can be extremely long [142], which
indicates their extremely low configurational entropy according to the Adam and Gibbs
relation in Eqn. 1.9. Fig. 1.18 is a collection of Sconf data on molecular glasses as a function
of temperature. Consistent with the prediction by Gibbs and DiMarzio, the Sconf of all
glasses are on a trend whose extrapolation leads to an entropy crisis at a finite temperature.
Compared to liquid cooled glasses, vapour deposited glasses are further down the decreasing
curve and very close to the critical point.

In a study of computer simulations on vapour-deposited glasses [143], the optimal
temperature for preparing ultrastable glasses is found to coincide with the Kauzmann
temperature TK, where the configurational entropy approaches zero. This observation
indicates that there might be an underlying thermodynamic connection between optimal
vapour deposited glasses and ideal glasses. This study also shows that there are significant
structural distinctions between optimal glasses and ordinary glasses prepared by cooling,
with the former being truly amorphous and uniformly packed, while the latter exhibiting
a larger fraction of locally ordered clusters.

The effect of substrate temperature on glass stability has also been studied experimen-
tally [140, 141, 144, 145]. It has been found that substrate temperatures near 0.85 Tg
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starting from a liquid-cooled glass, it would require between
104 and 1013 years of aging or slow cooling to reach the
enthalpy of the sample vapor-deposited at 105 K. Results
similar to those shown in Fig. 6 have been obtained for vapor-
deposited toluene by Leon-Gutierrez et al.;34,35 in this case,
the vapor-deposited glasses match the enthalpy expected for
the supercooled liquid down to 112 K (the liquid-cooled glass
shows Tg = 117 K).

THE ENTROPY CRISIS REVISITED

The data in Figs. 5 and 6 provide an exciting opportunity
to examine the entropy crisis in supercooled liquids at signif-
icantly lower temperatures than has been previously possible.
The data in these figures are consistent with the idea that the
properties of vapor-deposited glasses in the thermodynamic
control regime are equal to those expected for the equilibrium
supercooled liquid. Assuming that this is not a coincidence
(and this should be tested further by experiments at lower
deposition rates), this indicates that the extrapolated enthalpy
of the supercooled liquid is correct in the thermodynamic con-
trol regime. If the extrapolated enthalpy is correct, then the
extrapolated Cp is correct, and the extrapolated entropy must
also be correct in this regime. Figure 7 shows the configu-
rational entropies of the supercooled liquids of ethylbenzene
and toluene as a function of temperature. Here Sconf = S Svib
with Svib estimated from heat capacity measurements on the
liquid-cooled glass.36 The open symbols show values of Sconf
obtained from adiabatic calorimetry by Yamamuro et al.36

These measurements were performed on the supercooled liq-
uid prepared by cooling from above Tm; the lowest temperature
shown for the open symbols represents the lowest temper-
ature at which the supercooled liquid remained in equilib-
rium. The asterisks indicate entropies calculated from vapor-
deposited glasses32,34,35 according to the argument described
above. The line through both data sets is a fit allowing an
extrapolation to TK (here defined as the temperature where
Sconf = 0).

The combined data sets shown in Fig. 7 indicate that
the configurational entropies of supercooled ethylbenzene and

FIG. 7. Configurational entropy (Sconf) of toluene and ethylbenzene as a func-
tion of temperature. If Sconf reaches zero, a second order phase transition
is expected. Open symbols were obtained from experiments on liquids and
supercooled liquids, as reported in Ref. 36. Asterisks are calculated from
experiments on vapor-deposited glasses of toluene34,35 and ethylbenzene32 in
the thermodynamic control regime.

toluene drop precipitously as TK is approach from above.
Accepting the view that Sconf cannot become negative, these
data indicate the striking possibility of a second order phase
transition at TK. While this conclusion could have been reached
without the vapor-deposited data, the addition of these data
strengthens the case for a second order phase transition con-
siderably. If somehow a phase transition is to be avoided, the
extrapolation shown must fail between TK and 1.03 TK for
toluene and between TK and 1.04 TK for ethylbenzene. Even
if no phase transition occurs, it is clear that vapor-deposition
can produce glasses that approach the bottom of the poten-
tial energy landscape, as indicated by the small values of the
configurational entropy that have been achieved. Two caveats
should be mentioned with respect to Fig. 7. The calculation of
Sconf requires assumptions37 that have a significant influence
on the estimate of TK. To put an upper bound on the possible
error, we could construct Fig. 7 using the excess entropy (Sex =
S Scrystal); the qualitative features of the figure would remain
the same but TK values would shift down by ⇠10 K, with Sex
= 9 J/mol K for the lowest energy vapor-deposited glass. We
also note that for other molecules which yield high stability
glasses via vapor deposition, TK is not so closely approached
in the thermodynamic control regime.16

The discussion above shows the potential of vapor depo-
sition to provide important new information about states very
low in the energy landscape. It is possible that other sys-
tems, likely those with higher surface mobility, will allow
exploration of states even closer to TK. There has been signif-
icant recent progress in understanding the factors that control
surface mobility for organic glasses38 and this work should
be used to select systems for future study. Measurements
of the enthalpy using a range of deposition rates would be
particularly useful. Based upon the work of Rodriguez-Viejo
and co-workers, fast scanning nanocalorimetry seems like a
particularly promising method for obtaining the enthalpy of
vapor-deposited glasses.39

The results shown in Fig. 7 are qualitatively consistent
with recent simulation studies. Ninarello et al. have described
a new swap Monte Carlo method that allows the preparation of
equilibrium supercooled liquids down to much lower tempera-
tures than previously possible.40 For a polydisperse mixture of
spheres, it has been estimated that these systems are more equi-
librated than a liquid-cooled experimental glass (as judged by
the number of decades by which dynamics have been slowed).
In the simulated systems, Sconf decreases to quite low values
in a smooth manner analogous to the results shown in Fig. 7.41

Additional simulations provide arguments for a phase transi-
tion to the ideal glass at TK as expected from the mean-field
theory of supercooled liquids.42,43

DIVERGING TIME SCALES?

There has been considerable recent interest in investigat-
ing how the relaxation time for a supercooled liquid lengthens
as the temperature is lowered. For decades, most experimen-
tal data have been fit to the Vogel-Tammann-Fulcher (VTF)
equation,

log ⌧/s = A + B/(T � T0). (1)

Figure 1.18: Configurational entropy of toluene and ethylbenzene with respect to temper-
ature. Figure from Ref. [8].

result in the greatest stability both thermodynamically and kinetically for many molecular
glasses. With higher or lower temperatures, glasses deposited are less stable. This temper-
ature has been explained in terms of three different regimes [140]. At high temperatures
near Tg, an equilibrium supercooled liquid is formed on the substrate during deposition.
Once they are cooled below Tg, they become liquid cooled glasses just like regular glasses.
Therefore they exhibit little stability compared to regular glasses. At optimal or interme-
diate substrate temperatures, significant stability is observed because surface mobility is
high enough to take advantage of the substantial thermodynamic driving force for moving
lower in the energy landscape. At even lower temperatures, mobility at the surface is so
low that the system has little opportunity to utilize the large thermodynamic driving force
for equilibration and thus little stability is expected.

The deposition rate also affects the glass stability and it has been studied for several
molecular glass formers [134, 141, 146, 147, 148]. It is shown to only influence the stability
at lower temperatures, where lower deposition rates lead to glasses with higher stability in
general.

1.5.3 Importance of stable glass

The fundamental question of whether the ideal glass exists has been puzzling glass scien-
tists for decades, and the nature of the glass state still lacks a definitive explanation even
though people have been handling glasses for thousands of years. Given that the densest

32



packing of crystal, a much simpler state than glass, was only mathematically proved re-
cently [149] (more than 400 years after the Kepler conjecture was first proposed [150]), it
is not surprising that disordered systems are still under research.

The ability to produce ultrastable glasses has enabled us to explore further into the
nature of all glasses and the glass transition problem. These materials will not only benefit
the development of condensed matter physics, but also contribute to many other fields
from astronomy [31] to computer science [151]. As commented by Ediger [8], such glasses
are “near the limits of what is possible for amorphous packing arrangements”. With near
equilibrium configurations, these materials are excellent candidates for studying the glass
transition problem and pursuing the ideal glass.

Since the seminal paper by Swallen et al. [136], there have been extensive studies on
stable glasses, trying to reveal the extreme properties of amorphous solids. Most of the
materials used in vapour deposition were small molecules, with few examples of metallic
glasses [152, 153]. Polymers, in principle, are an attractive candidate for ideal glasses
and stable glasses, since many atactic polymers are poor crystal formers. In the past few
decades, the surface of polymer thin films has been extensively studied, and it is commonly
believed that surface mobility in polymer films are enhanced compared to the bulk. With
the key role of surface mobility in forming stable glasses, they should be very suitable for
making stable glasses through physical vapour deposition.

However, due to the low vapour pressure and high sensitivity to thermal degradation
of polymer sample, vapour deposition is problematic for polymers. To vaporize them, the
evaporation temperature has to be high enough to achieve meaningful deposition rate,
but the temperature has to be below a threshold to prevent chain scissions or oxidation.
Despite the difficulties, there are several studies that use PS in physical vapour deposition
[154, 155, 156] although no stability was reported. Besides physical vapour deposition,
Guo et al. reported the first possible stable PMMA glasses using the matrix assisted
pulsed laser deposition (MAPLE) technique [157]. Contrary to stable molecular glasses
with increased density and lower enthalpy, the stable PMMA glasses were actually 40%
less dense and had a higher enthalpy than regular glasses. Yoon et al. reported stable
polymer glasses of Teflon AF 1600 through vacuum pyrolysis deposition which exhibited
lower fictive temperatures [158]. However, during the deposition the polymer chains are
broken and then reformed, and the molecular weight decreases after the deposition, which
makes it questionable to compare the deposited glass with the original material.

In this thesis we demonstrate the possibility of applying simple physical vapour deposi-
tion to low molecular weight polymers. Preparation techniques for creating stable polymer
glasses are introduced. Using different characterization techniques, we investigate the their
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properties including stability, surface dynamics, film thickness dependence, etc. By study-
ing these materials from different perspectives, we hope to gain insights into questions
about the complex and fascinating phenomenon–the glass transition.
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Chapter 2

Experimental Techniques

2.1 Materials

The main material used in this thesis is polystyrene (PS) with Mw = 1200 g/mol catalogue
no. 1024 from Scientific Polymer Products. From mass spectrometry measurements, it
has a distribution of N values from 3 to 22, with PDI = 1.19. In Chapter 4, higher
molecular weight PS is also used, including sample no. P9720-S with Mn = 1300 g/mol,
Mw = 1400 g/mol, PDI = 1.08, and sample no. P8921-S with Mn = 2800 g/mol, Mw =
3000 g/mol, PDI = 1.09 from Polymer Source Inc.

In Chapter 3, poly(methyl methacrylate) (PMMA) has also been used, with Mn =
1000 g/mol and PDI = 1.15, sample no. P11179D-MMA from Polymer Source Inc.

2.2 Distillation of polymers

In this thesis, physical vapour deposition is used to prepare stable glass. Since the as-
purchased PS material (Mw = 1200 g/mol) has a broad distribution in N values, if it is
used directly as the deposition source, the components with the lowest molecular weight
will be deposited first, resulting in a glass transition temperature that is too low for glass
formation or further characterizations. In Chapter 5.1, it is shown that the low molecular
weight components are also believed to be the cause of undesired surface morphology and
affect stable glass formation.
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To separate PS samples into more monodisperse fractions, vacuum distillation has been
used in a previous study in our group [159]. It is known that the vapour pressure of poly-
mers are much smaller compared to volatile materials. During the evaporation, there is a
trade-off between the vapour pressure and the thermal stability of the material. As the N
value increases, the vapour pressure of the polymer decreases, and the temperature needed
to effectively evaporate the material increases significantly. However, as temperature in-
creases the polymer may also start to thermally degrade. Therefore there is a limited
temperature window for the evaporation. For PS, thermal degradation is found to occur
at near 570 K [160]. Therefore all the distillations and vapour depositions for PS have to
remain below this temperature.

In this thesis, distillation is performed as a pre-processing step before using the material
as the deposition source. The distillation is carried out in a separate vacuum chamber,
where the as-purchased material is used as the source on the bottom and a collector plate
is attached to the lid of the chamber. Each time the source is heated to an elevated
temperature for a few hours and the material deposited on the top plate is collected after
each run. The same temperature is used for the following run if the distillation rate is
still high, or a higher temperature is used in the next run to collect materials with higher
molecular weight. This process is repeated until the low molecular weight portions have all
been evaporated, or the temperature can not be raised higher due to thermal degradation
concerns.

The product to be used later in the physical vapour deposition process is either the
components that are distilled into highly monodisperse fractions, or the material left in
the source plate with a truncated distribution where the low molecular weight components
are evaporated off. Thereby the lowest remaining components will be deposited first in the
deposition chamber.

2.3 Physical vapour deposition

Physical vapour deposition has been found to be a convenient way of making stable glass,
compared to the natural cooling and aging process that are on geological timescales to
achieve similar stability of the glass. As shown in Fig. 2.1, during the physical vapour
deposition, the source material is heated in a vacuum and evaporates into the chamber.
The vapour particles travel in the vacuum and condense on the substrate where they form
a film. Depending on the substrate temperature, deposition rate and other factors, the
resulting film can have different properties.
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Figure 2.1: Schematic illustration of physical vapour deposition.

Vapour deposition in our lab is carried out using an ORCA temperature controlled
organic materials evaporation source installed in a Korvus Technology HEX deposition
unit. Before being brought into the deposition chamber, the source material is pre-distilled
either into monodisperse portions or with truncated distribution in molecular weight where
the lowest N values are removed. The typical deposition rate in most of our experiments
is 0.05 nm/s, as measured by a quartz crystal microbalance (QCM). The chamber has a
base pressure of 10−5 mbar during depositions.

The substrate stage can be cooled or heated by Peltier elements on both ends. There
are two types of stages built for our deposition chamber. One is a stainless steel sheet that
bridges the two ends, and most depositions with a uniform substrate temperatures were
done with this stage. The other stage is a temperature-gradient stage, where the substrate
silicon wafer bridges the stainless steel units on both ends. A detailed introduction on
the temperature-gradient bridge is included in Chapter 5.1.6, where this bridge is mostly
used. By individually controlling the temperature on each end, different positions on the
substrate can have different temperatures.

In our deposition chamber, the source and the QCM are installed on separate wall pan-
els, and the substrate is attached to the ceiling. With this geometry, the actual deposition
rate for the substrate is different from the nominal rate from the QCM. Across the length
of the substrate (∼7.5 cm), there is also a gradient and the film thickness can vary by a
factor of up to 4, depending on which wall the source crucible is installed on.
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2.4 Ellipsometry

Ellipsometry is an optical technique for obtaining properties of surfaces and thin films by
measuring the change of light polarization upon reflection or transmission. For example,
in our lab it is typically used to determine film thickness and refractive index of thin films.
One of the advantages of ellipsometry is its contact-free and non-destructive measurements.
It is a very versatile technique which can measure film thicknesses for single layers or
multiple layers, ranging from a few angstroms to micrometers with high accuracy and
precision. Depending on the type of light source, ellipsometers can be categorized into
single-wavelength ones and spectroscopic ones. In this thesis, both types have been used
in data collection.

For a typical ellipsometer, there are four core components in the light path: polarizer
(P), compensator (C), sample (S), and analyzer(A). Throughout these components, the
polarization of the light changes and properties about an unknown sample can be extracted
when the other components are known. For example, Fig. 2.2 is an example configuration
of an ellipsometer. The order of the main components in the light path is the polarizer
(P), the following quarter-wave plate which is also called the compensator (C), the sample
(S), and the analyzer(A), and thus it is known as a “PCSA” configuration. In Section 2.4.2
another ellipsometer with a “PSCA” configuration is also introduced.

laser
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dete
ctor
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Figure 2.2: Schematic diagram of the nulling ellipsometer.

Since the ellipsometry does not directly measure physical quantities of the sample, but
rather the polarization change upon light interaction, a model has to be constructed to
describe the relationship between sample-related properties and the polarization change
they cause. The procedure of extracting sample properties can be summarized as follows:

1. Perform measurement of the sample and obtain the light polarization change.
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2. Based on estimates of properties including thickness and optical constants, construct
a model to calculate the predicted response of the incident light.

3. Compare the predicted values to experimental data. By varying the initial estimates
of sample properties, improve the agreement between model and data.

4. Through regression, the best match can be found which corresponds to the deduced
properties of the sample.

In order to predict the change in light polarization based on the model, a mathematical
method is needed to describe the polarization state of light as it interacts with different
components of the ellipsometer as well as the sample. One of the common approach is
using Jones calculus [161]. In Section 2.4.1, we demonstrate this approach with a nulling
ellipsometer which has a “PCSA” configuration.

2.4.1 Single-wavelength nulling ellipsometry

The single-wavelength ellipsometer (EXACTA 2000, Waterloo Digital Electronics) in our
lab uses a laser wavelength of 632.8 nm and an incident angle of 60◦. The schematic
diagram of its configurations is shown in Fig. 2.2.

First, the laser generates linearly polarized light, which is converted to circularly polar-
ized after passing through the quarter-wave plate. The light then enters the polarizer (P)
and the polarization becomes linear again. After another quarter-wave plate, the light be-
comes elliptically polarized before hitting the sample. Upon reflection from the sample, it
travels through the analyzer (A) and finally reaches the detector. The nulling ellipsometer
works by automatically tuning the polarizer and analyzer angles until the light reflected
from the sample is linearly polarized so that the light intensity can be zero after passing
through the analyzer. The angle accuracy of this nulling ellipsometer is 6 × 10−4 degrees
[162].

Once the null condition is found, the P and A values can be used in determining the
sample properties. Given only two data points (P and A), at most two unknown quantities
can be obtained. Typically film thickness and refractive index are the two quantities of
most interest in our studies, given that the optical properties of the substrate are known.

Below we go through the Jones calculus [161] for the configuration as shown in Fig. 2.2.
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As light travels in the +z direction in an isotropic material, its electric field lies in the
x− y plane. The Jones vector representing this light is(

E0,x

E0,y

)
exp(iωt) (2.1)

The time component exp(iωt) can be omitted for simplicity, as long as it is brought
back in real calculations when necessary. For a linearly polarized light at an angle θ to the
x axis, the x and y components are in phase and the Jones vector is given by(

E0 cos θ
E0 sin θ

)
(2.2)

where E0 is the amplitude of the electric field. For circularly polarized light, there is a
phase difference of 1/4 cycle between the x and y components, and its Jones vector is(

E0

±iE0

)
(2.3)

Remember that for nulling ellipsometry measurements, we are only interested in the po-
larization state of light. Thus only the relative amplitudes and the relative phase difference
are of interest.

When light interacts with an optical element or a sample surface, the polarization state
will change. Therefore, a 2 × 2 matrix called a Jones matrix can be used to represent
such a transformation. Trivially, a medium which does not change the polarization state
can be represented by a 2 × 2 identity matrix. A non-absorbing linear polarizer with its
transmission axis coincident with the x axis is given by(

1 0
0 0

)
(2.4)

The Jones matrix of a linear polarizer at an angle P to the x axis can be found by
first rotating the coordinate system by an angle P , applying the above matrix, and then
rotating the coordinate system back. The result is given by(

cos2 P sin P cos P
sin P cos P sin2 P

)
(2.5)
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Similarly, a quarter-wave plate with its fast axis coincident with the x axis is(
1 0
0 −i

)
(2.6)

since it retards the component along the slow axis by 1/4 cycle relative to the component
along the fast axis. A quarter-wave plate with its fast axis at an angle Q to the x axis can
be found to be (

cos2 Q− i sin2 Q (1 + i)sin Q cos Q
(1 + i)sin Q cos Q sin2 Q− i cos2 Q

)
(2.7)

When Q = 45◦ and only relative quantities are considered, the matrix can be simplified
as (

1 i
i 1

)
(2.8)

Finally, the reflection from an isotropic sample surface can be given by(
Rp 0
0 Rs

)
(2.9)

where Rp is the reflection coefficient for light with its electric field in the plane of incidence,
and Rs is the reflection coefficient for light with its electric field perpendicular to the plane
of incidence.

Now we have all the important components to model the light through the ellipsometer.
After the linearly polarized light from the laser source passes through the first quarter-
wave plate, it becomes circularly polarized. It is worth mentioning the purpose of having
a circularly polarized light before it passes through the polarizer. From matrix 2.5, the
incident light with components Ex and Ey passes through the polarizer at an angle P and
becomes

(Ex cos P + Ey sin P )

(
cos P
sin P

)
(2.10)

If the incident light is circularly polarized, Ex and Ey are equal in size and 90◦ out of phase
(i.e., Ex = ±iEy). Then the intensity of the transmitted light will not depend on P .

After the polarizer, the light can be represented by

(
cos P
sin P

)
. Applying matrix 2.7
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which represents the quarter-wave plate right before the sample, the light becomes(
Ep,i
Es,i

)
=

(
cos Q cos (P −Q) + i sin Q cos Q
sin Q cos (P −Q) + i cos Q cos Q

)
(2.11)

which represents elliptically polarized light. Upon reflection from the sample, the polar-
ization state is given by (

Ep,r
Es,r

)
=

(
Rp 0
0 Rs

)(
Ep,i
Es,i

)
(2.12)

If the reflected light can be completely extinguished by the analyzer, which is the
principle of a nulling ellipsometer, it must be linearly polarized. Ep,r and Es,r must be in
phase, which means their ratio must be a real number. This gives

I(
Rp

Rs

Ep,iE
∗
s,i) = 0 (2.13)

where I represents the imaginary part and the ∗ represents the complex conjugate. The
ratio of Rp and Rs can be written as

Rp

Rs

= tanψ exp(i∆) = tanψ cos ∆ + i tanψ sin ∆ (2.14)

where tanψ is the ratio of the amplitudes and ∆ = ∆p−∆s is the relative phase change of
p polarized light compared to s polarized light. Based on Eqn. 2.13, plugging in Eqn. 2.11
and Eqn. 2.14 gives the condition that a null must satisfy:

tan(2P − 2Q) = − sin 2Q tan ∆ (2.15)

The A value can be found by solving(
cos2A sinA cosA

sinA cosA sin2A

)(
Ep,r
Es,r

)
=

(
0
0

)
(2.16)

which leads to

tanA = tanψ
cos(2P − 2Q) cos ∆ sin 2Q− sin(2P − 2Q) sin ∆

cos(2P − 2Q) cos 2Q− 1
(2.17)

In conventional nulling ellipsometers, Q = ±45◦. In the case of Q = +45◦, there are
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two P and A pairs that satisfy the null setting:

P2 = −∆/2− π/4, A2 = ψ (2.18)

and
P4 = −∆/2 + π/4, A4 = −ψ (2.19)

In the case of Q = −45◦, there are also two P and A pairs that satisfy the null setting:

P1 = ∆/2− π/4, A1 = ψ (2.20)

and
P3 = ∆/2 + π/4, A3 = −ψ (2.21)

The subscripts from 1 to 4 correspond to the 4 different zones by convention.

Now we have the P and A solutions if reflection coefficients Rp and Rs of the sample
are known. In order to derive the physical properties of the sample from measured P and
A values, the Fresnel coefficients need to be introduced. For a bare semi-infinite isotropic
medium, the Fresnel reflection and transmission coefficients are

rp =
n2 cos θ1 − n1 cos θ2
n2 cos θ1 + n1 cos θ2

(2.22)

tp =
2n1 cos θ1

n2 cos θ1 + n1 cos θ2
(2.23)

rs =
n1 cos θ1 − n2 cos θ2
n1 cos θ1 + n2 cos θ2

(2.24)

tp =
2n1 cos θ1

n1 cos θ1 + n2 cos θ2
(2.25)

where n1 and n2 are the refractive index of the medium for the incident and transmitted
light, respectively, and θ1 and θ2 are the angle of incidence and refraction respectively.

Now consider a thin film sample on a known substrate, which is the most common case
in our studies. With the one layer on top of the substrate, the situation is much more
complex with multiple reflections as shown in Fig. 2.3. In order to treat the film as one
interface and find the total reflection and transmission coefficient, all the reflections and
transmissions can be added.

If the electric field of the incident light is assumed to have amplitude A, the light
interacts with the first interface, the amplitude of the reflected part is r12A, and the
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Figure 2.3: Light reflections in a thin film.

amplitude of the transmitted part is t12A. The transmitted light travels in the film of
thickness h until it interacts with the 2,3 interface. During the path in the film, the phase
of the electric field shifts by exp(iδ) = exp(ikzh) = exp(ik cos θ2h) = exp(i2πn2 cos θ2h/λ),
where λ is the vacuum wavelength of the light. Then the electric field incident at the 2,3
interface is given by t12A exp(iδ). Similarly, part of the electric field is reflected back into
the film and obtains another phase shift when it gets to the 1,2 interface again. Further,
part of it is reflected again and this process is repeated. By adding all the components,
the total reflection coefficient is given by

Rtotal = r12 + t12t21r23e
−2iδ[1 + r21r23e

−2iδ + (r21r23e
−2iδ)2 + · · · ] (2.26)

From the Fresnel coefficients it is easy to prove the relations r12 = −r21 and t12t21 =
1− r212. Using these relations together with the fact that 1

1−x = 1 +x+x2 +x3 + · · · , Rtotal

can be simplified to

Rtotal =
r12 + r23 exp(−2iδ)

1 + r12 + r23 exp(−2iδ)
(2.27)

The total transmission coefficient can be obtained using the same method. It is

Ttotal =
t12 + t23 exp(−2iδ)

1 + r12 + r23 exp(−2iδ)
(2.28)

It is important to note that when calculating Rtotal and Ttotal for the p polarization, the p
Fresnel coefficients rp and tp should be used. When calculating Rtotal and Ttotal for the s
polarization, the s Fresnel coefficients rs and ts should be used.

Therefore, with a thin film sample on top of a known substrate, the P and A (ψ and
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∆) values can be used to solve for the refractive index n and the thickness h of the film by
applying Eqn. 2.27 for the p and s polarization, where r’s are directly related to n’s and
h is incorporated in the phase change δ. In practice, when extracting h and n from P and
A measurements, one first uses estimated h and n values to calculate the predicted P and
A, and compares with the measured values. By minimizing the error between calculation
and measurement through varying the estimated h and n, the best match can be found,
which corresponds to the real h and n values.

In reality, the typical model used in our studies is slightly more complicated. Based
on the simple 3-slab model–air+polymer+silicon, there is one more layer of native silicon
oxide between the polymer film and the silicon substrate. The thickness and refractive
index of the silicon oxide layer also have to be known in order to limit the number of
unknown quantities to a maximum of two. In using such a model, one can use the same
Eqn. 2.27 to calculate the total reflection coefficient of the first layer, except that the r23
coefficient needs to be replaced by the total reflection coefficient R23 of the layer underneath
it. R23 can be obtained using the same equation, with r12 and r23 replaced by r23 and r34,
and using the correct phase shift through the respective layer. Since the properties of the
silicon oxide layer are known, R23 is known and the problem is solved in the same way as
a 3-slab model.

In our studies, we are often interested in the change of thickness and refractive index
during heating and cooling, from which we can determine quantities such as the glass
transition temperature and the thermal expansion coefficients. To do this, a series of P
and A pairs are measured by the ellipsometer during a set temperature run, and the data
is later converted to corresponding h and n pairs.

Fig. 2.4 is an example of the P and A data as a function of temperature, together with
the fitted h and n values for the thin film sample.

2.4.2 Spectroscopic ellipsometry

Another type of ellipsometer that has been used in our studies is a spectroscopic ellipsome-
ter (J. A. Woollam M-2000DI). It has a rotating compensator, variable incident angles from
45◦ to 90◦, and a wavelength range of 193-1690 nm. The configuration is shown in Fig. 2.5
which is known as a “PSCA” configuration. Instead of P and A data from a nulling el-
lipsometer, the spectroscopic ellipsometer generates ψ(λ) and ∆(λ) data, which are the
amplitude and phase of the ratio of Rp and Rs. Since the data is measured as a function of
wavelength, a Cauchy model can be used in describing the refractive index of non-absorbing
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Figure 2.4: P and A data measured by the nulling ellipsometer during the cooling of a PS
film, as well as the fitted thickness h and refractive index n.

thin film samples:

n(λ) = A+
B

λ2
(2.29)
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Figure 2.5: Schematic diagram of the spectroscopic ellipsometer.

Similar to the procedure in nulling ellipsometry, a model is built based on estimates
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of sample thickness and refractive index (in this case, A and B parameters). The fitting
is performed using the CompleteEase software. In varying the estimates, a best match
between the calculation and data can be found by minimizing the mean squared error
(MSE).

The typical model used is the same as the one used for nulling ellipsometry, with air,
polymer film, silicon oxide, and silicon substrate from top to bottom. Since polystyrene
used in our studies absorbs light in the UV spectrum, the wavelength range used in fitting
is set to > 400 nm.

An advantage of using the Woollam ellipsometer is that real-time fitting can be done
during the measurements. This is especially helpful when measuring stable glass samples,
since it is easier to make sure the rejuvenation is completed at a high enough temperature
while preventing the film from dewetting at too high temperatures.

Fig. 2.6 is an example of the ψ and ∆ data as a function of wavelength for a PS thin
film sample at 288 K. The film thickness h and refractive index n are fitted to be 172 nm
and 1.608 using a Cauchy model.
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Figure 2.6: ψ and ∆ data measured by the spectroscopic ellipsometer of a PS film at 288
K.

2.5 Atomic force microscopy

When working with materials on small scales, different types of microscopy are needed to
go beyond the limit of the human eye. Optical microscopy reaches to approximately one
micrometer due to the limitations set by the wavelength of visible light. Scanning probe
microscopy is capable of a resolution in the atomic range, by using a sharp tip to scan
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and detect the surface properties. Atomic force microscopy is one type of scanning probe
microscopy, which uses a non-conducting tip and construct an image of the surface based
on the interaction force between the tip and the surface while the surface is scanned.

Fig. 2.7 is a schematic illustration of the configuration of an AFM. On the end of a
long flexible cantilever, there is a sharp tip that “feels” the surface through its interaction
with the surface. Depending on the distance between the tip and the sample, as well as
the properties of the two, the interaction force varies and the cantilever is bent to a various
degree. As shown in Fig. 2.8, there are three different regimes of the interaction force
between the tip and the sample, approximately described by the Lennard-Jones potential.
When they are very close, which means the tip is in contact with the surface, the Pauli
repulsion dominates and there is a strong repulsive force. For slightly longer distances
there is a larger van der Waals attraction and the force becomes attractive. If the tip is
very far away from the surface, the force becomes negligible. It is worth mentioning that
in the attractive regime, the force is not a monotonic function of the distance. Point 1 and
2 in the figure can have the same force with different distances. In real practice, the AFM
has to be set to work only on the left or the right of the minimum to ensure a monotonic
relationship between the force and the distance.

To detect the interaction, a laser light is shined on the back of the cantilever, and
reflected onto a photodiode that detects its deflection. As the tip is scanned across the
surface, or equivalently, the surface is scanned across the x-y plane (the case shown in
the figure), the direction and the degree of the laser deflection changes according to the
tip-sample distance and thus the force. The laser signal is sent into the feedback loop,
and depending on the mode that the AFM is operating in, the feedback system can adjust
the height of the cantilever by a piezoelectric element so that some measurable quantity
remains constant, such as the interaction force, the oscillation frequency shift, or the
oscillation amplitude, etc. In this way, the z-direction data is recorded at every point in
the x-y plane and an image of the surface can be constructed.

The AFM can operate in contact mode, non-contact mode, or intermittent contact
mode/tapping mode, depending on the requirements of the experiment. In the contact
mode, the cantilever is not oscillated, and either a constant force or a constant height is
maintained during the scan. In the constant force mode, a certain setpoint value of the
force is selected via a certain deflection of the cantilever, and the feedback system adjusts
the height of the cantilever to keep a constant distance between the tip and the sample. In
the constant height mode, no feedback is involved and the change in deflection is recorded.

In both the non-contact mode and the tapping mode, the cantilever is oscillated at or
near the resonance frequency by the piezoelectric element. In the non-contact mode the tip
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1.2 Introduction to Atomic Force Microscopy 9

Fig. 1.6 SEM image of a
silicon cantilever used in
atomic force microscopy
with a length of 450µm

Fig. 1.7 Schematics of
atomic force microscopy
operation

Sample
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Split photodiode
Feedback
electronics

x,y scanner

z

z-signal

Cantilever

the repulsive regime of the force-distance curve the operating mode is called contact
mode. The last atoms of the tip are in direct contact with the surface atoms.

The atomic force microscope can also be operated in the so called dynamic mode
with an oscillating cantilever. This dynamic mode is often operated in the attractive
part of the tip-sample interaction. This mode of operation is called the non-contact
mode. This is important when imaging soft samples (for instance polymers or bio-
logical samples), which would be destroyed by a strong tip sample interaction. In
the dynamic mode, the cantilever is excited to vibrate close to its free resonance
frequency. When the atomic force microscope tip approaches the surface, the inter-
action between tip and sample changes the resonance frequency of the cantilever.
The tip-sample force can be represented by a second spring acting in addition to the
cantilever spring. This additional spring leads to a change of the resonance frequency
of the cantilever and correspondingly to a change of the cantilever amplitude. This
change in amplitude can be used as a scheme of force detection and can serve as
the feedback signal for regulating the tip-sample distance. The distance regulation

Figure 2.7: Schematic illustration of a typical AFM. Figure from Ref. [20].8 1 Introduction
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between tip and sample as
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(a) If the tip is far away from the surface the force between tip and sample is
negligible. (b) For closer distances an attractive (negative) force between tip and
sample occurs. (c) For very small distances a strong repulsive force between tip and
sample occurs. One problem with this behavior is that the tip-sample force which is
used as measured signal depends non-monotonously on the tip-sample distance, i.e.
for one value of the measured force in the attractive regime there are two tip-sample
distances, point 1 and point 2 on the force distance curve in Fig. 1.5. Care has to
be taken to work only on one of the branches left or right of the minimum in the
force-distance curve on which a monotonous force distance relation holds.

The force between tip and sample can be measured in a static mode using the
deflection of the cantilever on which a tip is mounted. The cantilever acts as a
spring and its deflection is proportional to the tip-sample force. If the stiffness of
the cantilever spring k (spring constant) is known, the force between tip and sample
can be determined by measuring the bending of the cantilever. Hooke’s law gives
F = −kz, where F is the force and z is the distance the cantilever spring is bent
relative to its equilibrium position without the sample present. Figure 1.6 shows a
typical silicon cantilever used as a force sensor in atomic force microscopy with a
sharp tip (probe) at its end. The deflection of the lever is measured for instance using
a laser beam reflected from the back of the cantilever into a split photodiode as shown
in Fig. 1.7.

In the static mode of operation, the surface contour is mapped while scanning by
changing the z-position of the tip in such a way that the tip-sample force and, corre-
spondingly, the tip-sample distance are kept constant. The tip position maintaining
a constant tip-sample distance is recorded as topography signal. In other words: the
feedback loop maintains a constant force between the tip and the sample i.e. con-
stant bending of the cantilever, as shown in Fig. 1.7. The corresponding changes in
the z-position required to maintain a constant tip-sample distance (i.e. constant force)
correspond to the topography of the sample. If the measurements are performed in

Figure 2.8: Force between the tip and the sample. Figure from Ref. [20].

does not contact the surface at all, and in the tapping mode the tip is in contact with the
surface part of the time. During the scan, the van der Waals attraction decreases the reso-
nance frequency of the cantilever. The feedback system adjusts the average tip-to-sample
distance to maintain a constant oscillation amplitude or frequency. The measurement of
the tip-to-sample distance at each location on the surface is used to create a topographic
image of the sample surface. In addition to the topographic image, the phase image can
be obtained in the tapping mode as well. The phase shift of the oscillation due to the tip-
sample interaction contains information about the energy dissipation during the oscillation,
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which is related to sample properties.

In this thesis, a JPK Nanowizard 3 atomic force microscope is used for the study of
the surface of stable glass. The tapping mode is used to protect both the sample and
the tip, since the hard contact involved in the contact mode may easily damage the soft
surface and also decrease the sharpness of the tip very quickly. Tips are type PPP-NCSTR
from Nanosensors, with a tip radius of curvature < 10 nm and tip height 10–15 µm. The
resolution of all measurements are 512×512. Gwyddion (version 2.58) is used for image
analysis. In experiments where the sample is brought to an elevated temperature, a JPK
High Temperature Heating Stage is used instead of a regular stage.

2.6 Matrix assisted laser desorption/ionization-time

of flight mass spectrometry

To determine the molecular weight and the distribution of N ’s in our vapour-deposited
glasses, matrix assisted laser desorption/ionization – time of flight (MALDI-TOF) mass
spectrometry was applied. It is a technique to ionize samples into charged molecules, and
then measure their mass-to-charge (m/z) ratio.

The ionization part is MALDI. The analyte is first mixed with an excess amount of a
matrix compound. The mixture is deposited on a target plate having multiple spots for
several different samples to be applied. A laser pulse irradiates one of the spot, and rapidly
heats it. The laser energy is absorbed by the matrix which gets desorbed and ionized, and
carries the analyte molecules into the gas phase. During the flight of the mixture, collisions
among particles usually result in the ionization of the analyte, either through protonation
or deprotonation with the matrix molecules. Most commonly, the analyte molecules carry
a single positive charge during this process.

The TOF part is the mass analyzer, where an electric field is applied to accelerate the
ions, and then they enter a field free region to drift before hitting the detector. After the
acceleration, the ions have a potential energy

E = zeV (2.30)

where e is the electron charge, and V is the voltage applied in the electric field. At the
end of the acceleration, the potential energy is converted into kinetic energy at the start
of the drifting

zeV =
1

2
mv2 (2.31)
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where m is the ion mass, and v is the velocity of the drifting ion. Ions with different m/z
values therefore have different velocities

v =

√
2zeV

m
(2.32)

and the detector is able to differentiate them based on the time they spend during the
same path

t = d

√
m

2zeV
(2.33)

where d is the length of the known path. Further, the mass-to-charge ratio is simply

m/z =
2eV t2

d2
(2.34)

Many MALDI-TOF instruments are equipped with a reflectron that reflects ions using
another electric field. This increases the ion flight path and the difference in the time of
flight, thus increasing resolution.

In this thesis, a Bruker Autoflex Speed MALDI-TOF mass spectrometer is used in the
reflectron mode. It is equipped with a 2kHz Nd:YAG UV laser (355 nm). It is highly
sensitive and is able to measure samples with extremely small amounts. Most samples in
this thesis are thin films of ∼ 100 nm on a silicon wafer of ∼ 1 cm × 1 cm, and dissolving
only a fraction of the film is sufficient for its mass analysis. The matrix used in our
measurements is dithranol (226.23 g/mol) mixed with silver trifluoroacetate.

2.7 Preparation of gold nanoparticles

Gold nanoparticles are used in the study of the surface of stable glass in this thesis. The
following recipe of synthesizing gold nanoparticles is borrowed from Ref. [163] and Ref. [26]:

1. All glasswares are carefully cleaned using lab detergent and rinsed thoroughly using
deionized water.

2. Make a gold salt solution (1 mM) of 0.017 g HAuCl4 · xH2O (5× 10−5 mol) in 50 mL
deionized water. Make sure to use glass pipettes to handle gold salts when making
solution as HAuCl4 · xH2O can erode metal utensils.
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3. Make a citric acid solution of 0.0385 g C6H5O7Na3 · 2H2O in 3.846 g of deionized
water.

4. Heat the gold salt solution in a flask for about 30 minutes until boiling while it is
being stirred.

5. When the gold salt solution boils, rapidly add the citric acid solution and speed up
stirring for about 15 minutes until the color of the mixture is stable (wine red).

6. Continue heating for another 5 minutes to make sure that the suspension is stabilized.

7. Divide the gold colloidal into small glass bottles and cool to room temperature before
sealing.

The above recipe creates gold nanoparticles with size around 20 nm. Decreasing the
citrate solution volume or concentration results in larger nanoparticles.
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Chapter 3

Preparation and characterization of
stable polymer glasses

This chapter is reproduced from the following paper with the permission of Springer Nature:

A. N. Raegen, J. Yin, Q. Zhou, & J. A. Forrest. Ultrastable monodisperse polymer
glass formed by physical vapour deposition. Nature Materials, 19(10), 1110-1113 (2020).
DOI: 10.1038/s41563-020-0723-7 [1].

This paper describes our lab’s development of a process to make ultrastable polymer
glass samples as well as characterization of the samples. A. N. Raegen performed exper-
iments including physical vapour deposition, ellipsometry and mass spectrometry, data
analysis, produced most of the data on PS samples and contributed to the writing and
editing of the manuscript. I performed experiments including physical vapour deposition,
ellipsometry and mass spectrometry, data analysis, produced the data on PMMA samples
and contributed to the discussion leading to the first draft and editing of the manuscript.
Q. Zhou performed experiments including physical vapour deposition and ellipsometry,
data analysis, produced the data on the anisotropy of PS samples and contributed to the
editing of the manuscript. J. A. Forrest conceived the experiments, contributed to data
analysis, wrote the draft manuscript and contributed to the editing of the manuscript.

3.1 Abstract

Stable glasses prepared by vapour deposition are an analogue of glassy materials aged
for geological time scales. The ability to prepare such materials allows the study of near
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ideal glassy systems. We report the preparation and characterization of stable glasses of
polymers prepared by physical vapour deposition. By controlling substrate temperature,
deposition rate, and polydispersity, we prepare and characterize a variety of stable polymer
glasses. These materials display the kinetic stability, low fictive temperatures and high
density characteristic of stable glasses. Extrapolation of measured transformation times
between the stable and normal glass provides estimates of the relaxation times of the
equilibrium supercooled liquid at temperatures as much as 30 K below the glass transition
temperature. These results demonstrate that polymer stable glasses are an exciting and
powerful tool in the study of ultrastable glass and disordered materials in general.

3.2 Introduction

The observation of ultrastable glasses [8, 136] is one of the most exciting recent develop-
ments in the ongoing quest to understand the dynamics of glass forming materials, and
the formation of glassy solids. The ability to make these materials through vapour depo-
sition [136], circumvents the alternative approach of aging for thousands or even millions
of years, and has allowed the creation of glasses tantalizingly similar to so called “ideal
glass” prepared in the limit of infinitely slow cooling to the Kauzmann temperature TK.
These glasses also exhibit exceptional kinetic stability due to their high density, and for
thin films, appear only to form the normal supercooled liquid upon heating well beyond
the glass transition temperature, Tg, of the ordinary glass by nucleation at one or both
surfaces [164].

In order to fully exploit measurements of vapour deposited glasses to learn about ideal
glass, the stable glasses formed and measured should be the same as those that would
be obtained if the corresponding glass forming liquid were cooled at an arbitrarily slow
rate, or the glass was aged for sufficiently large times. Unfortunately this correspondence
is not completely realized in small molecule stable glasses as they are almost exclusively
birefringent [165]. This anisotropy has been studied extensively and an understanding has
arisen based on comparisons with molecular dynamics simulations [166, 167]. Interestingly,
it was noted in simulations of evaporated polymers [168] that stable glasses composed
of small flexible polymers do not exhibit this anisotropy. These simulations made the
important suggestion that glasses made of small polymer molecules may be maximally
dense disordered materials without the detraction of anisotropy. Polymers are also an
attractive candidate for ideal glasses as many atactic polymers are poor crystal formers,
and the liquid can be the actual equilibrium state. Polymers also have an extraordinary
degree of tunability in terms of the Tg value as well as the physical and chemical properties.
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Vapour deposition is an uncommon technique for preparing polymer samples, as the
polymers themselves have very low vapour pressures and are sensitive to thermal degra-
dation. This thermal sensitivity places strict limitations on the temperature ranges that
can be employed during their processing. Despite this, there have been several reports of
depositing polystyrene (PS) films [154, 155, 156] using physical vapour deposition (PVD).
The thermal sensitivity of polymers has impacted attempts to make polymer stable glasses,
though a number of “interesting polymer glasses” have been produced [8]. The first reports
of possible stable polymer glass used a matrix assisted technique to deposit the polymers
[157]. The samples exhibited kinetic stability characteristic of stable glass, but were actu-
ally less dense than the rejuvenated polymer due to the formation of nanostructured films
upon deposition. A more recent investigation by Yoon et al. [158] used vacuum pyrolysis
to produce films of amorphous fluoropolymer. In this process, molecular bonds are bro-
ken and new ones formed during the deposition. The deposited glassy films exhibited low
fictive temperatures, but were certainly affected by their deposition process. The study
suggested the molecular weight of the deposited molecules was lower than the original ma-
terial, an indication of bond cleavage during deposition. This (as well the lack of definitive
evidence for kinetic stability, or increases in density) places significant limitations on the
correspondence between the deposited polymer samples and those that could have been
prepared by sufficient aging. The technique is also restricted to polymers that will reform
the same chemical material after pyrolysis.

Perhaps the simplest approach to obtain a polymer stable glass with the same properties
as a material that had been cooled from the equilibrium liquid is to follow the PVD process
used for small molecule ultrastable glasses. In order to obtain appreciable deposition rates
at temperatures below those where thermal degradation occurs requires the use of higher
vapour pressure, near-oligomeric materials. The ability to produce a stable glass depends
strongly on the relation between the substrate temperature and the normally measured Tg
of the material. The Tg value of near oligomeric materials is a very strong function of the
polymerization index N , and most commercially available polymers, even those considered
to be very monodisperse, have many different N components. This can lead to unexpected
results when trying to thermally deposit films from even moderately polydisperse materials
[156]. From these considerations it would seem that direct thermal evaporation of highly
monodisperse oligomers is a promising route to produce ultrastable polymer glass films.
For the case of atactic PS, there is the added advantage that except for an extremely small
concentration of stereoregular molecules [169], there is no crystal ground state.

In this paper and accompanying supplementary information, we describe the application
of physical vapour deposition of ultra-monodisperse samples to produce polymer stable
glass. While we present mostly data for poly (oligomeric) styrene, we also demonstrate
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the generality of the technique by producing and measuring stable glasses of poly(methyl
methacrylate) (PMMA). The techniques are general and should be applicable to a wide
range of polymer systems. The deposited films are physically characterized by ellipsometry
[140], and chemically characterized by mass spectroscopy. The actual deposited films
typically exhibit 2–4 neighbouring N components.

3.3 Demonstration of kinetic stability
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Figure 3.1: Thickness change versus temperature for initial and subsequent heating and
cooling cycles of various kinetically stable glasses. Substrate temperatures are listed in the
legend. Films had thickness & 100 nm. From top to bottom: N = 12.18, Tg = 314.6 K,
Tf = 303 K; N = 6.49, Tg = 300.7 K, Tf = 286.5 K; N = 6.54, Tg = 299.9 K, Tf = 275.5 K;
N = 6.40, Tg = 300.1 K, Tf = 274.2 K; N = 6.06, Tg = 298.6 K, Tf = 272.7 K. Deposition
rates are 0.05 nm/s or less for all samples. Both axes are normalized to their values at
the glass transition temperature of the sample. The black lines represent the h(T ) data in
glassy and melt region used to determine Tg and Tf.

Fig. 3.1 demonstrates our ability to prepare kinetically stable polymer glass for polystyrene
(PS) of N values in the range 6–12. Similar data for PMMA with N ∼ 10 is provided in
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Fig. 3.11 (supplementary discussion). Fig. 3.1 shows the thickness (as determined by ellip-
sometry) of a first heating (lower curve) as well as subsequent cooling and second heating
(upper curves) of a PS glass deposited onto a substrate at temperatures below Tg. Thick-
nesses have been scaled (by a factor ' 1) to have the same liquid slope. This scaling was
found to be necessary to collapse the curves, and thought to be a consequence of small dif-
ferences in the manual alignment of samples. This figure shows that the as-deposited films
have lower thickness (higher density) than the same films after heating. The transforma-
tion from high density deposited film to normal liquid occurs at temperatures significantly
above the measured Tg value. This is the same kinetic stability observed in other stable
glass materials. After the kinetic transformation to the ordinary liquid, the heating curve
is quantitatively the same as all subsequent heating curves. Upon cooling we can measure
the Tg, the difference in density between the stable glass and ordinary glass ∆ρ and the
fictive temperature Tf. All cooling curves are essentially identical. The Tg is measured as
the intersection between the linear regions of the glassy and liquid states upon cooling, and
the Tf as the intersection between the extrapolated liquid line and the as-deposited glass.
The Tf value can be thought of as a Tg for the vapour deposited material if it were prepared
by cooling an equilibrium liquid. The Tg values from smallest N to largest N differ by 15
K, and so are scaled to Tg. As expected, the Tf of the ordinary glass is very similar to
the measured Tg value. In this example the Tf values measured for PS range from about
10K below the measured Tg value to 33 K below the measured Tg value. Samples that
have relatively low Tg values are kept chilled after preparation to prevent rejuvenation at
ambient temperatures.

Fig. 3.1 and Figs. 3.5 and 3.6 in supplementary methods demonstrate the ability to
make stable polymer glass over a wide range of experimental parameters. However, there
are notable qualifications that result directly from the polymeric nature of the material. For
the case of molecular glass, regardless of the Mw of the molecule, each deposition is always
the same material. The deposited films may have the different stability, density etc, but
they are the same material with the same Tg value. This important consistency is removed
for polymeric materials- even those that could reasonably be considered as oligomeric. The
exact material that is being deposited during any one deposition depends on the detailed
distribution of N -mers. This, in turn, depends on the temperature of the evaporation
source, and the amount of time the source has been heated (as smaller N are evaporated
first due to their higher vapour pressure). Thus, it is almost impossible to make precisely
the same sample twice, and we continuously characterize the actual deposited samples by
mass spectroscopy. Although (as shown in Fig. 3.1) we can often scale by the measured
Tg of normal glass in order to remove the N dependence, there are other ways in which N
dependence is more critically important, and why we have focused on the region N ∼ 6−7
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in much of our paper. For example for larger N (≥ 10) we are able to use vapour deposition
to make stable glass, but for the most stable glasses, we are not able to characterize the
stability in terms of Tf and ∆ρ for the full range of substrate temperatures. The reason for
this is that these materials are so stable that when heated, they sublime before they can
rejuvenate to a normal supercooled liquid. This results in an inability to actually measure
Tf and ∆ρ over a large parameter range. For N values much smaller than ∼ 6, the Tg
is low enough that the materials partially rejuvenate under ambient conditions. We have
elected to show data in Fig. 3.1 for N ∼ 6 − 7 as these materials are the ones we can
fully characterize over the widest range of other parameters. To demonstrate our ability
to prepare and characterize stable glasses (although not over full range of stability) with
larger N , Fig. 3.1 also includes data for a stable glass with N = 12.2. Notice that the
slight curvature in heating the N = 12.2 sample above Tg is due to sublimation mentioned
above. We have investigated the distribution of N as a function of the source temperature
(Fig. 3.7 in supplementary methods) and find that we can reliably produce monodisperse
films with N ∼ 13 with this particular source before chain scission results in the occurrence
of small N components and resultant loss of monodispersity.

3.4 Chemical and physical characterization of deposited

films

Fig. 3.2 shows the distributions of N obtained from Matrix assisted Laser Desorption and
Ionization- Time of Flight (MALDI-TOF) data for different materials. The as-purchased
PS material is shown in Fig. 3.2(a). The polydispersity index (PDI) of the as-purchased
material is calculated on the basis of the data to be 1.19. Fig. 3.2(b) shows a fractionally
distilled component prepared from the same as-purchased material. This fraction has
N̄ = 6.04 and a PDI of 1.005. The extraordinary sensitivity of the MALDI-TOF technique
allows us to measure the deposited film, and Fig. 3.2(c) shows material that has been
removed from two (∼ 100 nm thick) deposited films after ellipsometric investigation. The
histogram at smaller N has N̄ = 6.20 and PDI of 1.005. The histogram at larger N (N̄ =
12.18, PDI = 1.005) is for a sample that was pretreated to remove small N components
rather than being previously fully distilled. This difference in N̄ between distilled and
deposited materials is because once evaporation has started we do not immediately collect
the material, but wait until we achieve the desired deposition rate (as monitored by quartz
microbalance). Since the smaller N oligomer has a higher vapour pressure than that of
larger N , the evaporated material evolves from having more of the smaller N to more of the
larger N as evaporation proceeds. We note that this will result in multiple evaporations
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(c) Deposited

(b) Distilled

(a) As Purchased

Figure 3.2: MALDI-TOF data for polymers in different phases of stable glass production.
(a) as-purchased (b) after distillation (c) after deposition. The bottom plot (c) also shows
the distribution of N for the N = 12.2 material shown in Fig. 3.1.

from the same source to produce samples that have slightly different N and hence slightly
different Tg. For this reason, it is not possible to always prepare samples with the same
N distribution, and thus not possible to prepare samples with exactly the same value of
Tg. In order to make comparisons between samples with slightly different Tg, we usually
consider the reduced temperature T/Tg.

Fig. 3.3 shows the difference in density (at Tg and as measured through the film thick-
ness) of a collection of PS stable glasses as a function of the measured Tf (prepared by
varying the substrate temperature as shown in Fig. 3.5). Each value of ∆ρ is derived from
a thickness versus temperature plot like Fig. 3.1. The density changes vary from a fraction
of a percent for samples with Tf fairly close to Tg to values as large as 1.6% for a sample
with Tf being ∼ 25 K below the Tg value. The largest density increases are very comparable
to the largest measured in ultrastable organic glasses. The same ellipsometric technique
is used to measure density in the molecular glasses. This increase in density is one of the
underlying factors giving rise to kinetic stability. Measurement of birefringence provides
information about the anisotropy due to molecular ordering. Birefringence measurements
(detailed in supplementary discussions and Figs. 3.9 and 3.10) show we can place a bound

59



Tg-Tf (K)

0 5 10 15 20 25 30 35

D
en

si
ty

 In
cr

ea
se

 a
t T

g

0.000

0.005

0.010

0.015

0.020

Figure 3.3: The density increase in stable glass films compared to normal films as measured
at Tg.

on birefringence for all of the PS samples of (|nxy − nz| < 0.01).

3.5 Probing kinetics through rejuvenation of stable

glass

One of the most fascinating aspects of stable glass materials is that they have properties of
glasses aged for extremely large times and, as such, have the potential to provide insight into
the dynamics of the densest possible (“ideal”) disordered materials. Of particular interest
in any glass forming material is measurements of the relaxation times for temperatures
below Tg and approaching TK. Of course, such measurements necessarily require one of two
options. Either the experiments require an amount of time as large as the relaxation time
(perhaps millions of years or more) or an extrapolation of data from more accessible times
must be used. Recently, Ediger [8] has suggested the use of transformation kinetics (from
stable glass to ordinary liquid) to estimate the relaxation times of the vapour deposited
samples.

We performed isothermal transformation kinetics studies for a number of PS stable
glasses with N ranging from 6 to 10, and substrate temperatures, Tdep, in the plateau
region (of Fig. 3.5) Tdep < 268 K. These transformation times data are shown in Fig. 3.4
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Figure 3.4: Estimating relaxation times for stable glass films of PS. Fig. 3.4(b) shows
rejuvenation data used to obtain transformation times. Fig. 3.4(a) shows transformation
times (from stable to ordinary glass) at various temperatures for six different depositions
(having Tg and N described in the legend). This is shown as data points with Tg/T < 1.
Vertical axis error bars on the extrapolated values reflect the error in the best fit slope.
The solid line is a best linear fit to the collective relaxation time data as a function of Tg

T
.

A VFT fit to the measured rejuvenation times is shown as the long dashed curve.

and Fig. 3.8 in the supplementary discussion. Fig. 3.4(b) shows typical transformation
kinetic data (in this case for N = 6.4). These data can be used to obtain rejuvenation
times. Fig. 3.8 shows rejuvenation times for a number of stable glasses versus inverse
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temperature. The actual measured data points are those with times less than about 106 s.
The measured data for a particular sample (at different rejuvenation temperatures) are fit
to Arrhenius temperature dependence. This best fit is then extrapolated to the measured
Tf to obtain the estimated relaxation time of the as-prepared stable glass. It is evident
from Fig. 3.8 that the rejuvenation times show significant dependence on the particular N
and Tg. We normalize the data by scaling all temperatures with the natural temperature
scale of Tg. Fig. 3.4 shows that this simple Tg/T scaling allows all of the data to collapse
onto a single curve. The solid line and dashed lines in Fig. 3.4 are fits to all of the scaled
data (all values for Tg/T < 1). The symbols for Tg/T > 1 are the Arrhenius extrapolations
(to Tg/Tf) from Fig. 3.8. The solid line is an Arrhenius fit to all of the collective scaled
data and suggests that the relaxation (aging) times of the prepared stable glasses range
from 10 years for the least stable glass to 3 million years for the most stable. Since the
transformation data occurs over a relatively small range compared to the required extent
of extrapolation, it is not possible to distinguish Arrhenius temperature dependence from
Vogel-Fulcher-Tamman (VFT) on the basis of our data. For the case of VFT fits to the
data, the extrapolated aging times range from 3 million years to 1043 years. The best VFT
fit value of Tg/TV to all measured times is 1.169. This is in quantitative agreement with
the value of 1.170 obtained in Yang et al. [17] for viscosity measurements of PS with a
Mw of 2400 g/mol. We have also performed a much more limited set of transformation
measurements on the PMMA and in that case (shown in Fig. 3.11 in the supplementary
discussion) the sample with Tg − Tf =21 K (Tg/Tf = 1.07), the extrapolated lifetime was
1013.6 s. This lifetime is significantly greater than the value for PS with similar Tg/Tf and
indicates that PMMA exhibits greater kinetic stability than PS.

3.6 Outlook

We have demonstrated a technique that can be used to make stable glass films of any
polymer material that exhibits a range of polymerization index with sufficient vapour
pressure. The technique allows for near continuous tunability of the Tg value for low N
polymers that is not found in any other stable glass material. This is combined with
the large range of chemical properties provided by polymers. These two aspects make
this approach ideal for production of designer stable glass materials that can cover many
application areas. Following the assertions from simulations [168], the low anisotropy
of these materials makes them an ideal analogue of well-aged materials and a promising
direction for future work aimed at probing near ideal glasses.
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3.7 Method

The starting polymers in this case are for the PS Mw = 1200 g/mol Catalog #1024
from Scientific Polymer Products, and for the PMMA Mn = 1000 g/mol, Mw/Mn = 1.15
catalog P11179D-MMA from Polymer Source Inc. Processing of the as-purchased samples
is a two step process. In the first step, the material is either thermally distilled into highly
monodisperse fractions in a separate vacuum chamber [159], or the low Mw components
are evaporated off in the separate chamber so that the lowest remaining components will
be deposited [159]. MALDI-TOF mass spectroscopy measurement of the as-purchased PS
material indicate N−mer’s from N = 3 to N = 22. In the second step, deposition of the
material (either pre-distilled fractions or truncatedMw distributions) is carried out using an
ORCA temperature controlled organic materials evaporation source installed in a Korvus
technologies HEX deposition unit with a base pressure of 1×10−5 mbar. The sample stage is
cooled by a Peltier cooler to a minimum value of ∼ 250 K. The commonly used deposition
rate, as measured by Quartz microbalance is 0.05 nm/s. Ellipsometric measurements
for density, kinetic stability and rejuvenation studies are made with an EXACTA 2000
Faraday-modulated self-nulling ellipsometer with Linkam temperature controlled stage.
Ellipsometric studies of birefringence are made with a J.A. Woollam M-2000 spectroscopic
ellipsometer. Typical heating and cooling rates for ellipsometric studies are 1 K/min. Mass
spectroscopy measurements are made using a Bruker Autoflex Speed MALDI system.

3.8 Supplementary methods

Sample preparation is invariably a two step process. The first step is either distillation of
the polymer into a specific narrow range of N , or evaporation of low N components so that
upon heating the smallest remaining N will deposit first. MALDI spectra show that in
addition to expected isotopic peaks, we see an extra peak for each N -mer which contains
an extra oxygen atom. This extra oxygen atom is very likely a due to some fraction of
the polymers as prepared have an −OH end group (the other molecules have simple −H
termination). This different end group has the effect that N -styrene oligomers prepared
from this original material have slightly higher Tg values than N -styrene oligomers with
sec-butyl termination that we have discussed previously [159].

Fig. 3.5 demonstrates the effect of the temperature of the substrate during deposition
on the stability of the formed glass. This graph shows data for both N = 6.5− 7 (circles)
and N = 12.2 (square). The solid line is given by Tdep = Tf. For this data, the deposition
rate is kept constant at 0.05 nm/s. It can be seen that for deposition temperatures near
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Figure 3.5: Measured fictive temperature Tf as a function of the deposition temperature
of the substrate Tdep. This graph shows data for both N = 6.5− 7 (circles) and N = 12.2
(square). The deposition rate is kept constant at 0.05 nm/s.

but below the Tg of the material, the Tf value is very close to the deposition (substrate)
temperature. This linear relationship does not persist, and Tf becomes more weakly de-
pendent on temperature as Tdep decreases beyond ∼ Tg− 20 K. This behaviour, quantified
in Fig. 3.5, is the same behaviour measured in Ref. [145] for 1,3,5–triarylbenzene (small
molecule glass former).

While the deposition rate as measured by the QCM is fixed at ∼ 0.05 nm/s, the actual
deposition rate for a particular (∼ 0.8 cm sample) depends on its position on the entire
silicon substrate (7.5 cm), and the actual value can vary by a factor of ∼ 4. The deposition
rate in vapour deposited glasses has been shown to be an important factor in their stability
[136]. Fig. 3.6 shows the dependence of Tf for PS stable glass on deposition rate for a
substrate held at ∼ 40 K below the Tg value. Our goal in producing the data for Fig. 3.6
was to ensure that we knew the parameters that would allow us to reproduce films of a
particular stability. All of the data in Fig. 3.6 come from only four separate depositions
and the different rates are determined by geometric considerations because of the angle
between the centre of the source and the substrate. In this case we have also used MALDI
to measure the distribution of N -mers and find that N̄ for these samples are between 6.5
and 7.0. Fig. 3.6 shows that Tf/Tg roughly increases linearly with deposition rate, and
seems to level off at deposition rates . 0.5 nm/s. Increased deposition rate can have a
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Figure 3.6: Tf/Tg as a function of deposition rate. The data is obtained from three different
depositions with nominal (QCM) rates of 0.16 nm/s, 0.31 nm/s, 0.51 nm/s, 0.75 nm/s.
The different rates for each symbol are obtained from taking samples at different positions
within the wafer. The substrate temperature is 260 K.

dual effect on the stability of the resulting film. If the deposition rate is too high then the
surface mobility may not be sufficient to allow the sample to find the lower energy/entropy
states. In addition to this direct effect, vapour deposition can lead to heating of the
sample. We have noticed increases/decreases in measured temperature of the substrate
upon starting/stopping deposition as large as 1–3 K for the highest deposition rates. It is
not clear how large the actual temperature change is in the deposited material. As seen in
Fig. 3.5, increasing temperature can also lower the stability of the final sample. Except for
the data shown in Fig. 3.6, we have chosen to use a deposition rate of 0.05 nm/s or lower
in all samples.

Thermal deposition techniques can only be applied to produce materials of up to some
finite N value as thermal degradation will eventually be a limiting factor. This limiting N is
likely material dependent. At temperatures larger than some critical value, we would expect
to see evidence of this thermal degradation such as chain scission leading to deposition
of otherwise unexpected smaller N components. Fig. 3.7 shows an example of this for
PS. In this case, the MALDI data for deposited films shows that deposition leads to
very monodisperse samples with an N̄ which increases with increasing temperature. This
behaviour persists up to a source temperature of ∼ 557 K. At this T we have mainly
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Figure 3.7: MALDI results showing distribution of N with different source temperatures,
and the onset of thermally induced chain scission.

N = 12, but with noticeable 11, 13, 14 components. Increasing the source temperature
only slightly beyond this critical value to 560 K leads to small increases in yield of these
larger N , but more notable is the occurrence of many small N components. This leads to
significant increases in the polydispersity index. From this we would suggest that T = 557
K is a reasonable upper limit for deposition of PS films, and leads to a practical limit
of N = 12 − 13 with reasonable deposition rates. The fact that Fig. 3.7 does show the
ability to deposit N values as large as 17–18 suggests that highly monodisperse sources
may be able to be used to deposit films with N as large as 17–18 but under much reduced
deposition rate.
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3.9 Supplementary discussion
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Figure 3.8: Transformation data for PS stable glass films with 6 < N < 10 before scaling
to measured Tg.

Fig. 3.8 shows the rejuvenation time data (used in the manuscript’s Fig. 3.4) before
it is scaled to Tg. This shows the real spread in the data, and the critical importance of
being able to scale to the Tg (as each sample is a slightly different polymer). In Fig. 3.8
the symbols at smaller times (less than about 106 seconds) are the measured rejuvenation
times. For each independent set the values of log τ versus 1/T are fit to a line and the
resulting best fit line is extrapolated to the measured Tf of the stable glass to get the
estimated lifetime of the as-prepared stable glass. The error bars for the extrapolated
times are determined by the uncertainty in the fit value of each linear slope. Thus the
data in Fig. 3.8 shows the results of 6 different linear fits, and all of the points at larger
times are not measured times but obtained from the extrapolated lines. We note that the
N values range from 5.97 to 9.95 in this graph.

Ellipsometry has shown vapour deposited stable glasses to be almost exclusively bire-
fringent with nxy 6= nz [165]. Because of the relative placement of the organic source and
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Figure 3.9: Refractive index from modelling of ellipsometric data during first heating, first
cooling and second heating on a film with N = 6.5.

the cold substrate in our deposition chamber, the samples end up being wedge shaped,
with an approximate thickness gradient of 2.6%/mm. Over the ellipsometry spot size of
2–5 mm, this leads to a thickness difference of ∼ 5 − 13%. The fact that the substrate
and free surface are not parallel is known to have an effect on quantitative ellipsometry
modelling [170]. Despite these experimental limitations that have prevented a full study of
anisotropy, we have performed measurements on a series of N = 6.5 − 7 stable glasses as
well as assorted other material with N up to 12.7. Fig. 3.9 shows the modelled refractive
indices in the plane of the sample nxy and out of the plane of incidence nz for a full heat-
cool-heat cycle for one of the samples used to generate Fig. 3.6. The upper figure shows
the indices directly obtained from the model fit. The fact that there is residual anisotropy
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(nxy 6= nz) after the samples has been heated beyond Tg suggests that level of anisotropy
is an artefact of modelling our samples in a slab model. The lower plot shows the same
data, but with nxy shifted so that the sample is forced to be isotropic after heating (as is
seen in the molecular glasses). We note that even if the sample is anisotropic, this degree
of anisotropy is quite small (much smaller than in most molecular glass reports).
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Figure 3.10: Anisotropy difference upon rejuvenating a stable glass on a series of films with
N = 6.5, 7.

By employing the assumption typically used in molecular glass systems (that heating
above Tg removes any anisotropy), we can calibrate the measurements. This process (as-
sumes that heating above Tg will always remove anisotropy, and that the equilibrium state
is isotropic) leads to the symbols shown in Fig. 3.10. These symbols are the change in
anisotropy induced by heating above Tg. Together with Fig. 3.9, this data shows that
both the stable glass, and the rejuvenated glass show no anisotropy within 0.005, and no
change in anisotropy upon rejuvenation to within 0.002. It is also important to note that
the change in anisotropy upon rejuvenation exhibits a film thickness dependence. This is
unexpected, and we believe it is also an artefact of fitting our wedge shaped films to a slab
model. We have also made measurements on other samples with N as high as 12.7 (which
has a Tg of 320 K), and none have shown an anisotropy (|nxy−nz| > 0.01). While this does
not yet allow us to make strongly definitive statements about anisotropy, we are confident
to say that compared with small molecule glasses [140] where |nxy − nz| can be as large as
0.08, these polymers are very isotropic in the range 6 < N < 13.
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Figure 3.11: (a) A PMMA thin film stable glass with Tg = 310 K and Tf = 288 K. (b)
Kinetic transformation data for a PMMA sample made with deposition rate of 0.03 nm/s,
Tdep = 250 K. The dashed lines are linear fits to the h(T ) in the glassy and melt states
used to determine Tg and Tf.

As discussed in the manuscript, we also made stable glass of PMMA. The amount of
data we collected for PMMA was not nearly as extensive as for PS, and was designed
to show that applicability of the technique to another common polymer. The Tf values
measured for PMMA range from about 10 K below the measured Tg value to 20 K below the
measured Tg value. The heating run also shows that unaged samples after the first heating
have Tf ∼ Tg as expected. We also performed an abbreviated series of transformation
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experiments on PMMA. Fig. 3.11(a) shows an example of a kinetic scan on a PMMA
stable glass film. Fig. 3.11(b) shows the transformation data and resultant extrapolation
to Tf. The results are discussed in the main manuscript.
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Chapter 4

Pursuing high molecular weight
stable polymer glass

As introduced in the previous chapter, the highest N we have been able to obtain from
vapour deposition of PS is ∼ 18. Such degree of polymerization is in fact commonly
categorized as “oligomers” instead of the “polymers”. Although they have the unique
properties of polymers including tunability with N as opposed to molecular glasses, we
ask ourselves the question: Is it possible to go beyond this limit and create stable polymer
glass with higher molecular weight?

4.1 Using high N polymer as deposition source

The most straight-forward way to explore this possibility is to simply replace the source
material with higher molecular weight polymers. If we are able to evaporate the high N
components and deposit them on the substrate, we may be able to exceed the limit and
make stable “polymer” glass.

4.1.1 Mw = 3000 g/mol as deposition source

As with most part of this thesis, PS was chosen to be the representative polymer in this
exploration. The original source material used in the last chapter is PS1200. Since it has
a broad distribution of N from 3 to 22 with PDI = 1.19 and has to be pre-distilled before
vapour deposition, in this chapter we use a higher molecular weight PS with a narrow
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distribution so that it can be directly used as the source. The first replacement used in
this chapter is PS3000, with Mn = 2800 g/mol, Mw = 3000 g/mol, PDI = 1.09 purchased
from Polymer Source Inc.

In starting the deposition, the source temperature was raised slowly until the deposition
happens at a noticeable rate as observed from the QCM. The temperature increase was
performed in 50 K steps. In each step the pressure in the chamber increased first due
to evaporation of polymers, and then reduced with continuous pumping. The pressure
was allowed to reduce and equilibrate before each next step. Due to the resolution of
the deposition rate shown in the software, a constant zero within uncertainty was shown
throughout the deposition. The fact that the material was being deposited was confirmed
by the gradual increase in the value of film thickness deposited on the QCM. The source
temperature was held at 553 K after opening the shutter, with a substrate temperature
of 293 K and a base pressure of 3.6×10−5 mbar. The deposition was carried out during a
period of three days, and stopped when the QCM thickness reached 78 nm.

The film was characterized by ellipsometry and mass spectrometry. Ellipsometry shows
no glass transition during heating and cooling scans from 298 K to 328 K, and the films
shows a liquid expansivity throughout this temperature region. Mass spectrometry result
is shown in Fig. 4.1, where only N = 4 and N = 5 are present in the film without any
higher N components. This indicates chain scission happening during the deposition, since
similar N components should all have a much higher deposition rate at the same source
temperature, according to depositions performed with the previous source material. The
fact that only 78 nm was deposited during three days suggests that no observable deposition
of the original components was achieved, and the existence of N = 4 and N = 5 are likely
due to chain scission of higher N components under the high temperature.
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Figure 4.1: N distribution of the film deposited from PS3000.
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4.1.2 Mw = 1400 g/mol as deposition source

It seems the N components in PS3000 are too high for vapour deposition, even under the
extremely slow rate. The next source material we tried was PS1400, withMn = 1300 g/mol,
Mw = 1400 g/mol, PDI = 1.08 purchased from Polymer Source Inc. The source crucible
was thoroughly washed and rinsed with toluene before being introduced in the chamber.
After the chamber was brought to vacuum, the crucible was baked at 673 K for two hours
in order to drive off any potential impurities. Then it was left at 573 K for overnight, with
a base pressure of 1.7×10−5 mbar. The source material PS1400 was added in the crucible
after the cleaning procedure. Mass spectrometry result from the source material PS1400 is
shown in Fig. 4.2. It has a distribution of N from 4 to 17, with N = 13 being the highest
fraction. The average polymerization index N̄ is 11.8.
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Figure 4.2: N distribution of PS1400.

Three depositions were carried out using this polymer. Films from each deposition were
examined using mass spectrometry to observe the change in N distribution.

Same with the deposition with PS3000, the source temperature was first raised slowly
in 50 K steps. Since PS1400 has a lower average molecular weight, the temperature it needs
to evaporate the relatively small N ’s is significantly lower. After reaching 473 K, there
was already a noticeable deposition rate of 0.005 nm/s according to the QCM. Thereby
the shutter of the substrate was opened and the first deposition started at 473 K with a
substrate temperature of 293 K and a base pressure of 2×10−5 mbar. During a period of
two days, the source temperature was increased in 10 K steps every time the film thickness
stopped increasing, until it reached 543 K. The deposition was stopped when the QCM
thickness reached 61.3 nm. Mass spectrometry result from the first deposition is shown in
Fig. 4.3. The average polymerization index N̄ is 10.0, and its PDI is 1.035. Compared to
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the source material, it has a slightly narrower distribution, and is shifted to lower N ’s. The
plot indicates that most of the lower N ’s are collected with a similar fraction compared to
the source, while there are still some higher N that was not deposited.
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Figure 4.3: N distribution of the film obtained from the first deposition from PS1400.

It is also worth mentioning that from the ellipsometry measurement performed on the
deposited film, no glass transition is observed during heating and cooling scans from 298
K to 348 K, and the films shows a liquid expansivity throughout this temperature region.
The fact that this source material has lower Tg compared to the regular source material
PS1200 used throughout this thesis has been explained in previous studies [1, 159]. The
current material PS1400 has sec-butyl end groups, and in the regular material PS1200 some
fraction of the polymers have an −OH end group (the other molecules have simple −H
termination) which has been found to result in higher Tg values in the N -styrene oligomers
prepared from it, possibly due to hydrogen bonding.

The second deposition was performed with the material left in the source from the
previous deposition. The source temperature was maintained at 543 K, and the substrate
temperature was 293 K as the previous deposition. After two days, 80 nm was deposited
according to the QCM. Mass spectrometry result from this deposition is shown in Fig. 4.4.
The average polymerization index N̄ is 9.3, which is lower than the first deposition, and
its PDI is 1.112, which is higher. The higher peak at N = 5 as well as the higher fraction
in lower N ’s in general suggests that there could be chain scission happening already in
this deposition. However, it can be noticed that N = 15 which is absent from the first
deposition is collected in this deposition, although N = 16 which is present in the source
material is still missing. Thereby a third deposition is conducted in attempt to collect even
higher N ’s.

The film from the second deposition was also characterized with ellipsometry under
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Figure 4.4: N distribution of the film obtained from the second deposition from PS1400.

heating and cooling scans. Fig. 4.5 demonstrates that it is a stable glass, with increased
kinetic stability (higher Tonset than Tg), low Tf, and increased density.
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Figure 4.5: Thickness and refractive index change with respect to temperature of the film
obtained from the second deposition from PS1400.

The third deposition was performed with the source temperature maintained at 543 K,
and the substrate temperature at 268 K. After four days, 60 nm was deposited according to
the QCM. Mass spectrometry result from this deposition is shown in Fig. 4.6. The average
polymerization index N̄ is 6.3 and its PDI is 1.097. It is evident that higher N components
could not be collected and most of the film deposited is likely to be the product of chain
scission.
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Figure 4.6: N distribution of the film obtained from the third deposition from PS1400.

4.1.3 Conclusion

All of the depositions in attempt to achieve higher molecular weights, together with ex-
periments introduced in Chap. 3 indicate one conclusion: it is very difficult to obtain PS
with N > 20 through vapour deposition. As N increases, the rate of deposition decreases,
and thus higher temperatures are needed to reach a reasonable deposition rate. Even with
extremely slow deposition as demonstrated in this section, it appears that the rate of depo-
sition finally becomes comparable to the rate of chain scission due to the high temperature,
and N could not be further increased by simple deposition. This is not only a practical
limit for experiments, but a real limit for vapour deposition of PS.

4.2 UV crosslinking of vapour-deposited polymer

Since simple direct deposition has a practical limit of less than 20 in the highest N obtained
in vapour-deposited glass, the only possible way to pursue higher N ’s seem to be increasing
the molecular weight after the film is deposited. For PS under current study, it is known
that ultraviolet (UV) radiation can induce crosslinking in the system [21, 171, 172]. In
this project we propose the question: Can UV treatment increase the molecular weight of
vapour-deposited PS and help us obtain high molecular weight stable glass?
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4.2.1 Photochemical reactions in polystyrene

Exposure to UV radiation is known to induce different reactions in polymers [173]. In
the presence of air, photooxidative degradation causes breaking of chains, produces free
radical and reduces the molecular weight. Mechanical properties of polymers can thus be
deteriorated. On the other hand, crosslinking reaction can also happen which increases the
molecular weight. Therefore, by keeping the system in an inert atmosphere, an increase in
molecular weight may be achieved through UV radiation.

PS is one of the most commonly used commercial polymers nowadays and its reactions
under UV treatment has been extensively explored [21, 171, 172, 174, 175, 176, 177, 178].
Fig. 4.7 and Fig. 4.8 include some of the most commonly acknowledged reactions in PS
under UV radiation. When exposed to UV, PS could form free radicals through dehy-
drogenation on the phenyl-bearing carbon atom or its neighbouring carbon atom. The
radicals can then follow two different reaction paths depending on the presence or absence
of oxygen. When oxygen is absent or low in amount, crosslinking reaction can happen
between different chains, and a network can thereby be formed. Crosslinking can also hap-
pen indirectly through unsaturation first and then reactions between radical species with
double bonds. The chain could also break between the carbon atoms after absorbing the
photon energy. When oxygen is presence in the environment, oxidative degradation occurs
leading to either chain scission or modification of the chain. It is therefore clear that in
order to achieve an increase in the molecular weight, oxygen needs to be prevented in the
UV treatment.

Since PS is non-transparent in the UV regime, the UV radiation will be partly absorbed
as it transmits through the film. It is thus important to make sure that the film thickness
is appropriate and the UV light is able to transmit through the film to crosslink the chains
effectively. In Ref. [179] the effect of PS film thickness on light transmittance was studied
as a function of wavelength. For wavelengths above 280 nm, transmittance is around 80%
and only decreases slightly until film thickness increases above ∼ 100 µm. For wavelength
below 280 nm, UV transmittance reduces much quicker as film thickness increases, but it
was shown that for films of 1 µm, there is at least ∼ 60% transmittance between 230 nm and
280 nm. Therefore, for all films used in this thesis that are ∼ 100 nm, the transmittance
would be much higher and the UV radiation would induce reactions in the film effectively.

4.2.2 Experimental details

UV treatment was performed with a Novascan PSD-UV4 Digital UV Ozone System. Its
mercury vapour grid lamp with reflector provides high energy ultraviolet light at wave-
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Figure 4.7: Possible reactions in PS under UV radiation. Figure from Ref. [21].

lengths of 185 nm and 254 nm. The lamp is designed to clean substrates such as silicon
and glass in air with the UV light and ozone generated. However, in order to achieve an
increase in molecular weight with minimal chain scisson or oxidation, all UV treatments
in this thesis were conducted in an inert environment. The entire UV system was placed
in an airtight plastic bag flushed with nitrogen gas throughout the treatment, which is
essential in order to drive away oxygen and potential ozone from the film surfaces. A
resealable opening is attached to the bag for convenient transfer of samples and controlled
air flow for nitrogen flushing before and during experiments. A home built metal cold stage
connected to chiller circulation was used to control the temperature of PS films during the
treatment, since the UV lamp heats up under operation. The plastic nitrogen gas tubes
leading into the chamber were wrapped with aluminum foil to prevent UV exposure. The
lamp gird has a size of 4” by 4”, and the samples were always placed in the center of the
stage directly below the lamp, in an area smaller than the lamp grid.
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resulting surface pattern. We describe how UV-photolithog-
raphy can be used to obtain different structures with the same
mask throughout the experiments as a result of the fine-tuning
of the photodegradation/cross-linking reactions. As a con-
sequence, we will describe how to vary the surface pattern from
boxes to needles using two different polymers as a matrix, i.e.,
PS and a synthetic copolymer, polystyrene-block-poly(2,3,4,5,6-
pentafluorostyrene) (PS-b-P5FS).

■ EXPERIMENTAL SECTION
PS, Irgacure 651 (IRG 651) (Ciba), and the rest of the solvents were
employed as received. Glasses with 0.15 mm thickness (Menzel-
Glaser) were employed as covers to limit the UV light exposure. As a
substrate we employed microscope slides with a 1 mm thickness
(Menzel-Glaser). The masks used for this study were grids typically
used for transmission electron microscopy (copper, 25 μm pitch).
PS-b-P5FS was prepared by atom transfer radical polymerization

(ATRP) in two consecutive polymerization steps following previously
reported procedures.38

The 1H and 13C NMR spectra were registered at room temperature
in CDCl3 solution in a Varian INOVA-300. Chemical shifts are
reported in parts per million (ppm) using as the internal reference the
peak of the trace of deuterated solvent (δ 7.26). Size exclusion
chromatography (SEC) analyses were carried out on a chromato-
graphic system (Waters Division Millipore) equipped with a Waters
model 410 refractive index detector. Dimethylformamide (99.9%,
Aldrich) containing 0.1% LiBr was used as the eluent at a flow rate of 1
mL min−1 at 50 °C. Styragel-packed columns (HR2, HR3, and HR4,

Waters Division Millipore) were used. Poly(methyl methacrylate)
standards (Polymer Laboratories, Ltd.) between 2.4 × 106 and 9.7 ×
102 g mol−1 were used to calibrate the columns. The molecular weights
were estimated against poly(methyl methacrylate) standards.

Atomic force microscopy (AFM) measurements were conducted on
a Multimode Nanoscope IVa (Digital Instruments/Veeco) operated in
tapping mode at room temperature under ambient conditions. All the
images are height images in which the clearer color corresponds to
elevated areas whereas the darker color is related to deeper areas. The
height measured is related to the cross-linking. Elevated areas result
upon cross-linking since these areas are not removed upon rinsing. On
the contrary, deeper areas correspond either to non-cross-linked areas
or to degraded areas.

For the preparation of the thin films, a 30 mg/mL solution of PS
homopolymer in THF was spin coated onto glass covers at 2000 rpm
during 1 min. These films were then irradiated under UV spot light
irradiation from a Hamamatsu model lightningcure L8868 source
provided by a Hg−Xe lamp with 200 W power. The incident light
intensity was focused on the samples with an optic fiber at a constant
distance of 5.5 cm with either 50% or 100% of the total intensity of the
lamp using a TEM copper grid as a mask. After irradiation the films
were rinsed with THF to remove both degraded and non-cross-linked
polymer.

■ RESULTS AND DISCUSSION
Polystyrene is one of the most employed commodity polymers
nowadays, and the photoinitiation, degradation, cross-linking,
and oxidation reactions in air by UV light have been extensively
explored and are now well-known.36,39−41 It is generally

Scheme 1. Reactions Accomplished by PS upon Irradiation with UV Lighta

aDepending on the presence or absence of oxygen, the reaction mechanism can follow different reaction paths. Whereas in the absence of oxygen the
reaction leads to cross-linking, in the presence of oxygen PS follows mainly β-scission reactions.

Langmuir Article

dx.doi.org/10.1021/la304931x | Langmuir 2013, 29, 2756−27632757

Figure 4.8: Possible reactions in PS under UV radiation. Figure from Ref. [22].

The UV treatment experiments were all performed with the following procedure:

1. Place in PS film samples in the center of the cold stage, and open nitrogen valves.

2. Flush the bag with nitrogen at 10 psi. Once it is fully inflated, open a portion of the
resealable opening and deflate the bag before resealing. Repeat 4 to 5 times.

3. Turn on the chiller. Start the UV treatment. Leave a small opening for the bag and
keep a nitrogen flow at 4 psi to keep the bag inflated throughout the experiment.

4. When the treatment is done, turn off the UV lamp and the chiller, and close the
nitrogen valves.
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4.2.3 Molecular weight distribution in crosslinked polymers

A considerable amount of work has been conducted in studying the effect of crosslinking
on polymer properties [180, 181, 182, 183, 184, 185, 186, 187, 188, 189, 190, 191, 192]. In
this project the purpose of exposing vapour-deposited films to UV radiation is to increase
their molecular weight and obtain real “polymeric stable glass”. Thus we are mostly
interested in its effect on the molecular weight. With crosslinking, the chain size and
molecular weight distribution in the system are altered depending on various factors such
as the initial distribution and the degree of crosslinking. The molecular size distribution in
different crosslinked systems have been studied in detail by Flory [23, 24, 193, 194]. One of
those studies investigated the case where chains of uniform length are randomly crosslinked
at various points [24]. Our system in this thesis is an approximate representation of this
case. The vapour-deposited PS films typically have near uniform chain lengths with 2 or 3
neighbouring components, and the UV induced crosslinking is expected to occur randomly
at phenyl-bearing carbon atoms on the backbone. Such crosslinking can in fact be regarded
as tetrafunctional branching since the units crosslinked are equivalent to a tetrafunctional
unit. The resulting distribution of this type of system has been derived and Fig. 4.9 shows
the weight fractions for a few components.
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degree of cross linking, or the average number of cross linkages per chain, is
given by  /2, since two cross-linked units are involved in each cross linkage.
In figure 3 the weight fractions of molecules composed of one, two, three, four,
and six chains are plotted against y. At all stages of the cross-linking process
W, decreases rapidly as z increases; chains unaffected by the introduction of
cross linkages are always present in greater quantity than any other species

Fig. 2. Randomly cross-linked chains of uniform length. Vertical lines indicate cross

linkages between chains, represented by straight lines.

Fig. 3. Weight fractions (W,, left ordinate scale) of species composed of one, two, three,
four, and six chains versus cross-linking index y. Weight fraction of gel W, (right ordinate
scale).

The summation XW, over the weight fractions of all finite species, as given
by equation 2, is equal to unity (8) when  S 1. But when y > 1, this sum

becomes less than unity and equal to

W. = y'/y
where y' has the value, less than unity, such that y'e~y' = ye~y. That is, when
y > 1, a portion of the polymer given by

WB = 1- y'/y (4)

Figure 4.9: Weight fractions Wz of molecules composed of z chains as well as weight fraction
WG of gel as a function of the crosslinking index γ. Figure from Ref. [23].
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Weight fractions of molecules of 1, 2, 3, 4 and 6 chains are shown as examples in the
figure. The crosslinking index γ is defined as the number of crosslinked units in the system
divided by the total number of chains. The degree of crosslinking is therefore given by γ/2
since it is defined as the average number of cross linkages per chain. This figure shows that
Wz decreases as z increases. The critical point, or gel point, is at γ = 1, where gelation
occurs and a giant network structure of infinite size appears. Above the gel point, the
network grows at the expense of chains of finite sizes. Regardless of the crosslinking index,
the original unaltered chains, W1, are always the component with the highest fraction in
all components of finite sizes (the sol, as opposed to gel).

The average molecular sizes have also been derived for such systems. Fig. 4.10 shows
the number average z̄n and weight average z̄w number of chains per molecule as a function
of γ. Below the gel point z̄n and z̄w refer to the entire system, while above the gel point
they refer to the sol fraction only.
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occurs. The weight average number of chains is

= _ 'V' (0*/«)‘

S (1/7  /2 )  ß’/ '/}

(13)

(13.1)

The number and weight average molecular weights
are proportional to z„ and zw, respectively, since
the chains are assumed to be of uniform length.
As was found in the preceding paper,6 zw reaches
infinity at the critical point, ß = 1, 7 = 1. On
the other hand, z„ is only equal to 2 at the critical
point.

Discussion

Weight fraction distributions are plotted in Fig.
2 for several values of the cross-linking index
7. The curves have been calculated from eq. (8).
Only integral values of z are significant. Since all
chains are assumed to be of the same length, the
curves represent weight fraction distributions ac-

cording to actual molecular size. It follows from
the form of (8) that the 7 = 0.40 and 0.80 curves
in Fig. 2 are also applicable to the sol fractions in
gelled polymers for which 7 has the values 2.02
and 1.23, respectively (see Fig. 1).

Fig. 2.—Weight fractions vs. number of chains per
molecule for y = 0.40, ------, y — 0.80;---, y =

LOO,-.

Weight fractions of single chains (z = 1) for
each of the three curves are 0.67, 0.45 and 0.37,
respectively. The quantities of successively
larger species decrease rapidly; this rate of de-
crease becomes less as 7 approaches unity. Al-
though the distribution broadens rapidly as gela-
tion is closely approached, there is always a pre-
ponderance of smaller species. The similarity of
these distributions to the complexity distribution

curves shown for trifunctionally branched poly-
mers in Fig. 1 of the preceding paper obviates fur-
ther comment.

0 l 2
7·

Fig. 3.—Weight fraction of gel (W6), and number aver-

age (in) and weight average (in) number of chains per
molecule as functions of y. Beyond y = 1 the curves for
in and i«, refer to the sol fraction only.

The weight fraction of gel, plotted in Fig. 3, has
been evaluated from the curve in Fig. 1, according
to the relationship (11). The curve for s„, the
number average number of chains per molecule,
which is proportional to the number average
molecular weight, has been calculated from (12).
The corresponding weight average (zw) curve has
been drawn through points computed by direct
summation according to (13) as far as z = 10,
supplemented with an evaluation of the integral
corresponding to (13.1) from z = 11 to <».12

Curves for zn and zw beyond the gel point apply
to the sol fraction of the polymer.

The rapid separation of the z„ and zw curves as
the gel point is approached is even more pro-
nounced than in the trifunctional case.13 Whereas
zm is infinite when 7=1, z„ is only equal to two.
That is, at the gel point cross-linking has merely
doubled the number average molecular weight;
this is the average which one would obtain by cryo-
scopic or osmotic methods. The comments pre-
sented in the preceding paper6 concerning the bear-
ing of analogous results on the progress of the vis-
cosity as the gel point is approached are equally
applicable here.

(12) See footnote (11) of the preceding paper.·
(13) In comparing Fig. 3 above with Fig. 2 of the preceding paper,·

it should be observed that although y plays a role analogous to that of
a of the preceding paper, the two quantities are not equivalent, a
cannot exceed unity, but y must reach a very large value before sub-
stantially all sol has disappeared.

I
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Figure 4.10: Number average z̄n and weight average z̄w number of chains per molecule as
well as weight fraction WG of gel as a function of the crosslinking index γ. Figure from
Ref. [24].
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As γ approaches 1, both z̄n and z̄w increase to the maximum values. Focusing on z̄n
alone which reaches 2, it may seem that there are barely any large molecules in a system
at the gel point. z̄w, on the other hand, grows much faster and reaches infinity when γ = 1
[24], which seems to suggest that the molecules are massive on average at the gel point.
However, the interpretation of these results must be made very carefully. As introduced
in Chap. 1, the different definitions of z̄n and z̄w, or Mn and Mw, make them sensitive to
different components in the polymer mixture. As z̄n is inversely dependent on the total
number of molecules, it is most sensitive to the lowest molecular sizes. z̄w is instead more
sensitive to higher molecular weights and is scarcely affected by the smallest molecules.
In describing these systems, it is desirable that both quantities are obtained to determine
the polymeric state. Above the gel point, since a part of the system is a network and
has infinite molecular weight, the average molecular sizes should be considered for the sol
fraction only.

For a system of chains with non-uniform lengths, the gel point is reached at lower γ
values. Particularly, for a random distribution of chain lengths, the gel point has been
shown to be 0.5 [24]. The resulting molecular size distribution is also dependent on the
initial distribution of chain lengths. For example, for an initial Poisson distribution of
chain lengths, the final distribution has been studied as a function of crosslinking index
γ [25, 195]. The resulting distribution is a compound distribution with multi-modality as
shown in Fig. 4.11 through Fig. 4.13. In this example, the initial distribution of chain
lengths follows a Poisson distribution with a mean value of 20. x represents the degree of
polymerization of a molecule, w(x) represents the weight fraction of molecules with degree
of polymerization x.

Same as Fig. 4.9 indicates, Fig. 4.11 through Fig. 4.13 show that the initial chains
unaffected by crosslinking are always the most abundant components in the mixture (sol
part) at any stage of crosslinking, i.e., before gelation, at the gel point, and post gelation.
Comparing the three figures, it can be seen that the weight fraction of initial chains in the
sol decreases when γ increases to 1, and then increases when γ increases further. On the
other hand, the higher molecular weights, for example, x = 100, increase first and then
decreases after the gel point.

4.2.4 Characterizing mass distribution in UV treated films

Therefore, it is important to examine and observe the change in the molecular weight
distribution before and after our UV treatment. This would allow us to describe the
polymeric state of the system and the degree of crosslinking. As with most of the thesis,
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FIG. 1. Calculated Borel-Poisson distribution before gelation, = 20. 
(a) y = 0.3; (b) y = 0.6. (Courtesy of American Chemical Society.) 

The calculated distribution is shown in Fig. 1 for h = 20 with y = 0.3 and 
0.6. Usually a maximum value of rn = 5 is sufficient to show if there is any 
multimodality. The overlaps between component distributions are still severe 
in Fig. 1, especially for higher modes. In the pregel stage (y < 1) the trend in 
Fig. 1 shows that higher number of modes can be detected with a larger value 
of y. 

The weight-average size derived from Eq. (1) is [2] 

Figure 4.11: Resulting molecular size distribution before gelation with an initial Poisson
distribution (λ = 20) of chain lengths. (a) γ = 0.3; (b) γ = 0.6. Figure from Ref. [25].

mass spectrometry was used in this investigation. By measuring the same initial system
after different time periods of UV treatment, it was hoped that the UV time could be
associated with the degree of crosslinking in the system.

A PS film of 110 nm was deposited at 0.05 nm/s with Tsub = 261 K. Fig. 4.14a shows
the mass spectrum measured by MALDI and Fig. 4.14b shows the distribution of N ’s
calculated from the MALDI data.

In the mass spectrum, the x-axis, m/z, is the mass-to-charge ratio. In our measure-
ments, Ag+ is assumed to be the ion attached to molecules and z = 1. The peaks represent
mixtures of PS, the matrix, and the silver ions. Most peaks on the lower end (below 600)

84



CROSS-LINKING OF POLYMERS. I I  

.03 . .  

53 

I 

0 1 / , , : ,  I.:..',- .,.,, 

, , , 

. .  

'. . . ._.. ...... ...., . . . . . . . . . . , , '.. ..._.... . . 

20 40 60 80 100 

X 

FIG. 2. The Borel-Poisson distribution with h = 20 at the gel point. 

(14) 
- -  
xw = Yw(1 + a)/(l - (Yw - 1 1.1 
The approximated distribution, Eq. (13), gives the average as 

(1 5) 
- x, = (A -k 1)/(1 - ha), y = ha 

At a critical value of a, aC, the weight average diverges: 

1 
h 

(lLc = (7, - 1)-1 = - 

This divergence is attributed to gelation [4-81 . At this gel point the Borel- 
Poisson distribution remains finite even though its average does not (Fig. 2). 

V. POSTGEL RELATIONS 

After gelation, W( 1) < 1. At this stage it is appropriate to use another symbol 
for W( 1) because it now has a physical meaning, namely, the sol fraction ws 
after gelation [ 6 , 7 ]  : 

Figure 4.12: Resulting molecular size distribution at the gel point (γ = 1) with an initial
Poisson distribution (λ = 20) of chain lengths. Figure from Ref. [25].

correspond to the matrix and the silver ions only, as they are present in measurements of
the matrix without PS. The peaks from 700 to 1200 with highest intensities contain PS
from the deposited film, as the major peaks are 104 Da apart which is the molar mass of
styrene. Zooming in on the major peaks, it can be seen that each of them are followed by a
few more peaks. Some of them are 16 Da higher than the main peak, which correspond to
the extra oxygen on the end group explained in the previous section. Some peaks that are
2 Da apart can be explained by the isotopes of silver. Since laser pulses are introduced on
the samples during the measurements, some fragments can also be created and contribute
to some of the small peaks.

Fig. 4.14b is the distribution of N ’s in the PS sample calculated from the MALDI data.
Before UV treatment, N = 7 and N = 8 are the main components. Films from the same
deposition were treated in the UV chamber for different time periods from 2 min to 3 h,
and then measured with mass spectrometry. Fig. 4.15 shows the results for 2 min, 5 min
and 3 h samples.

As expected, the initial components appear to be the most abundant in all three sam-
ples. Compared to the peak intensities of the matrix components, there is a relative
decrease in PS peaks after longer UV treatment. This can be interpreted as the formation
of larger molecules through crosslinking at the cost of the initial chains, so their fraction
in the PS-matrix mixture reduces. As the literature suggests [23, 25], the second most
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X 

FIG. 3. Postgel Borel-Poisson distribution for h = 20; (a) 7 = 1.3, (b) 'y = 
1.6. 

VII. DETERMINATION OF CHAIN SIZE DISTRIBUTION 
BY CROSS-LINKING 

Flory's postgel relation, shown in the functional form in Eq. (21), contained 
information on the initial chain size distribution. The extraction of this in- 
formation offers a technique for determining the size distribution of cross- 
linkable linear chains without using the elaborate procedure of fractionation 
[ll-131. 

Figure 4.13: Resulting molecular size distribution post gelation with an initial Poisson
distribution (λ = 20) of chain lengths. (a) γ = 1.3; (b) γ = 1.6. Figure from Ref. [25].

abundant fraction should be molecules consisting of two initial chains crosslinked together.
However, hardly anything can be seen in the mass range of 1300–2300. The fact that
initial chains reduce in amount and no significant chain scissions can be seen from the
mass spectrum means that higher molecular weight molecules must be formed. This is also
supported by ellipsometry measurements on these samples included later in this section,
where Tg increases by 5 K after 3 h of UV treatment. However, the larger molecules after
crosslinking are not detected, even the components with the highest fraction. It is believed
that the crosslinking products with various molecular weights are spread out in the mass
range. Even though the mass spectrometer is sensitive enough for sample sizes as small
as our thin films, when the distribution is too broad, each fraction is still too scarce to be

86



0 200 400 600 800 1000 1200
m/z

0

10000

20000

30000

40000

50000

in
te

ns
ity

(a) Mass spectrum.

0 2 4 6 8 10 12 14
degree of polymerization (N)

0.0

0.1

0.2

0.3

0.4

fra
ct

io
n

(b) N distribution.

Figure 4.14: Mass spectrometry results on the PS film before UV treatment.

detected against noise.

Various mass ranges up to 140k Da have also been tested in the MALDI measurements,
but no higher molecular weight signal from the sample can be identified out of the back-
ground. Another PS film from a similar deposition with 7 h of UV treatment was also
measured, and the sample spectrum at higher mass range was also indistinguishable from
the matrix spectrum.

Gel permeation chromatography (GPC) was also considered for mass analysis, but the
small amount of thin film samples are not enough for GPC measurements which typically
require milligrams of each sample.

Since mass analysis does not provide information on the degree of crosslinking in the
system, solubility tests have been conducted in order to determine the change in films after
crosslinking. As shown in Fig. 4.16a, vapour-deposited films (Tsub = 300 K deposited at
0.05 nm/s) after different time periods of UV treatment are tested with dichloromethane
(DCM). The top row shows films before introducing the solvent, and the bottom row shows
films after dropping DCM on top. From left to right are films after 0 h, 3 h, 5 h, and 7 h
of UV treatment.

It is evident from Fig. 4.16a that the as-deposited film easily dissolves in DCM. With
longer UV time the film dissolves less and less, and after 7 h, the film is largely undissolved
by DCM. In comparison, Fig. 4.16b shows a high molecular weight PS film with Mn = 996
kg/mol which fully dissolves in DCM. This test demonstrates that with increasing UV
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(a) UV treated for 2 min.

(b) UV treated for 5 min.

(c) UV treated for 3 h.

Figure 4.15: Mass spectrometry results on the PS film after UV treatment.
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(a) Solubility tests with DCM on films treated with UV for 0 h, 3 h, 5 h, and 7 h from left to
right.

(b) PS film (Mn = 996 kg/mol) before and after DCM treatment.

Figure 4.16: Solubility tests with DCM.

time, higher and higher molecular weight components are formed by crosslinking. After a
few hours of UV treatment, a fraction of the as-deposited film is crosslinked into a network
and becomes insoluble. Fig. 4.17 shows another set of solubility tests with toluene. As-
deposited films were immersed in toluene for 10 min after different time periods of UV
treatment. The results from the solubility tests with DCM vs toluene could be different
due to toluene being a better solvent for PS as well as the difference in film thicknesses.
Nevertheless it is evident from both tests that more fraction of the film became insoluble
with longer UV treatment.

As discussed earlier in this section, the resulting molecular weight distribution and the
degree of crosslinking also depend on the initial chain distribution. The vapour-deposited
films used in this study are PS with relatively low degrees of polymerization. Compared to
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Figure 4.17: Solubility tests with toluene on films treated with UV for 30 min, 7 h and 9
h from left to right.

high molecular weight PS, the number of chains are greater in a film of the same size. Since
the degree of crosslinking is defined as the average number of cross linkages per chain, it
is expected to be lower in our vapour-deposited films under the same UV treatment. A
solubility test was also performed in this regard. Fig. 4.18a shows a vapour-deposited film
after 1 h of UV treatment. Note that the UV lamp used here was not the same one as
other experiments in this chapter, but the conclusion is unchanged. Fig. 4.18b shows a
spincast PS film with Mw = 545 kg/mol after the same UV treatment. While the vapour-
deposited film was completely dissolved by toluene, the high molecular weight PS was
almost unchanged after being immersed in toluene.

4.2.5 Ellipsometry measurements on UV treated films

In the pursuit of real polymer stable glass, UV treatment is shown to successfully increase
the molecular weight of vapour-deposited PS. The next step is to determine whether they
still have the properties of a stable glass through ellipsometry measurements. Fig. 4.19a
shows the thickness change of an as-deposited PS film with N̄ = 8 during heating and
cooling scans. With Tg − Tf = 24 K and Tonset − Tg = 14 K, it is a stable glass. A film
from the same deposition was UV treated for 6 h and Fig. 4.19b shows its ellipsometry
measurement.

Compared to the as-deposited film, the crosslinked film has an increase of 6 K in Tg,
indicating the increased molecular weight [187]. With Tg−Tf = 5 K and Tonset−Tg = 5 K, it
is still a stable glass, although it has lower thermodynamic stability as well as lower kinetic
stability compared to the as-deposited glass. The density increase in the as-deposited glass
is present after the UV treatment but also reduced. This is the first evidence that real
polymer stable glass is made by UV crosslinking vapour-deposited glass. The reduced
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(a) UV treated vapour-deposited PS film before and after toluene treatment.

(b) Spincast PS film (Mw = 545 kg/mol) before UV treatment, after UV treatment and then
after toluene treatment.

Figure 4.18: Solubility tests with toluene on PS films of different molecular weights under
the same UV treatment.
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Figure 4.19: Thickness change with respect to temperature of a PS film deposited at Tsub
= 263 K and UV treated for 6 h.

stability, however, indicates that the UV treatment has more complex effect on vapour-
deposited glass. In addition to creating larger molecules as expected, it also affects the
glass stability, which is worth further investigation.

In order to better understand the effect of UV radiation on vapour-deposited glass,
stable glass and rejuvenated glass were compared. With two films from the same deposition,

91



one was rejuvenated into a regular glass by heating and then liquid cooling while the other
was unaltered as a stable glass. The ellipsometry measurement on an as-deposited glass
from the same deposition is shown in Fig. 4.20. Tg − Tf = 23 K and Tonset − Tg = 21 K
show that the glass is stable before any treatment.
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Figure 4.20: Thickness change with respect to temperature of a PS film deposited at Tsub
= 261 K.

The rejuvenated film and the as-deposited were then both UV treated for 3 h, before
being measured with ellipsometry. Fig. 4.21a shows that rejuvenation has removed the
stability from the film, giving a Tf ≈ Tg. UV has also increased the molecular weight of
the film as shown from the increased Tg. Fig. 4.21b shows the result of the as-deposited
film directly treated with UV radiation. After UV treatment, the stable glass has achieved
a similar Tg increase as the previously rejuvenated film, suggesting that the degree of
crosslinking is similar in the two types of glasses. Consistent with the previous experiment,
the thermodynamic stability, kinetic stability as well as the density increase are all reduced
in the stable glass after UV treatment.

The two sets of UV experiments from Fig. 4.19a to Fig. 4.21b both show apparent
increase in Tf. To relate this change to the UV treatment, Fig. 4.22 shows the apparent
Tf increase as a function of UV time from a series of experiments. A monotonic relation
indicates that as UV treatment goes on, the stability in the film is continuously taken away
from the glass.

It is known that heating is one way of reducing glass stability, and even full rejuvenation
is possible at high enough temperatures. During UV treatment, it is also known that the
lamp produces heat in the chamber and could potentially heat up the sample surfaces.
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Figure 4.21: Ellipsometry results of the rejuvenated and as-deposited films after 3 h of UV
treatment.
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Figure 4.22: Apparent Tf increase in UV treated vapour-deposited PS films.

In order to test whether glass stability is reduced by elevated temperature, measurements
on the substrate temperature were performed under several conditions and the results are
shown in Fig. 4.23.

A thermocouple wire was attached to a PS film placed on the sample stage in the UV
chamber. In the first case, the chamber was left sealed after initial nitrogen flushing. No
continuous nitrogen flow was provided and active cooling was turned off. In two hours
while the UV lamp was on, the temperature increased by ∼ 15 K and appeared to have
reached a plateau. In the second case, continuous nitrogen flushing was kept on during the
UV treatment without active cooling. The temperature behaviour almost overlapped with
the first case and in about one hour of UV treatment, the temperature increased by ∼ 10
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Figure 4.23: Temperature tests in the UV chamber under different conditions.

K. In the last case, nitrogen was continuously flushed while the UV lamp was on and active
chiller cooling was provided, with the chiller set at 253 K. In ∼ 80 min, the temperature
only increased by 1.4 K, which demonstrates the effectiveness of active cooling. 25 min
after the UV lamp was turned off, the temperature was measured again and it recovered
by 0.6 K since the last data point.

During real experiments, active cooling is always provided as in the third case. Since
the UV lamp does not affect the substrate temperature, external heating is ruled out as the
reason of reduced glass stability after UV treatment. Therefore, it is reasonable to deduce
that UV radiation may cause local structure changes in the glass and the efficient packing
may be diminished, resulting in lower stability after longer UV treatment. When cross
linkages are formed between chains, the intermolecular forces change to covalent bonds,
and the distance as well as local packing in the system are altered.

For regular liquid-cooled glasses, since there is no enhanced stability to start with, the
effect of UV and UV-induced crosslinking is only seen from the increase of Tg, without
any change in stability. With increased degree of crosslinking, bulk Tg and the apparent
breadth of the glass transition increase [184, 187]. The magnitude of Tg-confinement effect
in thin films was also shown to increase in crosslinked PS [196]. In the present study,
increased Tg is also observed, although the thin film effect has not been investigated as
most of our films are above 100 nm.

In this project, crosslinking is assumed to be the main reaction during UV treatment.
However, as introduced earlier, other types of reactions including photooxidation and chain
scissions could also happen with oxygen present. For sample sizes as small as the thin
films we use, they could be highly sensitive to even low concentration of oxygen in the
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environment and undesired chain modifications could occur. A sign of photodegradation
happening is that for some of the films after UV treatment, the film changes colour slightly
and appears to be thinner than before UV treatment. This may be related to the oxygen
level in the UV chamber, the N value of the glass, and its enhanced density, etc. Once
these photodegradation reactions happen, the composition of the system is altered, and
undoubtedly the local structures and the efficient packing will be affected. Efforts in
preventing these reactions have been made such as improving the nitrogen level, using
higher molecular weight glasses and more stable glasses. A more quantitative investigation
on this phenomenon has not been covered in this thesis.

Photodegradation and photostability in vapour-deposited glasses has been studied in
organic glasses [197, 198]. Experiments and simulations showed that photostability is
improved in vapour-deposited glasses and the resistance to photo-induced processes are
correlated to the enhanced density. In our system, it is reasonably expected that the
degree of stability would also affect photo-induced reactions including both crosslinking
and photodegradation processes. In fact we have seen evidence showing difference in the
degree of crosslinking in glasses with different stabilities. In a preliminary solubility test
using toluene, glasses that were rejuvenated before 4 h of UV treatment did not dissolve
in toluene, while as-deposited glasses with 5 h of UV treatment still dissolved. It later
dissolved after three more hours of UV treatment. Such differences could be due to the
increased density in the vapour-deposited glasses as Ref. [197] and Ref. [198] suggests. A
systematic study on such relations has not been conducted in this thesis, and it would be
worth studying in future work.

Ref. [197] also investigated the effect of irradiation temperature on the photostability
of vapour-deposited glasses. It was found that not only a higher stability led to more
resistance to photodegradation, but a lower irradiation temperature also resulted in slower
photodegradation. This raises the following question for the present study. In trying
to eliminate the loss in glass stability due to the heat from the UV lamp, the substrate
temperature has always been kept as low as possible, in most cases around 273 K as shown
in Fig. 4.23. However, if the irradiation temperature has a similar effect on the efficiency
of photocrosslinking as well as photodegradation, it means low temperatures may not
be optimal for crosslinking to occur. A balance between these factors may need to be
considered in future work.

Fig. 4.19 through Fig. 4.21 show results from film thickness measurements where the
UV crosslinked glasses still retain part of its stability, although the stability is reduced
compared to before UV treatment. This stability as shown from the film thickness is
not always measured in our experiments. In some measurements on film thickness, the
enhanced density appear to be completely removed and the film could even be thicker on
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the first heating during the ellipsometry run compared to subsequent cooling and heating
runs.

Fig. 4.24 shows the ellipsometry measurements on the film thickness and refractive
index change with respect to temperature of a film deposited at Tsub = 293 K. Some films
from this deposition were rejuvenated to regular glass, while the rest was left as stable
glass. Both types of films were then UV treated at the same time and ellipsometry was
done on films after different time periods of UV as shown in Fig. 4.25 and Fig. 4.26.
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Figure 4.24: Thickness and refractive index change with respect to temperature of a PS
film deposited at Tsub = 293 K.

Fig. 4.25 shows films that were stable glass before being treated with UV for 2 h, 4
h and 6 h. Fig. 4.26 shows films that were first rejuvenated to regular glass before going
through the same UV treatment. First, an increase of ∼ 10 K in Tg is observed in both
films after 2 h. After 4 h and 6 h, the glass transition is broader and less evident as seen
from both data, particularly in refractive index.

Based on the film thickness plots of the as-deposited films, all films appear to have lost
stability after even 2 h of UV. The first heating curves all lie above the subsequent cooling
and heating runs which means they appear to be thicker after the UV treatment and then
thinner after being heated and cooled back down. The typical standard of stable glass
include an increased density, a higher Tonset and a lower Tf. In the thickness data, none of
the three properties are observed, so these films do not qualify as stable glasses.

The refractive index n, however, tells a slightly different story. They appear to be
higher on the first heating run compared to subsequent runs, which indicates a higher
density in the as-deposited and then UV treated films.
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Figure 4.25: Thickness and refractive index change with respect to temperature of UV
treated as-deposited PS films.

Together, the thickness data reports that the as-deposited films are thicker on the first
heating, while the refractive index data reports that they are denser at the same time. This
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Figure 4.26: Thickness and refractive index change with respect to temperature of UV
treated rejuvenated PS films.

phenomenon is explained later in this chapter where similar result is shown for another
series of experiments.
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Comparing the refractive index data of two types of films after 2 h of UV irradiation,
the as-deposited film appears to be a marginally stable glass as it has a higher n on the first
heating. The rejuvenated film behaves as a regular glass as expected after rejuvenation.
After 4 h and 6 h, the refractive index data in both films look very similar, with no
distinguishable glass transition after the first heating and the first heating has a higher n
than the subsequent runs. Since the stability in the formerly rejuvenated films has been
removed before UV treatment, the higher n in the first heating must have originated from
the UV process rather than from the vapour deposition. This naturally leads to questions
on the cause of the similar higher n in the as-deposited glasses in Fig. 4.25b and Fig. 4.25c.
If they have arisen from the same unknown mechanism as in the rejuvenated glasses, the
higher refractive index may not indicate residual stability as expected.

When looking at the refractive index plots for both types of films, it is also observed
that the values of refractive index increases monotonically with increasing UV time in all
films. Compared to the non-UV treated film that has a n ≈ 1.6, the longest UV treated
film has an n increase as high as 4.6%. One possible explanation is that the cross linkages
formed during UV treatment may alter the local structure and the packing of the glass
by reducing the intramolecular distances through covalent bonds. The specific volume
has been shown to decrease with increasing degree of crosslinking [180, 181, 184]. Thus
with increased density, the refractive index is also expected to increase according to the
Lorentz-Lorenz relation [199], n2−1

n2+2
= 4π

3
Nα, where n is the refractive index, N is the

number of molecules per unit volume and α is the mean polarizability. The UV induced
n increase is more significant in the rejuvenated films than in the as-deposited films under
the same conditions, which is also consistent with our previous observation and literature
studies [197, 198] that suggest stable glass may be more resistant to UV induced reactions.
After the first heating run, the compact structures due to crosslinking may relax to a small
extent, leading to a slightly lower n value in the subsequent runs for both types of films.

In literature studies, thermal expansion coefficients of polymers above and below Tg
have been shown to decrease with increasing degree of crosslinking [184, 185]. From data
shown in Fig. 4.24 through Fig. 4.26, thermal expansion coefficients are calculated from
different temperature regions and compared in Fig. 4.27.

Thermal expansion coefficients from three linear temperature regions are plotted. The
high temperature part on the first cooling curve typically represents the liquid, the low
temperature part on the first cooling typically represents the regular liquid-cooled glass,
and the low temperature part on the first heating typically represents the as-deposited
glass. For the initial film that was not UV treated, the three values are 8.4×10−4 K−1,
4.1×10−4 K−1, and 3.1×10−4 K−1, respectively. Although not monotonic, the decrease
in all three numbers is observed in general in both types of glasses. Among them, the
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(a) Thermal expansion coefficients of the
UV treated as-deposited glasses.
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(b) Thermal expansion coefficients of the
UV treated rejuvenated glasses.

Figure 4.27: Thermal expansion coefficients with respect to UV time.

“liquid” expansivity drops the most with increasing UV time and becomes closer to the
glass expansivity. This indicates that with increasing degree of crosslinking, Tg increases
and more fraction of the material stay in the glassy state up to the highest temperature
measured.

UV treatment also affects the surface dynamics of glassy films. In Sect. 5.1.4 it is shown
that the surface morphology evolution at elevated temperatures are inhibited by increased
UV time, which is to be expected since the cross linkages formed with UV could decrease
the mobility of the system in general.

As discussed in Sect. 4.2.1, although the films in the present study are thin enough,
the light traveling through the film is partially absorbed since PS is non-transparent in
the UV regime. Near the surface the film is irradiated with the maximum intensity, and
as depth increases the intensity decreases due to absorption. Therefore the degree of
crosslinking is expected to change over the thickness of the sample and cause a gradient
in many properties including molecular weight, thermal expansivity, modulus, etc. This
gradient is detected in modeling ellipsometry data of crosslinked films. Although an ideal
model of a uniform polymer layer typically results in good fitting, substituting it with a
graded layer can sometimes reduce the mean squared error even more. The overall film
properties including thermal expansion coefficients and film stability, however, do not show
any noticeable change in using either model.
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4.2.6 Photodegradation during UV treatment

In addition to crosslinking, photodegradation reactions could also take place in the UV
chamber when oxygen is present as discussed earlier. It is worth noting that the PS
material that has been used in this project is PS1200 with −OH end groups in a fraction
of the material. During the UV radiation, it is unclear whether the hydroxyl groups
would accelerate photooxidation reactions or be involved in other undesired reactions. For
this concern, we conducted another series of UV experiments with the PS1400 material
deposited in Sect. 4.1. PS1400 has sec-butyl end groups as introduced earlier and therefore
do not raise such a concern.

The second deposition from PS1400 was used for the UV experiments. Fig. 4.4 and
Fig. 4.5 show its N distribution from mass spectrometry and thickness and refractive index
measurements from ellipsometry, respectively. After UV treatment of 0.5 h, 1 h, 2 h and
3 h, Fig. 4.28 shows the new ellipsometry results.

Similar to the results from PS1200, no stability is observed from these films. On the
first heating run after UV treatment, the films also appear to be “denser and thicker”
compared to the subsequent temperature scans. Assuming there is no mass transfer dur-
ing the temperature ramps, such result is in contradiction to the conservation of mass.
In examining this issue, it was realized that the assumption of no mass change in the
measurements needed to be carefully examined. From previous experience in Chap. 3, it
has been observed that when the N value of the polymer is relatively high and the Tsub is
set low, the resulting deposited film can have such high kinetic stability that it may not
fully rejuvenate on heating, but rather sublimes directly and becomes thinner on the first
heating run.

A similar mechanism of sublimation or evaporation can be a possible explanation for
the apparent thicker and denser film on the first heating. In fact, one thing to be noticed
in all such results is that at the end of the first heating run, the temperature is kept
constant but there is a continuous decrease in the film thickness. The high temperature
end in the refractive index data, however, does not show such a change. This would
be understandable if short chains due to chains scissions or photooxidation are produced
during the UV treatment and they evaporate at higher temperatures on the first heating
run.

Fig. 4.29 shows that the change in N distribution with UV time increases as measured
by mass spectrometry. Compared to the initial film, UV does not change the distribution
significantly until 2 h. For 2 h of UV irradiation, the higher N components above 8 reduces
and after 3 h no longer chains than N = 6 are present, which indicates that they have
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Figure 4.28: Thickness and refractive index change with respect to temperature of UV
treated PS films deposited from PS1400.
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either crosslinked into much higher molecular weight components or have fragmented into
smaller pieces. In the initial film as shown in Fig. 4.4 the smallest N present is N = 4
with 6%. After 0.5 h of UV, N = 4 increases to ∼ 9% and N = 3 appears. The fraction
of N = 3 keeps increasing with longer UV time and becomes the dominant components
after 3 h of UV. This is evidence supporting that chain scissions occur during the UV
treatment. The “denser and thicker” films could also be explained by such mechanism,
where the fragmented chains evaporate at high temperatures on the first heating and result
in the apparent decrease in film thickness while the refractive index is unchanged.
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Figure 4.29: N distribution of films deposited from PS1400 after different time periods of
UV treatment.

In Chap. 3, it is mentioned that when some vapour-deposited glasses with large N (≥
10) and high stability are heated, they sublime before they can rejuvenate to liquid because
they are too stable. While stability could certainly be one reason of this phenomenon,
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another possibility could also be proposed based on what we learned in this project. It has
been demonstrated with mass spectrometry that when the source temperature is too high
during vapour deposition, thermally induced chain scissions occur which could generate a
large fraction of oligomers with small N ’s. When such films are heated, the evaporation of
small chains would also result in the deviation in the thickness slope.

If fact when the subliming issue was first observed, we proposed that UV treatment
could be applied on such films to potentially prevent them from subliming by crosslinking.
Such attempts did not lead to effective results in avoiding the subliming issue and now
we realize it is because the UV process would create small chains that have a similar
sublimation/evaporation issue.

4.2.7 Conclusion

In this section we explore the possibility of achieving higher molecular weight stable poly-
mer glasses through UV crosslinking. In an inert atmosphere, crosslinking is expected to
happen through dehydrogenation and the molecular weight of the material is expected
to increase. The mass distribution of UV treated films is characterized using mass spec-
trometry and there are signs of decreasing fractions of low molecular weight components.
Through simple solubility tests we observe lower solubility for films after longer UV treat-
ment, suggesting an increase in the overall molecular weight. The stability of these films
are characterized with ellipsometry. For some UV treated films stability is still observed,
although the degree of stability appears to decrease with UV treatment. Based on ellipsom-
etry and mass spectrometry measurements it is believed that photodegradation reactions
could be the the cause of the stability loss and other abnormal ellipsometry results.
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Chapter 5

Surface of vapour-deposited
polystyrene glass

During the formation of stable glasses through physical vapour deposition, it is believed
that the enhanced surfaced mobility is the mechanism that allows for efficient packing
and exceptional properties of stable glasses [134, 135]. The surface mobility of PS glasses
has been studied extensively in the past few decades [116, 133], but it is the first time
we prepare stable PS glasses through vapour deposition and there is no study on their
surfaces yet. It is not clear how the surfaces of vapour deposited low molecular weight
PS will compare to the surfaces of high molecular weight PS or spincast PS films. In
this chapter we would like to examine the surface of these glasses including their surface
morphology and surface dynamics.

5.1 Surface morphology studies on vapour-deposited

polystyrene glasses

The work introduced in this section was initiated by unexpected ellipsometry measurement
results on vapour-deposited glasses. In understanding the reasons behind the abnormal be-
haviours, the surface of these glasses were thoroughly examined using techniques including
optical microscopy and AFM. During the investigation, a few types of surface features
were observed, most of which were not found in the literature to the best of our knowl-
edge. One of the surface structures, surface bumps, appeared to be an ideal candidate
for probing the surface dynamics of vapour-deposited glasses, and a study of the bump
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evolution as a function of time was performed. However, after systematic investigations, it
is finally believed that we have a plausible explanation for the abnormal behaviours, and
we attribute them to low N polymers accumulated in the deposition chamber. On the
one hand, this discovery means the efforts in this project was partly in vain due to some
undesirable impurities. On the other hand, we finally solved the problem that was in the
way of the overall study on vapour-deposited stable glasses. Moreover, the second section
of this chapter was directly built on the experience and skills gained from this work, and
revealed the surface relaxation of vapour-deposited PS glasses successfully.

5.1.1 Morphology features

Most of the ellipsometry measurements performed on our vapour-deposited films show
expected behaviours of stable glass. However, there were times when the fitting of a regular
substrate-polymer-air model had higher MSE or the property changes during a temperature
scan simply did not agree with the expected rejuvenation/vitrification/melting process
of the material. In the investigation of such issues, one reasonable guess was that the
surface may have abnormal roughness which affects the light reflection in the ellipsometry
measurements. Some of the films deposited were then examined by optical microscopy and
AFM to observe their surface morphology. Many films with normal ellipsometry results
had normal surface morphology as well. For example, Fig. 5.1 and Fig. 5.2 show the
surface of a film deposited at 296 K, under an optical microscope and an AFM respectively.
For comparison, Fig. 5.3 shows the surface of a spincast PS film with Mn = 600 g/mol.
Nevertheless, different morphology features were surprisingly found on many of the films
that had abnormal ellipsometry results. Some examples are shown in Fig. 5.4 to Fig. 5.10,
with features that resemble bumps, flowers, strings, and crystals.

10 µm

Figure 5.1: Optical microscope image on a PS film deposited at 296 K, with N̄ = 7.4.
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(a) Height image. (b) Phase image.

Figure 5.2: AFM height and phase images on the same film as shown in Fig. 5.1.

(a) Height image. (b) Phase image.

Figure 5.3: AFM height and phase images on a spincast PS film with Mn = 600 g/mol on
silicon.

10 µm

Figure 5.4: Optical microscope image on a PS film deposited at 260 K, with N̄ = 7.5.

Bumps were found to be the most common feature among most films. Thus most
of the investigation later in this section focuses on exploring their distributions, growth,
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Figure 5.5: AFM height images on the same film as shown in Fig. 5.4.
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Figure 5.6: AFM images on a PS film deposited at 272 K.

(a) Height image. (b) Phase image.

Figure 5.7: AFM images on a PS film deposited at 259 K.

temperature evolutions, as well as statistical analysis about the bumps.

However, it was not clear yet that the bumps were associated with the polymer,
rather than the substrate or contamination. In the study of vapour-deposited α, α, β-
trisnaphthylbenzene glasses [139], Dalal et al observed two types of surface defects that
both resemble cracks on the surface. One type of cracks was attributed to silicon particles
as a results of the cleaving of the wafer after deposition, and the other type was attributed
to pump oil contamination in the chamber, in which case the cracks only appeared as the
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(a) Height image. (b) Phase image.

Figure 5.8: AFM images on the same film as shown in Fig. 5.7.

(a) Height image. (b) Phase image.

Figure 5.9: AFM images on the same film as shown in Fig. 5.7.

(a) Height image. (b) Phase image.

Figure 5.10: AFM images on a PS film deposited at 259 K.

stable glass was heated to transform to the supercooled liquid. Once the chamber was
cleaned, the second type of cracking was eliminated.

In the current study, the optical images were obtained immediately after deposition
without cleaving the wafer. Thus it is not related to the presence of bumps, flowers,
and strings such as shown in Fig. 5.4. In order to test the effect of pump oil or other
contamination source possible in the chamber, a bare silicon wafer was installed on the
substrate stage and left under vacuum for a similar period of time as typical depositions,
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only without heating the deposition source. In this test, bumps were absent from the
surface. Therefore, the possibility of pump oil was ruled out and it was believed that the
bumps were associated with the polymer itself.

5.1.2 Morphology on different substrates

Most of the samples in this thesis are prepared on silicon substrates. In order to test the
effect of substrate material on the surface morphology, silicon and mica were both used for
a same deposition. Fig. 5.11 shows that the morphology features introduced earlier such
as bumps, flowers and strings are present on film deposited on silicon.

(a) Height image. (b) Phase image.

(c) Height image. (d) Phase image.

Figure 5.11: AFM images on a PS film deposited on silicon at 259 K.

The film deposited on mica shows a cleaner surface than that on silicon, without bumps
or flowers. The only evident features are the similar strings. For comparison, Fig. 5.13
shows the surface of a spincast PS film with Mn = 600 g/mol on mica. It shows a similar
surface to the spincast film on silicon as in Fig. 5.3, which indicates that the strings present
in Fig. 5.12 are a result of vapour deposition.
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(a) Height image. (b) Phase image.

(c) Height image. (d) Phase image.

Figure 5.12: AFM images on a PS film deposited on mica at 259 K.

(a) Height image. (b) Phase image.

Figure 5.13: AFM height and phase images on a spincast PS film with Mn = 600 g/mol
on mica.

In the rest of this section, these morphology features are investigated, particularly the
surface bumps since their circular shape is suitable for analysis such as size, height and
density distribution.
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5.1.3 Artifacts due to substrate preparation

In examining the morphology features it was accidentally discovered that the cleaning
method used on the silicon substrate could lead to artifacts in the film morphology. When
preparing for the film shown in Fig. 5.14, Kimwipe tissue was used to gently wipe off silicon
dusts from the silicon substrate before deposition. As a result, patterned morphology is
observed on the film surface, with flakes/flowers aligned in stripes, conceivably in the
direction of the wiping movement. For films deposited on silicon without using Kimwipe,
the distribution of the flakes are random as shown in Fig. 5.4. In Ref. [200], Lin et
al observed similar artifacts on Kimwipe-treated films, where long amyloid fibrils were
well oriented on the surface of peptide samples. It is unclear how Kimwipe induces such
morphology in our case but it indicates the importance of the cleaning procedure and
substrate preparation in vapour deposition. In the rest of this thesis, no such wiping is
used for substrate cleaning and only air dusters are used.

100 𝛍m

(a)

10 𝛍m

(b)

Figure 5.14: Microscope images on a PS film with the silicon substrate wiped before
deposition.

5.1.4 Morphology evolution at elevated temperatures

As seen from Fig. 5.4 and Fig. 5.5, surface bumps and flakes in the shape of stars or daggers
are among the most common features on the surface. The flakes vary in size from 2 µm
to 30 µm and the bumps are ∼ 0.5 µm in size. The heating process of a film deposited at
Tsub = 257 K with these features was monitored with a microscope and shown in Fig. 5.15.

Throughout heating, the bumps did not change significantly, whereas around the flakes
the morphology change was evidently visible. Mountain ridges grew outward originating
from the flakes and reach each other. AFM measurements show that such ridges are on
the order of ∼ 100 nm in height.
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Figure 5.15: PS film deposited at Tsub = 257 K during heating.

This morphology evolution has been reported in our previous studies of vapour-deposited
PS glasses [201] and is also similar to that reported for molecular glasses [139]. While
Ref. [139] attributes such morphology to contamination by pump oil, Ref. [201] shows
that at least for the case of PS samples, pump oil is not a strong contributing factor
since the morphology evolution only depends on the thermal treatment. By comparing to
other morphologies in the literature [202], it is suggested that they could be stress-induced
morphologies. In fact most films with such morphologies have relatively low substrate
temperatures during deposition, so it is likely that when they are recovered to room tem-
perature for characterization the change in temperature results in accumulation of stress.
It is further mentioned in Ref. [201] that when all other deposition conditions are the same,
such morphologies are more common in thicker films but rarely observed in thinner films,
supporting the idea of compressive stress in the film.

The wrinkling of thin films has been studied extensively [203, 204, 205, 206, 207].
Typically when there is gradients in mechanical or thermal properties normal to the film
surface, in-place compressive stress is created. To relieve the compressive stress beyond a
critical value, the surface layer can wrinkle into a random pattern.

Since such ridges increase the surface roughness of the film, it should also be noted
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that they can affect ellipsometry measurements on films with such features at elevated
temperatures.

In Section 4.2 the effect of UV treatment on vapour-deposited films was studied. Some
films with these morphology features were also used in the UV studies. It was found that
UV treatment did not change the morphology features but could affect how the surface
evolves at elevated temperature. Fig. 5.16 shows the film from the same deposition as
that in Fig. 5.15 after 9 h of UV treatment. Unlike the non-UV treated film where the
mountain ridges started growing at 51◦C and fully evolved at 58◦C, the UV treated film
did not shown such changes at all even at 120◦C.

10 𝛍m

(a)

10 𝛍m

(b)

10 𝛍m

(c)

Figure 5.16: PS film deposited at Tsub = 257 K, UV treated for 9 h.

In order to study the effect of UV time on the formation of the ridges, a series of UV
treatment was conducted on films from the same deposition at Tsub = 261 K. Fig. 5.17
shows these UV treated films after being heated to 338 K and cooled to room temperature
naturally. The film after 2 min of UV treatment shows similar surface morphology with
non-UV treated films after heating. With merely 5 min of UV treatment, the growth of
the ridges is greatly inhibited and they evolve to a much smaller extent. Beyond 30 min
they become indistinguishable in the microscope images.

These experiments show that UV treatment inhibits the surface evolution, which is
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(a) UV 2 min.
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(b) UV 5 min.

100 𝛍m

(c) UV 10 min.

100 𝛍m

(d) UV 30 min.

100 𝛍m

(e) UV 1 h.

100 𝛍m

(f) UV 3 h.

Figure 5.17: PS films deposited at Tsub = 261 K with various UV treatment after heating.

expected from the effect of UV crosslinking. Through the formation of cross linkages the
surface mobility as well as the overall mobility of the system are expected to reduce. The
modulus is also expected to increase after crosslinking, which can result in higher critical
values for wrinkles to form.

Since the formation of ridges may be related to accumulated stress during heating,
the difference in mechanical and thermal properties between the film and the substrate
could also have an effect, and therefore the role of the substrate was studied. Instead of
bare silicon that is used throughout the thesis, spincast PS films on top of silicon were
used as new substrates. The Mw = 1200 g/mol PS with truncated distribution after
distillation (Sect. 2.2) was spincast on silicon and annealed overnight before being used as
deposition substrate. Tg of this film is 324 K (51◦C) as measured by ellipsometry. The
substrate temperature for deposition was 260 K. When this bilayer film was heated, the
same evolution of ridges was observed as in Fig. 5.15.

Next we tried PS with lower Tg’s which would serve as softer substrates. Mn = 600
g/mol and Mn = 950 g/mol were prepared in the same way and used as deposition sub-
strates, with a substrate temperature of 260 K. Mn = 600 g/mol has a Tg lower than room
temperature, and Mn = 950 g/mol has a Tg of 306 K (33◦C). Fig. 5.18 and Fig. 5.19 show
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the morphology evolution of the two films during heating at 5 K/min.

50 𝛍m

(a)
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(b)
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(c)
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(d)

50 𝛍m

(e)

50 𝛍m

(f)

Figure 5.18: PS film vapour-deposited on top of spincast Mn = 600 g/mol PS film.

The bubbles/bumps believed to be dust particles shown in the left of all images were
chosen on purpose to help with focus adjustment while the film thickness changes with
heating. As shown in both cases, the as-deposited morphology and the morphology evo-
lution are remarkably different from the PS film directly deposited on silicon as shown in
Fig. 5.15. In the first image of both films the surface appear smooth without flakes or
bumps seen in other films. However, as temperature increases the surface starts to change.
For the film deposited on PS Mn = 950 g/mol, ridges start to appear at a similar tempera-
ture as the start of ridge growth in Fig. 5.15 on the film deposited on silicon. The difference
is that they only grow to a small extent before flattening and the surface becomes smooth
again. This can be explained by the role of the soft substrate under the vapour-deposited
film. When the modulus and thermal expansivity of the two films are similar, as stress
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Figure 5.19: PS film vapour-deposited on top of spincast Mn = 950 g/mol PS film.

accumulate with temperature change, the film underneath helps dissipate the stress and
reduce the degree of wrinkle/ridge formation.

When an even lower Tg film serves as the substrate, as shown in Fig. 5.18, the mor-
phology evolution is distinctively different. With the underlying film in the liquid state,
the surface morphology goes through a more abrupt and evident transformation. Within
only 4 degrees from 51◦C to 55◦C small bumps and dense wrinkles develop across the film
surface in a burst and then quickly flatten out.

5.1.5 Surface bump growth with film thickness

The growth of the surface bumps was examined with the increase of the film thickness from
the deposition. Since it is impossible to perform in-situ AFM measurements during the
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deposition, a series of films with increasing thicknesses was prepared during one deposition.
Fig. 5.20 is a schematic illustration of the experimental setup. The shutter was moved
away from the surface at the beginning of deposition. After a desired thickness had been
deposited according to the QCM, the shutter was turned by a certain degree to cover a
part of the substrate such that the film thickness of that part could stay constant. The
entire film was thus divided into a few sections with different thicknesses by changing the
shutter position. An example of the resulting film is shown in Fig. 5.21.

Figure 5.20: Schematic illustration of depositing films with varying thicknesses.

Figure 5.21: Films from one deposition with varying thicknesses.

Next, different sections of the film was examined with AFM. Fig. 5.22 and Fig. 5.23
show two series of depositions with nominal film thicknesses ranging from 1 nm to 10
nm and from 10 nm to 70 nm respectively. It is worth reminding the reader that the
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series of images appear to be misleading, especially Fig. 5.22, but the bumps/dots in each
image are not the same one, but from different positions on the film. From Fig. 5.22(a)
to Fig. 5.22(d), the film grows from 1 nm to 10 nm, with the bump evolving evidently. It
first appears as a dewetted droplet on the bare silicon substrate, and gradually transitions
into a donut-shape structure. As deposition goes on, Fig. 5.23 examines a zoomed-out
area on the surface. The donuts grow into bumps and increase in height as the overall film
thickness increases.

(a) (b)

(c) (d)

Figure 5.22: AFM images on four different sections of vapour-deposited PS sample, with
nominal thicknesses of (a) 1 nm, (b) 4 nm, (c) 7 nm, and (d) 10 nm according to QCM
measurements. Tsource= 528 K, Tsub= 269 K.

5.1.6 Effect of substrate temperature on surface bumps

Since substrate temperature plays an important role in the preparation of stable glasses
using the vapour-deposition technique, it is of interest to investigate its effect on the forma-
tion of the surface bumps. As a preliminary experiment, two depositions were performed
in succession (such that they had a negligible difference in the N̄ values) at different Tsub’s.
Fig. 5.1 and Fig. 5.2 are images from the film deposited at 296 K, and Fig. 5.4 and Fig. 5.5
are images from the film deposited at 260 K. The N̄ values of the two films are 7.4 and 7.5
respectively. The higher Tsub film shows a normal surface without abnormal features, while
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(a) (b)

(c) (d)

Figure 5.23: AFM images on four different sections of vapour-deposited PS sample, with
nominal thicknesses of (a) 10 nm, (b) 30 nm, (c) 50 nm, and (d) 70 nm according to QCM
measurements. Tsource= 527 K, Tsub= 272 K.

the lower Tsub film has features including bumps. This observation indicates that Tsub is
indeed a strong factor and a more systematic study should be conducted to investigate its
effect.

A custom temperature gradient stage was built for the deposition chamber, such that
samples at different Tsub’s could be created in a single deposition. As seen in Fig. 5.24, the
silicon substrate bridges the two ends of the stage, with vacuum grease applied to ensure
thermal contact, and then fixed with two clamps. The reason of using this bridge design,
adapted from that in Ref. [140], instead of the regular stainless steel stage is to better
ensure the temperature gradient. Since the thermal conductivity of silicon and stainless
steel are very similar, a regular stage where a stainless steel bridge supports the silicon
wafer would introduce ambiguity about the true substrate temperature. When using only
silicon to conduct heat between the two ends, a linear temperature gradient across the
bridge can be inferred.

Before depositions were performed, the stage was tested to calibrate the temperature
against the chiller temperature and the output current on each side. Test results are
summarized in Table 5.1, where various chiller temperatures and % current were used.
This table acts as a guidance in reaching the desired Tsub’s on both sides.
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(a) Mounting Si substrate. (b) Fixing substrate on stage. (c) After deposition.

Figure 5.24: Custom built temperature gradient stage.

Both sides on cooling
Tchiller (K) % current on T1 T1 (K) % current on T2 T2 (K)
265 0 279 0 279
265 0 278 25 266
265 40 262 0 276

One side on cooling and one side on heating
Tchiller (K) % current on Tcool Tcool (K) % current on Theat Theat (K)
265 40 266 25 321
265 40 263 9 289
266 40 269 10 293
262 40 265 10 293
261 30 265 10 293
261 25 265 10 292
261 20 266 10 292

Table 5.1: Temperature test with custom built stage in deposition chamber.

Fig. 5.25 shows the surface of a film deposited with a temperature gradient from 270 K
to 296 K across its length. From Fig. 5.25(a) to Fig. 5.25(k), the corresponding temperature
was calculated based on its position coordinate, assuming the temperature gradient is linear
from the hot to the cold side. It can be seen that films deposited at above 284 K do not
have bumps formed on the surface, while at lower temperatures starting from 282 K, bumps
appear and it even seems they grow in both density and height with lower temperatures
before reaching a plateau.

121



(a) 294 K. (b) 291 K. (c) 289 K.

(d) 286 K. (e) 284 K. (f) 282 K.

(g) 279 K. (h) 277 K. (i) 275 K.

(j) 272 K. (k) 270 K.

Figure 5.25: AFM images on different sections of a PS film deposited at varying Tsub from
270 K to 296 K.

In order to perform statistical analysis on the surface bumps, images can be processed
with the Gwyddion software with the built-in functionality for analyzing grains. Bumps
with heights exceeding a certain threshold can be automatically masked on the image
(Fig. 5.26 is an example) and different quantities about the bumps and their statistics can
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be generated. The same films were also examined at different times after the deposition in
order to observe the time evolution of the bumps.

Figure 5.26: Applying masks on an AFM image with surface bumps using Gwyddion.

Fig. 5.27 shows the average bump height and the density of bumps on films shown in
Fig. 5.25. As mentioned above, bumps are absent from films deposited at high tempera-
tures. As temperature decreases, both the average height and the density first increase,
and reach a plateau or slightly decrease at the lowest temperatures, except the outlier in
bump density at 282 K. Looking at the time evolution, the bumps reduce in height with
time, while the density stays constant within error bars. A more detailed study on the
time evolution of bumps is included in Section 5.1.7.

The shape of the bumps have also been examined using ImageJ. The average circularity
is 0.998 from the earliest AFM measurements after deposition. As time goes on, the bumps
grow in diameter and finally grow into each other, no longer being individual circles. This
is also the reason that the diameter is not selected in the observation of temperature
dependence and time evolution.

The films have also been measured with ellipsometry to obtain their thickness and
refractive index and their change with temperature. As shown in Fig. 5.28, the film with
the highest Tsub, 294 K, displays features belonging to stable glasses. The as-deposited
film has a higher density and higher kinetic stability than the rejuvenated glass, as seen
from both thickness and refractive index.

The ellipsometry results from the film deposited at the lowest Tsub, 270 K, is shown
in Fig. 5.29. The refractive index shows the normal stable glass behaviours, although the
stability is less compared to the previous film. However, looking at both the thickness and
the refractive index together, the as-deposited film represented by the first heating curve
appear to be thicker and denser at the same time.

From Section 4.2.6 it was learned that such “thicker and denser” glasses could be due to
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Figure 5.27: Average bump height and bump density on films with different Tsub’s, at
different times after deposition.

small chains evaporating at high temperatures. Similar phenomenon could be happening
in the current measurement. To account for the sublimation/evaporation issue and be
able to observe the true temperature dependence of film thickness, the first heating curve
can be shifted downward (equivalently, the following cooling and heating curves can be
shifted upward) to match the endpoint of the first heating and the starting point of the
first cooling curves. Fig. 5.30 shows the thickness plot from the upper panel of Fig. 5.29
after the shift. The result indicates a marginally stable glass, with a lower Tonset upon
rejuvenation.
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Figure 5.28: Thickness and refractive index change with respect to temperature of a PS
film deposited at Tsub = 294 K.
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Figure 5.29: Thickness and refractive index change with respect to temperature of a PS
film deposited at Tsub = 270 K.

5.1.7 Using surface bumps to probe surface dynamics

Fig. 5.27 shows that the surface bumps reduce in height as time goes on. This could be a
convenient probe to characterize the surface dynamics of vapour-deposited glasses. There
have been many studies on surface dynamics of glasses using different methods, among
which introducing external probes is a common one. In a study of surface dynamics of
PS glasses [16], gold nanoparticles were partially embedded onto the film surface before
removal to leave nanoholes on the surface. By monitoring the change in hole depths as a
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Figure 5.30: Thickness change of the sample in Fig. 5.29, with the first heating curve
shifted.

function of time, the surface relaxation time was extracted and investigated as a function of
temperature. Ref. [208] studied the surface mobility of PS glass by forming wetting ridges
upon the introduction of ionic liquid droplets. In the studies of N,N’-bis(3-methylphenyl)-
N,N’-diphenylbenzidine (TPD) glass surface [124, 125, 126], tobacco mosaic virus was
introduced on the surface and the width of material accumulation was measured around
the virus, from which the surface diffusion coefficient was extracted. In addition to external
probes, sometimes the natural surface structure can be conveniently taken advantage of in
quantifying the surface dynamics. For instance, Siretanu et al [209] created ion-induced
polymer nanostructuration on the surface of PS glasses, and measured quantities about
the induced bumps including height and volume in characterizing the surface properties.

In the current study, natural bumps are formed on the surface of vapour-deposited PS
glasses. With the precedence of utilizing in-situ bumps in Ref. [209], it was realized that
similar experiments could be performed to quantify the surface dynamics. Despite the fact
that there have been extensive studies on the surface of glassy PS [116, 133], less is known
about the surface of vapour-deposited PS or that of any polymers.

The PS sample used in this experiment was deposited at Tsub = 275 K, with a Tg of
309 K. After deposition, the film stays at room temperature under the AFM, and the same
area is imaged during an extended period of time to observe the evolution of the surface
bumps. Fig. 5.31 shows the same area at different times, where it is evident that the bumps
grow in diameter and experience a reduction in height.

Since there is a distribution of the height and the diameter of bumps, only one of
the bumps was chosen in the measurement of height as a function of time. As shown in
Fig. 5.32, its height evolution is recorded with respect to time. Height was measured from
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(a) 4 hours. (b) 10.5 hours.

(c) 24.5 hours. (d) 32.5 hours.

(e) 48.5 hours. (f) 69 hours.

(g) 93.5 hours. (h) 144 hours.

Figure 5.31: AFM images at different times on a PS film deposited at Tsub = 275 K, with
a Tg of 309 K.
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two sets of AFM images around the same bump, where one set used a scan area of 20 µm
× 20 µm and the other used a scan area of 80 µm × 80 µm. It is to ensure that the scan
size does not affect the measured height, and the agreement between the two sets of data
show that they are consistent.
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Figure 5.32: Bump height as a function of time on the film surface shown in Fig. 5.31.

From the log-log scale plot, a linear trend is observed, which indicates a power-law
relationship between height and time. It is worth noting that in fitting the power law, the
first few data points are excluded. This is because immediately after the deposition, the
film stayed in the vacuum chamber to slowly recover from the low Tsub to room temperature,
in order to prevent water condensation on the surface when exposed to air. Therefore in
the first few hours after deposition, the treatment temperature was not controlled and thus
only data in the later stage is used in the fitting. The scattering in data can also to some
extent be explained by the non-steady room temperature, with possible fluctuations of a
few degrees throughout the measurement.

One of the most significant findings from this experiment is the enhanced surface dy-
namics compared to its bulk counterpart. The material has a measured Tg of 309 K, which
implies that at room temperature, the bulk part of the film is in the glassy state. How-
ever, the decrease in the bump height shows that the surface is mobile and flows relatively
quickly. Assuming the fictive temperature Tf of the film is the same as Tsub, the bulk
relaxation time can be estimated to be ∼ 3 years according to Ref. [1]. Based on Fig. 5.32,
the relaxation time of the surface is merely a few days rather than years, which is a direct
evidence of the enhanced surface mobility on vapour-deposited PS glass with an in-situ
probe.

The same films have also been characterized by ellipsometry to further investigate the
effect of bumps on ellipsometry measurement results. Fig. 5.33 and Fig. 5.34 show results
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obtained 1 day and 19 days after deposition, respectively. Both sets of data show the
apparent “thicker and denser” material on the first heating curve, which is consistent with
previous observation that surface bumps result in abnormal first heating. From the upper
panel of Fig. 5.33 it can be seen that the slope of the first heating curve decreases towards
the high temperature end, which can be explained by possible sublimation/evaporation of
the film. After 19 days of aging, the first heating curve in Fig. 5.34 appears to be more
normal and the liquid parts on all three curves are more parallel. With the change in the
ellipsometry results after days of aging, it is natural to ask the question of whether the
change is related to the surface relaxation, and more specifically, the evolution of bumps.
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Figure 5.33: Thickness and refractive index change with respect to temperature of the
sample shown in Fig. 5.31, measured 1 day after deposition.

Assuming a spherical shape for the surface bump, its surface area is S = π(h2 + r2),
where h is the bump height and r is the radius of the base of the cap. The excess surface
area compared to a flat surface can also be calculated as Sexc = π(h2 + r2) − πr2 = πh2.
Fig. 5.35 shows the change of the excess surface area as a function of time as the bump
evolves.

In 19 days, Sexc reduces by more than 10 times. If the hypothesis of sublimation or
evaporation during first heating is true, a higher surface area will lead to faster sublima-
tion/evaporation, and the slope of the first heating curve will be altered to a larger extent
near the high temperature end. When the surface relaxes more and the surface area be-
comes smaller, it will lead to slower sublimation/evaporation, and the slope of the first
heating curve will be less altered near the high temperature end and become more parallel
to the normal liquid line.
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Figure 5.34: Thickness and refractive index change with respect to temperature of the
sample shown in Fig. 5.31, measured 19 day after deposition.
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Figure 5.35: Excess surface area as a function of time of a bump on the sample shown in
Fig. 5.31.

The same shifting of the first heating curve as in Fig. 5.30 can be done to the thickness
plot of the measurement after 19 days (upper panel in Fig. 5.34). The result is shown in
Fig. 5.36. After the shifting to account for sublimation/evaporation, it appears to be a
marginally stable glass with the normally expected higher density of the as-deposited glass.

The same outcome from Fig. 5.30 and Fig. 5.36 reinforces the hypothesis that subli-
mation of evaporation of some material happens during the first heating. Some reasonable
guesses include pump oil or polymers with small N values. In the beginning of the chapter
it was noted that a test experiment was conducted where pump oil was ruled out as the
cause. The explanation with small N impurities is a very reasonable one given the observa-
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Figure 5.36: Thickness change of the sample in Fig. 5.34, with the first heating curve
shifted.

tions from the first heating. During heating, since smaller N ’s have higher vapour pressure,
they can partially evaporate at high temperatures while the main system still stays in the
liquid state. Smaller N ’s also have lower glass transition temperatures, which can also
explain the lower onset temperature of the rejuvenation on the first heating (Fig. 5.36).
During following cooling and heating runs, the fraction of small N ’s in the system is less
due to evaporation, and the thickness changes behave more as expected, with normal slopes
and Tg’s.

As depositions go on, the source material in the deposition crucible continues to have
higher and higher average N ’s, since vapour pressure is an increasing function of N and
smaller N ’s are driven off first. In a number of initial depositions, small N ’s are expected
to be present in the deposited film. The fact that films prepared after many depositions of
the original source material continue to show the sublimation/evaporation issue suggests
that the small N ’s could come from other parts of the chamber rather than the deposition
source.

With this assumption, a thorough cleaning of the chamber including all chamber walls
and skeletons was performed. When new depositions were carried out, bumps no longer
appear on the surface and the ellipsometry measurements appeared normal. Now we believe
that a plausible explanation has been found for the abnormal surface structures related
to the evaporation on heating. As depositions continue in the chamber, polymers deposit
on the substrate as well as on the walls. As small N ’s accumulate, there is possibility
that they re-deposit on the substrate in future depositions when there is heat, and cause
undesirable morphology on the film surface and evaporation when the films are brought
to higher temperatures. Referring back to Fig. 5.22 and Fig. 5.23, the growth of films
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suggests that the small N polymers are deposited first and dewet on the substrate, and
then higher N ’s arrive and form continuous films.

5.1.8 Conclusion

In this section we study the surface morphology of vapour deposited PS glasses. Abnormal
morphology features are present on some of the film and they vary with the type of the
substrate, sample preparation procedure and temperature. Among the different feature
we choose the bumps and study their growth and evolution, and use them to probe the
surface dynamics as they evolve with time. In the end the bumps are found to be due
to small N impurities accumulated in the deposition chamber and are undesired artifacts
on the surface. On the one hand, this study loses value in terms of the goal of probing
surface dynamics of vapour-deposited PS glasses. On the other hand, this is an achievement
worth celebrating. The mysterious ellipsometry results and the peculiar structures on the
surface have been puzzling in understanding the vapour-deposited glasses. With a plausible
explanation to the abnormal behaviours and with the ability to produce unstructured and
non-evaporating films, the overall exploration of vapour-deposited stable polymer glass can
continue. Moreover, the experience and skills gained from this study directly benefited the
study in Section 5.2 where the surface relaxation is examined in a similar way using gold
nanoparticles as external probes.

5.2 Surface and bulk relaxation of vapour-deposited

polystyrene glasses

This section is reproduced from the following paper with the permission of AIP Publishing:

J. Yin, C. Pedersen, M. F. Thees, A. Carlson, T. Salez, & J. A. Forrest. Surface and
bulk relaxation of vapor-deposited polystyrene glasses. The Journal of Chemical Physics,
158(9), 094901 (2023). DOI: 10.1063/5.0133668 [2].

In this paper we have performed an experimental and theoretical study on the surface
and bulk relaxation of vapour deposited PS glasses. As the first author, I was primarily re-
sponsible for the experimental part including the sample preparation, all characterizations
as well as data analysis. I created all of the figures with the experimental data I collected
as well as data from the numerical solutions obtained by my co-author Pedersen. I was
also responsible for writing and editing the main paper and the supplementary material,
as well as answering reviewer comments.
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5.2.1 Abstract

We have studied the liquid-like response of the surface of vapour-deposited glassy films
of polystyrene to the introduction of gold nanoparticles on the surface. The build-up of
polymer material was measured as a function of time and temperature for both as-deposited
films, as well as films that have been rejuvenated to become normal glasses cooled from
the equilibrium liquid. The temporal evolution of the surface profile is well described by
the characteristic power law of capillary-driven surface flows. In all cases, the surface
evolution of the as-deposited films and the rejuvenated films are enhanced compared to
bulk and are not easily distinguishable from each other. The temperature dependence
of the measured relaxation times determined from the surface evolution is found to be
quantitatively comparable to similar studies for high molecular weight spincast polystyrene.
Comparisons to numerical solutions of the glassy thin film equation provide quantitative
estimates of the surface mobility. For temperatures sufficiently close to the glass-transition
temperature, particle embedding is also measured and used as a probe of bulk dynamics,
and in particular bulk viscosity.

5.2.2 Introduction

The surface dynamics of glasses is a key area of study in condensed matter and materials
physics [133]. In particular, it has become increasingly evident that the first few nanometers
of a glassy material can exhibit properties vastly different from the bulk of the glass. In
addition to its key role in the ability to form what have been called ultrastable glasses [135],
the surface mobility is widely believed to be the key underlying factor in the 25 year long
study of reduced glass transition temperatures Tg in thin polymer films [12, 17, 116, 210].

Since their discovery 15 years ago [136], kinetically stable glasses produced by vapour
deposition have been extensively studied. While most studies have involved molecular
glasses, more recent studies have included metallic [153], as well as polymeric glasses [1].
Collectively, these materials have strong similarities to glasses aged to near equilibrium.
Many vapour deposited materials have been shown to have lower entropy and be lower
in the energy landscape than glasses formed by cooling from the equilibrium supercooled
liquid [137, 211, 212]. In fact, recent studies on vapour-deposited polymer glasses have
suggested a similarity to materials aged for as much as 1013 s [1]. These unique properties
are proposed to result from both the enhanced mobility of glassy surfaces, and the layer-
by-layer formation associated with the method of vapour deposition [135]. While it might
be expected that as-deposited stable films and rejuvenated glassy films both have enhanced
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surface mobilities, it is not a priori obvious if these are identical or not, in terms of either
magnitude or temperature dependencies.

Surface mobility in glasses can be measured by the surface response to an external
perturbation. In the past few decades, several forms of perturbations have been employed
to characterize surface dynamics. A seminal method is provided by gold nanoparticles,
in terms of both their embedding into the near-surface region [13, 117, 118], as well as
surface flow around the nanoparticles [121, 122]. The response of a polymer surface to the
introduction of a gold nanoparticle has been observed directly using transmission electron
microscopy [119], and is similar to that observed for molecular glasses in Ref. [121]. Mainly,
material was observed to accumulate towards the vicinity of the nanoparticle, before em-
bedding of the latter eventually occurred. External surface perturbations can also be of
the form of an initial surface morphology such as a nanohole [16], or a nanostep [18]. More
recently, Zhang et al [124, 125, 126] have demonstrated that decorating the surface with
tobacco mosaic virus (TMV) provides an alternative strategy. Another method to probe
the surface mobility of glasses is to use nanobubbles that spontaneously nucleate on the
glass surface when submerged into water [213]. An advantage of the nanosteps, the TMV
decoration, and the nanobubbles is that these provide perturbations where the response of
the surface can be described using a two-dimensional surface-flow equation.

Recently, a quantitative study of surface mobility in stable glasses was performed for
N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) (Tg = 330 K) [126]. In that work,
the evolution of the surface of the glass in response to the presence of a TMV on the surface
was measured. The measurements were performed on samples with a wide range (from 296
K to 330 K) of fictive temperatures Tf characterizing the stability of the glass, and at two
measurement temperatures of 296 K and 303 K. The surface diffusion constant was found to
be independent of the stability of the glass as well as the origin of that stability (i.e. aging
from liquid cooled glass versus vapour deposition). While there were certainly differences
in the surface mobility at the two temperatures considered, a more complete temperature
dependence was not measured. In addition, the bulk dynamics were not measured but
rather inferred from the Vogel-Fulcher-Tammann (VFT) time-temperature superposition,
with parameters determined over a temperature region different from the window of Tf
studied.

In a separate study [121], the evolution of the surface of a rejuvenated 1,3-bis-(1-
naphthyl)-5-(2-naphthyl)benzene (TNB, Tg = 347 K) glass in response to gold nanopar-
ticles placed on the surface was used to directly compare the temperature dependencies
of surface and bulk relaxation processes in a molecular glass former. Surface flow exhib-
ited a weak temperature dependence in that case, compared to bulk flow as characterized
through embedding. Perhaps as expected, the temperature dependence of the time scale

134



of nanoparticle embedding was well described there by bulk VFT parameters.

The surface mobility in glassy polystyrene (PS) has been studied extensively [116, 133]
compared to most other glassy materials. The much larger molecular size of PS compared
to the molecules used in Ref. [126] reopens the question as to whether liquid-cooled versus
stable as-deposited glasses have the same surface properties, or not. In addition, there is
an extension of the question to whether any form of stable PS glass is the same as the PS
liquid-cooled glass, and how either of these compare to glassy PS films made from spin
casting – such as the relatively high Mw samples of Ref. [16], and the low Mw samples of
Ref. [18].

5.2.3 Experimental methods

The original material is a broad distribution polystyrene (Mw = 1200 g/mol, catalogue
no. 1024 from Scientific Polymer Products). The molecular weight distribution of the
as-purchased material has been characterized in Ref. [1]. The material was first thermally
distilled at increasing temperatures into more monodisperse fractions in a vacuum cham-
ber using a technique reported previously [159]. The distilled product from 538 K was
subsequently used as source material for the physical vapour deposition. Deposition was
carried out in a Korvus Technologies HEX deposition unit with a base pressure of 10−5

mbar and a deposition rate of 0.05 nm/s [1]. The source material was heated in an ORCA
temperature-controlled organic materials evaporation source. The source temperature used
in generating the sample in this study was 514 K. The silicon substrate was attached to
the sample stage which was cooled to a constant temperature of 283 K by a Peltier cooler.
Ellipsometry measurements were performed with a J.A. Woollam M-2000 spectroscopic
ellipsometer with a Linkam temperature-controlled stage. Heating and cooling rates for
ellipsometric measurements were 10 K/min. The deposited film has a Tg of 318 K and
has a thickness of ∼ 100 nm as measured with ellipsometry, with a slight thickness gra-
dient across the substrate. The average degree of polymerization (N̄) of the sample is
9.02 and the polydispersity index (PDI) is 1.002, as determined with a Bruker Autoflex
Speed MALDI-TOF (Matrix Assisted Laser Desorption/Ionization Time of Flight) mass
spectrometer. Note that in using the term “polymer” in this study, it is not the molecu-
lar weight that distinguishes the material here from small molecules. Although they have
comparable molecular weights, the key difference is that molecular glasses produced in
every deposition are the same material, whereas our N -mers even from successive depo-
sitions are slightly different materials with slightly different physical properties including
Tg. While this can introduce difficulties in controlling and comparing the properties of
different depositions, it also introduces an extra degree of tunability typical of polymers.
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Aqueous solutions of gold nanoparticles with diameter ∼ 20 nm were produced by the
standard citrate reduction technique [214]. For as-deposited films, the gold nanoparticle
solution was directly dropped onto the surface, and after 1-2 min the film was tilted to
allow the droplet to flow to the side of the Si wafer and onto a wipe for removal. To
study rejuvenated glasses, the as-deposited films were heated to 343 K (Tg + 25 K) for 3
min and cooled in ambient air to room temperature before introducing the nanoparticles
on the surface. This thermal treatment was found to be sufficient to produce ordinary
liquid-cooled glasses. The nanoparticles on the glassy PS surface were imaged using a JPK
Nanowizard 3 atomic force microscope (AFM) operating in tapping mode. The surface
coverage density was ∼ 5 particles/100 µm2 based on AFM measurements. For each film
studied at a specific temperature, two nanoparticles were chosen that had at least 500 nm
separation from any other nanoparticle (to minimize effects from more than one particle).
Once a pair of such particles were located, the AFM hot stage (JPK High Temperature
Heating Stage) was set to a certain temperature, and 2 µm × 2 µm regions centered on
each nanoparticle were scanned at different times.

5.2.4 Theoretical modelling

We consider a flat glassy polymer film of thickness h∞ placed on the surface of a horizontal
and flat rigid substrate located at vertical coordinate z = 0. A nanoparticle of radius R
is placed on the surface of the film. We assume a favourable wetting condition and the
presence of a liquid-like mobile layer of thickness h∗ (with h∗ � h∞) at the free surface
of the glass. The system then evolves through a three-step process [119]: i) at short time,
some surface polymeric material rapidly migrates and fully coats the immobile particle; ii)
then, the glass-air interface evolves by surface flow across the still-immobile particle; iii)
at long times, the particle eventually embeds in the film, under the action of the capillary
pressure. In this last step, the dynamics is limited by the bulk viscous Stokes-like drag
acting on the particle. Fig. 5.37 provides a schematic of the processes involved for surface
flow and eventual embedding.

We focus only on the second step for now, as it is well separated in time from the two
other steps. By considering the very large viscosity of the bulk glass, and that there is only
a thin film of flowing material, the interface dynamics can be described by adopting the
lubrication theory [215, 216]. The flow is assumed to be incompressible and axisymmetric.
Since the flow is localized only near the free surface, the particle can be modelled as an
effective substrate, described by its profile s(r) = Θ(R − r)[h∞ + R +

√
R2 − r2], with r

the radial coordinate and where Θ is the Heaviside function. The glass-air interface profile
is defined as htot(r, t) = h(r, t) + s(r), where h(r, t) is the glass thickness profile. We define
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Figure 5.37: Schematic diagram of the relevant processes discussed in the text. Variables
used in the calculations and discussed throughout the text are shown in the schematic.
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the initial profile htot(r, 0), from the earliest experimental data available. At time t = 0,
we assume the particle to be already covered by a nanometric layer of polymeric material.

The hydrodynamic flow is described by the pressure field p(r, z, t), in excess to the
atmospheric pressure, and the velocity field v(r, z, t). The material parameters are the
polymer-air surface tension γ, and the viscosity of the surface layer η, both assumed to
be constant at a given temperature. At the free surface, we impose no shear, i.e. ∂z(v ·
er)|z=htot = 0, where ∂i ≡ ∂/∂i, and er is the unit vector in the radial direction. We also
impose no slip at the bottom of the mobile layer, i.e. v · er|z=htot−h∗ = 0.

Within the lubrication theory introduced above, the flow is mainly horizontal, i.e.
v = v er. Invoking the Stokes equation, the pressure p is thus invariant in the vertical
direction, and by integration the velocity profile in the radial direction is found to be:

v(r, z, t) =
1

2η

(
z2 + h2tot − h∗2 − 2zhtot

)
∂rp , (5.1)

which corresponds to the familiar Poiseuille flow for htot − h∗ ≤ z ≤ htot. For 0 ≤ z <
htot − h∗, we assume zero velocity, since the bulk glass is immobile to lowest order in the
description. Furthermore, volume conservation requires that:

∂th(r, t) +
1

r
∂r

(
r

∫ htot

htot−h∗
dz v(r, z, t)

)
= 0 . (5.2)

The excess pressure p(r, t) can be evaluated at the free interface, and contains two terms: a
capillary contribution from the Young-Laplace equation, and an ad-hoc repulsive disjoining
contribution [217, 218] ensuring the wettability condition and thus preventing film rupture
at the particle tip. All together, and in the limit of small interface slopes, one gets:

p(r, t) = −γr−1∂r(r∂rhtot) +B(heq/h(r, t))9 , (5.3)

whereB sets the magnitude of the disjoining pressure, and heq is the equilibrium film height.
As the early time curvature close to the particle can be large, which is not accounted for
in this linearized model, we have performed a numerical experiment where we also include
the non-linear curvature term in the Laplace pressure. However, the numerical experiment
demonstrated that the results reported below were not affected by neglecting this term.
For further details regarding the full non-linear curvature model and its numerical routine
we refer the reader to [219]. By combining the equations above, we derive the Glassy Thin

138



Film Equation atop a Nanoparticle (GTFEN):

∂th(r, t) +
γh∗3

3ηr
∂r
{
r∂r
(
r−1∂r [r∂rh(r, t) + r∂rs(r)]−Bh9eq/[γh(r, t)9]

)}
= 0 . (5.4)

Written this way, we see that the nanoparticle, through the effective substrate profile s(r)
and the disjoining pressure, generates a forcing source within the free Glassy Thin Film
Equation (GTFE) [18].

In contrast to simpler and linear versions of GTFE [219, 220], the complex effective sub-
strate and the nonlinear disjoining term in GTFEN require us to perform a numerical inte-
gration. We thus introduce dimensionless variables, through: X = r/R, T = tγh∗3/(3ηR4),
S(X) = s(r)/R, H(X, T ) = h(r, t)/R and P (X, T ) = Rp(r, t)/γ. We also fix the two di-
mensionless parameters of the problem, as follows: i) the aspect ratio h∞/R is directly
estimated from the experimental h∞ and R values, for each given sample, which in turn
fully determines S(X); ii) the dimensionless disjoining magnitude is arbitrarily fixed to
Bh9eq/(γR

8) = 10−9, which for physical parameters relevant to PS on gold in air corre-
sponds to a nanometric heq. Note however that the late-time interface dynamics is insen-
sitive to small variations around the chosen disjoining magnitude. The dimensionless form
of Eq. (5.4) is solved numerically by using a finite-element scheme. The initial condition
H(X, 0) = htot(R ·X, 0)/R− S(X) is directly constructed from the experimental free sur-
face profile htot(r, 0) measured at t = 0. At all times T > 0, we also impose four boundary
conditions, namely the vanishing of both ∂XH and ∂XP , at both X = 0 and X →∞ (i.e.
the far-field bound of the numerical spatial domain).

From fitting the obtained numerical profiles to the experimental ones, and invoking
the PS-air surface tension γ ≈ 40 mN/m, we can thus now measure the surface mobility
M = h∗3/(3η) as a single free parameter, for each given sample type and temperature.

5.2.5 Results

Fig. 5.38 shows the ellipsometrically determined film thickness versus temperature T , for
an as-deposited supported PS film without nanoparticles. The data in these scans are
used to determine the fictive temperature Tf = 298 K, as well as the glass transition
temperature Tg = 318 K. Comparing the thickness of the as-deposited sample versus the
one after a full heat/cool cycle is used to determine the increased density of the stable
glass. In this case the increase in density of stable glass versus normal glass is ∼ 1%. The
data also demonstrates enhanced kinetic stability since the material apparently remains
in the glassy state even after the temperature has been raised above Tg. By comparing
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Figure 5.38: Total film thickness versus temperature obtained from ellipsometric scans of
the as-deposited samples. The heating (bottom) and subsequent cooling (top) branches are
performed with equal rates of 10 K/min. On the first heating the film is held at the highest
temperature (343 K) for 2.5 min to ensure full rejuvenation from the stable glass to the
normal supercooled liquid, before cooling in the supercooled liquid state and down to the
rejuvenated glass. These scans are used to determine the fictive temperature Tf, defined
from the intersection between the stable glass and supercooled liquid lines, as well as the
glass transition temperature Tg, defined from the intersection between the supercooled
liquid and rejuvenated glass lines.

the Tf and Tg with the ones in Ref. [1], we can estimate that the as-deposited material in
the present study is analogous to a liquid-cooled glass that would have been aged at Tf
for ∼ 300 years. It is worth noting that this estimate is based on an Arrhenius law, while
using the more conventional VFT law would result in orders of magnitude larger estimates
for aging times.

Now, we consider the surface response of the glassy films after nanoparticles have
been placed on the surface. Fig. 5.39 shows AFM images of a 16 nm nanoparticle on a
rejuvenated PS film at a temperature of 313 K, i.e. 5 K below Tg. In the t = 0 panel,
we see a sharp image of the nanoparticle surrounded by an approximately circular dark
region. The latter is a depletion zone where material has moved from in order to cover
the nanoparticle. As the evolution progresses from 0 h to 10 h, we can see that there
is a brighter area immediately surrounding the nanoparticle, and the depletion zone has
moved outwards. By 50 h of evolution, in addition to a continual buildup of material, we
can see that the apparent height of the nanoparticle is also decreasing. This indicates an
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t = 0 t = 3 h t = 10 h

t = 50 h t = 190 h t = 414 h

Figure 5.39: AFM images showing the build up and levelling of polymeric material around
a gold nanoparticle, as well as the subsequent nanoparticle embedding, for a rejuvenated
glassy polystyrene film at Tg − 5 K (313 K).

embedding or engulfment of material which can only occur when there is sufficient bulk
mobility (i.e. the material is above or very near its Tg). After 414 h of evolution, the
nanoparticle has almost completely embedded into the underlying polymer.

Fig. 5.40 shows the radial profiles of the PS-air interface along time, for another
nanoparticle but on the same sample and at the same temperature as the AFM images
in Fig. 5.39. Each profile htot(r, t) was obtained by angularly averaging the image from
the centre of the nanoparticle, and subtracting the base-line height. To determine the
latter, a mask was applied to the AFM image, covering the nanoparticle and the depletion
zone, and the average height of the 2 µm × 2 µm scan area excluding the mask area was
measured. The dark solid line in Fig. 5.40(a) represents the profile at t = 0. In this initial
profile, we can see a well defined depletion zone with a maximum depletion at about 70
nm from the centre of the nanoparticle. At larger times, there is more and more material
accumulation near the nanoparticle, while the depletion zone becomes less pronounced and
moves further out from the nanoparticle’s vicinity. Note that the depletion zone was clearly
evident in the AFM images in Fig. 5.39, and was also observed in the surface evolution of
the TNB molecular glass in similar conditions [121]. From the data in Fig. 5.40, we can
extract two parameters that characterize separately the near surface and bulk dynamics.
For the bulk dynamics, the natural observable is the height hp(t) of the nanoparticle. At

141



0 50 100 150 200 250 300
r (nm)

0

5

10

15

20

h t
ot

h
 (n

m
)

d*
0

(a) t = 0
t = 1 h

t = 4 h
t = 20 h

0 50 100 150 200 250 300
r (nm)

0

5

10

15

20

h t
ot

h
 (n

m
)

(b) t = 27 h
t = 82 h

t = 190 h
t = 513 h

Figure 5.40: Surface profiles at various times as indicated in legend, of a rejuvenated film
at Tg − 5 K (313 K). (a) The short-term evolution before embedding occurs. (b) The
long-term embedding process. The grey shaded areas indicate the shape of the spherical
nanoparticle with a diameter of 20 nm, at t = 0. The solid horizontal line indicates the
base line reference. d∗0 shown in (a) is the width d∗(t) (defined in text) at t = 0.

temperatures near Tg, and for sufficiently long times (such as the ones in Fig. 5.40(b)), the
bulk of the material has a large-enough mobility, so that the nanoparticle can embed, and
hp will evolve over time. For the surface dynamics, we define a typical horizontal width
d∗(t) of the profile as the minimal value of the radial coordinate r at which the height
crosses zero (i.e. the base line).

Focusing first on the bulk dynamics, Fig. 5.41 shows the normalized particle height,
hp/h0 as a function of time for both the as-deposited and rejuvenated films at T = Tg.
There are two notable differences between the embedding behaviours in the two systems.
The most obvious difference is that, although particle embedding occurs in both the as-
deposited and rejuvenated films at this temperature, the embedding occurs earlier in the
rejuvenated film. This is true in all cases where embedding can be observed for both types
of film. Embedding occurs in the as-deposited films at about an order of magnitude longer
time than for the rejuvenated films, in all such cases. Another difference is the shape of
the embedding curve. For the rejuvenated (i.e. normal glass) film, the exponential fit
is an excellent characterization of the data, while for the as-deposited (i.e. stable glass)
film, there is a significant deviation from an exponential behaviour. In fact, for the as-
deposited film, the embedding is better characterized by an affine relation between the
apparent height and log t for times larger than the embedding start time. Unlike the early
build-up of material near the nanoparticle, which can occur through surface mobility only,
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Figure 5.41: hp/h0 as a function of time t, in lin-log representation, where h0 ≡ hp(0) is
the initial particle height, for both the as-deposited (circles) and rejuvenated (triangles)
films, at Tg (318 K). The dashed lines are best exponential fits.

complete embedding requires a bulk response of the polymer. Therefore, the embedding
dynamics of the rejuvenated sample would correspond to the bulk response of the material
at Tg = 318 K, while the embedding dynamics of the as-deposited sample would correspond
to the bulk response of the material at Tf = 298 K, by definition of the fictive temperature
(see Fig. 5.38). Interestingly, with these temperatures, we would have expected the ratio
between the two embedding times to be much greater (i.e. ∼7 decades in time). We can
rationalize the discrepancy between this expectation and the observation by comparing to
the rejuvenation times from Ref. [1]. In that case, we can see that for Tg/T = 318 K/318 K
= 1, the rejuvenation time (i.e. the time for the material to fully convert from a stable glass
to a normal supercooled liquid) is about 105 s. The latter value compares well with the
embedding time of the as-deposited sample in Fig. 5.41. This coincidence suggests that the
unexpectedly fast embedding in the as-deposited sample is due to the fact that the sample
is actually rejuvenating during the measurements, and the nanoparticle is embedding into
the rejuvenated material. This is also consistent with the peculiar shape of the embedding
curve for the as-deposited sample, since an affine law is a typical functional form for a
rejuvenation front travelling through the film.

Turning now to the the surface dynamics, Fig. 5.42 displays the normalized width d∗/d∗0
as a function of time, for both the as-deposited and rejuvenated samples at Tg − 10 K. It
is clear from this figure that, both qualitatively and quantitatively, there is no discernible
difference between the surface flows of as-deposited and rejuvenated glasses. Both types of
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glass exhibit a mobility enhancement at the surface as compared to the bulk – a feature that
has been widely reported for many different glass formers [13, 16, 18, 127, 128, 213, 221].
Moreover, the surface mobilities of the two types of glass studied here are quantitatively
the same, within our error bars. Similar plots (not shown) for the entire collection of data
at 7 different temperatures indicate that, while there is certainly some scatter in the data,
the enhanced surface flows of stable PS glasses and normal PS glasses do not exhibit any
discernible difference. Furthermore, Fig. 5.42 indicates the existence of a power law between
d∗ and t. It has been shown previously [18], that, if the dynamics is governed by capillary-
driven surface viscous flow, the associated power-law exponent should be equal to 1/4. The
best fits in Fig. 5.42 give exponent values of 0.23 ± 0.02 for the as-deposited sample, and
0.24±0.02 for the rejuvenated sample. Similar best fits (not shown) for the entire collection
of data yield exponents in the 0.17− 0.25 range. Data at the highest temperatures (where
the surface relaxation is more advanced) exhibit exponents closer to 1/4, as compared to
data at lower temperatures. This is similar to the results in Ref. [222], where more-evolved
profiles were comparatively better described by the expected asymptotic exponent. One
might be concerned that the reason the surfaces of as-deposited and rejuvenated films are
so similar is that the as-deposited films have at least partially rejuvenated. However, the
data of Fig. 5.41 shows that for T = 318 K rejuvenation does not begin to occur until
t ∼ 5 × 104 s. For lower temperatures, that onset will be at even greater times [1]. This
comparison provides confidence that the surface evolution of as-deposited films is not being
influenced by rejuvenation.

Fig. 5.43(a) shows surface profiles for an as-deposited film at Tg − 15 K, for several
times where embedding has not yet occurred. Previous works [18, 126] and the fact that
we observe d∗ ∝ t1/4 suggest that the data is self-similar, and that replacing r on the
x-axis by r

t1/4
should result in a collapse of all the curves. The inset of Fig. 5.43(a) shows

that this is indeed the case. To go beyond scaling, and quantitatively check the validity
of the developed GTFEN model based on capillary-driven surface viscous flow, we fit the
experimental profiles by the numerical solutions of Eq. (5.4). The observed agreement
between Fig. 5.43(a) and Fig. 5.43(b) confirms the validity of the GTFEN.

We now aim at quantifying the temperature dependencies of the bulk and surface
processes. The relaxation time τ of the bulk is obtained from the best exponential fit
exp(−t/τ) of the hp(t)/h0 data in Fig. 5.41. The relaxation time τ of the surface is
empirically defined as the time needed for the width d∗ to increase from d∗0 to 2d∗0 (see
Fig. 5.42). We note that the choice of d∗ is somewhat arbitrary. For example in [126], the
width of the surface profile at a height of 2 nm was monitored. Fig. 5.44(a) displays the
temperature dependencies of both these times, for both the as-deposited and rejuvenated
samples. For bulk relaxation, despite the difference in magnitudes already discussed above,
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Figure 5.42: Normalized width as a function of time, in log-log representation, where
d∗0 ≡ d∗(0) is the initial width, for both the as-deposited (circles) and rejuvenated (triangles)
samples, at Tg − 10 K (308 K). The dashed lines are best power-law fits, with exponents
0.23± 0.02 (bottom) and 0.24± 0.02 (top).
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Figure 5.43: (a) Experimental surface profiles at various times as indicated in legend, of an
as-deposited film at Tg − 15 K (303 K). The horizontal dashed line indicates the base line
reference. (Inset) Same data, but with the indicated rescaling of the x-axis. (b) Numerical
solutions of Eq. (5.4) at various times, as indicated, using the experimental initial profile
of panel (a) as an input and the surface mobility as a single fit parameter.
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Figure 5.44: (a) Inverse relaxation time 1/τ as a function of the inverse temperature
1/T , in log-lin representation, as extracted from either the best fit to an exponential
embedding law (bulk, see Fig. 5.40) or the width-doubling time (surface, see Fig. 5.42),
for two types of samples, as indicated in legend. (b) Surface mobility M as a function of
the inverse temperature 1/T , in log-lin representation, as extracted from the best fit of the
experimental surface profile to the numerical solution of Eq. (5.4) (see Fig. 5.43(b)), for
the same two types of samples, as indicated in legend.
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we observe that characteristic times derived from the as-deposited and rejuvenated data
display very similar temperature dependencies. This might be expected, since the as-
deposited sample is rejuvenating during the embedding (as discussed above). For surface
relaxation times, one observes two qualitative differences with respect to the bulk trend.
First, surface relaxation occurs on a much shorter time scale. Secondly, surface relaxation
times have a much weaker temperature dependence than the bulk one, which even seems
to vanish at low temperature. Nevertheless, the difference between the bulk and surface
relaxation times decreases as the temperature is increased. Extrapolations of the bulk and
surface trends even suggest that the two processes would have the same relaxation time
for Tg/T = 0.98. The behaviour exhibited in Fig. 5.44(a) is similar to that reported for
spin-coated PS [16], as well as for vapour-deposited TNB [121].

In Fig. 5.44(b), we show the temperature dependence of the surface mobility M , as
obtained from the best fits of the experimental surface profiles to the numerical solutions
of Eq. (5.4) (see Fig. 5.43(b)). Here, one observes a continuous, Arrhenius-like decay of
the mobility as the temperature is lowered, which is qualitatively similar to the behaviour
reported for spin-coated PS [18]. However, the surface mobility values in Ref. [18] are
comparatively smaller, and in some cases by even a few orders of magnitude. We can
understand this observation by taking into account the Mw dependence of the mobility.
Indeed, in Ref. [222], it was shown that for T < Tg the surface mobility can vary by
as much as four orders of magnitude for a one order of magnitude change in Mw. It is
difficult to be more quantitative, because the samples used in Ref. [222] were much more
polydisperse than the samples considered in this work – due to the intrinsic mass-selective
nature of vapour deposition – and it is not clear what the effect of polydispersity is on
the mobility. We can compare these mobilities to the relaxation times from Fig. 5.44(a).
Because the mobility values are given by (h∗)3/(3η) we would might expect that conclusions
determined from the temperature dependence of the measured relaxation times would
be the same as those arising from the mobility. Differences between Fig. 5.44(a) and
Fig. 5.44(b) show that this is surprisingly not the case. They have been found to originate
from the choice of d∗ used in characterizing the surface relaxation time. A different choice
of d∗, as discussed in detail in the Supplementary Information, can result in a different
temperature dependence of τ . Since it is influenced by the choice of a local point, τ may
not be as good a representation of the global relaxation as the mobility. The temperature
dependence of the mobilities is the same within error for the as-deposited and rejuvenated
films, but the magnitudes of the mobilities of the as-deposited materials are slightly lower
than those of the rejuvenated materials.
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Figure 5.45: Inverse relaxation time 1/τ as a function of the inverse temperature 1/T , in
log-lin representation, as extracted from either the best fit to an exponential embedding
law (bulk, see Fig. 5.40) or the width-doubling time (surface, see Fig. 5.41), for two types
of samples, as indicated in legend. For comparison, are also shown the high-Mw data of
Ref. [16] and Ref. [26]. The dashed line represents the VFT behaviour of high-Mw bulk
PS [14], while the dotted line represents the VFT behaviour of low-Mw bulk PS.

5.2.6 Discussion

The fact that the surfaces of the as-deposited and rejuvenated glasses have such similar
dynamics is a significant observation. Indeed, it is not necessarily expected that the surface
mobility of a material assembled using vapour deposition should be the same as the one
of a sample prepared by cooling a liquid. A similar observation was first reported for
molecular glasses [126], where the values of the surface diffusion constants for as-deposited,
aged, and rejuvenated materials were found to be indistinguishable, for each of the two
temperatures considered therein. Our work provides a complementary approach, where we
have considered as-deposited and rejuvenated glasses at a number of different temperatures,
allowing for the temperature dependencies to be investigated in details. Note that, in

148



Ref. [126], the Tf values ranged from 296 K to 330 K, while the Tg value was 330 K, which
gives a range of Tg − Tf of 0− 34 K. The Tg of the material in the current work is 318 K,
and the Tf of the stable glass is 298 K, which gives Tg − Tf = 20 K. This is close to the
middle of the range of Ref. [126], thus allowing for a reasonable comparison.

Additionally, glassy PS is a system whose surface has been extensively studied in
the literature, for Mw values varying by about three orders of magnitude, encompassing
oligomeric materials as well as highly entangled systems. We can therefore easily compare
our low-Mw results to others. The temperature dependence of surface mobility observed
here is similar to that of PS with Mw = 1.1 kg/mol and Mw = 1.7 kg/mol, measured by an
entirely different experiment [19]. Two studies for high Mw reported in Refs. [16, 26] are
also of particular relevance. In Fig. 5.45, we compare our data on the temperature depen-
dencies of the bulk and surface relaxation times, to the ones from Refs. [16, 26]. Strikingly,
for the surface data, there seems to be a universal change from an Arrhenius-like behaviour
to an athermal one, as the temperature is decreased. From the Arrhenius-like region, we
can estimate a typical activation barrier of ∼ 104 K for both systems. The crossover seems
to happen at 1/T ∼ 3.25 × 10−3 K−1, independently of the Tg values of the materials
(which differ by about 60 K). The actual relaxation times from the current study as well as
[16, 26] agree with each other quantitatively, but this is likely coincidental as the probed
physical phenomena were different in the two cases. Nevertheless, given that the materials
studied in the current work are nearly oligomeric, since Mw < 1000 and because it was
prepared by vapour deposition, and given that the materials in Ref. [16] have a Mw value of
640,000 g/mol and were prepared by spincoating out of solvent, this apparent coincidence
is truly remarkable. It may in fact indicate that the dynamical properties of the mobile
surface layers on glassy films are somewhat universal for all PS materials.

The comparison made in the previous paragraph can be qualitatively extended to the
measurements of surface mobility in ultrastable metallic glasses [153]. Indeed, the sim-
ilarity between the temperature dependencies of the surface mobilities of PS, from the
oligomeric materials used here and in the literature [18], to the large-Mw materials studied
previously [222], and the temperature dependence of surface mobility in metallic glasses is
striking too. As discussed above, it is interesting to note the absence of any saturation in
the surface mobility at low temperature (see Fig. 5.44(b)), in contrast to the observation
made for the surface relaxation time (see Figs. 5.44(a) and 5.45). This subtle apparent
discrepancy may simply result from the difference in the considered physical observables,
but it may also highlight deeper differences at low temperatures between the quantitative
modelling and the simple empirical criterion (see the supplementary material).

Finally, the current work may have some relevance for the continuing discussion around
the anomalous glass transition temperatures in thin polymer films. While it has been shown
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that the free-surface-induced alteration of a dynamical length scale can generate an en-
hanced surface mobility as compared to the bulk, as well as a Tg reduction [210, 223], there is
a persistent debate around the possible importance of the non-equilibrium nature of glassy
films made from spin-coated polymers [115]. The underlying idea is that such spin-coated
PS films exhibit adsorbed layers with strongly out-of-equilibrium extended chain confor-
mations, and that these layers can have a dominant effect on the measured Tg. Besides, a
previous work [123] has shown that surface dynamics can be affected by the interactions
and dynamics near the substrate, which, when combined to the non-equilibrium scenario
above, would then imply that the free surfaces of freshly-cooled and near-equilibrium sup-
ported glassy films would show significant differences in their dynamics. However, the
current work shows that the dynamical surface properties of freshly-cooled glasses are the
same as the ones of vapour-deposited stable glasses – equivalent to materials aged for ∼
300 years – and exhibit strong similarities to those of spin-coated high-Mw PS films.

In summary, we have made a detailed experimental and theoretical study of the bulk
and surface dynamics of glassy polystyrene films produced by vapour deposition. In par-
ticular, we have compared the surface relaxation times and mobilities of as-deposited (i.e.
stable) glasses to those of rejuvenated (i.e. fresh) glasses. In all cases, shorter surface
relaxation times and larger surface mobilities were observed as compared to the bulk val-
ues, and the measured surface relaxation times were indistinguishable between the two
types of samples. The temperature dependencies of these surface properties were also sys-
tematically measured over an extended temperature range, and were found to be mostly
indistinguishable between as-deposited and rejuvenated glasses. Finally, strong similarities
with the surface behaviours of high-Mw PS films prepared by spin-coating, were revealed.

5.2.7 Supplementary material

The supplementary material describes a detailed comparison of dynamics obtained by using
an arbitrary (though reasonable) measure of surface evolution and those obtained by fitting
the complete set of data to the numerical results of the evolution equation.

From Fig. 5.44 in the main manuscript, it is observed that the temperature dependence
of the experimentally defined surface relaxation time τ appears to be different than that of
the surface mobility obtained from the best fits to the numerical solutions of the GTFEN
model. From high temperatures to above 1/T ∼ 3.25 × 10−3 K−1, the relaxation time τ
transforms from an Arrhenius behaviour to an athermal one, while the same saturation is
absent in the surface mobility M . Similarly Fig. 5.44(a) in the main manuscript shows no
differences between surface relaxation times of as-deposited and rejuvenated films whereas
the mobility shows a small but clear difference.
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Figure 5.46: The doubling time of a peak width d∗ defined in two different ways. In panel
(a) d∗ is defined as the minimal value of the radial coordinate r at which the height crosses
0 nm, while in panel (b) it is defined as the minimal value of the radial coordinate r at
which the height crosses 2 nm.

These differences appear to be due to the choice of the physical quantity used in char-
acterizing the surface relaxation time. While the doubling time of a specific d∗ is a very
convenient ways to quantify the time scale of the surface relaxation, the choice of d∗ itself
can lead to quantitatively and sometimes even qualitatively different results. For example,
both Fig. 5.46(a) and Fig. 5.46(b) show the doubling time of some width d∗ defined from
the surface profile. In Fig. 5.46(a) the definition of d∗ is exactly the same as presented in
Fig. 8(a) in the main manuscript, which is the minimal value of the radial coordinate r at
which the height crosses 0 nm, while in Fig. 5.46(b) d∗ is chosen as the minimal value of
the radial coordinate r at which the height crosses 2 nm (such as that used in ref [126]).
It is readily seen that a shift of 2 nm in the observed location changes the temperature
dependence of τ significantly. While a d∗ at 0 nm leads to an order of magnitude of change
in τ within the temperature range investigated, a d∗ at 2 nm gives almost two orders of
magnitude of change in τ . The transition from an Arrhenius to an athermal behaviour
is also only present in one case and not the other. Similarly, while still within quoted
uncertainties the as-deposited and rejuvenated samples appear to be less similar when a
d∗ of 2 nm is chosen.

In obtaining the surface mobility M , the experimental surface profiles, from r = 0 to
very far from the nanoparticle, are fit to the numerical solutions of the GTFEN model.
Unlike the surface mobility M which is a global characteristic of the surface flow, the peak
width d∗ is a single point, and not every point is equally sensitive to changes in the mobility.
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Figure 5.47: The doubling time of a peak width d∗ determined from numerically generated
profiles for different values of the mobility M .

For example, in ref [18], it is clear that not every point could be used to determine mobility,
and the midpoint of the step in that case is in fact a fixed point and completely insensitive
to changes in mobility. In general, the globally determined M value is a more reliable
and sensitive way to characterize the surface property, while the report from any locally
defined doubling time is less sensitive to changes in mobility and also appear to depend
strongly on the geometry and the choice of d∗. As a test of this idea we used the profiles
generated from the GTFEN model to generate a d∗ as a function of time and plotted that
doubling time as a function of M . This exercise, the results of which are displayed in
Fig. 5.47 revealed that as mobility changes by two orders of magnitude, the times derived
from d∗ values determined from numerically generated profiles did not similarly change.
This demonstrates conclusively that local measurements can result in loss of sensitivity to
changes in mobility.

This discrepancy is also reflected in the literature investigating surface properties of
glassy films using different methods. In the study of the relaxation of nanoholes on PS
thin films [16], the depth of holes are measured and a relaxation time τ is extracted
from their time evolution. A levelling-off in the temperature dependence of τ at low
temperatures is observed, similar to that of τ in the current study, and even their transition
temperatures are strikingly similar. In contrast, in the stepped PS films study by Chai
et al [18] and in the study of surface evolution of PS films upon annealing by Yang et al
[17], an Arrhenius behaviour in the surface mobility is observed in both studies, similar to
that of M in the current study. It is worth noting that in all of the latter three studies,
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a mathematical model is built, starting from the Stokes equation, to extract the mobility
from experimental surface profiles which cover a wide range of the surface. This apparent
disagreement between τ and M can be easily understood with the argument above. When
the surface property is described by the time dependence of the profile at a local point, it
is influenced by the choice of the point and may not be a good representation of the global
relaxation.
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Chapter 6

Film thickness dependence in
vapour-deposited polymer glass

In liquid cooled polymer thin films, Tg changes dramatically with film thickness and it is
commonly believed to be due to the existence of a mobile surface layer [116]. For vapour
deposited polymer films introduced in this thesis, we would also like to examine the film
thickness dependence of their properties including Tg. Since they are stable glasses, it is of
particular interest to study whether and how the film thickness influences their stability
and the rejuvenation process.

6.1 Film thickness dependence of Tg and stability

This section is reproduced from the following paper with the permission of American
Physical Society:

J. Yin & J. A. Forrest. Film thickness dependent stability and glass transition tem-
perature of polymer films produced by physical vapor deposition. Physical Review Letters,
130(16), 168101 (2023). DOI: 10.1103/PhysRevLett.130.168101 [3].

In this paper we have performed an experimental study on the film thickness dependence
in vapour deposited PS glassy thin films. As the first author, I was responsible for the
experiments including the sample preparation, characterizations as well as data analysis
and created all of the figures. I was also responsible for writing and editing the main paper
as well as answering reviewer comments.
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6.1.1 Abstract

We report measurements of the onset temperature of rejuvenation, Tonset, and the fictive
temperature, Tf for ultrathin stable polystyrene with thicknesses from 10 nm to 50 nm
prepared by physical vapor deposition. We also measure the Tg of these glasses on the
first cooling after rejuvenation as well as the density anomaly of the as-deposited material.
Both the Tg in rejuvenated films and the Tonset in stable films decrease with decreasing film
thickness. The Tf value increases for decreasing film thickness. The density increase typical
of stable glasses also decreases with decreasing film thickness. Collectively, the results are
consistent with a decrease in apparent Tg due to the existence of a mobile surface layer, as
well as a decrease in the film stability as the thickness is decreased. The results provide
the first self-consistent set of measurements stability in ultrathin films of stable glass.

6.1.2 Introduction

The glass transition remains one of the most interesting problems in condensed matter
physics. Recently, a number of significant advances have been made that promise to
increase our understanding of disordered condensed matter. On the theoretical side an
exact solution of glasses in infinite dimensions has recently been presented [224]. On the
experimental side the recent discovery of ultrastable glasses provides a way to produce near
ideal glassy materials [8]. The study of ultrastable glasses produced by physical vapour
deposition was originally restricted to molecular liquids, but has since expanded to both
metallic glasses [153] and polymers [1]. Experiments on highly confined glass formers has
been a key front to learn about dynamical length scales in glass forming materials. This
started with the study of materials confined to pores [83], and continued with thin polymer
films [116]. It is important to combine these research directions and examine the properties
of nanoconfined ultrastable glasses. The first such study was on toluene [225], where it was
found that thinner films exhibit higher thermodynamic stability, as indicated by a lower
fictive temperature, Tf. Thinner films also exhibited a lower kinetic stability, as indicated
by a lower value of Tonset, a measure of the temperature where the as-deposited stable
glass starts rejuvenating into a supercooled liquid. This apparent contradiction between
two measures of stability is striking. After first heating, the Tg values of the toluene films
measured using flash calorimetry showed no dependence on film thickness.

More recently Jin et al [27] used ellipsometry measurements to conclude that thin films
with thickness less than about 60 nm of stable glass were able to access liquid states that
had a higher density than the supercooled liquid extrapolation and in some cases even a
higher density than the crystalline phase. This is a significant and surprising conclusion
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as ordered (crystalline) states are almost exclusively denser than amorphous state. It was
suggested that this phenomenon relied on enhanced surface mobility and may be generally
observable for thin films of stable glass since the formation of stable glass also relies on the
same surface mobility. Since PS has one of the most well-characterized surface mobilities
of glass formers (even in the stable glass [2]), studies on thin films of stable PS glass are
promising candidates to provide additional support for this idea. While not the focus of
Ref. [27], the thickness versus temperature curves in that work show lower Tonset values for
thin films compared to thick films (there are notable deviations from the glassy slope on first
heating near the bulk Tg) as well as much lower values of Tf. This provides another example
where the two measures of stability in thin films give rise to contradictory conclusions about
the material stability. Collectively these studies (which are the only cases of ultrathin film
stable glasses) are unable to make any conclusions about film thickness dependent changes
in the stability. To date there are few studies of ultrathin stable glasses, few studies of
polymer stable glass, and no studies on ultrathin studies of polymer stable glass.

The compelling suggestion has been made that surface mobility is the only essential
part of thin film Tg reductions [210, 223]. In fact this very simple picture has been shown
to provide a quantitative description of Tg(h) and at the same time make connections to
a length scale for dynamics in the structural glass transition. Conversely, other studies
have suggested that Tg reduction in thin polymer films may be related to non-equilibrium
aspects of the samples [115]. Indeed the fact that spincast films of macromolecular materials
are inherently non-equilibrium has been a persistent deterrence in using these fascinating
measurements to definitively learn about a length scale of dynamic correlation in glassy
materials. A study demonstrating Tg reductions in polymer thin film samples that are near
equilibrium would significantly change that discussion.

We have recently reported a detailed study [2] of the enhanced mobility of as-deposited
kinetically stable films of oligomeric PS. In that work it was shown that the surface prop-
erties of kinetically stable PS glass are very similar to those of normal liquid cooled and
un-aged glass. That work also showed that the surface of both of these materials display
a striking similarity to surface properties of spincast high Mw PS glass. This observation
suggests that there could be a universal behaviour in the surface among PS glasses with
different bulk stabilities, Mw, and methods of preparation. If this is correct then it is
expected that thin films of stable glass should exhibit similar Tg reductions as observed
abundantly in spincast PS [10, 11, 93]. Ellison et al [226] have shown that the decrease
in Tg of PS thin films can be suppressed by the addition of small-molecule diluent which
decreases the size of cooperatively rearranging regions. For low Mw PS, the high volume
fraction of chain ends could also act as a diluent and it is not obvious that film thickness
dependent Tg will be measured in films of very low Mw PS. While both Ref. [226] as well
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as Ref. [227] suggest that changing the Mw is unlikely to change the confinement effect,
13.7k is the lowest Mw studied so far and it is unclear what will happen at much lower Mw

values. All of the above highlight the importance of measurements of stability and Tg on
ultrathin films of stable and rejuvenated low Mw PS glass.

6.1.3 Experimental details

The original material is a broad distribution polystyrene (Mw = 1200 g/mol) catalogue
no. 1024 from Scientific Polymer Products. The molecular weight distribution of the as-
purchased material has been characterized in Ref. [1]. The low Mw components were evap-
orated off at 523 K in a separate vacuum chamber [159] before the remaining components
were used as source material for the physical vapour deposition. Deposition was carried
out in a Korvus technologies HEX deposition unit with a base pressure of 10−5 mbar. The
source material was heated in an ORCA temperature-controlled organic materials evapo-
ration source. During a single deposition, we can create a series of films spanning a factor
of three in film thickness. The range in film thickness required for this study requires
multiple depositions. Since we want to have initial films with comparable stability in bulk
this can introduce difficulties as different depositions do not give rise to exactly the same
material. In order to minimize effects due to this we have considered two depositions that
have nearly the same average polymerization index (N̄). The source temperatures used in
the depositions were 519 K and 521 K, resulting in a constant nominal deposition rate of
0.04 nm/s. The substrate temperature was also constant at 268 K. The deposited films
have exceptionally narrow molecular weight distribution, with only 2 or 3 N components
in each film. N̄ values of the two depositions are 8.3 and 8.6, and the polydispersity index
(PDI) is 1.005 for both depositions. These values are determined from the distribution
of N in the as-deposited film as determined with a Bruker Autoflex Speed MALDI-TOF
(Matrix Assisted Laser Desorption/Ionization-time of flight) mass spectrometer. Because
the depositions have similar N̄ ’s, we expect only small differences in the bulk Tg between
them. Since the stability of deposited materials is determined by the deposition rate and
substrate temperature compared to T bulk

g we expect samples from these two depositions to
have the same stability for thick films. Ellipsometry measurements were performed with
a J.A. Woollam M-2000 spectroscopic ellipsometer with a Linkam temperature-controlled
stage. Heating and cooling rates for ellipsometric measurements were 2 K/min. The sam-
ples were modelled with a three-layer system: PS, silicon oxide, and silicon.

Note that in the current use of the term polymer, it is not the molecular weight that
distinguishes this vapour deposited material from other molecules used to make stable
glasses. In fact the materials here have a comparable Mw to some of those simple liquids.
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The key differentiating factor is that in the case of molecular liquids the properties, most
notably the Tg value are the same with every deposition. This is not the case for our N -
mers and even successive depositions give rise to slightly different materials with slightly
different physical properties. While this can introduce difficulties, as mentioned above, it
also introduces an extra degree of tunability typical of polymers. For example, we can
easily make materials with the same origin but with Tg values that differ by 20 K.

6.1.4 Results

Tg = 307 K

Tonset = 318 K

Tf = 294 K

Tonset = 310 K

Tg = 302 K

Tf = 299 K
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Figure 6.1: Thickness versus temperature of two samples used in this study in order to
determine Tg, Tf and Tonset.

Fig. 6.1 shows ellipsometrically determined thickness versus temperature for both a
“thick” (∼ 30 nm, top) and “thin” (∼ 11 nm, bottom) film samples during first heating
and first cooling. Subsequent heating and cooling scans generally overlap with the first
cooling data, with only small deviations depending on the time the sample is aged for before
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subsequent heating. These data are used to quantify the temperatures Tg, Tf, and Tonset.
The Tg is obtained as the intersection of the liquid line and the glassy line on cooling and
the Tf is obtained as the intersection of the extrapolated liquid line from cooling and the
as-deposited glassy line on first heating [1]. The Tonset is obtained as the intersection of the
glassy line on first heating and the line of rejuvenation before changing to the normal liquid
line on heating [228]. The density excess ∆ρ/ρ is determined by ∆h/h where ∆h is the
difference between the film thickness at ambient conditions before first heating and after
first cooling from the liquid. The thickness data was smoothed by a moving average with
a 1.8 K temperature window on both the heating and cooling scans. As has been noted in
many other works [93, 117], the contrast between the melt and glass expansivity (important
for determining Tg) decreases as the film thickness is lowered. The data for the ∼ 30 nm
film looks essentially the same as that for the much thicker films of vapor deposited PS
described in Ref. [1] and exhibits a Tg near the bulk value for this particular Mn. We can
use the ratio Tf/Tg and compare to Ref. [1] to estimate an age of 108 s at the Tf of 294 K
for this thick film sample. In this film, both the lower value of Tf and the higher value of
Tonset compared to T bulk

g are indications of enhanced stability. The lower graph shows the
film thickness for one of the thinnest films used in this study. We notice though that the
two measures of film stability do not exhibit the same obvious agreement in this thinner
film if we reference to the measured Tg rather than bulk value of Tg. While the Tonset is 8
K greater than the measured Tg, the Tf value is very near the measured Tg. However, it is
not clear that the measured Tg is the important quantity for such comparisons. Indeed if
the apparent Tg is simply a result of the contribution of the expansivity of the melt layer,
then we should be referencing both Tf and Tonset to the bulk value of Tg. In that case
we would say that both Tonset and Tf indicate a decrease in stability. In order to explore
this possibility, we need to examine the measures of stability across a range of thickness
encompassing the thickness region where apparent Tg reductions are measured.

Fig. 6.2 shows the measured Tg on first cooling as a function of the film thickness.
The bulk value of Tg, T

bulk
g in each deposition, is determined from fitting the data to

the functional form from Ref. [210]. The samples from each deposition are then properly
normalised by the T bulk

g value for that deposition. The Tg reductions in Fig. 6.2 for the
rejuvenated materials agree well with previous measurements of Tg in thin supported PS
films [12, 93]. These are the first reports of Tg reductions in thin films of such low Mw

polymers. The fact that the Tg(h) for samples produced from near-equilibrium vapour
deposited films show such strong resemblance to the Tg(h) measured for spincast polymer
films leads to the conclusion that such Tg reductions are not due to non-equilibrium effects
due to solvent evaporation or chain relaxation (which can not occur in our samples). This
means that measured Tg reductions are likely an inherent effect simply due to the fact that
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Figure 6.2: Tg on first cooling after rejuvenation as a function of film thickness. The
two different symbols are from the two different depositions. The T bulk

g values from those
depositions are 309.1 K and 313.3 K. The dashed curve is meant to guide the eye.

PS is a glass forming material with a mobile layer near the free surface. In fact by fitting
the Tg data to either the model in Ref. [210] or the model by Keddie, Jones and Cory [10]
we get a mobile surface layer with a thickness of about 5 nm at room temperature.

Stable glass films have three different measures that show their stability. Upon heating
from the as-prepared state, stable glasses will show deviation from glass-like properties as
it undergoes rejuvenation to the supercooled liquid state at a temperature Tonset. Stable
glasses have Tonset > Tg and this is referred to as kinetic stability. Thermodynamic stability
is typically characterized by a fictive temperature Tf < Tg. Finally stable glasses are denser
than glasses freshly cooled from the liquid state. For ellipsometric measurements, the
quantity ∆h/h ∼ ∆ρ/ρ is typically used. Ellipsometric data such as that in Fig. 6.1 is
able to provide all three measures of stability within a single heating and cooling scan.
Fig. 6.3 exhibits all measures of film stability as a function of film thickness from the two
depositions where stability is held as close to constant as possible. It is evident from this
figure that all measures of stability demonstrate decreasing film stability with decreasing
film thickness, and for films with thickness ∼ 10 nm the kinetic stability seems to have
vanished. While the scatter in the data does not allow for more quantitative discussion, it
is interesting that each stability indicator does not seem to have the exact same dependence
on film thickness.

If the Tg value were actually changing (rather than the apparent Tg defined by the
midpoint in expansivity which is affected by a liquid surface layer) then the value of Tonset
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would simply be offset from Tg with no constraints. If instead the film is better described as
a bulk-like component and a liquid-like surface component then as the stability decreased
Tonset will decrease from a values larger than T bulk

g and reach a limiting value of T bulk
g .

Within the scatter of the data, we are not able to unambiguously determine which of the
scenarios is occurring, but the observation that Tonset for the thinnest films approaches
T bulk
g suggests that the decrease in Tonset is due to a decrease in stability with constant Tg

in the bulk part of the film. Referencing Tf to T bulk
g rather than measured Tg also leads to

agreement between all measures of stability. The most straightforward explanation of the
data is that the proper reference temperature is T bulk

g , the stability of the film decreases
with decreasing thickness and the apparent Tg being less than T bulk

g is due to effect of a
liquid-like surface layer and its effect on the total expansivity of the film. While we have
shown data from two depositions, we have similar data from 2 additional depositions that
agrees quantitatively with the data in Figs 6.2 and 6.3. We have chosen not shown that data
as the depositions rates, and substrate temperatures were different. Without a concurrent
study on the dependence of stability on those parameters in thin films, inclusion of that
data would have added an additional variable of film stability which is held constant for
the data shown.

In the previous studies on stable glasses of toluene, the film thickness dependent reduc-
tion in Tonset was taken to mean a loss of kinetic stability. In contrast the film thickness
dependent reduction in Tf indicated an increase in thermodynamic stability. In addition,
neither the fictive nor the onset temperature of the rejuvenated material exhibited a film
thickness dependence. This was consistent with A.C. calorimetric results at 20 Hz on thin
films of toluene which also exhibited no evidence for reduced Tg values in even the thinnest
films [229] of a few nm thickness. The lack of reduction in Tg could be due to the time
scale of the experiment. In Ref. [225], the cooling rate for freshly cooled glasses was 2000
K/s. Time scale is known to impact the ability to measure Tg reductions [230, 231]. We
can also compare to the recent studies of Ref. [27]. Those studies also seem to indicate
that thin films have a lower Tf, indicating enhanced thermodynamic stability and a lower
Tonset, indicating diminishing kinetic stability, compared to thicker films. That study also
reported ∆ρ/ρ values of as large as 8%. The authors suggested that the enhanced surface
mobility in thin films allows access to new amorphous states with densities higher than
the supercooled liquid and in some cases even greater than the density of the crystal. The
remarkable nature of such claims as well as the difficulty in precisely inverting ellipsometric
measurements for very thin films means that more experimental evidence of such an effect
is critical. Through our measurements, we are unable to provide support for the existence
of such density increases for the case of thin films of stable PS glass.

In summary, we have measured the Tonset, Tf, ∆ρ/ρ, and Tg (upon cooling) as a function
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(a)

(b)

Figure 6.3: Comparing all measures of film stability, including Tf and Tonset compared to
T bulk
g (a) and the density increase (b) as a function of film thickness. Solid symbols in (a)

represent Tonset and hollow symbols represent Tf. The two depositions are represented by
square and round symbols respectively. All dashed curves are meant to guide the eye.

of film thickness for samples of vapour deposited polystyrene. All measures of the stability
indicate a decrease in stability for thin films compared to much thicker bulk-like materials.
The Tg values show a decrease with decreasing film thickness in a manner consistent with
previous measurements of spincast polystyrene of much higher Mw. The results are con-
sistent with a decrease in apparent Tg caused by the liquid-like region near the free surface
and that T bulk

g is still a limiting value of Tonset and hence is the only physically relevant
temperature for the material.
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6.2 Film thickness dependence in the rejuvenation

process

This section is based on an ongoing work:

J. Yin, S. Karimi & J. A. Forrest. Rejuvenation in thin films of ultrastable PS prepared
by physical vapor deposition. In preparation (2023) [4].

In this work we have performed an experimental study on the film thickness dependence
in the rejuvenation process in vapour deposited PS glassy thin films. I have been respon-
sible for the experiments including the sample preparation and characterizations and have
produced all the preliminary data. I created all the data for the figures included in this
section and performed the data analysis.

6.2.1 Introduction

The film thickness effect on glass stability has been demonstrated through different mea-
sures including Tonset, Tf, and ∆ρ/ρ. Apart from these key signatures, the process of
rejuvenation itself is also of great interest in the study of vapour deposited stable glasses.
The enhanced stability leads to slow kinetics in the glass, which makes the rejuvenation of
a stable glass distinct from regular glasses. There has been experimental and theoretical
evidence that the transformation from stable glass to supercooled liquid is rather similar
to the melting of crystals [232, 233, 234]. In this study we would like to investigate the
effect of film thickness on the rejuvenation process with the thin film stable glasses we have
been able to prepare.

The rejuvenation process is typically studied in either of the following two ways. In
a kinetic scan, the as-deposited glass is heated at a constant rate until the glass fully
transforms to a liquid. The stability of the glass is exhibited from the onset temperature
which is higher than Tg. In an isothermal measurement, the as-deposited glass is quickly
heated to a constant temperature, and the response is monitored as a function of time.
The relaxation time of the as-deposited glass is then extracted [1, 8] and associated with
its stability.

Fig. 6.4 is a typical ellipsometry measurement on a thin film stable glass. Like typical
samples seen throughout the thesis, it exhibits stable features including the increased
density, higher Tonset and lower Tf.
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Figure 6.4: Film thickness with respect to temperature of a typical thin film stable glass
sample.

6.2.2 Unexpected rejuvenation below Tonset

To study the rejuvenation process, we focus on the first heating where the glass starts to
transform to a supercooled liquid, as highlighted in Fig. 6.5. It can be noticed that before
reaching the traditionally defined Tonset, the first heating line already starts to deviate from
the glassy slope. We define the temperature where this deviation starts as Tonset-.
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Figure 6.5: Film thickness data in Fig. 6.4, with the initial transformation region high-
lighted.

This deviation is not a coincidence, but rather a common observation in thin film stable
glasses. In Fig. 6.1 in the previous section the first heating lines of the two films (11 nm and
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28 nm) both show a deviation before Tonset. Similar observations are also found in other
studies. For example, Fig. 6.6 shows that in the study by Jin et al. [27], the first heating
line also exhibits detectable deviation from the glassy slope at relatively low temperatures
for the thinnest films (25 nm and 37 nm).
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Fig. 2. (A) Normalized thickness vs. temperature during dilatometry cycles
for films deposited at Tdep = 264 ± 3 K. Dashed black lines are linear fits to
the SCL and LQ glass regions of the 206-nm film to determine Tg(bulk) =
330 ± 2 K. The long black arrow shows the determination of relative den-
sity (�⇢) for the 25-nm film with respect to its LQ glass state. Short arrows
show the direction of the thermal cycle. (B) �⇢ (evaluated at 298 K) vs. film
thickness. The horizontal dashed line shows �⇢ of the extrapolated ordi-
nary SCL at 264 K (�⇢SCL = 3.3 ± 0.2%). (Inset) The molecular structure of
TPD. Some error bars in B are smaller than the symbol size.

(lower initial film thickness) compared with their transformed
LQ states as shown in Fig. 2B. As the film thickness is decreased,
the relative density (�⇢) is increased dramatically, reaching a
maximum at h ⇠ 40 nm. �⇢ decreases slowly as the film thick-
ness is further decreased. It is notable that for h < 60 nm, �⇢
exceeds the extrapolated density of the SCL at Tdep = 264 ± 3 K
(the dashed line in Fig. 2B). The initial film density can also be
independently evaluated through measurements of the index of
refraction, n , which is related to the density through the Lorentz–
Lorenz relationship (40). SI Appendix, Fig. S19 shows that films
of all thicknesses also have higher initial average indices of
refraction compared to their transformed states, in agreement
with the dilatometry results in Fig. 2A.

To further investigate the effect of deposition temperature
and film thickness on the relative density change (�⇢) and
index of refraction (n), TPD films were vapor deposited on
substrates with a temperature gradient (T -grad) along their
long axis (details are in Materials and Methods as well as in
SI Appendix). This high-throughput method allows simultane-
ous depositions at a broad range of Tdep values (33, 41). Fig.
3 shows �⇢ and n vs. Tdep for T -grad films of various thick-
nesses. In Fig. 3B, for films where a birefringent model was
used to fit the ellipsometry data (h > 50 nm), the average index
of refraction is shown. The corresponding birefringence data
for these films are shown in SI Appendix, Fig. S20 (details of
measurements and calculations are in SI Appendix, SI Text).
Fig. 3A shows that in thick films (h > 60 nm), �⇢ is limited
by the extrapolated density of the SCL [�⇢ (SCL); dashed
line] and does not exceed this value. Close to the nominal

Tg (bulk), the density of the as-deposited films can reach this
limiting value, while at lower Tdep, the system is kinetically
trapped with �⇢<�⇢ (SCL). This observation is similar to the
previous reports in stable glasses of TPD and other molecules
(7, 16, 33, 39).

In thin films (h < 60 nm), remarkably high values of density
are observed (Fig. 3A) and �⇢ well exceeds the extrapolated SCL
density. For example, at Tdep = 264 K, �⇢ (SCL) = 3.3 ± 0.2%,
while for 45-nm vapor-deposited film, �⇢= 6.3%. These trends
continue as Tdep is further decreased, with a maximum �⇢ of
8.4% achieved in 37-nm and 45-nm films deposited at Tdep ⇠
230 K. High-density states are also seen in 30-nm and 25-nm
films but to a smaller extent. The index of refraction (n) of
as-deposited films also increases dramatically as the film thick-
ness is decreased (Fig. 3B), providing additional independent
evidence for the dramatic density increase in vapor-deposited
thin films. Using n , the estimated densities of the 30-nm and
25-nm films appear to exceed those of 45-nm and 55-nm films
for 240 K <Tdep < 300 K. This difference in the observed trends
can be explained by the fact that �⇢ is calculated relative to
the transformed LQ state, while n is directly measured in as-
deposited films. We observe that the indices of refraction of the
SCL and LQ glass states are also increased in thin films com-
pared with their bulk values (SI Appendix, Fig. S22), resulting in
smaller relative �⇢ when values are compared. If relative �n
values were used instead of n , trends would be very similar to
those observed with �⇢, as �n is strongly correlated with �⇢ (SI
Appendix, Fig. S21; more details in SI Appendix, SI Text).

The observation that the index of refraction of the supercooled
liquid is increased in thin films (SI Appendix, Fig. S22) indicates
that the density of the supercooled liquid state is also higher in
thin films than that of the bulk. A similar effect was previously
observed in polymer thin films (42, 43), but its origins are not
well understood and should be further investigated. However, we
note that the error in evaluating n also increases with decreasing
film thickness. As such, we opt to frame the discussions in this

A

B

Fig. 3. (A) Relative density change, �⇢, vs. deposition temperature, Tdep,
for T-grad films with various thicknesses. The dashed line shows the extrap-
olated density of bulk SCL. (B) Index of refraction (n) of as-deposited films vs.
Tdep, measured at the wavelength �= 632.8 nm. For the 72-nm and 206-nm
films, which are birefringent, the average value of n is plotted.
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Figure 6.6: Normalized thickness vs. temperature for vapour deposited TPD films with
different film thicknesses. Figure from Ref. [27].

In analyzing the film thickness data for a series of vapour deposited thin films, it
is observed that Tonset- are surprisingly close to Tg for most of the films. Therefore, a
comparison between Tonset- and Tg is made in Fig. 6.7. The difference between the two is
very close to zero within uncertainty for most of the film thicknesses studied, with some
data points drifting away from zero for the thinnest films.

The close correspondence between Tonset- and Tg suggests that there might be an un-
derlying connection between these two quantities. Normalized against T bulk

g for each de-
position, Tonset- and Tg are compared in Fig. 6.8. Both quantities show a constant value
close to T bulk

g at higher thicknesses, and follow a very similar trend as the film thickness
decrease.

It is commonly believed that the mobile surface layer is responsible for the Tg reductions
in polymer thin films, which explains the trend in the Tg plot. However, the decreasing
trend in Tonset- could not be attributed to the existence of the mobile layer. As shown in
Ref. [116], the mobile layer thickness and its dependence on temperature is independent on
film thickness. This means that if the change in film expansivity at Tonset- was due to the
change in the mobile layer, the temperature where this occurs should be constant across
films with different thicknesses. However, Fig. 6.8(a) does not agree with this hypothesis.
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Figure 6.8: Tonset- (a) and Tg (b) normalized against T bulk
g for each deposition.

6.2.3 The stable fraction of a stable glass

As shown in Fig. 6.4, compared to the transformation process after Tonset where the thick-
ness is linear with temperature, the slope of the line between Tonset- and Tonset is still
small, which suggests that only a fraction of the film is involved in the initial transforma-
tion. Following this observation we would like to conduct quantitative investigations on
the transformation process. We hope to be able to answer questions such as whether this
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initial transformation involves a layer with a constant thickness or whether it is a certain
fraction of the entire film thickness.

In Fig. 6.9 we reproduce the data shown in Fig. 6.4, and highlight what happens near
Tonset. In the analysis we propose a simplified model of the stable glass, where the as-
deposited film is divided into a “stable” layer and a “normal” layer. The stable layer is
assumed to have the properties as a typical stable glass, including kinetic stability, increased
density, and low fictive temperature. The normal layer is assumed to be equivalent to a
liquid cooled glass which has no stability and during the first heating could transform to
a supercooled liquid below Tonset of the stable layer. As shown in the figure, we compare
the film thicknesses on the first heating scan and on the first cooling scan both at Tonset,
and define the fraction of stable layer to be h1/(h1 + h2), and the fraction of the normal
layer to be h2/(h1 + h2), with h1 and h2 shown in the figure.
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Figure 6.9: Film thickness data reproduced from Fig. 6.4 including only the transformation
region near Tonset. h1 is defined as the gap between the first cooling line and the first heating
line at Tonset. h2 is defined as the gap between the first heating line and the extrapolated
glassy line from the low temperature region on first heating.

Multiplied by the total film thickness, the fraction of the stable layer and the normal
layer gives their corresponding layer thickness. As shown in Fig. 6.10, the thicknesses of
both layers seem to be proportional to the total film thickness, with the stable layer taking
up a larger fraction in the film. Since the thickness of either layer is not a constant value,
the fraction of each layer is evaluated next.
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Figure 6.10: Thickness of the stable layer (a) and the normal layer (b) as a function of
total film thickness.

Fig. 6.11 shows that the stable or normal layer is not constant in either thickness or
fraction. In fact the fraction depends on the total film thickness. From 10 nm to 100 nm,
the fraction of the stable layer is initially as low as 45% but rises rapidly to above 70%.
Above 100 nm, it seems to still be an increasing function of film thickness although the
dependence is much weaker. Correspondingly, the normal layer has a large fraction in the
thinnest films which reduces for thicker films.
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Figure 6.11: Fraction of the stable layer (a) and the normal layer (b) as a function of total
film thickness.

This result is consistent with the observations in the previous section. With a lower
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fraction of stable glass in the entire film, the reduced stability as measured by ∆ρ, Tonset
and Tf is as expected. It is worth mentioning that this is a simplified model where the
as-deposited film is considered to be divided into two different layers. More realistically,
one could expect a continuous change in stability throughout the sample from the surface
to the substrate as a reasonable physical picture.

6.2.4 Rejuvenation rate

The rejuvenation process of stable glasses have been studied extensively since a transfor-
mation mechanism was first suggested by Swallen et al. [235]. Since then, this mech-
anism has been proved by different studies repeatedly with reports of consistent results
[147, 233, 236, 237, 238, 239, 240, 241]. It is commonly believed that the transformation
process of a stable glass is analogous to the melting of a crystal. When the film thickness
is small, the dominating mechanism of rejuvenation is through a liquid front that travels
from the free surface or mobile interfaces into the bulk until the entire film transforms to
the liquid state. The mechanism changes when the film thickness is above a certain value
which is known as the cross-over length. For thicker films, the system transforms mainly
through the growth of liquid patches distributed throughout the bulk. The value of the
cross-over length depends on the type of the material, temperature, heating rate, and the
glass stability, etc, and different values from a few nanometers to several microns have been
reported [233, 242, 243, 244].

As shown in Fig. 6.12, in thin films (a), transformation through both the liquid front
that grows parallel to the surface as well as the liquid patches that are distributed in the
bulk. Since the front transformation is done in a very short time due to the small thickness
of the film, the liquid patches are not the main way of rejuvenation because they are
sparse in the system. For thicker films (b) the liquid patches become the dominant way of
rejuvenation compared to the parallel liquid front due to the large film thickness. When
the film is capped on surfaces (c), the front rejuvenation is prohibited so the liquid patches
become the only way of transformation. In any case, the fundamental mechanism is the the
difference in mobility between the stable glass and the newly formed liquid phase, whether
the transformation front originates from the surface or bulk [232, 245].

With the rejuvenation data for films with various thicknesses, we are interested in the
thickness dependence of the process of rejuvenation, specifically, the rejuvenation rate of
the film. Assuming the rejuvenation is mostly through the transformation front (to be
validated), with isothermal transformation the rejuvenation rate can be defined as the
thickness of the film transformed divided by the time needed for complete transformation.
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372 C. Rodríguez-Tinoco et al.

Fig. 17 Cartoon showing the different regions where the melting of ultrastable glasses can originate. a Thin
film, with a transformation mechanism that consists predominantly of a parallel liquid front that grows
parallel to the surfaces and interfaces with higher mobility. Even if there are some nuclei forming in the
bulk of the film, those are so dispersed that the fraction of glass transformed via a growth of the liquid phase
inside the film is negligible in comparison to the fraction transformed via the parallel front. bWhen the film
ismuch thicker, although the nuclei are dispersed in the film, the fraction of glass transformed via the growth
of these nuclei becomes more significant the thicker the film when compared to the one corresponding to
the liquid front. These nuclei are identified as regions of higher mobility than the surrounding glass. When
submitting the glass to an up-jump of temperature, the surrounding glass would remain frozen in the initial
conditions while these regions could be in equilibrium with the external temperature. c When the thin film
is capped with a less mobile material (higher Tg), the mobility at the surface and interfaces is arrested and
there is no propagation front, so the only transformation mechanism originates in the liquid regions formed
in the bulk. The ratio between thickness and width is not at scale with real samples

transformation of the bulk glass dominates the transition and its value depends on the
material, the stability of the glass and the temperature as explained further below [98,
173]. However, films thicker than this cross-over length transform into the supercooled
liquid mainly via the growth of patches of liquid distributed all over the bulk of the
glass [176], as schematically shown in Fig. 17. The basic requirement for these types
of transitions to take place is basically a big contrast between the mobilities of the
actual glass and the new phase to form, i.e. the equilibrated supercooled liquid [18].
This contrast can easily be achieved when working with ultrastable glasses [112]. At
the end, and in agreement with random first-order transition theory, it seems that both
mechanisms (front and bulk) may originate from the same physical mechanism but
at different locations in the sample, due to the existence of nearby regions with high
mobility contrast [177].

123

Figure 6.12: Schematic diagram showing the transformation mechanism in thin films (a),
thick films (b) and capped films (c). Figure from Ref. [28].

With the kinetic scans as introduced in this section, we use a similar definition as shown
in Fig. 6.13.

The total thickness ht is defined as the thickness where the film completes the trans-
formation to liquid. From the first heating curve this is determined from the change of
a large slope to the regular supercooled liquid slope. Although the temperature is not
constant during the rejuvenation, we can still define a transformation time t as the time
spent from heating the system from Tonset to the point of full transformation at ht. The
rejuvenation rate is thus ht/t. Fig. 6.14 is a collection of results from similar kinetic scans
from several series of deposition with various film thicknesses. Also included are two sets of
isothermal rejuvenation data where the films were both heated at 10 K/min before sitting
at a constant rejuvenation temperature. The rejuvenation rates in such films are simply
the total thickness divided by the time for full rejuvenation at the constant temperature.

As indicated in the legend, different heating rates are included in the kinetic scans used
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Figure 6.13: Film thickness data reproduced from Fig. 6.4 including only the transforma-
tion region near Tonset. The total thickness ht is defined as the thickness where the film
completes the transformation to liquid as determined from the change of slope on the first
heating scan. The transformation time t is defined as the time spent from heating the
system from Tonset to the point of full transformation at ht.

for creating Fig. 6.14, and it is noticed that the heating rate does have an influence on the
rejuvenation rate. From 1 K/min to 10 K/min the rejuvenation rate increases in general.
This is considered to be mainly related to the nature of kinetic scans. With a higher heating
rate, the time spent for heating the sample up to the temperature where full transformation
happens is shorter, thus leading to a higher rejuvenation rate. Once the rejuvenation rates
are normalized by the heating rate used in each kinetic measurement, as shown in the
inset, the heating rate dependence is eliminated and data for all measurements and all film
thicknesses collapse onto one line which is described by a power law relationship.

For the two groups of isothermal transformation data, it is observed that the higher
rejuvenation temperature 338 K leads to a much higher rejuvenation rate than that at 333
K. This is consistent with literature studies on the effect of temperature on the rejuvenation
rate [164, 233, 244, 246].

The rejuvenation rate is evidently dependent on the film thickness as shown in Fig. 6.14.
This observation is in contrast to the measurements in Ref. [164] where the front propa-
gation velocity is found to be the same for two films with thicknesses of 635 nm and 1515
nm during isothermal rejuvenation. There could be a few reasons behind this discrepancy.
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Figure 6.14: Rejuvenation rates in vapour deposited PS glasses with various thicknesses.
The inset shows rejuvenation rates normalized by the heating rate used in each kinetic
measurement, for all film thicknesses. Solid lines are used to guide the eye.

First, it could be because of the different thickness ranges studied. While the propagation
rate is the same for films of 635 nm and 1515 nm, it may have a dependence on film thick-
ness for thinner films as shown in this thesis. Second, the rejuvenation process in our PS
samples does not necessarily happen through the mobile front traveling from the surface. If
the cross-over length for our samples lies within the film thickness range in the figure, it is
not clear that the rejuvenation rates calculated in this way represent the front propagation
velocity. Last, most of the rejuvenation rates in the figure are obtained from kinetic scans
and it may be unfair to compare them with those obtained from isothermal rejuvenation.
As a matter of fact, the two sets of isothermal rejuvenation data in the figure suggest that
the rejuvenation rate may not depend on the film thickness, although the range of film
thickness in these two sets of data are relatively small for one to draw a conclusion.

As discussed previously in this section, the stable fraction appears to be lower in thinner
films. If this correlation is valid, the lower stability could be the reason of the lower
rejuvenation rate in thinner films. In fact, the dependence of rejuvenation rate on film
thickness can be considered in analogy to the growth rate of polymer crystals [247]. The
crystal growth rate is a balance between thermodynamic driving forces and kinetics and
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depends on the temperature. At high temperatures close to the melting points, the kinetics
are fast but there is little driving force to form crystals since the system is too close to
equilibrium. At low temperatures close to Tg, the system is far from equilibrium and there
is a huge driving force for crystals to be formed but the kinetics are too slow. Only at
intermediate temperature can the crystal grow at a high rate with enough driving force
and relatively fast kinetics.

Similarly, the rejuvenation rate can be explained in terms of the distance to equilibrium
and the thermodynamic driving force. Upon heating, the driving force for rejuvenation
depends on how far the system is from equilibrium (the supercooled liquid state). For
thinner films with lower stability as has been observed in this study, it is relatively close to
equilibrium so the rate of rejuvenation is lower due to the low driving forces. For thicker
films which are more stable, the distance from equilibrium supercooled liquid is large and
the rate of rejuvenation increases due to large driving forces.

If the glass stability depends on the film thickness as has been discussed, Fig. 6.14
can also be used to analyze the dependence of rejuvenation rate on characteristics such as
density. In Ref. [164], the front propagation rate is found to be imperfectly correlated with
increased density ∆ρ for indomethacin. For glasses deposited at the optimal temperature,
the increased density is large, while their front propagation rate is found to be low. For
glasses deposited below the optimal temperature, they exhibit lower increased density as
well as higher propagation rate. Such correlation is also in contrast to the observation in
Fig. 6.14 where thicker films which are supposed to have higher density show higher reju-
venation rate, and it is not clear whether this is a difference between PS and indomethacin,
a difference caused by kinetic measurements and isothermal measurements, or the asso-
ciation built between film thickness and stability based on our observation. For a more
solid understanding, isothermal rejuvenation with a thickness range larger than the two
sets of data in Fig. 6.14 is recommended, and the dependence of rejuvenation rate on the
fictive temperature, the onset temperature, and the increased density should be studied in
further detail.

Since the heating rate used in kinetic scans affects the rejuvenation rate in an inherent
way, it is not necessarily fair to directly compare rejuvenation rates obtained from kinetic
scans and isothermal rejuvenation. We can instead study the rejuvenation time as a func-
tion of film thickness. Fig. 6.15 shows data from the same collection of samples as shown
in Fig. 6.14.

The first thing to be noticed from Fig. 6.15 is that except for the thinnest films, the
rejuvenation time does not seem to be dependent on the film thickness. It is known that
under isothermal rejuvenation, thick films beyond the cross-over length should all take the
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Figure 6.15: Rejuvenation rate in vapour deposited PS glasses with various thicknesses.
Dashed lines are used to guide the eye.

same time to fully transform to a supercooled liquid because the transformation through
liquid patches happen simultaneously throughout the bulk of the film. Based on where
film thickness dependence disappears in Fig. 6.15, we would expect the cross-over length
for our systems to be less than 50 nm.

Looking at the effect of heating rate, it is observed that the heating rate in kinetic
scans plays a similar role to the isothermal rejuvenation temperature. The isothermal
rejuvenation at 333 K and 338 K shows that the rejuvenation time is shorter for higher
rejuvenation temperature. Similarly, a higher heating rate in kinetic scans leads to a
shorter rejuvenation time in general. This is because when the heating rate is higher,
the system spends less time at lower temperatures and quickly reaches high temperatures
where rejuvenation happens faster, and thus it has the same effect as a higher rejuvenation
temperature.

For the thinnest films in Fig. 6.15, the results are quite interesting. The rejuvenation
time is found to decrease with increasing film thickness up to ∼ 30 nm. Typically for
thicker films (above a few hundred nanometers), isothermal rejuvenation time is observed to
increase with increasing film thickness below the cross-over length [233, 242]. We attribute
this discrepancy to the competition between the effect of film thickness and the effect of
glass stability.

On the one hand, the thicker the film, the longer time it needs to fully transform
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through the mobile front at a constant velocity.

On the other hand for films below several tens of nanometers, the thicker the film, the
more stability it has as we have learned from Section 6.1. First, if the analogy to polymer
crystal growth is correct, the thermodynamic driving force for rejuvenation is stronger
in thicker films with higher stability since they are further away from equilibrium (the
supercooled liquid state). Therefore their shorter rejuvenation time can be explained by
their faster transformation to the equilibrium state. Second, the nature of kinetic scans
may affect the rejuvenation time we measure. During kinetic scans we keep increasing the
temperature at a constant rate, until the Tonset is passed and the film has fully transformed
into a supercooled liquid. We have learned that Tonset is lower for thinner films. This means
that the temperature region we allow the thinner films to rejuvenate is lower that that of
the thicker films, and thus the thinner films are expected to have a slower rejuvenation
process, which leads to a longer rejuvenation time.

In thick films where the glass stability does not depend on the film thickness, it is not
surprising that the isothermal rejuvenation time through the mobile front always increases
with increasing film thickness. In thin films as shown in Fig. 6.15, the situation is more
complicated due to the competition between the effect of film thickness and the effect of
glass stability. From the results we observe, it appears that the effect of glass stability is
stronger and wins this competition.

6.2.5 Conclusion

We have studied the film thickness dependence in the rejuvenation process in vapour de-
posited PS glassy thin films. In contrast to thick films, thin film stable glasses exhibit an
unexpected rejuvenation before reaching Tonset during the first heating scan. The onset of
the deviation from the glassy expansivity is studied and compared to Tg. By modeling the
film as a two-layer system consisting of a stable layer and a non-stable layer, we extract the
stable fraction from the rejuvenation measurements during kinetic scans and show that the
stability in thin films decrease with decreasing film thickness, which is consistent with our
observations in Section 6.1. We also study the effect of film thickness on the rejuvenation
rate and rejuvenation time in thin film and compare to literature studies. Although we are
able to extract a cross-over length for our samples and explain some of the film thickness
dependence, the nature of the non-isothermal rejuvenation measurements prevents us to
draw further definitive conclusions. A more systematic study of isothermal rejuvenation is
required for a better understanding of the rejuvenation process in thin film stable glasses.
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Chapter 7

Summary and outlook

In this thesis, stable polymer glasses prepared through physical vapour deposition have
been investigated from different aspects. This is the first time polymers have been used in
simple vapour deposition and made into stable glass.

In Chapter 1 basic concepts about polymers, glasses, and the glass transition are in-
troduced. About the mysterious glass transition, Weitz once joked [248], “There are more
theories of the glass transition than there are theorists who propose them.” In this the-
sis we only introduce some of the most basic and useful theories relevant to our studies.
Literature studies on glassy thin films and their interfacial dynamics are briefly reviewed.
Stable glass, a topic that is perhaps the most relevant in this thesis, is introduced with a
light touch on their properties and importance.

In Chapter 2 we demonstrate the experimental techniques used to prepare and char-
acterize stable polymer glasses. Starting from the as-purchased material, we preprocess
it with distillation first and then make them stable with physical vapour deposition. El-
lipsometry, atomic force microscopy and mass spectrometry are some of the most useful
techniques in studying them.

In Chapter 3 we include the first report on the preparation and characterization of
ultrastable PS as well as PMMA glasses using simple physical vapour deposition. This
demonstrates our ability to create such materials with exceptional stability and extremely
long lifetimes. One of the most important factors that differentiates stable polymer glasses
from stable molecular glasses is that they have high tunabilities originating from the molec-
ular weight distribution. Although they have relatively low molecular weight, the large
range of physical and chemical properties give them endless possibilities in applications.
By controlling the substrate temperature and deposition rate, we prepare and characterize
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a variety of stable polymer glasses and show that these materials exhibit enhanced kinetic
stability, low fictive temperatures and high density characteristic of stable glasses

In Chapter 4 we push our limits and pursue stable polymer glass with higher molecular
weight, using two different methods including using higher molecular weight sources and
crosslinking as-deposited glasses with ultraviolet radiation. This chapter may not seem
a very successful attempt but we have learned valuable lessons from it. The outcomes
from the first method shows that the highest molecular weight to be achieved from simple
vapour deposition is limited by the competition between deposition rate and the rate
of chain scission. The UV crosslinking method generates samples with properties more
interesting than expected, possibly due to undesired reactions happening in during the
treatment.

In Chapter 5 we study the surface of stable polymer glass, since the surface mobility
is believed to be key in the formation of stable glasses. We report observations of special
morphology features on these glasses and explore the reasons behind them. With the aid of
gold nanoparticles, we performed quantitative characterizations of their surface and bulk
dynamics. The surface evolution under perturbations of nanoparticles exhibits two steps.
The build-up of polymer material around the nanoparticle provides us with a quantitative
measure of the surface mobility, and the final bulk embedding of the nanoparticle describes
the bulk dynamics of stable polymer glasses. With a slower bulk dynamics in stable glasses
as expected, the surface evolution of the as-deposited films and the rejuvenated films are
both enhanced compared to bulk and are not easily distinguishable from each other.

In Chapter 6 we investigate stable polymer glasses confined to thin films down to
11 nm. Similar to regular confined films, the film thickness also influences properties of
stable glasses. Particularly, we study the thickness dependence of the thermodynamic and
kinetic stability, the glass transition temperature, and the transformation process from a
stable glass to a supercooled liquid. Tg reductions observed in vapour deposited polymer
glasses supports the existence of a surface mobile layer, and it is observed that glass
stability decreases with decreasing film thickness, as determined by different measures of
stability. Investigations on the rejuvenation process from a stable glass to a supercooled
liquid show that rejuvenation appears to happen before reaching the traditionally defined
onset temperature, suggesting that a fraction of the film is not stable in the as-deposited
glasses. The fraction of stable glasses is quantitatively analyzed in thin films, and the
rejuvenation rate is also found to be dependent on film thickness.

The study of glass transition in polymer thin films has been a thriving research area
since the first report by Keddie, Jones and Cory [10]. The new type of material–stable
glass–has also attracted great research interest since it was first discovered by the Ediger
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group [136]. At the intersection of these two research fields, stable polymer glasses are an
excellent candidate for contributing into both fields and hopefully will open up a new area
of research on its own. By studying these materials from different aspects, we hope to
provide valuable insights into many fundamental questions about the surface dynamics in
thin films, the limit of packing in amorphous materials, and the nature of the complex and
fascinating phenomenon–the glass transition. On the applied level, stable polymer glass is
a novel type of material with exceptional properties and high tunabilities and has many
potential applications in materials technology.

The studies in this thesis also suggest some future work in exploring these new ma-
terials. During the preparation of stable polymer glass, the as-purchased material is first
preprocessed by either distilling into monodisperse fractions or removing the low N frac-
tions by distillation. Either method is not the most efficient yet. Other methods such
as solvent extraction of low N fractions as a preprocessing step can be investigated. For
vapour deposited polymer glasses after UV treatment, there are signs of increased molecu-
lar weight, but there are also subliming issues due to possible chain scissions. It is crucial
to prevent thermal oxidation or degradation from occurring by further decreasing oxygen
levels in the system. In order to keep subliming from happening, UV treated films could
also be capped with another film with a higher Tg in addition to choosing the correct time
period for UV treatment. From the studies on the surface relaxation of stable polymer
glasses, the value of the surface mobility has been extracted which is expressed in terms
of a surface viscosity and a surface mobile layer thickness. In future work, it would be
worth determining the mobile layer thickness separately and compare to literature results.
In studying the relationship between enhanced surface dynamics and film thickness depen-
dence of stability, the films could also be capped with higher Tg materials. In literature
studies it has been shown that once the surface is capped the enhanced surface dynamics
could be eliminated and the film thickness dependence would disappear. It would be in-
teresting to see whether this is also true in stable polymer glasses. Lastly, a systematic
study on isothermal rejuvenation of films with different thicknesses and stabilities would
greatly benefit our understanding of the rejuvenation process in stable polymer glasses.
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[237] Z. Chen, A. Sepúlveda, M. Ediger, and R. Richert, “Dynamics of glass-forming liq-
uids. xvi. observation of ultrastable glass transformation via dielectric spectroscopy,”
The Journal of Chemical Physics, vol. 138, no. 12, p. 12A519, 2013.

[238] D. M. Walters, R. Richert, and M. D. Ediger, “Thermal stability of vapor-deposited
stable glasses of an organic semiconductor,” The Journal of Chemical Physics,
vol. 142, no. 13, p. 134504, 2015.

[239] M. Tylinski, A. Sepúlveda, D. M. Walters, Y. Chua, C. Schick, and M. Ediger,
“Vapor-deposited glasses of methyl-m-toluate: How uniform is stable glass transfor-
mation?,” The Journal of Chemical Physics, vol. 143, no. 24, p. 244509, 2015.
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