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Abstract

ABSTRACT

Since the discovery of polymers in the past century, their use has become
ubiquitous in our everyday lives. Until recently, applications have focused on
the use of polymers where the bulk characteristics of the macromolecules have
been of primary interest. Within the wide variety of polymers, an important
sub-class is represented by glass-forming polymers. The main characteristic of
these materials is that they can exist in an amorphous phase below the melting
point and, when they are cooled to the glassy state, they exhibit the rigidity of
a solid but without long-range molecular order of crystals. With respect to
polymer glasses, their main advantage is that they are light and easy to
manufacture, while possessing high transparency and reasonable rigidity.
Given all these important practical uses as well as the need for a fundamental
understanding of their properties, polymer glasses have been studied for
decades.
Within the search for a comprehensive understanding of glasses, given their
non-equilibrium nature, there has been an intense research in understanding
the thermodynamics of polymer glasses and the kinetics of equilibrium
recovery at a fundamental level, and their connection to the glass transition.
These aspects of polymers glasses are shared with glasses of any nature. In
this sense, there have been many theories trying to explain the origin of the
slowdown of molecular dynamics close to the glass transition. Recently, the
possibility of confining polymer glasses at the nanoscale has opened new
strategies to shed light on the so-far unanswered questions on the glass
transition and the non-equilibrium glassy state.
i
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Nowadays, shifts in the glass transition temperature, is a well-documented
effect of confinement, which for more than 20 years have been fascinating a
broad community of researchers. This thesis aims to provide novel insights on
non-equilibrium phenomena of polymer glasses confined at the nanoscale. To
this end, we have established an optimal methodology, ranging from the
preparation and characterization to the study of glass transition related
phenomena of bulk and confined systems. Specifically, the research was
focused on the non-equilibrium effects below the glass transition temperature
(Tg). Furthermore, in the framework of non-equilibrium effects, in this work it
is also shown how in confinement these can be of utmost importance even
above Tg.
This thesis is divided into seven different chapters going from the state of the
art to the future perspectives on the dynamics and thermodynamics of confined
polymer glasses.
In Chapter 1, we start providing a general introduction to the thermodynamics
and dynamics of glass-forming systems, followed by a summary on recent
advancements in the research on confined polymer glasses. We conclude
Chapter 1 with the aim and the outline of this thesis.
In Chapter 2, we introduce the main experimental techniques employed in this
thesis. In particular, standard Differential Scanning Calorimetry (DSC), Fast
Scanning Calorimetry (FSC) and Spectroscopic Ellipsometry are described
with particular emphasis on how they can be exploited to characterize
vitrification and non-equilibrium phenomena. Furthermore, complementary
techniques such as Dynamic Light Scattering (DLS) and Atomic Force
Microscopy (AFM) are described, showing how they can be employed to
characterize the morphology of the obtained confined systems object of the
present study, that is, polymer nanospheres and thin films.
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In Chapter 3, we present results on the characterization of different aspects of
the glass transition of poly(styrene) (PS) nanospheres and its bulk homologue
by FSC. The aim of this chapter was to provide information on the molecular
mobility and the way vitrification takes places. The most interesting aspects
that emerged from this study were that (i) when decreasing the diameter of PS
nanospheres, a decrease in Tg was observed. On the other hand, (ii) the
molecular mobility was shown not to be affected by the size of the
nanospheres, displaying bulk-like behavior for all systems. These results point
toward a decoupling between vitrification and molecular mobility and a more
efficient ability of maintaining equilibrium in PS nanospheres in comparison
to the bulk.
In Chapter 4, we present physical aging experiments of bulk and PS
nanospheres performed by FSC. In accordance with the previous results
obtained from Chapter 3, it was found that these systems maintained more
efficiently the thermodynamic equilibrium in comparison to the bulk
homologue. This was evidenced by the observation of accelerated physical
aging in PS nanospheres. Furthermore, our aging experiments showed a
complex behavior of equilibrium recovery, supporting the existence of two
mechanisms of equilibration, in ways analogous to bulk polymer glasses.
However, the acceleration of physical aging in PS nanospheres allows
detecting the two mechanisms of equilibration in considerably shorter time
scales than in bulk.
In Chapter 5, we show how complex equilibrium recovery behavior obtained
in PS nanospheres, with two steps of equilibration, can also be found in very
long-term physically aged bulk polymers glasses. In this section, we
monitored the physical aging of three types of polymers such as poly(arylate)
(PAr), poly(carbonate) (PC) and poly(sulfone) (PSU) aged at room
temperature for up to 30 years by standard DSC.
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In Chapter 6, we focus on the non-equilibrium dynamics in confined polymer
glasses by studying the kinetics of equilibrium recovery in polymers supported
on a substrate above Tg. For that purpose, we studied poly(tert-butylstyrene)
(PTBS) supported thin films, an analog of PS, by means of Spectroscopic
Ellipsometry. These thin films were subjected to an annealing temperature (Ta)
of 50 K higher than bulk Tg. The aim of this study was to observe the
evolution of Tg with annealing time and film thickness. It was highlighted the
importance of the adsorbed layer between the polymer and substrate in
producing an increase of Tg toward the bulk value.
Finally, in Chapter 7 we summarize the main results and conclusions obtained
from this thesis. The general objective of this work was to reach a deep
understanding of the aspects that influence the glass transition of amorphous
or glassy materials based on polymers, with special attention to those systems
subjected to geometrical confinement. Hence, this thesis contributes to the
progress of understanding the non-equilibrium effects at the nanoscale level
and in bulk amorphous polymers.
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Resumen

RESUMEN

Desde el descubrimiento de los polímeros en el siglo pasado, su uso se ha
vuelto omnipresente en nuestra vida cotidiana, dando lugar al desarrollo de
numerosas aplicaciones tecnológicas. Dentro de la amplia variedad de
polímeros, una sub-clase importante son los polímeros capaces de formar
vidrios. La principal características de dichos materiales es que pueden existir
en el estado amorfo por debajo del punto de fusión, y cuando son enfriados
hacia el estado vítreo, exhiben una rigidez similar a la de un sólido con la
excepción de no poseer el orden molecular de largo alcance propio de los
materiales cristalinos. Con respecto a los polímeros formadores de vidrio o
amorfos, sus principales ventajas radican en que son livianos y fáciles de
fabricar, a la vez que poseen una gran transparencia y razonable rigidez.
Teniendo en cuenta dichos aspectos, los vidrios poliméricos han sido sujeto de
estudio durante décadas.
Con la finalidad de poder entender la naturaleza de los sistemas formadores de
vidrio, la ciencia del estado vítreo sigue siendo un campo de investigación
continua que pretende alcanzar una comprensión profunda de los procesos
cinéticos y termodinámicos que influyen en la transición vítrea. Los polímeros
amorfos, son materiales que por debajo de la temperatura de transición vítrea,
se encuentran en un estado de no-equilibrio termodinámico. En este sentido,
numerosas teorías continúan intentando explicar el origen de la ralentización
de la dinámica molecular de dichos materiales cuando se encuentran cerca de
la transición vítrea. En la actualidad, la posibilidad de confinar materiales
poliméricos amorfos a nivel de la nanoescala ha puesto de manifiesto nuevas
v

Resumen
estrategias de investigación, que permiten arrojar luz sobre preguntas
anteriormente sin respuesta, en lo referente a la transición vítrea y al estado
vítreo de no-equilibrio.
Uno de los efectos más documentados y que más han fascinado durante más
de 20 años a la comunidad científica, es la modificación de la temperatura de
transición vítrea de los poliméricos amorfos con el confinamiento. Este trabajo
pretende proporcionar nuevos conocimientos sobre los fenómenos de noequilibrio presentes en vidrios poliméricos confinados. Con dicho fin, se ha
establecido una metodología óptima que abarca desde la preparación y
caracterización, hasta el estudio físico de dichos sistemas en el estado ‘bulk’ y
confinado. Específicamente, la investigación se ha centrado en los efectos de
no-equilibrio por debajo de la temperatura de transición vítrea (Tg). Así
mismo, se ha mostrado cómo el efecto del confinamiento provoca igualmente,
efectos de no-equilibrio termodinámico incluso por encima de la Tg.
Esta tesis se divide en siete capítulos, que van desde el estado del arte hasta las
perspectivas futuras sobre la dinámica y la termodinámica de los vidrios
poliméricos confinados.
En el Capítulo 1, comenzamos proporcionando una introducción general a la
termodinámica y la dinámica de los sistemas formadores de vidrio, seguido de
un resumen de los recientes avances sobre vidrios poliméricos confinados.
Concluimos el Capítulo 1 con el objetivo y la descripción general de esta tesis.
En el Capítulo 2, presentamos las principales técnicas experimentales
empleadas en este trabajo. En particular, se han descrito detalladamente la
calorimetría diferencial de barrido (DSC) estándar, la calorimetría de barrido
rápido (FSC) y la elipsometría espectroscópica, haciendo especial énfasis en la
explotación de dichas técnicas para la caracterización de fenómenos de
vitrificación y de no-equilibrio. Además, se describen técnicas
complementarias como Dynamic Light Scattering (DLS) y Atomic Force
vi
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Microscopy (AFM), empleadas para la caracterización morfológica de los
sistemas confinados obtenidos en el presente estudio, es decir, nanoesferas y
películas delgadas basadas en polímeros amorfos.
En el Capítulo 3, presentamos resultados sobre la caracterización de diferentes
aspectos de la transición vítrea de nanoesferas de poli(estireno) (PS) y de su
homólogo ‘bulk’ mediante FSC. El objetivo de este capítulo ha sido discernir
sobre la naturaleza del fenómeno de vitrificación y de la movilidad molecular.
Los aspectos más interesantes que surgieron del presente estudio fueron que (i)
al disminuir el diámetro de las nanoesferas de PS, se observó una disminución
progresiva del valor de la Tg comparada con el sistema ‘bulk’. Por otro lado,
(ii) se demostró que la movilidad molecular no se veía afectada por el tamaño
de las nanoesferas y mostraba un comportamiento tipo ‘bulk’ para todos los
niveles de confinamiento. Estos resultados apuntan a una capacidad más
eficiente de mantener el equilibrio termodinámico en sistemas confinados, en
comparación con sistemas ‘bulk’.
En el Capítulo 4, presentamos experimentos de envejecimiento físico de
nanoesferas de PS y ‘bulk’ por medio de FSC. De acuerdo con los resultados
previos obtenidos en el Capítulo 3, se encontró que estos sistemas mantenían
más eficientemente el equilibrio termodinámico. Esto fue evidenciado por la
observación del envejecimiento físico acelerado en nanoesferas de PS.
Además, nuestros experimentos de envejecimiento físico mostraron un
comportamiento complejo de recuperación del equilibrio, confirmando la
existencia de múltiples mecanismos de equilibrado, análogo a otros materiales
formadores de vidrio.
En el Capítulo 5, mostramos cómo dicho comportamiento complejo de
recuperación de equilibrio, observado en el capítulo anterior para las
nanoesferas de PS, también pudo encontrarse en polímeros amorfos ‘bulk’
envejecidos físicamente a tiempos muy largos. En esta sección, monitorizamos
el envejecimiento físico de tres tipos de polímeros como, poli(arilato) (PAr),
vii
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poli(carbonato) (PC) y poli(sulfona) (PSU) envejecidos a temperatura
ambiente hasta aproximadamente 30 años mediante DSC.
En el Capítulo 6, nos centramos en la dinámica de no-equilibrio de sistemas
confinados, mediante el estudio de la cinética de recuperación del equilibrio de
polímeros amorfos soportados sobre un sustrato por encima de Tg. Para tal fin,
se estudiaron películas delgadas de poli(tert-butilestireno) (PTBS), un análogo
del PS, por medio de elipsometría espectroscópica. Estas películas delgadas se
sometieron a una temperatura de recocido (Ta) de 50 K por encima de la Tg del
sistema ‘bulk’. El objetivo de este estudio, fue observar la evolución de la
temperatura de transición vítrea con al tiempo de recocido y el grosor película.
Se destacó la importancia de la capa adsorbida entre el polímero y el sustrato,
promotora del efecto del aumento de la Tg hacia valores cercanos al ‘bulk’.
Finalmente, en el Capítulo 7 resumimos los principales resultados y
conclusiones extraídas de esta tesis. El objetivo general de este trabajo fue
llegar a una comprensión profunda de los aspectos que influyen en la
transición vítrea de materiales amorfos o vidrios basados en polímeros, con
especial atención en los sistemas sometidos al confinamiento geométrico. Por
lo tanto, esta tesis contribuye al progreso de la comprensión de los efectos de
no-equilibrio a nivel de la nanoescala y en polímeros amorfos en estado ‘bulk’.
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CHAPTER 1: Introduction

1
INTRODUCTION – THE GLASS TRANSITION IN BULK
POLYMERS AND UNDER GEOMETRICAL
CONFINEMENT

This chapter introduces the topic of the glass transition. Particular emphasis is
devoted to thermodynamic and dynamic aspects of glasses below the glass
transition temperature. After a general description of the glass transition in
bulk, attention is devoted to the specific effects due to geometrical
confinement. In the first part, concepts on the glass transition and physical
aging of glass-forming systems are introduced. Subsequently, the effects
arising from confining polymer glasses in at the nanoscale level are discussed,
followed by a review of recent results and paying special attention to the nonequilibrium dynamics. To conclude, the experimental activity showing
deviations from bulk behavior, in terms of glass transition temperature and
physical aging, are discussed.
1.1. POLYMERS AND THE GLASS TRANSITION
1.1.1. BASIC PROPERTIES OF POLYMERS
In 1922 the German organic chemist, Hermann Staudinger, presented how to
obtain high molecular weight molecules linked by a large number of small
molecules. This reaction, called ‘polymerization’, was achieved by the
repetition of individual units joined together by covalent bonds,1 as is
schematized in Figure 1.1. Thus, polymers are essentially long molecules, or
macromolecules, consisting of a large number of basic units chemically joined
together to form one entity.2
1
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Polymerization

Monomers

Polymer

Figure 1.1 Schematic representation of the polymerization process

Most polymers are typically based on hydrogens and carbons. The number of
monomers in a polymer chain determines the degree of polymerization. In a
polymeric system, chains of different sizes are usually found, therefore, rather
than relating polymers to a unique degree of polymerization, it has to be
referred to molecular weight distribution functions. The most commonly used
distributions are defined as follows: (i) the number-average molecular weight
(Mn) and (ii) the weight-average molecular weight (Mw), respectively defined
as (1.1):
∑𝑖 𝑁𝑖 𝑀𝑖
∑𝑖 𝑁𝑖 𝑀𝑖2
𝑀n =
and 𝑀w =
∑𝑖 𝑁𝑖
∑𝑖 𝑁𝑖 𝑀𝑖

(1.1)

where 𝑁𝑖 is the number of molecules of molecular weight 𝑀𝑖 . These averages
are equal only for perfectly monodisperse polymer, whereas in general Mw >
Mn and the ratio between Mw/Mn gives the polydispersity index (PDI). This
parameter is used as a measure of the broadness of a molecular weight
distribution of a polymer.3,4
Polymers can be classified in two main classes: (i) fully amorphous and (ii)
semi-crystalline ones. In amorphous polymers, chains are randomly disposed
throughout the whole material. However, in semi-crystalline polymers, apart
from an amorphous part, a fraction of the chains exhibit long-range order. Due
to the constraints imposed by chain connectivity and, in some case, the
presence of conformational disorder, polymers do not exist in a fully
crystalline configuration, see Figure 1.2.
2
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Amorphous

Semi-crystalline

Figure 1.2 Schematization of a) amorphous and b) semi-crystalline polymers.

1.1.2. THE GLASS TRANSITION
The existence of systems thermodynamically in non-equilibrium is ubiquitous
in nature. These systems spontaneously evolve toward the most sable
thermodynamic state, that is, the one with the lowest free energy.5 Among the
numerous examples of non-equilibrium systems, glasses are an important class
given their use in nature since the beginning of civilization. The essential
requirement to form a glass is the ability of a disordered liquid to avoid, when
cooled down, the thermodynamic most favorable state corresponding to the
ordered crystal.6–8 Moreover, another important class, given their
technological relevance, is represented by glass-forming polymers. These are
those kinds of polymers that can be easily supercooled below their melting
temperature.9 Apart from these systems, a wide range of materials can also be
obtained as glasses such as silicates, oxides and chalcogenides (oxygen,
sulphur, selenium), halides, metals or glass-forming organic compounds
(alcohols, acids, oxoacids, aromatics).
1.1.2.1. Thermodynamic aspects
Slow kinetics of transformation of a liquid into the ordered crystal below the
melting temperature, allows maintaining the system in the disordered state
over long-time scales. On further cooling, the supercooled liquid transforms
into a non-equilibrium glass.10 This is sketched in Figure 1.3, where a

3

CHAPTER 1: Introduction
schematic representation of the thermodynamic quantities of glass-forming
system at constant pressure and cooling rate is provided.
Figure 1.3 (right panel) shows the stability plots of the free energy of the
configurational space. The left panel shows how, at a given applied cooling
rate, the supercooled metastable state cannot be followed and the system falls
into a non-equilibrium glassy state, that is, a ‘frozen’ liquid within the
experimental observation time. This phenomenon is known as the glass
transition11,12 and takes place in a temperature range that depends on the
experimental cooling conditions. Below the glass transition temperature (Tg)
the glassy state is unstable with respect not only to the supercooled liquid, but
also to the crystalline solid. Figure 1.3 also shows the so-called fictive
temperature (Tf), defined as the temperature at which a glass in a generic
thermodynamic state would be at the equilibrium.13 The concept of the fictive
temperature represents a common way to define the thermodynamic state of a
glass, which was introduced by Tool13 in 1946.
As previously mentioned, glasses belong to the category of non-equilibrium
systems; therefore, they will spontaneously evolve with time toward the
closest free energy minimum. This evolution is known as physical aging (see
Figure 1.3) and implies a reduction of the Tf of the glass.

4

CHAPTER 1: Introduction

Entropy, S; Enthalpy, H; Volume, V

Metastable
Pressure, P= const.
Cooling rate, q= const.

Unstable

Melting
Physical
Aging

TK

Stable

Tf

Tg

Tm

T

Figure 1.3 Left Panel: Schematic representation of the temperature dependence of
thermodynamic properties (entropy, enthalpy, volume) in glass-forming systems at constant
pressure. The indicated temperatures are defined as: (i) Tm, the melting temperature; (ii) Tg, the
glass transition temperature; (iii) Tf, the fictive temperature and (iv) Tk, the Kauzmann
temperature, which is the temperature at which entropy of the ‘supercooled liquid’ equals that
of the corresponding crystal. Right Panel: The stability plots of the thermodynamic potential.

From a thermodynamic point of view, the typical signature of the liquid-glass
transition is based on the observation of a jump in the thermodynamic
coefficients. This is reminiscent of a second-order thermodynamic transition
according to the classification made by Ehrenfest in 1933.14 This is sketched in
the following Figure 1.4.

5
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a) 1st Order

G

b) Classical 2nd Order

G

Crystal

Order

c) Glassy 2nd Order

G

Glass

Disorder

Melt

Melt

V, H, S

Tg

Tg

Tm

T

α, Cp, κ

α, Cp, κ

Te2

α, Cp, κ

Tm

V, H, S

Te2

V, H, S

Tm

Te2

T

Tg

T

Figure 1.4 Schematization of thermodynamic transitions: (a) First-order phase transition; (b)
Second-order phase transition; c) Second-order glass transition.

Figure 1.4 shows the temperature dependences of the different thermodynamic
quantities, that is, G, Gibbs free energy; V, volume; H, enthalpy; S, entropy; α,
k thermal expansion and compressibility coefficients and Cp, heat capacity at
constant pressure. First-order transitions show a discontinuity in the first
partial derivative of the free energy as a function of temperature or pressure,
defined in equation (1.2):
𝐺
𝜕 (𝑇 )
𝜕𝐺
𝜕𝐺
( ) = −𝑆; ( ) = 𝑉; [
] =𝐻
1
𝜕𝑇 𝑃
𝜕𝑃 𝑇
𝜕 (𝑇)
𝑃
6
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In second-order transitions, there is no discontinuity in V, H, S at the
transition, but there is in the heat capacity Cp, the thermal expansion α, and the
compressibility k, defined by the following relationships (1.3):
(

𝜕𝐻
1 𝜕𝑉
1 𝜕𝑉
) = 𝐶𝑝 ; ( ) = 𝛼; − ( ) = 𝑘
𝜕𝑇 𝑃
𝑉 𝜕𝑇 𝑃
𝑉 𝜕𝑃 𝑇

(1.3)

In other words, a second-order transition exhibits changes of the
susceptibilities, that is, the response of the system to a parameter changes
implies a discontinuity in the second partial derivative of the free energy, 7,15,16
as observed in Figure 1.4.
Given this general thermodynamic description, it is noteworthy to mention that
the glass transition is not a true second order thermodynamic phase transition,
despite exhibiting a discontinuity of α, Cp and k. One reason is that, in a
classical second order transition, the values of α, Cp or k are larger than in the
liquid one (see Figure 1.4), whereas, at the glass transition, the opposite
behavior is observed. This difference is reflected in the so-called Prigogine –
Defay ratio (П), which should fulfill the following relationship:17
𝛱=

1 Δ𝑐p Δ𝑘
=1
𝑉𝑇 (Δ𝛼)2

(1.4)

where V is the specific volume; Δcp, Δk, Δα are the jumps at the transition of
the specific heat, the compressibility and the thermal expansion coefficients,
respectively. At the glass transition the Prigogine – Defay ratio is generally
found to be larger than the unity.17
Furthermore, a straightforward indication that the glass transition cannot be
considered a thermodynamic transition resides in its cooling rate dependent Tg
or Tf. In this sense, Figure 1.5 illustrates the change in the value of Tf
depending on the cooling rate (e.g. q1cool > q2cool).18,19 It is noticeable that the
lower the Tf is, the lower in the energy landscape the glass is located.
7
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Enthalpy, H

q1cool > q2cool
q1heat = q2heat

Tf2

Tf1

T

Figure 1.5 Schematic plot of the enthalpy vs temperature for a glass cooled and immediately
reheated for two different cooling rates (q1cool > q2cool).

In particular, Tg increases when the observation time of the experiment
decreases, that is, at higher cooling rates. Thus, in order to understand the
cooling rate dependence of the Tg, its intimate link with the molecular mobility
must be recalled, as will be seen in the following section.
1.1.2.2. Dynamic aspects
A liquid cooled down below the melting temperature is characterized by a
dramatic increase of the viscosity with decreasing temperature. Thus, such
increase implies a slowing down of the typical relaxation time (τ) of the
associated spontaneous fluctuations. The phenomenon related to such τ is
commonly called α-process. In particular, a glass is formed when the typical
relaxation time of spontaneous fluctuations is of the order of the observation
time of the experiment. At that point, the system is not able to maintain the
equilibrium anymore and a glass is formed.
8
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Angell20 classified different types of glass-forming systems according to the
temperature dependence of the relaxation time (or the viscosity). In particular,
only for the so-called strong glass former  can be described by a simple
Arrhenius law (1.5) (see Figure 1.6).
𝐸a
𝜏 = 𝜏0 exp (
)
𝑘B 𝑇

(1.5)

where τ0 is the pre-exponential factor, Ea is the apparent activation energy of a
thermally activate process and kB is the Boltzman constant.
For fragile glasses, as shown in Figure 1.6, the activation energy increases
with decreasing temperature. An appropriate description of  is based on the
employment of the Vogel-Fulcher-Tammann (VFT) equation:21–23
𝜏 = 𝜏0 exp (

𝐵
)
𝑇 − 𝑇0

(1.6)

where τ0 is the pre-exponential factor, T0 is the so-called Vogel temperature
and B is the Vogel activation energy. The VFT equation insinuates divergence
of the relaxation time at T0.
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(Arrhenius)

SiO2
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Tg/T

Fragile
(VFT)

1

Figure 1.6 Angell’s plot (log η versus Tg/T) for two glass-forming materials. Strong glass
formers show Arrhenius-like (linear) temperature dependence, while fragile glass formers
show a highly non-Arrhenius-like curvature indicative of a very rapid slowing down of
molecular mobility with decreasing temperature. The latter behavior is typical for most
amorphous polymers.

Several methods such as dynamic mechanical analysis,24 light scattering,25
neutron scattering,26 nuclear magnetic resonance,27 specific heat
spectroscopy28 and broadband dielectric spectroscopy,29 allow measuring the
molecular mobility. This is done by the application of a linear perturbation to
the glass-forming system.
1.1.3. PHYSICAL AGING
From the previous considerations on the kinetic nature of the glass transition,
it is clear that the thermodynamic state of a glass is such that, there exists an
excess of thermodynamic properties (S, H, V) in comparison to the
supercooled liquid state. This situation implies a spontaneous evolution of
thermodynamic properties toward the closest free energy minimum. This
10
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phenomenon is known as physical aging or structural relaxation.30 One
consequence of such phenomenon is the densification of the system, which
implies a variation of the dimensions of objects made of glass. The kinetics of
recovery of equilibrium generally depends on (i) the time scale of spontaneous
fluctuations, and (ii) the distance of the instantaneous thermodynamic state of
the glass from equilibrium. Given the fact that during the course of physical
aging a change of the thermodynamic state occurs, its description must include
the dependence of τ on the thermodynamic state of the glass. This aspect of
equilibrium recovery is generally known as non-linearity.31
One way to explore the fate of the dynamics below Tg consists of following
the kinetics of equilibrium recovery of the glass in the physical aging regime.
This can be performed by monitoring the time evolution of thermodynamic
properties, for instance the enthalpy by means of calorimetry. Figure 1.7
(upper panel) shows the way the enthalpy of a glass, previously aged below Tg,
recovers equilibrium on heating. As can be observed from the lower panel of
Figure 1.7, the natural consequence of such recovery is that an overshoot
emerges in the heat capacity trace. This overshoot is related to the enthalpy
recovery and gives information of the energy released upon aging. The fictive
temperature Tf13 is a common way to identify the thermodynamic state of a
glass, defined by the intersection of the glass line, traced from the
thermodynamic state of a given glass and the supecooled liquid equilibrium
line (see Figure 1.7, upper panel). Given this definition, a low
enthalpy/entropy or equivalent high density glass will exhibit low Tf.

11
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Physical
Aging

ta
Overshoot

Heat Capacity, Cp

Ta

Tf

Tg

T

Cp liquid

Cp glass

Tf

Tg

T

Figure 1.7 Schematic representation of the enthalpy (upper panel) and the heat capacity
(lower panel) versus temperature for a glass-forming system upon physical aging. Black
dashed line represents the thermodynamic equilibrium. Ta is the aging temperature at a given
aging time (ta). Tf is the fictive temperature. Purple line is the aged sample heating scan.

In the upper panel of Figure 1.7, purple line depicts the recovered enthalpy to
the liquid-like state upon heating, when a glass is isothermally held below Tg
for given temperature and time (Ta, ta). In the lower panel of Figure 1.7, the
12
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purple line shows an endothermic peak of the heat capacity trace
superimposed to the Tg.32 Usually the enthalpy recovery of a glass is measured
using differential scanning calorimetry (DSC) by the evaluation of the
enthalpic departure (ΔH) from the equilibrium obtained from the integral area
of each overshoot, as shown in Figure 1.8.

ΔH= H

- H(t)

Heat Capacity, Cp

Aging

T

log t

Figure 1.8 Left Panel: Schematic representation of DSC heat capacity curves collected on
heating after different aging times at a given temperature. Right Panel: Relaxation curve
obtained from the individual measurements at different aging times. 𝐻∞ : Expected total
enthalpy extrapolated from the equilibrium melt; H(t): enthalpy recovery as a function of
aging time at Ta.

To close this section, it is worth mentioning that recent experiments, where the
recovery of equilibrium was followed well below Tg and for aging times larger
than days, showed the presence of multiple mechanisms of equilibrium
recovery in polymeric,33,34 chalcogenide,35 metallic,36 and low molecular
weight organic glasses.37 These results require revisiting the paradigmatic
view of physical aging, based on a single monotonous approach to
equilibrium. As will be seen in the next chapters, this aspect has been central
in the development of the present thesis.
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1.1.4. GLASS TRANSITION
MOLECULAR MOBILITY

AND PHYSICAL

AGING VERSUS

Despite the intimate link between the non-equilibrium glass dynamics – the
transition from liquid to glass (the so-called “thermal glass transition”) and the
physical aging – and the equilibrium dynamics – (the so-called “dynamic glass
transition”) – in terms of the molecular mobility, it is important to point out
that these two aspects are conceptually different.38 In the case of glassy
dynamics, the rate of spontaneous fluctuations can only be determined if the
experimental protocol fulfill the fluctuation dissipation theorem (FDT)39 by
the application of a linear perturbation. On the other hand, measuring the Tg,
for instance by calorimetry, via the application of a ramp in the temperature
scan or the equilibrium recovery of glasses, entails the use of large
perturbations well beyond the linear regime.40
In most cases, the conceptual difference between the non-equilibrium and
equilibrium glass dynamics does not imply that, differences in the temperature
dependence of the two characteristic times of these aspects exist.41,42 However,
there exist several “bad actors” among bulk glasses exhibiting different
behavior of the temperature dependence of the Tg and the molecular
mobility.43 As will be seen in next section of the chapter, the conceptual
difference between equilibrium and non-equilibrium dynamics is of utmost
importance in particular conditions of confinement.
1.2. POLYMER GLASSES UNDER CONFINEMENT
In this section the influence of nanoscale confinement on different aspects of
glass dynamics of glass-forming polymers is highlighted.
The study of confined polymer glasses under different configurations such as
thin films, nanotubes and nanoparticles have attracted a huge interest from
both fundamental and technological viewpoints in recent years. Regarding the
14
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latter aspect, thin films are used in applications as templates in
microelectronic,44 active layers in photovoltaic cells,45 non-biofouling
protective coatings46 or membranes in separation technologies.47 Nanotubes or
nanowires are used as a filler for polymer nanocomposites, becoming
structural materials for the aerospace industry and automotive or railway
among others.48 Polymer nanoparticles or nanospheres are used as vehicles in
drug delivery,49 components in fluorescent imaging,50 performance reinforcing
additives51 or components in photonic structures.52
This technological interest has generated an intense research in understanding
how properties of confined systems are modified by the presence of the
polymer/external world interface. Given the large surface area of such
interface to volume of polymer ratio, physical properties of confined polymers
can dramatically deviate from those of the corresponding bulk homologues.
When a macromolecule is confined at the nanoscale level, new unexpected
phenomena affecting the glass transition, interfacial interactions and
irreversible adsorption onto the substrate appear to play a large role in the
materials’ properties.53–57 In this sense, numerous studies have reported large
Tg shifts.55,58–61 In the following sections, we will review the recent activity of
how nanoconfined polymeric systems, in particular thin films, nanospheres
and nanocomposites, show deviations from bulk Tg58,62 and physical aging.63
1.2.1. GLASS TRANSITION IN CONFINED POLYMERS
Thin films are by far the most investigated systems in confined polymer
glasses. In the mid 90’s Keddie et al. investigated the Tg variation of silicon
oxide (SiO2) supported polystyrene (PS)58 and poly(methyl-methacrylate)
(PMMA)62 thin films, where a reduction and an increase in Tg was detected
respectively. Conversely, when PMMA was supported onto a gold substrate its
Tg decreased with confinement, showing that those changes in Tg could be
related to the interactions between the confined polymer and the interface. In
this context, it has been reported that Tg variations (ΔTg) are directly related to
15
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the polymer-substrate interfacial interactions for the case of supported
polymeric thin films. Regarding these interactions, three different scenarios
can be observed: (i) ΔTg > 0 due to the attractive interactions between the
polymer and the interface, (ii) ΔTg < 0 when repulsive or free/soft interfaces
are taken place or (iii) ΔTg ~ 0.58,62,64–68 Figure 1.9 shows such Tg variation as
a function of thickness for three representative polymers; PS, PMMA, and
poly(2-vinyl pyridine) (P2VP).

Figure 1.9 𝑇g − 𝑇bulk
as a function of film thickness for three characteristic polymers all
g
supported on silica substrates. PS measured by fluorescence; 69,70 PMMA by ellipsometry;62
and P2VP by fluorescence, X-ray reflectivity64 an ellipsometry.71 Reprinted from Ref.72

The first factor affecting the magnitude of Tg depression in glassy polymers
under confinement is the nature of the interface. In particular, freestanding
films exhibit significantly larger Tg depression in comparison to supported or
capped ones. This was first shown by Forrest et al.,73 where Tg depression as
large as 70 K was detected at about 30 nm PS thickness. In contrast, in
supported PS films, the depression has been found to be no larger than 30 – 40
16
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K for films as thin as 10 nm.74 In the case of capped films, these effects are
even more limited.75,76
The cooling rate is an important key factor beyond the film thickness that
plays a determining role in the magnitude of Tg deviations. Studies in this
sense were promoted by Efremov et al.,77 performing specific heat
measurements on thin PS films supported on platinum at cooling rates as large
as thousands of K/s. Surprisingly, in that work no discernible deviations of the
Tg from bulk behavior were found. Subsequently, Fakhraai and Forrest,78 by
employing ellipsometry showed that, deviations from bulk Tg become less
pronounced when the cooling rate was increased. However, ellipsometry
experiments were unable to close the gap with calorimetry investigations at
high cooling rates, therefore, advances in fast scanning calorimetry (FSC)
technique79 allowed to fill the cooling rate gap. Studies performed on PS and
PC thin films80,81 confirm the observed trend of larger Tg depression as cooling
rate decreases.
Other important factors determining the Tg deviation are the polymer chain
architecture and the tacticity. For instance, Glynos et al.54,82 showed how the
Tg of 16-arms star-shaped PS thin films was higher than the bulk one,
demonstrating the importance of the chain architecture on the thickness
dependence on the Tg. Moreover, Grohens et al.65,83 focused on the role of
chain tacticity, showing that isotactic PMMA (i-PMMA) exhibits increase of
the Tg with decreasing films thicknesses, opposite to the syndiotatic (sPMMA) polymer behavior.
Gathering all these findings, it is important to notice that interfacial
interactions and the surface to volume ratio are not sufficient factors to
describe the thermodynamic state of a confined polymeric system.84 The
change of the local density due to the chain adsorption, which propagates from
the irreversibly adsorbed layer to the interior part of the film, has been recently
shown to be a parameter of utmost importance to describe the thickness
17
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dependence of Tg on supported thin films. In particular, experiments have been
shown that deviations from bulk Tg are intimately related to the amount of
interfacial free volume.85,86 This can be tuned by irreversibly adsorbing
polymer chains via annealing well above Tg.57
Importantly, the phenomenology found in thin films is qualitatively
encountered in other kind of geometrical confinements. Among them, polymer
nanospheres have gained increasing importance in recent years. The first
report on polymer nanospheres Tg was presented by Gaur and Wunderlich87 in
1980. They revealed a broadening of the Tg region and a decrease in the heat
capacity (ΔCp) calorimetric scans. More recently, Feng et al. studied the effect
of the interface in PS88 and PMMA89 aqueous dispersed nanospheres by tuning
the amount of surfactant. Their work revealed that in both cases surfactant-free
PS and PMMA nanospheres exhibit Tg depression with confinement.
However, in the surfactant covered nanospheres the deviations from Tg bulk
were less pronounced. Altogether, these results indicate that the kind of
interface is a key factor in governing the deviations in Tg of polymer
nanospheres.
Recent developments on nanoprecipitation techniques90–92 allow the
fabrication of surfactant-free nanospheres. Zhang et al.60 presented Tg
suppression for PS nanospheres exposed to air or into a fluid with weak
interfacial interactions. On the contrary, that reduction was strongly
suppressed when PS nanospheres were capped into core-shell silica. It is worth
mentioning that an increase in Tg with nanosphere confinement has also been
shown by Martinez-Tong et al.,93,94 basing their results on entropic arguments.
They proposed a decrease in the system entropy due to the subtraction of
configurational degrees of freedom for chain arrangements, as a result of the
curvature at the interface in 3-D confinement.
Finally, the Tg of polymer nanocomposites has been the subject of intense
research in the last years. In the plethora of studies reported in the literature, it
18
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is possible to find examples of polymer nanocomposites exhibiting decrease,
increase or no-change in Tg. Generally, the former two results are found in
nanocomposites with strong interaction polymer/nanoparticles. In contrast, Tg
reduction is normally found in those cases in which nanoparticles are grafted
by organic hair, whose nature is similar to that of polymer. This makes the
interaction of polymer/nanoparticles essentially neutral. Given the large
amount of work regarding the Tg of polymer nanocomposites, the reader is
addressed reviews on the topic.55,95
1.2.2. PHYSICAL AGING IN CONFINED POLYMERS
As discussed previously, physical aging is tied to the glass transition. Hence,
several experiments on sub-100 nm thick polymer films were carried out.
Pioneering in this sense is the work developed by Kawana and Jones,96 who
studied the physical aging for PS supported thin films on silicon oxide wafers
by ellipsometry. Their results showed that the achievement of equilibrium was
accelerated when decreasing the film thickness. However, in the most extreme
case, 10 nm thick films, aging was so rapid that the system remained in the
metastable supercooled liquid without any sign of glass transition. In other
words, the equilibrium was maintained throughout the temperature scan
without sign of discontinuity in the temperature dependence of the thickness,
normally observed at Tg. Moreover, physical aging of thin films was
investigated by fluorescence spectroscopy, which provides information on the
change of the local free volume.97,98 The main outcome of these studies,
generally agrees with that of ellipsometry. Similar results were presented
employing calorimetric techniques in the study of PS films. It has been shown
that the equilibrium was progressively achieved at shorter times when
reducing the film thickness.99,100 Boucher et al.101 investigated the kinetics of
the enthalpy recovery in stacked glassy PS films from 30 to 95 nm 102 in a
temperature range below the Tg. Their results, apart from the acceleration of
physical aging, showed the existence two mechanisms of equilibration toward
equilibrium. These two mechanisms can be defined as: (i) a fast mechanism –
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the first one at shorter times – providing partial enthalpy recovery with
Arrhenius temperature dependence and (ii) a slow mechanism that follows the
VFT temperature dependence.
In recent years the influence of confinement on the physical aging of polymer
nanospheres has received increasing interest. Generally, from the sign of Tg
deviations from bulk behaviour, it is possible to deduce whether physical
aging proceeds faster or slower than in the bulk homologue. Concerning a
relevant work performed by Guo et al,103 they have investigated the structural
relaxation or physical aging of aqueous-suspended and silica-capped PS
nanospheres under isobaric (constant pressure) and isochoric (constant
volume) conditions. In line with what was observed in other
configurations,95,99,100,104,105 their results showed how nanospheres confined by
a soft medium – such as water60,88 or air106,107 – also exhibit accelerated
physical aging with decreasing the size of confinement. In contrast, if polymer
nanospheres are surrounded by hard medium such as silica, values of Tg are
observed to be similar to the bulk ones.60,108
Finally, the way polymers ages in nanocomposites is summarized in relevant
reviews on the topic.55,63,95 Similarly to polymer nanospheres, also the physical
aging of polymer nanocomposites is intimately related to the Tg. Hence,
generally speaking, acceleration of physical aging is found in polymer
nanocomposites exhibiting Tg lower than the bulk, whereas the opposite is
observed for nanocomposite with positive deviation of the Tg with respect to
the bulk. In those cases where Tg is found approximately bulk-like, examples
of acceleration of physical aging can be found.104
1.2.3. DECOUPLING BETWEEN TG AND MOLECULAR MOBILITY
The important aspect arising from the investigation of physical aging of
confined polymers exhibiting Tg depression is that the acceleration of such
phenomenon is, in a wide range of conditions, not originated from a
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concomitant acceleration of the polymer molecular mobility. In section 1.1.4,
the connection between the glass transition and molecular mobility has been
discussed pointing out that, the Tg and the molecular mobility are two different
aspects of glass dynamics. In this context, recent studies in polymer thin films
and nanospheres have revealed a decoupling between segmental mobility and
Tg. In this context, several recent works75,106 suggest that the equilibrium and
non-equilibrium glassy dynamics are not one-to-one related in nanostructured
glasses unlike in bulk systems. An example of these studies was presented by
Boucher et al.75 They studied the molecular dynamics and thermal Tg of thin
films by broadband dielectric spectroscopy and calorimetry. In such study, it
was found a marked decoupling between the molecular mobility and Tg. This
is shown in Figure 1.10, where the former, obtained from the specific heat
spectroscopy experiments in the linear regime, in terms of the real part of the
complex specific heat, is found to be invariant with the thickness in PS films
(right axe), whereas a clear Tg depression is observed when decreasing film
thickness (left axe), in line with other findings in different confined
polymers.55,109

Figure 1.10 Left axes: Temperature dependence of the specific heat and obtained from DSC at
a cooling rate of 20 K/min. Right axes: Temperature dependence of the amplitude of the
complex differential voltage at a scanning rate of 2 K/min and a frequency of 160 Hz
measured by AC-calorimetry. Reprinted from ref.75
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These results point toward a decoupling between the non-equilibrium
dynamics – in terms of Tg and physical aging – and the molecular mobility.
Such decoupling implies that, the time to reach equilibrium (τeq) in the
physical aging regime can be found to be shorter in confinement than in bulk,
without any change of the polymer molecular mobility. This has been actually
shown to be the case in several glassy polymers in different kinds of
confinement.100,110,111
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1.3. AIM AND OUTLINE OF THIS THESIS
The aim of this thesis is to gain insights in the understanding of dynamics and
thermodynamics of polymer glasses. Investigations in the knowledge of the
glassy state are still a field of continuous research from both experimental and
theoretical viewpoints. This research entails the study of the glass molecular
mobility and the way a supercooled liquid transforms into a glass, a
phenomenon well-known as glass transition.
Recently, it has been shown that polymer glasses, under particular conditions
of geometrical confinement, exhibit reduced glass transition temperature (Tg).
In this framework, it has been furthermore shown that: (i) the equilibrium
molecular mobility of the polymer in different kinds of confinement is equal to
that of the bulk polymer; (ii) faster recovery of equilibrium in the glassy state
when compared with the bulk counterpart, that is, in the physical aging regime
is found; (iii) given the fact the equilibrium liquid line is followed to lower
temperatures than the bulk, due to the reduced Tg and the faster recovered in
the physical aging regime, glasses with low energy can be achieved in
relatively short time scales in polymers under geometrical confinement. These
results indicate that, beyond the polymer intrinsic molecular mobility in
confinement, geometric factors play an essential role in determining the
deviations from bulk behavior of the non-equilibrium dynamics, in terms of Tg
reduction and acceleration of physical aging.
To shed light on the origin of the deviations of non-equilibrium dynamics
from bulk behavior and its relation to the molecular mobility in confined
polymer glasses, in the present thesis calorimetric methods have been
employed. Specifically, apart from the standard differential scanning
calorimetry, fast scanning calorimetry based on chip technology, allowing
exploring times scales as short as microseconds, has been used. Furthermore,
this technique also allows the application of linear perturbations in order to get
information on the molecular mobility. For this purpose, a simple model based
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on poly(styrene) nanospheres, has been selected. In particular, insights on all
aspects of glass dynamics, including the molecular mobility, the glass
transition and physical aging in the glassy state of these systems, have been
presented. Regarding the latter aspect, the analogy with very long-term aged
bulk polymer glasses will be emphasized, showing how the same
phenomenology can be observed in both bulk and confinement, though on
largely different aging time scales.
Finally, in the framework of non-equilibrium dynamics in confined polymer
glasses, this thesis is complemented with studies on the kinetics of equilibrium
recovery in supported polymeric films above Tg. For that purpose, poly(tertbutylstyrene) (PTBS) thin films supported on silicon oxide have been studied.
In particular, the way Tg evolved when applying suitable annealing protocols
above Tg have been investigated. PTBS was particularly suitable for this study
thanks to its extremely large Tg suppression in comparison to its bulk
analogue.
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2
EXPERIMENTAL TECHNIQUES AND DATA ANALYSIS

In this chapter we will focus on the description of the technical aspects and
physical principles underlying different experimental techniques used in this
thesis. Firstly, we will focus on the description of the techniques providing
information on the thermodynamic state in terms of enthalpy and volume, with
special attention to glass-forming materials. Secondly, we will describe
techniques which have the ability to analyze the morphology of the
investigated glass-forming systems. Finally, we will introduce the
methodologies followed for the data analysis.
2.1. THERMAL ANALYSIS
Thermal analysis is based on techniques sharing a common feature: they
measure a material’s response as a function of the temperature, that is, when it
is heated, cooled or held isotermally.1 Different thermal methods are
commonly used to analyze the behavior of glass-forming systems. Here, the
main purpose is achieving information about the glass transition temperature
(Tg). To do so, we have used calorimetric techniques and spectroscopic
ellipsometry. The main property that is measured by differential scanning
calorimetry (DSC) is the heat flow rate, that is to say, the flow of energy
exchanged by the sample and the external world as a function of temperature
or time.2 Spectroscopic ellipsometry gives information on the complex
refractive index,3 which depends on the material’s density. Therefore, if a
system is subjected to a temperature program, a discontinuity in the thermal
expansion and consequently in volume, will be observed.
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Over the last 20 years, there have been an emergence of novel calorimeters
fabricated with Micro-Electro-Mechanical-Systems (MEMS) processes,4–7
which rely on the use of a thin membrane. These nanocalorimeters main
purpose is to reduce the mass, thus allowing fast heat transfer and therefore,
high heating/cooling rates.
2.1.1. CALORIMETRY
Generally speaking, differential scanning calorimetry measures the change of
the difference in temperature between a sample and a corresponding reference,
while they are subjected to a controlled temperature program. This technique
uses the temperature difference developed between the sample and the
reference, where such difference is used to calculate the heat flow.
Conventionally, an exothermic exchange indicates heat flowing out of the
sample, while an endothermic exchange indicates heat flowing in.1 The energy
changes, which occurs as a sample is heated, cooled or held isothermally –
apart from providing the specific heat capacity of the sample – enable to
quantify the phase transformations that occur in the sample, for example,
melting processes, glass transitions and a range of more complex events.2
In general, considering a time independent heat capacity and sample mass for
each temperature step, differentiation with respect to the time yields to:8
𝑑𝑄
𝑑𝑇
𝑑𝑇
= 𝐶𝑝
= 𝑐𝑝 𝑚
𝑑𝑡
𝑑𝑡
𝑑𝑡

(2.1)

where dQ/dt is the heat flow rate also represented by ΔHF; dT/dt is defined as
the heating or cooling rate (q); Cp and cp are the apparent heat capacity and
specific heat capacity, respectively; m is the sample mass. Here an apparent
quantity is considered due to the fact that, when a phase transformation takes
place, such quantity contains the latent heat of such transformation. This
consideration has to be kept in mind, though in the rest of the thesis for
simplicity we will name such magnitude as the heat capacity, and the related
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intensive property as the specific heat capacity instead of ‘apparent’ specific
heat capacity. It is recalled that the heat capacity (Cp) is the ratio of the amount
of heat transferred to a material to the resulting increase in its temperature,
while the specific heat capacity (cp), is a measure of the amount of heat
necessary to raise the temperature of 1 gram of a sample by 1 degree K.9
2.1.1.1. Standard DSC
DSC is based on measuring the heat exchange between a substance and the
external world as the temperature is varied.2 Two types of DSC instruments
exist: those based on (i) heat flux and (ii) power compensation, schematically
represented in Figure 2. 1 and Figure 2. 2, respectively. In the (i) heat flux
modality, due to the heat capacity of the sample, the reference side (usually an
empty pan) generally heats up faster than the sample side during heating of the
DSC measuring cell, that is, the reference temperature increases a bit faster
than the sample temperature. The two curves exhibit parallel behavior during
heating at a constant heating rate, until a sample transformation occurs. The
temperature of the sample does not change during the transformation or
changes in a non-linear manner, for instance, at the glass transition. However,
the temperature of the reference side remains unaffected and continues
exhibiting a linear increase. When the transformation is completed, the sample
temperature also begins to change again and exhibits a linear increase. The
differential behavior in terms of temperature of the sample and the reference
gives information about thermal properties of the sample, such as the heat
capacity or the latent heat of a transformation.1
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Silver ring

Lid

Sample pan
Thermoelectric disc
(constantan)

Reference pan

Chromel disk
Thermocouple
junction

Gas purge inlet

Alumel wire
Chromel wires

Heating block

Figure 2. 1 Cross section of TA instruments DSC heat flux measuring cell.1

In the (ii) power compensation modality, both cells are heated independently
in different furnaces as represented in Figure 2. 2.
Thermocouples
Reference pan

Reference heater

Sample pan

Sample heater

Figure 2. 2 Power compensation sample holder with twin furnaces and sensors. 9

This DSC is based on heating/cooling the cells at a constant linear rate.1,9
Hence, the system is based on ensuring that the recorded temperature values in
the sample and reference cells are as close as possible. To do so, a differential
heat flux is delivered to the sample and the reference cells, which depends on
the thermal properties of the sample.
In this thesis, a heat flux modality calorimeter, that is, Q2000 from TA
Instruments, is employed. Temperature control is fulfilled through a Helium
(He) gas flow of 25 mL/min. Samples are generally prepared by encapsulating
2 − 10 mg of material into aluminum pans.
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2.1.1.2. Fast Scanning Calorimetry (FSC)
The typical heating/cooling rates of conventional DSC are centered on the
usual laboratory rates, that is, around 10 K/min,7 and normally cover a range
between 0.1 and 300 K/min.10 Recently, to overcome the limitations in the
maximum achievable heating/cooling rates, new experimental techniques
based on fast scanning calorimetry (FSC) have been developed. These
techniques are based on the same principles presented for standard DSC. In the
direction of increasing the rate of temperature variation, ‘homemade’ FSC
instruments, capable of reaching 107-108 K/s, are currently available.11,12
Hence, the combination of FSC and standard DSC instruments allows
accessing a heating and cooling rate range of more than eight decades. Such
remarkable range can be exploited to unveil new information about structure
formation and reorganization processes in materials.7,10 Thus, FSC has
recently been employed to explore systems far from thermodynamic
equilibrium,5 otherwise inaccessible by standard DSC. Typical examples are
highly metastable polymorphic phases and glasses, or those materials that
exhibit strong tendency to crystallize.10
In the present thesis, we have employed a commercial FSC, that is, the
equipment ‘Flash DSC 1’ by ‘METTLER TOLEDO’. This device makes use
of a chip sensor based on MEMS processes.4–7 Likewise in standard DSC,
Flash DSC 1 consists of two separate furnaces: one for the sample and the
other for the reference, which operate like a conventional DSC. The
temperature range of Flash DSC 1 is from 178 to 723 K and scan rates can be
varied within 0.1 to 4000 K/s on cooling and from 0.5 to 40000 K/s on
heating.13 The sensor is made of two identical squares of silicon nitride/oxide
membranes, deposited on top of an aluminum core as shown in Figure 2.3.
The total thickness of the membrane is ~ 2 μm. The temperature of the sample
area is measured with eight thermocouples for each furnace,7,10 as detailed in
the scheme of Figure 2.4. Experiments are carried out on an inert gas
atmosphere, typically N2, though other gases can be employed,10 in order to
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avoid water condensation from the environment, and to optimize the applied
program temperature. A Huber TC100 intracooler is used for temperature
control.
SAMPLE
SAMPLE
FURNACE
MEASUREMENT
AREA

REFERENCE
FURNACE

Figure 2.3 Left Panel: Chip sensor overall view. The active area of the sample and the
reference, and the entire furnaces are indicated. Right Panel: Magnification of a sample on the
active area.7

Figure 2.4 Schematic cross-section (not to scale) of the chip sensor (one membrane is
shown).7

Calibration
The calibration of the Flash DSC 1 consists of conditioning and correction
temperature procedures. The conditioning procedure is needed to erase the
stress generated during the production process. It consists of heating the empty
chip sensor at 100 K/s from 318 to 723 K followed by an isotherm of 4 s at
this high temperature, followed by cooling at 100 K/s down to 318 K and
finishing with an isotherm of 4 s. This protocol is repeated until the heat flow
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rate curves of two consecutive experiments collapse. This is generally
achieved after five conditioning experiments. Afterwards, the correction
procedure is performed. The experiment begins by doing an isotherm of 0.1 s
at 173 K, followed by a heating ramp of 550 K/s up to 723 K and holding this
temperature for 1 s. The correction temperature is performed in order to
correct the thermocouple signal (Ts) with respect to the sensor supporting
temperature signal (Tss).10
Thermal Lag
The thermal lag of the Flash DSC 1 is determined almost exclusively by the
sample geometry and its contact with the sensor.10 Strictly speaking, only the
portion of sample in direct contact with the chip membrane exhibits the
temperature registered by the thermocouple. A temperature profile is therefore
generated along the direction perpendicular to the surface of the membrane.
This depends on the scanning rate, the mass of the sample, its geometry and
thermal conductivity. Typically for polymeric materials with mass of several
hundred of nanograms and thicknesses of microns, a 2 K thermal lag is
registered at heating/cooling rates of about 1000 K/s. At lower rates, such lag
is generally negligible.14,15 For geometries substantially differing from that of
films, the thermal contact can be improved by introducing a medium between
the sample and the chip membrane. This is the case of the study reported in
this thesis, where polymer nanospheres are investigated. In such a case, a thin
layer of diluted polydimethylsiloxane (PDMS) was used in order to improve
the thermal contact between the sample and the chip.
Sample mass determination
The achievement of scan rates of the order of thousands of K/s can be
accomplished employing sample masses lower than several hundred
nanograms.7 Weighing of such low masses is not possible even employing the
most accurate balances available. Hence, thermal properties like the melting
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enthalpy, the glass transition step height or the heat capacity in a given known
thermodynamic state are used to estimate the sample mass.10 In our case, the
sample mass was calculated from the step of the heat flow rate jump in the
range of temperature of the glass transition (ΔHF (Tg)). This is related to the
total specific heat jump (Δcp) through equation (2.1), which can be rewritten as
follows:
∆𝐻𝐹(𝑇g ) = 𝑚∆𝑐p (𝑇g )𝑞

(2.1)

The mass of the sample can be evaluated from such equation, once ∆𝑐p (𝑇g ) is
known from independent measurements by standard DSC.
2.1.1.3. Data Analysis
Estimation of the Fictive Temperature
The fictive temperature (Tf) is a measure of the thermodynamic state of a glass
and is defined as the intersection of the extrapolated glass line and the
extrapolated equilibrium melt line. The concept of Tf was first introduced by
Tool16 and described in details in Chapter 1. It is generally measured on
heating and can be calculated following the equation developed by
Moynihan:17
∫

𝑇≫𝑇g

𝑇f

(𝑐pm − 𝑐pg )d𝑇 = ∫

𝑇≫𝑇g

𝑇≪𝑇g

(𝑐p − 𝑐pg )d𝑇

(2.2)

where cpm and cpg are the specific heat capacities of melt and glass
respectively, and cp is the experimental specific heat capacity.
As can be observed in the Figure 2.5 and given its definition, Tf is extracted
when both areas match each other, as mathematically described by the
equation (2.2).
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Matching areas
=

Heat Capacity

Cp melt

Cp glass

Tf

Temperature
Figure 2.5 Moynihan17 method of the matching areas to determine Tf applied to a typical
calorimetric heat scan. The dashed line represents the specific heat of the melt and the dashed
dotted line the specific heat of the glass.

It is important for an objective analysis, to employ the same glass and melt
lines in all the scans for a given set of data. In order to do this, we have to
superpose the melt and glass regions, that is, those regions where no
irreversible processes related to devitrification are taking place, of a given
scan to the reference scan by minimizing the mean square error, 𝜒 2 =
2

∑(𝑐p_corrected − 𝑐p_ref ) ; where 𝑐p_corrected corresponds to a corrected scan in
slope and in the vertical shift. The minimization is accomplished in the same
specified temperature range for all scans, far away from the transition or
enthalpy overshoot.
Estimation of the Enthalpy Recovery
The effect of physical aging on the enthalpy change of a glass is illustrated in
Figure 2.6 (left panel), where the cp scan of PS bulk aged at 368 K for 100000
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s, and that of the reference or unaged scans are shown as a showcase. In the
right panel of that figure, the cp of the aged sample in excess to that of the
reference as a function of temperature is also shown. The effect of physical
aging on enthalpy recovery has been discussed in details in Chapter 1. Given
the relationship between the specific heat and the enthalpy, the general
procedure for the determination of the amount of relaxed enthalpy during the
aging process, consists of integrating the difference between aged and unaged
thermograms, according to the following equation (2.3):18
∆𝐻(𝑇a , 𝑡a ) = ∫

𝑇≫𝑇g

𝑇≪𝑇g

(𝑐pa − 𝑐pu )d𝑇

(2.3)

where 𝑐pa and 𝑐pu are respectively the specific heats of the aged and unaged
samples.

= Enthalpy
Recovery

Heat Capacity

Aged - Unaged

= Enthalpy
Recovery

Unaged
Aged

Temperature

Temperature

Figure 2.6 Left Panel: Calorimetric heat scans of unaged (red line) and aged (purple line) for
PS bulk sample. Right Panel: Excess of the specific heat (blue line) as a function of
temperature for the scans presented in the left panel. The recovered enthalpy corresponds to
the brown stripped area. Data are for bulk PS aged at Ta= 368 K for ta= 100000 s.
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In this case, the same procedure as the one explained for the Tf determination,
superposition of the glass and melt lines for the aged and the unaged scans has
to be applied, by minimizing the mean squared error 𝜒 2 of the excess specific
heat. Thus, the difference between the specific heat of the aged and unaged
scans in the region where no endothermic overshoot is presented.
Step Response Analysis
The step response method was developed by Schick and co-workers19,20 to
determine the complex heat capacity spectrum (𝑐p∗ ). The value of 𝑐p∗ depends
on the frequency of temperature modulation and can be used to study the
dynamic glass transition and the irreversible (non-equilibrium or non-linear)
and reversible (equilibrium or linear) processes of a system,21 as described in
details in Chapter 1.
Figure 2.7 shows the thermal protocols employed to perform one (left panel)
and two (right panel) steps response analysis.20,22 The one step protocol entails
a down-jump of 2 K at 2000 K/s followed by and isothermal period (tp) of 0.1
and 1 s. The two steps protocol is based on a down-jump of 2 K at 1000 K/s
and an up-jump of 1 K at 1000 K/s, both followed by a total isothermal period
of tp= 0.05 s, where both isotherms exhibit identical time length.
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-1000 K/s

1K
t

0
1000 K/s

0

t (s)

0.1

p

HF (mW)

t

0.1
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Figure 2.7 Thermal protocol to perform one (left panel) and two (right panel) steps response
analysis. Black lines correspond to the programmed cooling step, whereas red lines show the
heat flow rate. tp is the period of the modulation.
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The baseline has to be corrected considering that on an isotherm heat must be
delivered to the sample, due to the fact that the Flash DSC 1 cold block is
maintained at 170 K. Hence, the heat flow is corrected in such a way that, in
the stationary state of the isotherm it is shifted to zero. As an example, Figure
2.8 shows the baseline correction for the two steps protocol down-up jump
experiment. The corrected baseline was performed by taking the value of the
HF at the end of the isotherm cicle (tp) and subtracting it from the total HF.
HF

raw
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0.075
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HF
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HF (mW)

-0.04
0
-0.075

-0.05
t

p

-0.06

-0.15
0

1

2

3

4

5

4.65

6

4.7

4.75

4.8

4.85

t (s)

t (s)

Figure 2.8 Left Panel: Heat flow rate response corresponding to the two steps down-up
protocol for bulk PS in Flash DSC 1 (underlying cooling rate 〈𝑞〉: 20 K/s; period tp: 0.05 sec).
Right Panel: Magnification of the heat flow rate response. Heat flow rate baseline (blue
dashed line) and the total heat flow rate (green solid line). Blue bullet points correspond to the
end of each isotherm.

By applying the Fourier transformation of the heat flow rate and the
cooling/heating rate, the complex specific heat capacity can be determined as
follows (2.4):19,20
𝑡

𝑐p∗ (𝜔) = 𝑐𝑝′ (𝜔) − 𝑖𝑐𝑝′′ (𝜔) =

p
∫0 HF(𝑡)𝑒 −𝑖𝜔𝑡 d𝑡

𝑡

p
∫0 𝑞(𝑡)𝑒 −𝑖𝜔𝑡 d𝑡

(2.4)

where ω is the angular frequency; 𝑐p′ the real component and 𝑐p′′ the imaginary
component of the complex heat capacity and tp the period of the oscillation.
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Furthermore, this kind of measurement provides with the total heat capacity by
dividing the total corrected heat flow rate and the underlying cooling/heating
rate, as expressed in the following equation (2.5):
𝑐pTot =

〈HF〉corrected
〈𝑞〉

(2.5)

where 〈∙〉 is the average over one modulation period; 〈HF〉 is the average or
total corrected heat flow signal and 〈𝑞〉 the underlying cooling/heating rate.
The basic features of the complex heat capacity (𝑐p∗ ) are that there is a step in a
real part (𝑐p′ ) and a peak in the imaginary part (𝑐p′′ ), as well as a shift with
frequency.22 By means of the total and the complex heat capacity, two
different responses, a non-linear and linear one, are generated simultaneously
providing information respectively on (i) the thermal glass transition
(vitrification – Tg(q)), and (ii) the dynamic glass transition (Tg(ω)),19–22 as
depicted in Figure 2.9.
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Figure 2.9 Calorimetric heat scan for PS bulk in Flash DSC1 measured by the step response
method at a period of tp= 0.1 sec. Illustration of the deconvolution of the complex heat
capacity. Tg(ω), the dynamic glass transition, from 𝑐′p (orange dashed line) and 𝑐′′p (blue
dashed-dotted line) and Tg(q), the thermal glass transition, from 𝑐Tot
(green solid line) are
p
shown.

2.1.2. SPECTROSCOPIC ELLIPSOMETRY
Ellipsometry is a non-destructive method for characterizing thin layers at solid
and viscous liquid substrates based on their thickness (d) and complex
refractive index (Ñ).3 Briefly, this technique measures the change in the
polarization state of light reflected from a surface23 as summarized in Figure
2.10.24,25
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Figure 2.10 Left Panel: Schematic diagram of an ellipsometry experiment. The light beam
passes through the polarization state generator (PSG) before being reflected from the sample
surface. After reflection, the light beam is repolarized by the polarization state detector (PSD)
before being detected. Light polarized in the plane of incidence is ‘p’ polarized light, while
light polarized perpendicular to the plane of incidence is ‘s’ polarized light. The ф is the angle
of incidence.26 Right Panel: Reflection and transmissions with multiple interfaces model of an
air/thin film/substrate structure. Where Ñ1 is the complex refractive index in the medium 1, Ñ2
in the medium 2 and Ñ3 in the medium 3. ∅1 is the incident and ∅2 , ∅3 are the refracted
angles.24

From a physical point of view, spectroscopic ellipsometry measures two
values: the amplitude ratio (Ψ) and the phase difference (Δ) between the
parallel (p) and the perpendicular (s) light waves with respect to the plane of
incidence, after reflection from the sample surface (Figure 2.10). The general
equation describing this relation is:26
𝑅𝑝
= 𝑡𝑎𝑛Ψ𝑒 𝑖Δ
𝑅𝑠

(2.6)

where Rp and Rs are the total or the Fresnel reflection coefficients, that are
expressed as:
𝑝
𝑝
𝑟12
+ 𝑟23
𝑒𝑥𝑝(−𝑗2𝛽)
𝑅𝑝 =
𝑝 𝑝
1 + 𝑟12 𝑟23 𝑒𝑥𝑝(−𝑗2𝛽)

(2.7)
𝑅𝑠 =

𝑠
𝑟12

1

𝑠
+ 𝑟23
𝑒𝑥𝑝(−𝑗2𝛽)
𝑠 𝑠
+ 𝑟12 𝑟23 𝑒𝑥𝑝(−𝑗2𝛽)
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In these last equations r is the amplitude reflection coefficient at the interfaces
presented in the right panel of Figure 2.10, where three different media are
considered to be in a layer-by-layer configuration. Specifically, Ñ1 is the air,
Ñ2 the sample to be studied having a determined thickness (d), and Ñ3 the
supporting substrate. Thus, in equation (2.7), the subscript ‘12’ and ‘23’ means
that these Fresnel reflection coefficients are those for the interface between
medium 1 – medium 2, and medium 2 – medium 3, respectively. Finally, in
these equations β is the film phase thickness and is given as:26
𝑑
𝛽 = 2𝜋 ( ) Ñ2 𝑐𝑜𝑠𝜙2
𝜆

(2.8)

Then, equation (2.6) is a function of Ñ1,Ñ2,Ñ3,ф2,λ and d, being λ the
wavelength. Generally, Ñ1, Ñ3 and λ are known, ф2 can be obtained from
Snell’s law,25 leaving thus Ñ2 and d as unknowns. If the sample material is
considered transparent, that is, if it does not absorb light at a wavelength range
of the equipment, one can use the Cauchy or Sellmeier relationship26,27 to
obtain Ñ2, which will have exclusively a real part (i.e. becoming Ñ2  n2).
Finally it becomes evident that the only parameter left for calculation is the
film thickness, d.
In this thesis, ellipsometric measurements were performed with the
spectroscopic ellipsometer (MM-16 Horiba) using a wavelength range of λ=
430 – 850 nm and 70º angle of incidence (𝜙1 ), corresponding to the Brewster
angle24,25 (i.e. the angle of incidence at which there is no reflection of ppolarized light at an uncoated optical surface) of silicon, the material used as
substrate for the determination of thin films thicknesses. For the analysis of the
glass transition temperature an external temperature controller (TMS 94
Linkam Scientific Instruments Ltd.) was used, while acquiring the
ellipsometric angles.
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2.1.2.1. Data Analysis: Estimation of the Glass Transition Temperature
The value of Tg can be obtained by measuring the temperature dependence of
the ellipsometric angles; Ψ and ΔGiven the linear dependence of Ψon h in
the studied range of thicknesses, the condition |h| ~ |Ψ| is valid, where 
indicates a small increment of the quantity.24 Furthermore, as in the
approximation of thin films, assuming that the constraints at the supporting
interface allow thermal expansion only in the normal direction, it holds that
h(T) ~ V(T), where V is the volume of the sample.28 Upon heating, the material
softens in proximity of Tg, which results in a neat increase in thermal
expansion, ~ ∂V/∂T. This quantity is directly proportional to the temperature
derivative of the ellipsometric angles. The Tg is attributed to the crossing of
linear regressions fits of the (T) in the glassy and in the supercooled liquid
state.29 For instance, Figure 2.11 shows how the ellipsometric angles 𝛹 and Δ
are correlated with the thickness of the film as a function of the temperature.
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Figure 2.11 Raw data of the ellipsometric angles 𝛹 and Δ (at a wavelength of 600 nm and an
incidence angle of 70°) for a 60 ± 1 nm PTBS thick film as a function of T compared to h(T)
at 2 K/min. Left Panel: h (blue triangles) and 𝛹(black circles) as a function of T. The
crossover between melt and liquid lines (red solid line) is taken as Tg value. Right Panel: Δ
(red squares) and h (blue triangles) as a function of T. Dashed lines are third order polynomial
fits of the raw data for eye guiding.
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2.2. MORPHOLOGICAL ANALYSIS
The morphological characterization of the structure achieved by a material
after a given preparation protocol is generally carried out by different
methods. Examples are transmission electron microscopy (TEM), scanning
electron microscopy (SEM), scanning transmission electron microscopy
(STEM), small-angle X-ray scattering (SAXS), wide-angle X-ray scattering
(WAXS), atomic force microscopy (AFM) and dynamic light scattering
(DLS).
In this section, we will focus on DLS and AFM. Within the framework of the
present thesis, both techniques are used to characterize the size of polystyrene
(PS) nanospheres. Furthermore, AFM is employed to determine the
thicknesses of poly(tert-butyl styrene) (PTBS) thin films.
2.2.1. DYNAMIC LIGHT SCATTERING
DLS is a technique employed to characterize the size of particles dispersions.
It basically makes use of the illumination by a laser beam of a suspension of
particles, undergoing Brownian motion.30–32 DLS experiments are based on the
analysis of the temporal fluctuations of the scattered intensity due to density or
concentration fluctuations in the sample. The experimental set-up is shown in
Figure 2.12, where the detector is connected to a correlator that computes the
correlation function from the intensity fluctuations as a function of time. A
correlator is basically a signal comparator that measures the degree of
similarity between two signals, or one signal with itself at varying time
intervals.33 In general, the correlation function is defined as:32
𝐺(𝜏) = 〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

(2.9)

Where τ is the time difference (the sample time) of the correlator, I(t) is the
scattered intensity at time t and I(t+τ) is the scattered intensity at time t+τ. In
homodyne detection mode, the correlation function of the scattered intensity
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𝐺(𝜏), is related to the electric-field correlation function 𝑔1 (𝜏), by the equation
(2.10):32
2

𝐺(𝜏) = 𝐴 [1 + 𝐵(𝑔1 (𝜏)) ]

(2.10)

where A is the normalization factor and B an instrumental factor, which
reflects deviations from the ideal correlation, and g1(τ) is the sum of all the
exponential decays contained in the correlation function.
For monodisperse particles in solution the field correlation function decays
exponentially as |𝑔1 | = 1 + 𝑒𝑥𝑝(−Γ𝜏) with a decay rate of 𝛤 = 𝐷𝑞 2 , where
D is the diffusion coefficient of the particle and q is the magnitude of the
scattering wave vector, defined as: 32,34
𝑞=

4𝜋Ñ
𝜙
sin ( )
𝜆0
2

(2.11)

where Ñ is the solvent refractive index, λ0 is the wavelength of the laser in
vacuum, and ф is the scattering angle.
The measured quantity is the diffusion coefficient (D). The particle shape is
related to this coefficient in the simple case of a spherical object, and by the
application of the Stokes-Einstein relationship, relating the diffusion
coefficient to the hydrodynamic diameter (DH) of the particle, is expressed in
the equation (2.12):32
𝐷𝐻 =

𝑘𝐵 𝑇
3𝜋𝜂𝐷

(2.12)

where D is the translational diffusion coefficient of the set of illuminated
particles, kB is Boltzmann’s constant, T is the absolute temperature and η is the
viscosity of the dispersing medium.
51

CHAPTER 2: Experimental Techniques and Data Analysis

Figure 2.12 Upper panel: Scheme of DLS set-up. Lower Panels: Intensity fluctuations as a
function of time. Lower Left Panel: fluctuations for small particles indicating a delay time t1,
where at a very small time, there is a strong correlation between the intensities of two signals.
Lower Right Panel: fluctuations for large particles indicating a longer delay time t2, where the
correlation is reduced as a function of time.

Malvern Zetasizer Nano ZS instrument, which operates in the range from 0.3
nm to 10 μm,33 was used to determine the hydrodynamic diameter, DH, of
nanoparticles at room temperature in water. All measurements were carried
out when the light was scattered by the sample at a backscatter angle of θ=
173°.32,33 The size distribution by intensity plot was employed in this work.
2.2.2. ATOMIC FORCE MICROSCOPY
Atomic Force Microscopy is a scanning probe technique capable of measuring
nanometric surface features. It was developed by Binnig, Quale and Geber in
1986,35 who took the design of the Scanning Tunneling Microscope (STM)
and adapted it for measuring non-conductive samples. Generally, AFM works
by measuring the vertical motion of a cantilever beam with ultra-small mass as
it scans a surface. The cantilever has a micrometric tip attached to its end,
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which is responsible for detecting the topographic morphology. The tip radii is
on the order of 5 – 50 nm and the force required to move the beam is in the
range between 10-12 to 10-9 N. This level of sensitivity is around the regime of
interatomic forces.36 Although the AFM was originally designed for
measuring topographic images, nowadays it is possible to get information
about physical properties at the nanoscale.36 For instance, AFM-based physical
techniques allow measurement of mechanical properties,37 dielectric
spectroscopy38 and ferroelectric response39 among others.
2.2.2.1. Amplitude Modulation Imaging
The AFM can be operated in different modes. Here we describe the amplitude
modulation AFM mode,27 which is relevant to the present work. In such mode,
the cantilever is scanned through the surface as it is being vibrated at constant
amplitude and at a frequency close to its resonance. In details, during an
amplitude modulation imaging process, as the sample is being scanned, the
AFM feedback system controls that the vibration of the cantilever occurs at a
fixed amplitude value, which is kept constant as topographic features are
found. In order to fulfill this requirement, a change in the vertical position of
the tip with respect to the sample must occur depending on the size and shape
of the surface features, and thus topography can be reconstructed (see Figure
2.13). In this thesis, two types of probes were used for the amplitude
modulated experiments, setting the setpoint between 0.5 and 1 V. (i) Budget
Sensors silicon AFM Probes, Tap150Al-G, with a nominal resonant frequency
of 150 kHz and constant force of 5 N/m, with an aluminum reflex coating, and
(ii) PPP-NLC-W probes from Nanosensors.
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Figure 2.13 Schematic set-up of AFM Tapping Mode imaging technique.

In this thesis, AFM measurements were employed to perform topography
studies on polymeric nanospheres and thin films. We have used a Multimode 8
microscope (Bruker), equipped with a Nanoscope IIIa and V controller
(Bruker) in the amplitude modulation configuration (Tapping).
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3
VITRIFICATION AND MOLECULAR MOBILITY IN
POLYSTYRENE NANOSPHERES AND IN BULK

The aim of this chapter is to address the origin of Tg suppression in confined
polymer glasses. As model systems, polystyrene (PS) nanospheres were
considered and their glass dynamics was investigated by means of Fast
Scanning Calorimetry (FSC). The determination of the Tg was based on the
concept of limiting fictive temperature (Tf) and the vitrification kinetics was
taken from the total specific heat (𝑐pTot ) step. Suppression of the Tg in
comparison to bulk PS, both in terms of Tf, and temperature range of
vitrification was observed. At the same time, regarding the polymer molecular
mobility, in terms of relaxation time (𝜏), was found to be independent of the
nanospheres diameter and bulk-like, in a frequency range from 1 to 150 Hz.
Hence, in order to understand these results, the conceptual difference between
vitrification kinetics and molecular mobility is highlighted.
3.1. INTRODUCTION
The study of confined amorphous polymers, that is, those with a reduced
length scale in one or more dimensions, has become increasingly important as
these systems enable numerous technologies were the miniaturization is
required.1–4 However, as mentioned in Chapter 1, if the physical properties of
these systems change due to confinement, it is essential to understand such
effects so as to assess their potential use in nanotechnology. As a matter of
facts, due to the large area of the interface (e.g. polymer/external world
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interface) to volume of polymer ratio, the properties of confined polymeric
systems can dramatically deviate from those bulk counterparts.5
Recently, a plethora of investigations has paid attention to the study of glassy
dynamics at the nanoscale. This activity has been stimulated by pioneering
studies by Keddie et al.6,7 in the early 90s, as introduced in Chapter 1. The
main outcome of these studies was that the Tg of polystyrene (PS) thin films
can deviate significantly from its bulk analogue. Inspired by those results, a
huge number of experiments, in particular for the case of polymer glasses in
different nanostructure configurations as thin films,8–12 nanospheres13–15 and
nanocomposites,16–18 where deviations in Tg have been observed, were
performed.
These deviations in Tg are generally explained to be a result of interfacial
interactions between the polymer and the interface,19,20 which perturb the
molecular mobility associated with the glass transition. Therefore, an
important question arises from these results: do the observed changes in Tg due
to confinement entail changes in molecular mobility? Though with some
exceptions,21 in bulk glass-forming systems a one-to-one relationship between
Tg and molecular mobility is generally encountered,22,23 however, it is worth
recalling, as discussed in details in Chapter 1, that the two aspects of glass
dynamics are conceptually different. Hence, there exists no reason why Tg and
molecular mobility should be one-to-one related in any condition. In fact,
several recent studies have provided strong indication for the presence of
decoupling between Tg and molecular dynamics in polymer thin films,24–26
nanospheres15,27,28 and nanocomposites.17,18,29–32 These studies basically
showed the presence of a dominant component with bulk-like dynamics in
combination with depressed Tg.
However, it has to be pointed out that the mentioned results entail
measurement protocols where the non-linear perturbation, to determine the Tg,
and the linear one, delivering the molecular mobility, are different. For
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instance, in ref.33 the molecular mobility is probed by applying a small
perturbation of the dielectric polarization, whereas the Tg is obtained by
capacitive dilatometry, which is essentially based on a (non-linear)
perturbation of the density. Furthermore, the range of temperature relevant for
the determination of the molecular mobility is often larger than that relevant
for the Tg. Hence, it has been hypothesized that, upon temperature reduction,
the molecular mobility would deviate from bulk behavior and speed up in
ways consistent with the Tg reduction.34
On the debate regarding the origin of Tg reduction in confinement, it has been
also proposed that accelerated molecular mobility at the free interface, is a key
parameter.35–38 The existence of a “fast” surface layer has been proved in
several studies, ranging from photobleaching experiments11 or embedding of
gold nanospheres into a surface.39 These experiments all point toward a “fast”
surface layer with thickness of several nanometers.
To summarize, at present two main hypotheses have been formulated to
explain Tg reduction in confinement. On one side, it is argued that at the
nanoscale, Tg and molecular dynamics are decoupled. On the other side, the
role of free surface to speed dynamics has been addressed to explain Tg
suppression in confinement.40
Given all these premises, the main objective of this study is to unveil the
origin of Tg reduction in confinement. To do so, we have employed fast
scanning calorimetry (FSC) to study PS nanospheres with different diameters.
As detailed in Chapter 2, such technique allows determining simultaneously
and with the same perturbation (in this case that of the entropy) the Tg and the
molecular mobility.
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3.2. SAMPLES AND EXPERIMENTAL DETAILS
3.2.1. SAMPLES
3.2.1.1. Poly(styrene) (PS)

Figure 3.1 Sketch of PS repeating unit

In Figure 3.1 polystyrene (PS) repeating unit is depicted. PS is a vinyl polymer
that structurally comprises a long hydrocarbon chain, with a phenyl group
attached to a main chain carbon atom.41–43 PS was purchased from Polymer
Source Inc. and has the following molecular weight: Mn= 1203.6 kg/mol and
Mw/Mn = 1.17. As a standard procedure before sample preparation, PS was
dissolved in THF and re-precipitated in order to remove any impurity of the
original material. The calorimetric Tg of the investigated PS on cooling at 10
K/min was 373 K.
3.2.1.2. Production of Polymer Nanospheres
In this section we will present how to prepare three dimensional confined
polymer objects through the nanoprecipitation technique.44–47
PS nanoparticles were prepared following the conditions developed by Zhang
et al.,48 in which nanoparticles were precipitated from polymer chains in
solution.44 This rapid solvent mixing technique was denoted as Flash
nanoprecipitation (FNP).49 In our case PS was dissolved in THF and the
solution was filtered with a syringe filter (pore diameter about 0.2 μm) to
avoid the presence of any macroscopic polymer aggregate or dust, which
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might lead to a macroscopic precipitation of the solution. Thereafter, as
schematically is shown in Figure 3.2, two streams were prepared: stream 1,
was a syringe containing 3 mL of PS dissolved in THF at different
concentrations and stream 2 was another syringe containing 3 mL of pure
water (MilliQ H2O). Subsequently, both fluids were pressed manually from
syringes at the same time, causing the two streams to merge into a mixing
reservoir. Finally, the merged streams were dispersed into a 27 mL MilliQ
H2O reservoir to favor the quenching of the precipitated nanoparticles.48

Figure 3.2 Schematic representation of the flash nanoprecipitation set-up to generate PS
nanoparticles.

Afterwards, THF was evaporated from the precipitated reservoir over the
course of 48 hours at room temperature in a fume hood.48 Considering the
large differences in both solvents boiling points, the evaporation of the THF
will take place first compared to the water one. Table 3.1 shows the physical
properties of water and THF.
Table 3.1 Physical properties of the studied solvents.50

Component
Water
THF

Boiling Point,
b.p.(ºC)
100
66

Density, ρ,
21 ºC (g/mL)
1
0.889

Vapor Pressure,
21 ºC (mmHg)
19
133
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We finally isolated the remaining solution of PS nanospheres/water by drying
several drops in a fume hood at room temperature for 24 h. The residual water
was subsequently removed under vacuum at room temperature for 24 h.
3.2.1.3. Preparation of Nanospheres for FSC experiments
For FSC measurements samples are usually placed directly on the sensor
membrane and heated before the actual measurement, in order to optimize the
contact between sensor and sample.51 However, in some cases, media like oils
are needed on the surface of the sensor to reduce mechanical stresses
generated due to differences in the thermal expansion of the membrane and the
sample.51
In order to place the nanospheres powder on the chip membrane and to ensure
the good thermal contact, we placed a film of silicon oil between the sensor
membrane and the sample. In particular, we used PDMS, purchased from
Polymer Source Inc. with a low molecular weight of Mn= 800 g/mol. This
polymer is completely incompatible with PS.52 A layer of PDMS was
deposited on the chip from a solution of diethyl-ether. We placed the
nanospheres powder on the backside of the chip sample’s membrane, where a
drop of PDMS/diethyl-ether solution at 0.01% (w/w) concentration was
previously deposited. This provides a thickness of PDMS of several tens
nanometers. Immediately after, all the prepared chip samples were placed
inside the vacuum oven at 343 K for 12 h, in order to remove any trace of
solvent and to ensure the good deposition of the nanospheres on the sensor
membrane.
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3.2.2. DETERMINATION OF Tf AND STEP RESPONSE ANALYSIS
With regard to obtaining information on the temperature of vitrification, the
determination of the fictive temperature (Tf) was employed as a metric. Its
definition and the way it is obtained have been explained in detail in Chapters
1 and 2. In Figure 3.3, the used thermal protocol for the determination of Tf by
Flash DSC 1 is depicted. Samples were first heated up to 473 K. Then an
isothermal step of 0.1 s and a cooling ramp of 1000 K/s was applied to reach
433 K. Such fast cooling step is performed to avoid the interparticles
coalescence at high temperatures when very low cooling rates are applied.53
Samples were subsequently cooled down from 433 K at rates ranging from 0.1
to 1000 K/s until 183 K and immediately heated up to 473 K at 1000 K/s.
During this heating ramp, heat flow scans were recorded and analyzed to
obtain Tf according to the description developed in Chapter 2.

Figure 3.3 Schematization of the thermal protocol applied to PS nanospheres for the
determination of Tf by Flash DSC 1.

To estimate the specific heat (cp), the sample mass was first determined by
exploiting the heat flow rate jump (ΔHF) in the range of temperature of the
glass transition, as explained in detail in Chapter 2, section 2.1.1.2. The step
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response analysis allows accessing the complex specific heat capacity (𝑐p∗ ) by
Fourier transformation of the instantaneous heat flow and cooling rate after a
temperature jump of 2 K. Such protocol also delivers the total specific
heat (𝑐pTot ), as the ratio of the average heat flow rate and the underlying
cooling rate. Details regarding the step response analysis are provided in
Chapter 2, section 2.1.1.3. The one and two steps protocols were found to
deliver identical information regarding both linear dynamics and kinetics of
vitrification.
3.3. RESULTS AND DISCUSSION
In this section we will first present the characterization of the PS nanospheres
diameter. Subsequently, FSC results, in terms of glass transition and molecular
mobility, on PS bulk and nanospheres with different diameters will be
presented.
3.3.1. SAMPLES MORPHOLOGY
We characterized the size and shape of nanoparticles dispersion by dynamic
light scattering (DLS) and atomic force microscopy (AFM). Figure 3.4
displays the DLS correlation curves and the intensity distributions of the mean
diameter size of nanoparticles, obtained over the course of THF evaporation
time for three different PS concentrations. A stable dispersion of surfactantfree polymer nanoparticles in water was obtained.
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Figure 3.4 Left Panel: Normalized correlation function G(τ)-1 as a function of time for
concentrations of 0.1-0.5-1.5 mg/mL PS/THF in Stream 1. Right Panel: Normalized intensity
size distribution curves. Dotted lines, 24 h; dashed lines, 48 h; and dashed-dotted lines, 72 h of
evaporation. Experiments were carried out at a scattering angle of 173º and a temperature of
298 K.

The precipitated PS nanoparticles suspended in an aqueous solution were
collected in scintillation vials. THF was subsequently removed through air
evaporation in the fume hood over the course of time. Following the protocol
of ref.,48 the air evaporation was stopped after 48 h. No size distribution
differences were observed leaving the suspension in air for longer times, as
shown in Figure 3.4. The values depicted in the right panel of Figure 3.4, 180
– 300 – 450 nm, are the hydrodynamic diameters (DH) of the particles
according to the maximum scattering intensity distribution of particles in
water.
AFM images were obtained by depositing a drop of 10 μL of PS nanoparticles
final dispersion in water onto silicon oxide wafers (SiOx). Prior to imaging the
nanoparticles topography, they were dried evaporating the drop of water at
room temperature, inside a glass Petri dish covered with a lid for 12 h. All the
images were taken on tapping mode with a 10 x 10 μm2 scanning area, using
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Budget Sensors silicon probes. AFM images are reported in Figure 3. 5 for all
investigated systems. Observation of the AFM images indicates that spherical
nanoparticles, though somewhat polydispersed particularly for the largest
nanospheres, are obtained. This is evident from the discrete probability
distributions of log-normal fits.
Before heating at 473 K

After heating at 473 K for 1 min
1.5 mg/ml
PS/THF

0.5 mg/ml
PS/THF
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0.1 mg/ml
PS/THF

Figure 3. 5 Left Panels: AFM images PS nanospheres by the flash nanoprecipitation method 48
before heating at 473 K. Right Panels: PS nanospheres after heating at 473 K for 1 min in a
vacuum oven. Histograms represent the size distribution plots. Black solid lines are lognormal fits and the reported values of the diameter correspond to the maximum of the
distribution.

Figure 3. 5 indicates that the nanoparticles diameter increases with the solution
concentration. From the size distribution histograms, the following
nanospheres diameters depending on the initial concentration of the PS/THF
solution, were obtained: 500, 320 and 230 nm. Most importantly, the images
showed that the nanoparticles were neither destroyed, nor aggregated after
heating the samples at 473 K for 1 min in a vacuum oven. This time is by far
larger than that spent at such temperature in FSC experiments, that is, 0.1 s at
473 K.
Regarding the Flash DSC 1 measurements, a little piece of PS bulk sample
was deposited on the top of the sensor membrane and subsequently submitted
to a pre-melt scan at low heating rate (1 K/s) up to 473 K, in order to ensure
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the thermal contact between the sensor and the samples. In the case of PS
nanospheres, the isolated powder was deposited on the backside of the
membrane on top of a PDMS layer.
The sample masses were calculated according to the procedure described in
Chapter 2, section 2.1.1.2. All the samples were in a range of 100 – 500 ng
(see Table A.1 and Figure A.1).
3.3.2. VITRIFICATION KINETICS AND MOLECULAR MOBILITY
In this section we report results on enthalpy state achieved by PS nanospheres
vitrified in a cooling range of 0.1 – 1000 K/s. To do so, we determine the Tg
using the concept of limiting fictive temperature Tf.54 Apart from the Tf, we
also show results on the vitrification kinetics in terms of the step of 𝑐pTot . As
introduced in Chapter 2 section 2.1.1.3, the latter is obtained from step
response experiments, which also allows accessing the complex specific heat
capacity (𝑐p∗ ). The 𝑐p∗ is exploited to determine the relaxation time (τ)
corresponding to a frequency range from 1 to 150 Hz.
3.3.2.1. Cooling rate dependent glass transition
Figure 3.6 shows the specific heat capacity scans obtained for PS nanospheres
with different diameters on heating at 1000 K/s and after cooling at the
indicated rates.
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Figure 3.6 Specific heat capacity vs temperature plots on heating at 1000 K/s after cooling at
the indicated rates. Dashed lines represent the specific heat of the melt (cpm) and dashed dotted
lines the specific heat of the glass (cpg).
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All curves exhibit the common feature of a main endothermic overshoot
increasing in magnitude with decreasing the cooling rate.a
From the observation of Figure 3.6, the following qualitative differences can
be highlighted: (i) the onset of devitrification progressively shifts toward
lower temperatures with decreasing diameter; (ii) such shift is especially
evident for nanospheres with 230 nm diameter, which at 340 K, exhibit an
excess of specific heat well below the location of the main overshoot. This
suggests that devitrification in the smallest nanospheres begins via a fast
mechanism of equilibration before the standard mechanism responsible for the
main endothermic overshoot takes over. This result is consistent with the
finding of a two-step recovery of equilibrium in both bulk polymers,56 thin PS
films,57,58 and other glasses.59–63

a

It is worth pointing out that the specific heat scans of nanospheres with 320 nm diameter
exhibit additional secondary overshoots at higher temperatures. Such profile has been
observed as well by others, and its origin is at present unknown, 55 however, as noticed in the
investigations performed by Gao et al.55 the effect on Tf of considering these peaks is of the
order of 1 K.
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Figure 3.7 Cooling rate dependence of Tf for all investigated systems. Error bars in Tf are
smaller than ± 1 K.

In Figure 3.7 the cooling rate dependence of Tf is presented. This figure shows
that Tf exhibits negative deviations from bulk behavior and decreases with the
nanospheres diameter. Such dependence becomes more marked with
decreasing the cooling rate. This result is consistent with those obtained in thin
PS films by FSC.5,55 Furthermore, Tf values obtained on cooling at 0.1 K/s
match with those obtained on PS nanospheres at a similar cooling rate by
standard calorimetry in water13 and by capacitive dilatometry in nanospheres
exposed to air.15 This means that Tg suppression is independent of whether PS
nanospheres are surrounded by air, water, or PDMS thin layer as in our case.
Summarizing, our results show negative deviations of the Tf from bulk
behavior and these are more pronounced for nanospheres with smaller
diameter and at lower cooling rates in agreement with previous results.34,64,65
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3.3.2.2. Step response analysis
The upper panel of Figure 3. 8 shows the temperature dependence of the
normalized total specific heat capacity (𝑐pTot
Norm ). This was obtained on cooling
at 20 K/s from the step-response methods, as the ratio of the baseline corrected
total heat flow rate and the underlying cooling rate, see equation (2.5) in
Chapter 2, section 2.1.1.3. The normalized 𝑐pTot varying between 0 and 1, was
obtained through the following equation:

(3. 1)

Tot
Tot
(𝑐pm
− 𝑐pg
)

230 nm
320 nm
500 nm
Bulk

0.5

C

Tot

1

Tot
(𝑐pTot − 𝑐pg
)

p

Norm

𝑐pTot
Norm =

⟨𝒒⟩ = −𝟐𝟎 𝐊/𝐬
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Figure 3. 8 Normalized total specific heat capacity (upper panel) and real part of the complex
specific heat capacity (lower panel) at a frequency of 20 Hz as a function of temperature. Both
results are obtained in the same experiment based on step-response protocol.
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Tot
The 𝑐p consists of both linear (reversible) and non-linear (irreversible)
contributions to the specific heat of the system and, thereby, provides
information on how vitrification takes place. Observation of the upper panel of
Figure 3. 8 indicates that decreasing the nanospheres diameter, results in a
progressive lowering of the temperature range at which vitrification occurs. In
other words, these results indicate a decrease of Tg with the nanosphere
diameter. This result is generally consistent with that showing Tf depression
with decreasing the nanospheres diameter. Furthermore, nanospheres exhibit a
broadening of the vitrification range with the reduction of the diameter, in
comparison to bulk PS. In the most extreme case, that is, for 230 nm diameter
nanospheres, vitrification takes place in a temperature range of approximately
40 – 45 K. Altogether, these results indicate that PS nanospheres are able to
maintain equilibrium at temperatures lower than bulk PS.
The step response analysis allows determining the 𝑐p∗ . This is done from the
Fourier transformation of the heat flow and cooling rate after a temperature
jump of 2 K and an isotherm of variable duration,66,67 which has been
explained in details in Chapter 2. The 2 K jump ensures linearity of the
response, as temperature fluctuations of supercooled liquids in the glass
transition region are generally larger than such value.68,69 Figure 3. 8 (lower
panel) and Figure 3.9 show the normalized real part of the complex specific
heat 𝑐p′ Norm , calculated in the same way as the normalization of the total
specific heat, see equation (3. 1), as a function of temperature at a frequency of
20 Hz; and 10 and 60 Hz, respectively. The former frequency corresponds to a
time scale comparable to the cooling rate employed to determine the 𝑐pTot of
the upper panel in Figure 3. 8 (20 K/s). Given the linearity of the response,
𝑐p′ (T) contains information on the molecular mobility of the system.70 Within
the experimental error, as can be appreciated in the lower panel of Figure 3. 8
and Figure 3.9, all 𝑐p′ (T) curves collapse on each other, indicating that the
linear responses of PS nanospheres and bulk PS are identical.
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Figure 3.9 Normalized real part of the complex specific heat capacity obtained at frequency of
10 Hz (upper panel); and 60 Hz (lower panel). Dashed lines are guide lines to indicate the
midpoint of the step of 𝑐p′ Norm .

The molecular mobility for all investigated systems is summarized in Figure
3.10, where plots of the reciprocal of 𝜏 = 1/(2𝜋𝑓) as a function of the
inverse of the temperature are shown. Such plot was built considering the
midpoint of the step of the real part of the specific heat, as depicted in Figure
3.9. Figure 3.10 indicates that the invariance of the molecular mobility is
verified in the whole investigated temperature range. Furthermore, it shows
that our data generally agree with those previously reported by dielectric
relaxation and heat capacity spectroscopy on both bulk PS and thin films in
different configurations.33,71,72
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Figure 3.10 Reciprocal of the relaxation time as a function of the inverse temperature,
obtained considering the midpoint of the step of the real part of the specific heat. The black
solid line is built from data obtained by BDS and AC-calorimetry for bulk PS and thin films
taken from ref.32

Summarizing, our results show that delayed vitrification on cooling from melt
state in PS nanospheres is unrelated to a modification of the molecular
mobility. If we compare the upper and lower panel of Figure 3. 8, and Figure
3.6 and Figure 3.10, an increased irreversibility of the vitrification process with
confinement is shown, leading to a decoupling between molecular dynamics
and glass transition. It is important to remark that this finding was achieved on
samples prepared in identical conditions and in the case of Figure 3. 8, in the
same experiment. In this case, the step-response protocols allow accessing
simultaneously the complex specific heat resulting from a linear perturbation,
and the total specific heat, originating from a non-linear perturbation, that is,
the underlying cooling ramp. Hence, the non-linear response contains
contributions to the specific heat related to the irreversibility of the
vitrification process.70,73
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Apart from clarifying the non-relaxational origin of Tg suppression in
confinement, our results imply that vitrification in PS nanospheres exhibit
pronounced irreversibility. This is evident from the difference between
′
𝑐pTot
Norm (T) and 𝑐p Norm (T) displayed in Figure 3. 8, where in bulk PS such
difference is smaller implying that vitrification occurs in a sharper range. On
the contrary, for the smaller nanospheres of 230 nm diameter, the
transformation from supercooled liquid to glassy state covers a broad
temperature range, extending well below the temperature at which 𝑐p′ Norm = 0.
Finally, it is worth pointing out that 𝑐p′ Norm plots shown in the lower panel of
Figure 3. 8 and Figure 3.9 provide no indication of the presence of a layer with
enhanced mobility in proximity of the interface. However, according to the
work performed by Paeng and co-workers,10,74 the thickness of such layer was
estimated to be of the order of a few nanometers. This means that for
nanospheres with the lowest investigated diameter (230 nm), such layer would
correspond to a portion of material too small to be detectable by our stepresponse analysis method. For instance, specific heat spectroscopy provides
evidence for a fast component of molecular mobility for PS films with
thickness smaller than 20 – 30 nm,36 that is, at conditions of nanoscale
confinement considerably more extreme than those of the present study.
Despite the fact that our results do not supply any indication against the
presence of that layer, they certainly provide compelling evidence that factors
beyond the role of such interfacial layer must be taken into account, in order to
explain Tg suppression at the nanoscale confinement.
3.4. CHAPTER SUMMARY
In this chapter, we have exploited the ability of FSC to characterize all aspects
of glass dynamics. To investigate the effect of confinement, the chosen system
was PS nanospheres. In the first section, we have explained how to prepare
these nanospheres following the Flash nanoprecipitation technique, as well as
sample preparation for the Flash DSC 1 experiments. In the second section, we
78

CHAPTER 3: Vitrification and Molecular Mobility in Polystyrene
Nanospheres and in Bulk
have shown how investigating glass dynamics of such nanospheres is able to
provide insights on the origin of Tg suppression in polymer glasses under
nanoscale confinement. In particular, we have tested whether this behavior
should be attributed to (i) the presence of accelerated molecular mobility at the
free interface or rather (ii) is a phenomenon that can be observed even in the
presence of bulk-like molecular mobility. Our results indicate that the Tg
decreases with the nanospheres diameter, whereas τ was found to be bulk-like
for all investigated systems. Hence, these results provide compelling
arguments, beyond what it was previously found,14,32 in favor of the
decoupling between thermal Tg and molecular mobility in glasses under
nanoscale confinement.

Part of this chapter is published in ACS Macro Lett. 2017; DOI:
10.1021/acsmacrolett.7b00484
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4
STRUCTURAL RECOVERY IN POLYSTYRENE
NANOSPHERES AND IN BULK

In the previous chapter, the way vitrification takes place and its connection to
molecular mobility on polystyrene (PS) nanospheres has been shown. It has
been demonstrated how vitrification is delayed when cooling, with respect to
the bulk. This fact provided indications on the ability of PS nanospheres to
maintain equilibrium more efficiently. The aim of this chapter is to extend
these results to the physical aging regime, investigating how equilibrium is
recovered in the glassy state. In this context, we have considered the same 3-D
confinement system as the one employed in the previous Chapter 3, that is, PS
nanospheres. We have investigated how enthalpy is recovered in the glassy
state by means of Fast Scanning Calorimetry (FSC). The main outcome of this
chapter is that, in line with the Tg suppression, an accelerated enthalpy
recovery toward equilibrium with confinement is found. This result well
agrees with previous findings on other confined polymer glasses with weak
interactions polymer-substrate. Importantly, the time evolution of enthalpy
exhibits two mechanisms of equilibration as the one observed in bulk glasses,
though on considerably larger time scales.
4.1. INTRODUCTION
The behavior of glass-forming materials at the nanoscale has been an active
area of research for the past twenty years, including the effect of confinement
on the glass transition temperature and on the dynamics in the glassy state.1–4
As introduced in Chapter 1, the main consequence of the kinetic nature of the
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glass transition is that glasses are non-equilibrium systems and they always
experience a slow evolution of their thermodynamic state toward equilibrium,
by a loss of the excess in the thermodynamic properties such as volume,
enthalpy and entropy.5 This phenomenon is known as structural recovery6 or
physical aging.5,7–9 The study of such phenomenon is of great fundamental
interest, because it can deliver information of utmost importance of the
dynamics and thermodynamics of glass-forming systems below Tg.9–11
Recent studies in bulk polymeric 12–14 and other kind of glasses15–21 have
shown that, when a glass-forming system is aged at very long times and
considerably below Tg, equilibrium recovery takes place via two or more
mechanisms until achieving the thermodynamic state of the extrapolated liquid
line. Furthermore, each mechanism of equilibration shows different behavior:
(i) the slow one exhibits the standard Vogel-Fulcher-Tammann (VFT)
behavior with pronounced temperature dependence, typical of glass
dynamics,13 whereas (ii) the fast mechanism displays a much milder
temperature dependence.13,21,22 Given the long time scales required to
observed these multiple steps in bulk polymers,12,13,23 other kinetic pathways
able to accelerate equilibrium recovery are needed. On that account, numerous
experimental studies have shown how polymers confined at the nanoscale are
able to approach equilibrium in shorter time scales.4,9,24 Such characteristic of
accelerated equilibrium recovery has already been observed in polymeric 25–27
and non-polymeric thin films,28 nanocomposites9,29 and nanospheres.30–34
Generally, such acceleration and its associated Tg depression, is associated to
weak interactions of the polymer with its surrounding medium.35 Furthermore,
in analogy with bulk glasses, studies in PS films have shown that when aging
is carried out considerably below Tg, equilibrium recovery takes place through
different mechanisms.36,37
In this chapter, employing PS nanospheres, we have investigated the effect of
3-D confinement on the physical aging behavior following the enthalpy
recovery by FSC.38 These systems have already shown in the previous chapter
86

CHAPTER 4: Structural Recovery in Polystyrene Nanospheres and in Bulk
to exhibit Tg suppression similar to PS nanospheres suspended in water30 or
surrounded by atmospheric gas.33 Apart from the acceleration of physical
aging, this study also shows the presence of two equilibration mechanisms in
terms of the fictive temperature (Tf). These findings are analogous to those
obtained in 1-D confinement systems (i.e. thin films).36,37
4.2. SAMPLES AND EXPERIMENTAL DETAILS
4.2.1. SAMPLES
The studied polystyrene nanospheres and bulk samples are identical to those
used in Chapter 3 following the same production and characterization
techniques.
4.2.2. PHYSICAL AGING MEASUREMENTS
Fast Scanning Calorimetry was performed by means of the Mettler Toledo
Flash DSC 1 equipment, described in details in Chapter 2. FSC experiments
are performed to determine the amount of recovered enthalpy by conducting
(i) isochronal and (ii) isothermal experiments. In both cases, the thermal
histories were erased by holding the sample at 473 K for 0.1 s and
subsequently quenching at 183 K prior to the annealing protocol. This protocol
was based on holding the sample at a specific aging temperature (Ta) during a
certain time (ta). Afterwards, the aged scan was collected by reheating the
sample from 183 K to 473 K at 1000 K/s. Second scans were run immediately
after a new quench at 1000 K/s in order to obtain the unaged reference. The
employed thermal protocol is outlined in Figure 4.1.
For the isochronal experiments, an aging time of 60 min and aging
temperatures ranging from Tg + 5 K until 248 K were considered. For the
isothermal experiments, aging times varying between 0.1 and 105 s at
temperatures ranging from Tg to Tg – ~80 K were performed. The
thermodynamic state achieved after aging at the given conditions was
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characterized by using the concept of the fictive temperature, introduced in
detail in Chapter 2.

T>>Tg

473 K

Ta, ta
Erasing thermal history
Quenching in FSC
Aging in FSC
Aged sample scan
Unaged sample scan

183 K
Time

Figure 4.1 Schematization of the thermal protocol procedure employed to determine the
amount of recovered enthalpy after aging for a given time (ta) at a given temperature (Ta).

4.3. RESULTS AND DISCUSSION
In this section we will present the physical aging of PS nanospheres and bulk
samples after a given annealing time and temperature. Firstly, isochronal
enthalpy recovery experiments, where the aging time is fixed and the
temperature is varied, will be shown. Secondly, isothermal enthalpy recovery
experiments, where the aging temperature is kept fixed while time is varied,
will be presented. Finally, both results will be discussed.
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4.3.1. ISOCHRONAL AGING
The heat flow rate of the samples, aged for 60 min in excess (ΔHF) to the
reference unaged samples over a wide range of aging temperatures is shown in
Figure 4.2. Irrespective of the investigated systems, when aging at
temperatures close to Tg, all the excess heat flow rate scans exhibit pronounced
endothermic overshoots at temperatures above ~ 400 K. This is the typical
signature of physical aging in calorimetry.38 When the aging is performed at
low temperatures, progressively farther from Tg, the endothermic overshoot
decreases in intensity, becomes broader and shifts to lower temperatures.
However, while such overshoot tends to disappear for bulk PS, its presence is
clearly visible even at the lowest aging temperatures for PS nanospheres, as
can be observed in the inset of Figure 4.2 for 230 nm diameter.
Data shown in Figure 4.2 allow determining the aging temperature dependence
of the Tf achieved after 60 min annealing. An overview of Tf as a function of
aging temperature from Tg + 5 K down to 248 K for all investigated systems, is
provided in Figure 4.3. At high aging temperatures, the onset of nonequilibrium effects shifts to lower temperature with decreasing the spheres
diameter. This results well agrees with the Tf suppression, shown in Chapter 3.
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Figure 4.2 Heat flow rate in excess to the unaged reference for samples aged for 60 min at the
indicated temperatures obtained at a heating rate of 1000 K/s for: bulk (upper left panel); and
PS nanospheres with diameter 500 nm (upper right panel), 320 nm (lower left panel) and 230
nm (lower right panel). The inset for the 230 nm PS nanospheres is a magnification of the low
temperature part of the main panel.

As can be noticed in Figure 4.3, bulk PS and 500 nm diameter nanospheres
follow the standard behavior observed in this kind of experiments consisting
of a minimum in Tf. However, in 500 nm nanospheres such minimum is
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located at lower temperatures than in bulk. This behavior results from the role
of two competing effects: (i) the temperature variation of the driving force for
physical aging, and (ii) that of the molecular mobility. The driving force for
physical aging (i.e. the distance from equilibrium) increases with decreasing
temperature. This effect induces the initial decrease of Tf with decreasing
aging temperature. On the other hand, the reduction of the temperature
involves a slow-down of the molecular mobility, which results in an increase
of the Tf reached after 60 min of aging.

Bulk
500 nm
320 nm
230 nm

380

f

T (K)

390

370

360

260

300

340

380

Ta (K)
Figure 4.3 Aging temperature dependence of the fictive temperature (Tf) achieved after aging
for 60 min all the investigated systems. Error bars in Tf are ± 1 K.

Given the general picture of physical aging, we note that a non-monotonous
dependence of the Tf on the aging temperature for 320 and 230 nm PS
nanospheres is observed. Apart from the minimum in Tf at temperatures close
to Tg, the presence of an additional minimum at lower temperatures is also
observed. This result points toward the existence of different mechanisms of
91

CHAPTER 4: Structural Recovery in Polystyrene Nanospheres and in Bulk
equilibration. This outcome will be further unveiled in the next section with
the analysis of the isothermal results.
4.3.2. ISOTHERMAL AGING
Figure 4.4, as a showcase, displays the specific heat in excess to the unaged
reference of 230 nm PS nanospheres after aging at 343 K for different times.
As a general feature, aging in such conditions results in a progressive
development of an endothermic overshoot. The resulting aging time
dependence of Tf, in terms of the distance from the equilibrium, that is, the
aging temperature (Ta) is displayed in the bottom right panel of Figure 4.5. As
can be observed in this figure, the time evolution of Tf exhibits a complex
behavior with an initial decay to a plateau during the first ~100 s. This plateau
corresponds to a Tf value larger than Ta, indicating that the thermodynamic
state of the glass at such plateau belongs to a higher enthalpy state than that of
the extrapolated supercooled liquid line. However, on further annealing, the
system continues evolving to the final thermodynamic state, following a
second decay between 104 and 105 s. An important observation is that, in the
time interval of the plateau in Tf, that is, at isoenthalpic conditions, specific
heat temperature scans exhibit pronounced evolution, as can be observed in
Figure 4.4. The initial broad low temperature endothermic peak, shifts to
higher temperatures and becomes increasingly narrower.
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Figure 4.4 Specific heat in excess to the unaged reference sample of PS nanospheres with 230
nm of diameter obtained at a heating rate of 1000 K/s and aged at the indicated aging times, at
a temperature of 343 K.

An overview of the aging times dependence of Tf for all investigated systems
over a wide range of aging temperatures, is presented in Figure 4.5. Diagonal
arrows indicate the onset of equilibration time (τeq), determined by the
intersection of the drawn dashed lines fitted linearly to the data at the time
interval corresponding to the plateau, and that of maximum slope of the fictive
temperature change.
In the explored aging time scales from 0.1 to 105 s, bulk PS exhibits the
standard behavior with a monotonous decay toward equilibrium, being
consistent with the recent investigations on the enthalpy recovery of bulk PS
performed by FSC.40,41 As mentioned in the Introduction, for bulk glasses
much larger aging time scales to observe the non-monotonous decay of the
thermodynamic state toward equilibrium are required.12,13
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Figure 4.5 Aging time evolution of the fictive temperature Tf, shown as its difference with Ta
for: bulk PS (upper left panel); and PS nannospheres with diameter 500 nm (upper right
panel), 320 nm (lower left panel) and 230 nm (lower right panel). Error bars in Tf are ± 1 K.

Regarding the behavior of PS nanospheres, inspecting Figure 4.5, it is noticed
that in the proximity of Tg a single decay to Tf ~ Ta is observed. However,
when the system is aged at lower temperatures, a relatively fast decay until a
plateau with Tf > Ta is observed. In some cases, the onset of a second decay is
detected. This is the case of nanospheres with 230 and 320 nm diameters aged
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between 343 and 358 K. At the lowest investigated aging temperatures, for
instance, in the case of nanospheres with 230 nm diameter aged at 303 K, the
first plateau in Tf differs from the final ultimate thermodynamic state (Tf = Ta)
by as much as 60 K. This implies that the system lays on an intermediate
plateau after prolonged aging at such low temperature.
Altogether, both physical aging data in isochronal and isothermal conditions
reveal the presence of two mechanisms of equilibrium recovery. These results
are consistent with those obtained in PS thin films.36,37 Furthermore, the
existence of two temperatures of vitrification was previously shown by Pye et
al.42 They investigated the temperature dependence of the film thickness by
ellipsometry in freestanding PS films. Experiments at low cooling rates (< 1
K/min) aiming to characterize the temperature dependent specific volume of
several bulk polymers, revealed the presence of different steps in the
coefficient of thermal expansion, beyond the main one at the Tg of the
polymer.43 More recently, experiments by ellipsometry on thick PS films aged
for several months at room temperature, showed the presence of two
temperature ranges of devitrification.44 The presence of multiple steps to
recover equilibrium is also consistent with equilibrium recovery data of bulk
polymers,12,13 chalcogenide18,20 and metallic glasses.21 Furthermore, in the
latter kind of glasses, also two mechanisms of vitrification have been
identified by calorimetry employing cooling rates of the order of 1 to 20
K/min.17,45,46
To get insights on the nature of the mechanisms involved in the physical
aging, data from Figure 4.5 were used to analyze the kinetics of the
equilibrium recovery. Such kinetics was parametrized by means of the
equilibration time (τeq). This was quantified from the intersection of the linear
fits (Figure 4.5 dashed lines) at the time interval corresponding to the plateau
in Tf. Its dependence on the temperature and the nanospheres diameter and
bulk sample, is shown in Figure 4.6. This figure also includes τeq data taken
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from the study reported in ref.13 on the long-term aging bulk PS (closed and
opened squares).
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Figure 4.6 Time to reach equilibrium as a function of the inverse temperature for all
investigated systems. Symbols: Bulk PS (black open circles); PS nanospheres of 500 nm (red
filled diamonds), 320 nm (green filled triangles) and 230 nm (blue filled circles). Solid lines
indicate the linear Arrhenius fit for each system. Purple filled and opened squares correspond
to the equilibration time of bulk PS obtained by standard DSC taken from ref.13

Regarding bulk PS data shown in Figure 4.6, there is a good agreement
between data obtained from ref.13 and the ones obtained in the present work
from the upper left panel of Figure 4.5. The main difference between these two
sets of data arises from the employed cooling rates. The squares were obtained
from enthalpy recovery experiments after cooling in a conventional DSC at 20
K/min, whereas the ones obtained in this work were carried out by FSC at
1000 K/s. Thus, these results indicate that the time scale to reach equilibrium
is independent of the cooling rate employed before physical aging.
Summarizing both results of τeq data on bulk PS, it can be appreciated that the
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presence of a slow mechanism of equilibration (see opened circles and closed
squares) is compatible with the Vogel-Fulcher-Tammann (VFT) behavior with
a large activation energy. This can be associated with the so-called α process.
Furthermore, a second mechanism of recovery is observed (opened squares)
with activation energy gradually decreasing with temperature.
Concerning to PS nanospheres, our results and their analysis in terms of the
kinetics of equilibrium recovery, indicate that a common mechanism drives
the initial part of equilibrium recovery with Arrhenius temperature
dependence. The continuous lines in Figure 4.6 are the fits of experimental τeq
values to the Arrhenius law (4.1):
𝜏eq = 𝜏0 exp (

𝐸a
)
𝑘B 𝑇

(4.1)

where τ0 is the pre-exponential factor, Ea is the activation energy of the
process and kB is the Boltzman constant.
A common value of 𝐸a = 80 ± 3 kJ/mol, which is considerably smaller than
that associated to α process, is found for all PS nanopsheres. This value is
considerably larger than the obtained in 30 nm PS thin films by standard DSC
(𝐸a = 31 ± 3 kJ/mol).36 However, the latter value was acquired at temperatures
as low as Tg – 75 K and, at higher temperature, a tendency toward an increase
in the activation energy was evident. This activation energy values are
considerably smaller than that of the β relaxation process found for PS by
means of dielectric or mechanical spectroscopy (𝐸a = 160 ± 3 kJ/mol).46 Thus,
its origin must be attributed to other molecular motions.
The finding of common activation energy but different time scales for the fast
equilibration mechanism, points toward the existence of an identical process of
molecular motion for all nanospheres. Hence, two different scenarios can be
hypothesized: (i) such molecular motion, while exhibiting the same
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temperature dependence, is more rapid in nanospheres with smaller diameter
or (ii) such motion is identical for nanospheres with any investigated diameter,
but factors exclusively related to the size are responsible for the shift in the
time scale. According to the findings shown in Chapter 3, it is possible to
discriminate between the two scenarios. In such chapter, we have observed
that PS nanospheres exhibited negative deviations of the Tg but identical (bulklike) molecular mobility,47 in line with previous results obtained in polymer
thin films48–50 and nanocomposites28,51,52 with weak interaction
polymer/interface. Hence, these results, while suggesting more efficient
equilibration of different confined glasses, show that this is not related to the
accelerated molecular mobility and rather originate from size arguments.53
Within this context, recent efforts have shown that the key factor determining
the enhanced efficiency to stay in equilibrium or to recover it from the glassy
state is the amount of free interfacial area,2,34,54–57 unslaved by an underlying
adsorbing layer.58
Regarding the role of the kind of confinement on glass dynamics, our results
demonstrate that the physical aging behaviour is affected by the
dimensionality of confinement in a qualitative manner. However, it is worth of
remark that, on further reducing the diameter of nanospheres (e.g. ~ 20 nm)
positive deviations from bulk Tg can be found. This was shown by Mi et al.60
and Martinez-Tong et al.61,62 Given the fact that, in thin films with weak
interactions with the substrate generally exhibit negative Tg deviations from
bulk behavior even for very thin layers, this result implies that the analogy of
1-D vs 3-D confinement found in this and previous works,30,63,64 may be
invalid at extremely small length scales.
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4.4. CHAPTER SUMMARY
In this chapter, we have employed PS nanospheres and bulk PS to provide
insights on the way polymer glasses subjected to different level of
confinement recover equilibrium below Tg. This was done by performing
isochronal annealing experiments over a wide range of aging temperatures.
Our results show a non-monotonous temperature behavior for 320 and 230 nm
diameter nanospheres. Furthermore, we have complemented these experiments
with isothermal aging experiments with aging times ranging from 0.1 to 105 s
at Ta < Tg. In line with the non-monotonous behavior observed in the
isochronal conditions at shorter time scales, isothermal experiments show
complex evolution of the enthalpy toward equilibrium. In this context, we
have shown that in PS nanospheres: (i) equilibrium recovery proceeds faster
than in bulk; and (ii) the accelerated equilibrium recovery allows the detection
of two mechanisms of equilibration from the glassy state in the employed time
scale range. The former result is discussed in the context of the universality of
the way polymer glasses (subjected to weak interactions with the interface) in
different kinds of geometrical confinement recover equilibrium. Regarding the
presence of two mechanisms of equilibration, our results are consistent with
other studies on bulk and confined polymers, as well as, other kinds of glasses.

Part of this chapter is published in Macromolecules 2018; DOI:
10.1021/acsmacromol.8b00502
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5
VERY LONG-TERM PHYSICAL AGING OF GLASSY
POLYMERS

In the previous chapters of this thesis we have shown how 3-D confinement
allows (i) delaying vitrification when cooling down from the melt and (ii)
accelerating equilibrium recovery in the glassy state. Such general
enhancement of non-equilibrium dynamics provides a route, entailing the
employment of reduced aging time scale, to study glass dynamics deep in the
glassy state and; as a result, the presence of multiple mechanisms of
equilibrium recovery has been unveiled. The question is, whether such
phenomenology is confinement specific or rather is general feature of glasses.
The aim of this chapter is to study the kinetics of equilibrium recovery of bulk
polymer glasses well below the glass transition temperature (Tg). In these
conditions, investigations are rather scarce due to the long time scales required
for reaching thermodynamic equilibrium. Given this fact, long-term physical
aging of polymers deep in the glassy state is much less understood rather than
the short-term one close to Tg. In this chapter, the thermodynamic state
attained after about 30 years aging at room temperature of glassy
poly(arylate), poly(carbonate) and poly(sulfone), by differential scanning
calorimetry (DSC) is investigated. These results were complemented with
extensive DSC studies on these polymers aged in the same conditions of
temperature, for time scales ranging from minutes to months. The main
outcome of this investigation is that these polymers attain an intermediate
plateau in the enthalpy with a partial recovery. This is indicative of the
presence of multiple mechanisms of equilibrium recovery, in analogy with
confined polymer glasses. The presence of a relatively fast mechanism of
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equilibrium recovery, results in the observation of the onset of devitrification
well below Tg. These results generally agree with those showed in Chapter 4
for PS nanospheres. Furthermore, the analogy with other kind of glass-forming
systems is highlighted pointing toward the universality of such behavior.
5.1. INTRODUCTION
In recent years, understanding of physical aging on a variety of glass-forming
liquids such as metallic glasses,1 small organic glasses,2 chalcogenide glasses3
or polymer glasses,4–6 has been subject of active research.
The classic description of physical aging is based on a monotonous evolution
of the thermodynamic state toward equilibrium,7 on a time scale connected to
the so-called α relaxation, with strong temperature dependence often described
by the Vogel-Fulcher-Tammann (VFT) equation.8–10 Hence, within such
description, only one molecular mechanism and its associated time scale are
considered in different theoretical approaches.11–15 However, recent studies in
the physical aging regime over long time scales and significantly below Tg,
provided evidence for the existence of multiple mechanisms of equilibration
including polymers,16–21 low molecular weight glass formers,22,23
chalcogenides24,25 and metallic glasses,26,27 where the recovery of equilibrium
was found to proceed in two or more steps, being the slowest of such steps
dependent on the aging temperature in ways analogous to VFT behavior. In
contrast, the temperature dependence of the fast mechanism of equilibrium
recovery was found to exhibit low activation energy, amenable to the
Arrhenius law description.19,21,27
In this context, as shown in Chapter 4 for PS nanospheres and in thin films in
refs.,20,21 it has to be pointed out that the observation of different equilibrium
recovery steps requires shorter time scales than in bulk glasses. In the latter
systems the same observation needs larger time scales always larger than
several weeks19,27 or even years.16,17,24
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In summary the presence of multiple equilibration mechanisms, constitute an
important issue in order to understand the dynamics and thermodynamics of
glass-forming systems. Thus, the main objective of this study is to shed light
on how polymer glasses recover thermodynamic equilibrium well below Tg.
To this aim, we employ DSC to unveil how several polymer glasses aged over
about 30 years well below their respective Tg, devitrify when heated to the
melt state. Furthermore, we complement these data with additional DSC
experiments on the same polymers, aged for times ranging from minutes to
several months in conditions of temperature essentially equal to those of
samples aged for 30 years. Our results indicate that, devitrification of these
samples proceeds via two distinct mechanisms. Apart from the slow one,
responsible for the devitrification in proximity of the polymers’ Tg, a fast
mechanism is also detected. The fact that the aging is conducted far below Tg,
implies that, differently from glasses aged in proximity of Tg,19 devitrification
takes places in a temperature range considerably below to that associated to
the glass transition; and recovery of equilibrium proceeds to a plateau with
thermodynamic state exhibiting an enthalpy much larger than that of the
extrapolated supercooled liquid.
5.2. SAMPLES AND EXPERIMENTAL DETAILS
Aromatic amorphous bulk polymers, that is, poly(arylate) (PAr),
poly(carbonate) (PC) and poly(sulfone) (PSU) with high thermal, oxidative
and hydrolytic stability were aged for times ranging from minutes to several
months basically in the same conditions to those of samples aged for ~ 30
years. The Tg values obtained by DSC on cooling at 20 K/min considering the
mid-point of the step in the specific heat and the specific heat step (Δcp) at Tg
are summarized in Table 5.1. Prior to their use, all the polymers were stored in
a dry atmosphere during about 30 years (109 s).
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Table 5.1 Tg and specific heat step at Tg for all investigated polymers. Data extracted from
Figure A.3.

Materials Tg (K) Δcp (Tg)(J/gK)
PAr
463
0.225
PC
423
0.23
PSU
459
0.225
5.2.1. SAMPLES
5.2.1.1. Poly(arylate) – (PAr)

Figure 5.1 Sketch of the PAr repeating unit

Poly(arylate) abbreviated as PAr, comes from a family of aromatic
polyesters.28 It is derived from a dicarboxylic acid with a phenolic compound
and the repeating unit consists of ester groups (-CO-O-) and aromatic rings as
schematically shown in Figure 5.1. PAr (Ardel-D100) was purchased from
Union Carbide (Mn = 22700 g/mol; Mw/Mn = 1.27) characterized by Size
Exclusion Chromatography (SEC), see Figure A.2.
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5.2.1.2. Poly(carbonate) – (PC)

Figure 5.2 Sketch of the PC repeating unit

Poly(bisphenol-A-carbonate) abbreviated as PC, is a thermoplastic polymer
which contains linkages of (-O-CO-O-) in the backbone29 as shown in Figure
5.2. PC was purchased from Bayer, Makrolon 2800 (Mn = 23600 g/mol;
Mw/Mn = 1.22), characterized by Size Exclusion Chromatography (SEC), see
Figure A.2.
5.2.1.3. Poly(sulfone) – (PSU)

Figure 5.3 Sketch of the PSU repeating unit

Poly(sulfone) abbreviated as PSU, is a high thermal, oxidative and hydrolytic
stable thermoplastic polymer. It is formed by polycondensation of bisphenol-A
and bis(4-chlorophenyl) sulfone,28 as shown in Figure 5.3. PSU (Udel-P1700)
was purchased from Union Carbide (Mn = 57000 g/mol; Mw/Mn = 1.28)
characterized by Size Exclusion Chromatography (SEC), see Figure A.2.
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5.2.2. PHYSICAL AGING
Specific heat measurements of bulk polymers were performed by DSC-Q2000,
where helium flow was warranted during all the thermal cycles. Samples aged
for about 30 years were first cooled to 183 K and heated at 10 K/min while
recording specific heat data to a temperature considerably above the polymer
Tg. This was 523 K for PSU and PAr and 473 K for PC. In such a way, the
samples’ thermodynamic state after ~ 30 years aging was assessed, and the
previous thermal history erased. All samples were subsequently cooled at 20
K/min to 183 K and immediately heated to room temperature (296 K) for
aging times between 2 min and 60 days. After annealing, samples were again
cooled to 183 K and heated to above Tg at 10 K/min for specific heat data
collection. Figure 5.4 shows the scheme of the applied thermal procedure
employed in the study of the physical aging.
For aging times shorter than one week, aging was carried out inside the DSC,
whereas vacuum ovens were employed for larger times. The temperature in
the oven was monitored continuously by a thermometer placed beside the
samples. For the sake of reproducibility, at least three samples were employed
for each aging time.
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T>>Tg

296 K

Ta, ta

Quenching in DSC
Aging in DSC or in oven
Aged sample scan
Unaged sample scan
183 K
Time

Figure 5.4 Schematization of the thermal protocol applied to bulk amorphous polymers (PSU,
PAr and PC) for the determination of the recovered enthalpy. Ta and ta are the aging
temperature and time, respectively.

Likewise the results presented in the previous Chapter 4, the thermodynamic
state of the aged systems was analysed in terms of the fictive temperature (Tf)
𝑇≫𝑇g

using the Moynihan’s equation:30 ∫𝑇

f

𝑇≫𝑇

(𝑐pm − 𝑐pg )d𝑇 = ∫𝑇≪𝑇 g(𝑐p − 𝑐pg )d𝑇,
g

where 𝑐pm (T) and 𝑐pg (T) are the specific heat of the melt and the glass
samples respectively.
5.3. RESULTS AND DISCUSSION
The calorimetric signature of devitrification of a glass with a given
thermodynamic state generally consists of two components:31 (i) the variation
from the specific heat of the glass to that of the melt, that is, the reversing part
of the specific heat and (ii) the contribution resulting from the irreversibility,
in the thermodynamic sense of the glass transition. The latter component
results in the presence of an overshoot whose magnitude depends on the
thermodynamic state of the glass. For glasses aged over relatively short times
close to Tg, such overshoot is generally located in proximity of the step in the
specific heat capacity underlying the devitrification of the glass.
111

CHAPTER 5: Very long-term physical aging of glassy polymers
Figure 5.5 from a) to c) shows the specific heat scans at 10 K/min for all
investigated polymers aged at room temperature at the indicated aging times.
The step in the specific heat capacity (cp) in proximity of the polymer Tg is
essentially unaffected by aging. In this case, the main signature of enthalpy
recovery during physical aging is the development of a broad endothermic
overshoot in the range of the glassy state, whose onset is located far below Tg.
Furthermore, panels from d) to f) of Figure 5.5 display the specific heat
capacity of the aged sample in excess to the unaged reference (Δcp). As can be
observed, this endothermic overshoot systematically increases its magnitude
with increasing aging time. The result based on the development of an
endothermic overshoot well below Tg is analogous to that shown in Chapter 4
for polystyrene nanospheres, for thin polymer films20,21 and for a plastic
crystal aged for 7 years.22 Such endothermic overshoot may also bear some
relation to the so-called “pre-peak” or “second glass transition”, which is well
documented in different glasses such as polymers,32,33 glassy water34 and
metallic glasses,26,35 obtained after a variety of thermo-mechanical histories.

112

CHAPTER 5: Very long-term physical aging of glassy polymers
PSU

b)

400

450

500

300

350

T (K)

d)

PSU

450

500

300

C

C

350

400

450

T (K)

e)

4 days
15 days
60 days
30 years

p

p

4 days
15 days
60 days
30 years

400

T (K)
PAr

0.02 J/gK

f) PC

4 days
15 days
60 days
30 years

p

350

C

300

PC

0.5 J/gK

0.5 J/gK

0.2 J/gK

c)

Ref.
4 days
15 days
60 days
30 years

C

p

PAr

C

C

p

Ref.
4 days
15 days
60 days
30 years

p

a)

Ref.
4 days
15 days
60 days
30 years

0.01 J/gK

0.02 J/gK

300

350

T (K)

400

450

300

350

T (K)

400

450

300

340

380

420

T (K)

Figure 5.5 Upper Panels: Specific heat scans for samples aged at the indicated times at room
temperature (296 K) and the unaged references. Lower Panels: The corresponding specific
heats in excess to the unaged reference in the temperature range where the endothermic
overshoot underlying enthalpy recovery is visible.

Data shown in Figure 5.5 were analyzed to evaluate the aging time evolution
of Tf, obtained by integrating the specific heat capacity curves in accordance
with the Moynihan method. The obtained results, that is, the evolution of Tf
during structural recovery as a function of aging time, are shown in Figure 5.6
for all investigated polymer glasses. Data are plotted in terms of the departure
from equilibrium, Tf – Ta (Ta= 296 K). As a general observation, all the
polymers that were aged at room temperature exhibit a monotonous decrease
to a plateau after a time scale between 106 and 107 s. This means that the
thermodynamic state of these glasses reached at Ta = 296 K evolves in the first
few months and remains essentially unaltered until a time scale of about 30
years. In all cases, the Tf achieved at the plateau deviates from the aging
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temperature by more than 100 K, implying that only a portion of the total
recoverable enthalpy is actually recovered at the plateau.
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Figure 5.6 Evolution of fictive temperature Tf, during the storage at 296 K. Dashed lines are
guides for the eye.

The most relevant result in the context of the present study is the presence of
(at least) two mechanisms of equilibrium recovery. Figure 5.7 displays
qualitatively the temperature dependence of the enthalpy of the investigated
polymer glasses on the base of experimentally found behavior of the specific
heat scans (see Figure 5.5). In particular, Figure 5.7 shows the existence of an
intermediate equilibrium, corresponding to partial equilibrium recovery. This
first plateau is in line with the aging time evolution of Tf – Ta, displayed in
Figure 5.6, which indicates that the partial recovery of equilibrium is reached
after about 107 s. Thus, this implies that, if in the case of the present study time
scales longer than 30 years were employed, further decrease of enthalpy would
likely be observed via the slow mechanism of equilibration until the complete
equilibrium recovery.
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1st Plateau
Relative thermodynamic
equilibrium
2nd Plateau
Ultimate thermodynamic
equilibrium

Ta

Tf

Tg

T

Figure 5.7 Schematic representation of the thermodynamic equilibria accessible upon aging a
glass obtained from the equilibrium liquid. 1st plateau (blue solid line) represents the longterm aging state and 2nd plateau (black dashed line) represents the thermodynamic equilibrium
of the supercooled liquid line. The way enthalpy is recovered (purple line) on heating from a
state corresponding to the relative thermodynamic equilibrium with partial recovery, is also
shown.

Given the fact that the time scale involved to reach the intermediate plateau is
much shorter than that of the final one, heating above the aging temperature
will result in an increase of the enthalpy. In other words, the initial step of
devitrification takes place with an increase of the enthalpy toward the
intermediate plateau. Furthermore, the broadening of the low temperature
overshoot, longer than 100 K, can be understood if a low activation of the fast
mechanism of equilibrium recovery is considered. Low values of the
activation energy were found for the fast mechanism in bulk amorphous
polymers,19 thin films,21 and in Chapter 4 for PS nanospheres. In this sense,
Figure 5.6 shows how the presence of the fast mechanism of equilibrium
recovery results in a Tf decrease as large as 30 K for PSU and PAr, while only
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of 10 K for PC. In all cases, the decrease in Tf is significant and is observed far
below Tg, that is, at temperatures where the slow mechanism of equilibration is
expected to reach geological time scales given its large activation energy.
Thus, our results indicate that in contrast with the conventional view of
physical aging, massive decrease of the enthalpy toward equilibrium can be
observed even at conditions at which the α relaxation is expected to be
“frozen”.
Finally, it is worth to point out that in order to observe experimentally
detectable physical aging effects in bulk polymer glasses, in terms of excess in
the specific heat capacity and Tf depression, several days are required as
displayed in Figure 5.5 and Figure 5.6, respectively. However, as also
discussed in Chapter 4, confined polymers exhibiting large amount of free
interface,36–38 essentially exhibit the same phenomenology but on shorter time
scales.20,21. This allowed to access energy states with Tf corresponding to
glasses with vanishing excess entropy;20 a fact that was interpreted as a
signature of the existence of the so-called "ideal" glass transition, long ago
theorized by Gibbs and DiMarzio.39
5.4. CHAPTER SUMMARY
This study takes inspiration from recent findings showing the existence of
multiple mechanisms of equilibrium recovery in different kinds of glasses. To
achieve further insights on this issue, we have investigated the thermodynamic
state of polymer glasses aged for about 30 years by DSC. These results were
complemented with a wide range of additional results on the same polymers,
aged from minutes to several months. Our results indicate that, the studied
polymers age via a fast mechanism of equilibrium recovery. This conclusion
has been reached after the following observations: (i) devitrification on
heating begins at temperatures far below Tg, in a range where the mechanism
associated to the α relaxation is expected to exhibit geological relaxation times
and (ii) the plateaus in the enthalpy revoery exhibit Tf(s) vastly different from
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the imposed Ta, indicating that such states correspond to a relative equilibrium.
Altogether these results show how glasses with low energy could be accessed
by exploiting the fast mechanism of equilibrium recovery. In this sense, it is
important to highlight that the employment of confined polymer glasses with
large amount of free interface, can provide a route to access low energy states
in time scales shorter than the times required for bulk homologues.

Part of this chapter is published in Phys. Chem. Chem. Phys. 2018; DOI:
10.1039/C8CP01940A. Communication
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6
TUNING CONFINEMENT EFFECTS ON POLY(TERTBUTYLSTYRENE) THIN FILMS

In the previous chapters, non-equilibrium has been studied in confined and
bulk polymers below Tg. However, it is worth pointing out that nonequilibrium phenomena can also be relevant in the melt state of confined
polymers, overall when they are supported on a substrate. In this chapter, we
study these phenomena for polymer thin films supported on non-repulsive
interfaces. Prolonged annealing in T>>Tg allows modifying properties, as a
result of polymer irreversible adsorption on the interface. Here, we show that
the irreversible adsorbed layer can perturb and eventually erase the reduction
in Tg. To verify this claim, we have determined the thickness and annealing
time dependence of Tg for thin films of poly(4-tert-butyl styrene) (PTBS) with
one free surface. Our results show that the shift in Tg and the manifestation of
the free surface get reduced upon annealing in the liquid state, following the
kinetics of irreversible adsorption.
6.1

INTRODUCTION

The discovery of Keddie et al.1 that the glass transition temperature can
deviate significantly from the bulk to nanoconfined polymer glass-formers,
opened a new aspect of glassy behavior that continues to provide challenges
for fundamental understanding.2 Most of the work performed on nanoconfined
polymers has been conducted on supported films, where layers thinner than
100 nm thickness (h) are deposited onto flat substrates, thus having one free
surface.3
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For supported thin polymer films, deviations in Tg with confinement could be
interpreted to be a result of interfacial interactions between the polymer and
the interface,4,5 as introduced in Chapter 1. Thus, tuning the interfacial
interactions between the substrate and the polymer, allows modifying the
value of the Tg6,7 of nanoconfined systems. Furthermore, reducing the
thickness of the film, which corresponds to the inverse of the surface/volume
ratio, enhances the deviation from bulk behavior, supporting the idea that
confinement effects on Tg have an interfacial nature.6 Several studies have
moreover demonstrated a correlation between the number of chains
irreversibly adsorbed on the supporting substrate and perturbation in Tg,6,8
viscosity,9 thermal expansion,10 segmental dynamics,11 crystallization,12,13
dewetting,14 and maximum water uptake.15
Focusing on the glass transition,1,4,16,17 for supported films of polystyrene,
which is the most widely investigated system, a Tg reduction is commonly
observed for films thinner than 40 nm. In the case of PS, a drop by 10 K is
reported for films as thin as 20 nm.1 These results are commonly explained by
the role of the free surface. However, the reduction in Tg is not only observed
in supported or freestanding films, but also in capped films, where the chains
at both interfaces are in direct contact with non-attractive solid mediums,18–20
although at smaller extents compared to the above mentioned geometries. To
explain these observations, the role of irreversible adsorption of a polymer
onto the supporting interface must be recalled.
Irreversible polymer adsorption may already take place during solvent
evaporation in dilute polymer solutions.21 Subsequently, polymer adsorption
can be enhanced by annealing well above Tg. The formation rate of that
irreversible adsorbed layer at the interface between a solid substrate and a
polymer melt, is generally described as a process of chain pinning via a first
order reaction mechanism, which slows down at large surface coverage.6,22,23
A competition between two driving mechanisms has been shown to drive
polymer adsorption. The first mechanism is active at short annealing times,
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when crowding at the available pinning sites on the interface is weak.21 The
second mechanism takes place when pinning new chains can only occur
through the formation of loops, due to the scarcity of available sites. As a
result of this limitation, the adsorption rate becomes logarithmic in time until
the saturation of the adsorbed layer.22
Based on previous works,6,22,24–26 the reduction of the Tg in thin films can be
correlated to an excess in interfacial free volume27 located either at the
polymer/solid interface or at the free surface.3,28–30 For the former case, such
deviations from bulk Tg can be varied by modifying the degree of adsorption
of polymer films onto the supporting interface.7,31
In this thesis, we successfully demonstrate that irreversible adsorption can also
perturb, and eventually erase, the reduction in Tg imposed by the presence of a
free surface. To verify this claim, we have determined the thickness and
annealing time dependence of the Tg on thin film of poly(4-tert-butylstyrene)
with one free surface. The selection of PTBS has been done since this polymer
exhibits the largest depression in Tg upon confinement at the nanoscale level,
for supported polymer films.32 Our results show that the shift in Tg and the
manifestation of the free surface get reduced upon annealing in the liquid state,
following the kinetics of irreversible adsorption.
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6.2
SAMPLES AND EXPERIMENTAL DETAILS
6.2.1. SAMPLES
6.2.1.1. Poly(4-tert-butylstyrene) (PTBS)

Figure 6.1 Sketch of the PTBS repeating unit

The poly(4-tert-butylstyrene) (PTBS), is a vinyl polymer, which differs from
the repeat unit structure of PS by the addition of a tert-butyl group to the 4carbon on the phenyl ring. PTBS repeating unit is depicted Figure 6.1. The
polymer was purchased from Polymer Source Inc. and used as received (Mn =
70000 g/mol; Mw/Mn = 1.07) according to the manufacturer and used for the
preparation of thin films. PTBS was dissolved at various concentrations in
toluene (> 99.9% purity) purchased from Sigma-Aldrich.
6.2.1.2. Preparation of polymer thin films
Polymer thin films are bi-dimensional structures which can be prepared by
physical vapor deposition,33 laser ablation,34 pulsed laser deposition,35 matrix
assisted pulsed evaporation36 and spin coating.37 All of these techniques allow
the fabrication of thin films with the desired thickness. In this section we have
used the spin coating technique, also known as spin casting, where a polymer
solution is poured on top of a substrate. Afterwards, the substrate is spun at a
certain speed for a specified time. During the spinning the polymer solvent
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quickly evaporates and thin films are obtained. The final thickness and
homogeneity of the film depend on the following factors: (i) the speed of
rotation, (ii) the acceleration, (iii) the spinning time and (iv) the polymer
concentration.38
Preparation of thin films
All the thin films were obtained through the WS-650-23 Spin Coater. Figure
6.2 shows the protocol followed for achieving different film thicknesses.

Figure 6.2 Spin coating scheme protocol

1. Firstly, a polymer solution in toluene is prepared in 15 mL disposable
glass bottle. Afterwards, such solution is dissolved by means of a
vortex mixer and filtered through a syringe into a new glass bottle.
2. A 2”-wide silicon wafer is deposited on top of the coating machine,
where a drop of polymeric solution is poured on the top of the substrate
with a complete covering.
3. Immediately after pouring the drop, rotation must be started. In this
work, we have used a rotation speed of 3000 rpm for 1 minute and an
acceleration of 3000 m/s2.
4. It is important to start the rotation immediately after pouring the drop,
in order to avoid early solvent evaporation, because it would result in
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an increase of the solution viscosity, forming instabilities and leading
to a non-homogenous film.39–41
5. Once the programmed specification is completed, a polymer thin film
supported on a silicon wafer is formed.
To study the impact of thickness and thermal annealing on the Tg a series of
samples with thickness ranging from 25 to 265 ± 1 nm were prepared. The 2”
wide wafers were spin-coated with solutions of different concentrations and
underwent a pre-annealing treatment of 𝑇gbulk + 5 K, which is larger than the
Tboiling of the solvent, for 1 min in order to ensure structural relaxation.
Afterwards, the wafers were successfully cut in pieces and annealed at 453 K
on a hot plate for different times ranging from 0 to 12 h, without any oxidation
(see Figure A.4).
Preparation of adsorbed layers
To determine the formation of adsorbed layer and its kinetics, a 2”-wide
silicon wafer was spin-coated with a ~200 ± 1 nm PTBS thick film, which was
prepared from a 5 w/w % solution in toluene. The wafer was successively cut
into smaller pieces, which were annealed for different times from 25 min to 32
hours at a fixed temperature TANN = 453 K (𝑇gbulk + 50 K) on a hot plate. After
annealing, films were soaked into toluene, that is, the same good solvent used
for spin-coating, during 40 min following the Guiselin’s experiment42 and
drained at room temperature for 10 min. Figure 6.3 displays the schematic
protocol of this experiment.

tANN
TANN

wash

drain

dry

TANN

Figure 6.3 Schematic protocol of Guiselin’s experiment.22,42 Films (purple) anneal at TANN=
453 K for tANN from 25 min to 32 h to form the adsorbed layer (blue). Films were washed in
toluene to get rid of the non-adsorbed layers.
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Afterwards, the thickness of the adsorbed layer was determined via
spectroscopic ellipsometry, as detailed in Chapter 2. The spectroscopic angle
Ψ and ∆ were fitted using a Cauchy model,43 see Appedix section A.3.1, where
the system was modeled considering multilayers: air/PTBS/SiOx/Si
(substrate). To reduce the number of fitting parameters, the thickness of the
native oxide layer (SiOx) was determined before spin-coating the polymer
layer and kept fixed while fitting to the above mentioned multilayer model.
6.2.2. SPECTROSCOPIC ELLIPSOMETRY
Many prior studies have investigated thermal behavior of polymer films such
as Tg and/or thermal expansion coefficient (𝛼) using ellipsometry.10,44–48
Specifically in our case, the thermal protocol used for the determination of thin
films thermal Tg was achieved by using an external temperature controller and
heating samples from 298 to 433 K at 2 K/min while acquiring the
ellipsometric angles, as shown in Figure 6.4.

Temperature

433 K

298 K
Time
Figure 6.4 Schematization of the thermal protocol applied to PTBS thin films for the
determination of thermal Tg by spectroscopic ellipsometry.
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Linear fits of the Ψ(T) data to glass and melt regimes were pursued by moving
inwards the corresponding function in order to insure the best linear
regression, as specified in Chapter 2 section 2.1.2.1.
6.3

RESULTS AND DISCUSSION

In this section, we will present the different results obtained via ellipsometry.
In particular, thermal scans of the thin films used to study the impact of
thickness and thermal annealing on the Tg will be presented. Furthermore, we
will show results on the kinetics of formation of an adsorbed layer in the
employed annealing conditions to determine the Tg.
6.3.1. FORMATION OF THE ADSORBED LAYER
To determine the kinetics of adsorption we have followed the procedure
explained in section 6.2.1.2, and for a selected number of samples we also
determined the thickness of the adsorbed layer by Atomic Force Microscopy
(AFM). We used sharp tweezers to scrape the polymer layer from the silicon
wafer. The film thickness was quantified as the height-step between the
polymer and the substrate, as depicted in the left panel of Figure 6.5. A good
agreement between the thickness values obtained via the two independent
methods validates our model, as shown in the right panel of Figure 6.5.
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Figure 6.5 Left panel: AFM image of a scratched film with a thickness of 6 ± 1 nm after
annealing 16 h at 453 K. Right panel: Comparison between the thicknesses of adsorbed layers
determined by AFM (hadsAFM) and ellipsometry (hadsELLIP).

We remark that the thickness of the layers here determined, corresponds to the
sum of the two sets of adsorbed chains populations indicated by Koga and
coworkers,49,50 where the assigned “flattened chains” constitute the inner
higher density region of the adsorbed layers and the “loosely adsorbed
polymer chains” the outer bulk-like density region.
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6.3.2. IMPACT OF THICKNESS AND THERMAL ANNEALING ON
Tg
Figure 6.6 shows the PTBS film thicknesses as a function of weight percent
solution concentration, measured by spectroscopic ellipsometry. As can be
observed, the film thickness increases in a non-linear way with the polymer
concentration.

h (nm)

500

100

PTBS films

20

0

2

4

6

8

10

w/w (%)
Figure 6.6 PTBS film thicknesses (h) as a function of weight percent concentration in toluene
(w/w %). Dashed line is a third order polynomial fit for eye guiding.

As a preliminary characterization, PTBS Tgbulk was determined by
conventional DSC. Furthermore, spectroscopic ellipsometry was employed to
measure the Tg of the thickest film. Figure 6.7 displays the specific heat scan
of bulk PTBS, obtained on cooling at 10 K/min (left panel) and the
temperature dependence of the thickness of a film with nominal thickness of
410 ± 1 nm (right panel). In both cases, the PTBS Tgbulk is found around 404 ±
3 K.
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Figure 6.7 Left Panel: Heat capacity as a function of temperature for bulk PTBS cooled at 10
K/min. The temperature of the midpoint of the specific heat step was taken as the Tg value.
The dashed red lines are the extrapolated melt and glass specific heats. Right Panel:
Normalized ellipsometric angleΨtaking as reference temperature 300 K as a function of
temperature for a 410 nm PTBS thick film heated at 2 K/min. The crossover between melt and
glass lines (red solid lines) was taken as the Tg value.

Previous investigations,32 by temperature dependent fluorescence
spectroscopy, showed deviations from bulk Tg already visible at thicknesses
larger than 100 nm, and as large as 40 K lower than Tgbulk for 25 nm thick
films . Our results on PTBS are in perfect agreement with those results, as
seen in Figure 6.8.
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Figure 6.8 Tg for bulk and films of PTBS of different thickness prior to annealing at 453 K.
Purple circles refer to measurements of the Tg as obtained via ellipsometry, while red squares
are literature data from Ellison et al.32 on pyrene doped PTBS films, investigated by
temperature dependent fluorescence spectroscopy.

The effect of annealing for the investigated films in the melt state (T = 453 K)
is presented in Figure 6.9, where the temperature dependence of the
ellipsometric angle () of films with thickness 265 and 25 nm, is presented.
As can be observed, the Tg, taken as the kink in the temperature dependence of
, significantly shifts to higher temperatures after annealing.
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Figure 6.9 Comparison of the temperature dependence of the ellipsometric angle at a
wavelength of 600 nm, incidence angle of 70°) for films with thicknesses of 265 nm (left
panels) and 25 nm (right panels) before and after annealing at 453 K.
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A global picture of the effect of annealing on the thickness dependence of Tg is
provided in Figure 6.10 for all investigated thicknesses and different annealing
times.

-10
-20
0h
2h
3h
4h
7h
12h

-30

T

g

film

-T

g

bulk

(K)

0

-40
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Figure 6.10 Shift in Tg as a function of film thickness and annealing time at 453 K. Dashed
and dotted lines respectively represent the best fit to Eq. (6.1) with constant values of 𝑅s (=
486 K) while keeping 𝜉0 free, and constant values of 𝜉0 (= 8.2 nm) while keeping 𝑅s free.

Regardless of the thickness, the drop in Tg progressively decreases with
annealing time. However, while films thicker than 40 nm exhibit complete
recovery of the bulk value within moderate annealing times, for thinner films a
reduction in Tg persists even after annealing for 12 h. At this point, it is
important to check the integrity of the thinnest films after long annealing
times. In particular, the possibility that such films dewet, as reported for other
ultra-thin films,51–53 must be discarded. Thus, we employed AFM to
characterize the morphology of the thinnest investigated film (25 ± 1 nm). In
particular, the integrity and uniformity of such film at the longest annealing
times of 7 and 12 h were verified. The roughness of the film was analyzed
considering the Ra parameter, which is the arithmetic average of the absolute
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values of the surface height deviations measured from the mean plane. As
observed in Figure 6.11, no indication of any kind of dewetting can be
observed. As a matter of facts, in both cases the roughness of the sample was
Ra(tANN= 7 h)= 0.48 nm and Ra(tANN= 12 h)= 0.49 nm, respectively.
25 nm – tANN= 7 h

25 nm – tANN= 12 h

Figure 6.11 AFM height images of PTBS 25 ± 1 nm thin film: after 7 hours (left panel) and
12 hours (right panel) of annealing at 453 K.

To describe the effect of annealing on the thickness dependence of the Tg in
PTBS thin films, we have employed a recent model presented by Forrest and
Dalnoki-Veress:54
𝑇g (ℎ) − 𝑇gbulk
𝑅s −

𝑇gbulk

=

1
1 − exp(ℎ⁄2𝜉0 )

(6.1)

The model allows rationalizing the shift in Tg with respect to the free surface
via Rs, the so-called rheological temperature at the free interface. This
parameter indicates the temperature at which a bulk melt system would exhibit
the same mobility of the free surface, and 𝜉0 , the length scale associated with
perturbation of the glass transition temperature. Though in its original form,
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this model relies on a length scale of altered segmental mobility (𝜉0 )
responsible for Tg deviations, the same formalism can be maintained via
different physical frameworks. For instance, as detailed in Chapter 3,
experimental results7,26,55 and theoretical approaches25 showed that Tg
deviations can be also related to the a perturbation in the amount of free
interface not requiring alteration of the molecular mobility.30,55,56 In
accordance with these premises, fits in Figure 6.10 are calculated based on
equation (6.1). We considered two equivalent approaches consisting of
keeping, for each data set at constant annealing time, the values of 𝜉0 or 𝑅s
constant, while allowing the variation of the other parameters. In analogy to
previous work,54 a reduction in Tg can be parametrized by imposing 𝑅s −
𝑇gbulk > 0, which corresponds to a rheological temperature of the free surface
higher than bulk Tg. We have furthermore considered values of 𝜉0 > 3.7 nm,
which is considerably larger than those found for PS, given the intrinsic
difference in the extension of the liquid-like layer at the free surface for the
two polymers, around 6 nm for the PS versus 10 nm for the PTBS.57
Given these premises, the amount of irreversible adsorbed layer was measured
via ellipsometry on time scales ranging from 25 min to 32 h at 453 K for all
investigated films.6,22,23 Figure 6.12 shows how the annealing reduces in a
similar manner the difference 𝑅s − 𝑇gbulk and the absolute value of 𝜉0 . This
evidence implies that holding for a long time thin films above Tg significantly
reduces, and for h > 40 nm totally inhibits, the confinement effects imposed by
the free surface. At constant film thickness, the time evolution of 𝑅s − 𝑇gbulk
and 𝜉0 follows the same trend as𝑇g (ℎ) − 𝑇gbulk .
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Figure 6.12 Left panel: Kinetics of irreversible adsorption for PTBS on SiO 2, solid lines are
fit to the model proposed by Housmans et al.,22 including a linear growth rate at short
annealing times evolving in a logarithmic growth of the adsorbed amount at longer times.
Right panel: Time evolution of the shift in Tg for 45 nm thick films (upper), the difference
between the rheological temperature and bulk Tg (middle), and length scale of the extension of
the free surface – (lower). The solid lines in the right panels are not fit to these data but traces
of the kinetics of adsorption, adequately normalized between the values assumed by the
plotted quantities during annealing.

For annealing protocols shorter than 5 h, these confinement effects linearly
vanish with tANN, as shown in Figure 6.12. At longer annealing times, the
recovery of bulk behavior slows down, becoming logarithmic, according to the
analytical description of the kinetics of irreversible adsorption.22
137

In line with recent work, we speculated on a possible correlation between
adsorbed amount and Tg shift proposed by Napolitano et al.6 for PS films
capped in aluminum layers. This relation, connecting structure and dynamics
of polymer melts in the proximity of solid interfaces, has been validated by a
large number of independent experimental investigations. Glynos et al.,58 for
example, verified that the link between shift in Tg and adsorbed amount is
valid also in the case of star-shaped polymers, holding independently from
molecular weight or functionality of the arms. Validity of the relation for
exposed adsorbed layers is strongly supported by Burroughs et al.,26 while Sun
et al.59 confirmed the exactness of this trend also for spin-coated films.
We have compared the time evolution of ΔTg(tANN), the time dependent
deviation from bulk Tg upon annealing, with the kinetics of the irreversible
adsorption within the same experimental conditions (see Figure 6.12).
Excellent agreement between this independent data set validates our claims.
This result implies that irreversible adsorption at the polymer/substrate
interface limits or totally erases the impact of the free surface on the thermal
Tg.
Evidence of the enslaving of the free surface to the behavior of molecules in
direct contact with adsorbing interfaces, is not limited to the glass transition of
polymeric thin films. Koga et al.9 observed a neat reduction in tracer
diffusivity of gold nanoparticles on the surface of 50 nm PS thick films
annealed for time long enough to form stable adsorbed layers. These results
indicate that the reduction in viscosity commonly observed at the free
surface60,61 (a 2-3 nm layer) can be suppressed or even reverted by adsorption
of chains on far away interfaces. In this case, the presence of a 6 nm adsorbed
layer at the supporting interfaces was able to turn the upper layer into an
ultraviscous slab, with flow properties reduced in comparison to the bulk.
Further work by Foster and coworkers62 showed that the impact of adsorbing
layer on the free surface extends up to 6-7 Rg in case of linear chains of PS,
and even more, e.g. 14 Rg, for cyclic polymers.
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Capponi et al.63 observed a similar trend for the structural dynamics of
glycerol, a low-molecular weight glass former. Enhanced mobility at the free
surface was finally suppressed when this layer came into contact with the
adsorbing interface. The molecular mechanisms behind the suppression of the
free surface effect are not yet clear. Our experimental evidence shows that this
process is relevant, and challenges the current picture on the glass transition in
confinement.
Based on recent work,64 we speculate that adsorption onto the supporting
substrate, increases the barrier of diffusion of free volume holes at the free
surface.25,26,30 The upper layer in contact with air is often oversimplified as an
infinite reservoir of free volume, which ensures a negative shift in the Tg of
thin films. This conjecture might not be valid in proximity of irreversible
adsorbed layers, whose impact on the vitrification of adjacent layers extends
far beyond the volume occupied by monomers belonging to chains pinning
into the substrate.11 In this condition the free surface would lose its athermal
liquid-like behavior and glassify together with the rest of the film, at bulk Tg.
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6.4

CHAPTER SUMMARY

In this chapter we have used spectroscopic ellipsometry to explore nonequilibrium dynamics well above Tg of supported thin films based on PTBS.
In particular, the kinetics of irreversible adsorption on the substrate was
investigated. In the first section, we have explained how to prepare the
confined polymeric thin films and the polymeric adsorbed layers onto a nonrepulsive substrate. In the second section, we have investigated the impact of
prolonged annealing in the liquid state on the Tg of thin films, resulting in a
recovery of bulk behavior in almost all the confined levels. Furthermore, we
provided insights on how the kinetics of the irreversible adsorbed layer affects
the Tg in polymer thin films. Our experimental results demonstrate that, the
recovery of bulk behavior and the manifestation of the free surface are
correlated to the kinetics of irreversible adsorption of chains on the supporting
substrate.

Part of this chapter is published in ACS Macro Letters 2017; DOI:
10.1021/acsmacrolett.7b00129
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CHAPTER 7: Conclusions

7
CONCLUSIONS

The general purpose of this thesis has been to reach a deep understanding of
the thermodynamic processes that influence the glass transition in amorphous
materials based on polymers. The science of the glassy state is still being a
field of continuous research, where numerous theories try to explain the origin
of molecular mobility and the connection with the phenomenon known as the
glass transition. With this aim, we have presented a detailed study of different
aspects of the glass transition in confined polymeric glasses by combining
calorimetric techniques, from conventional to Fast Scanning Calorimetry
(FSC), and other thermal and optical analysis.
Throughout the different chapters, polymer glasses confined in one and three
dimensions (i.e. thin films and nanospheres) have been produced in order to
study their physical properties from a fundamental point of view.
Firstly, it is important to mention that there has been an intense research
activity focused on the distinctive seal of glassy materials: the transition from
liquid to glass or vitrification. It is believed that the vitrification and the
molecular mobility are manifestations of the same phenomenon. Our
calorimetric results in polystyrene (PS) nanospheres have allowed us to obtain
information about both, glass transition temperature (Tg) and molecular
mobility, in terms of the fictive temperature (Tf) and the characteristic
relaxation time (τ), respectively. These experiments have revealed a
decoupling between these two aspects of the glass dynamics in samples
prepared in identical conditions. Therefore, the equivalence between
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vitrification and glass dynamics previously exposed to bulk amorphous
polymers could not be considered in such a way for confined systems. This
result implies that other factors, such as the geometric ones associated with
confinement, are of utmost importance.
Furthermore, PS nanospheres have exhibited similarities with thin films with
weak interactions polymer-substrate and freestanding films, in term of
deviations in Tg and rate of physical aging. In particular, such systems, due to
the high free surface area are able to maintain the thermodynamic equilibrium
more efficiently than their unconfined counterparts. Therefore, they can access
lower energy states otherwise not easily accessible in bulk systems, because of
the long time scales required for reaching the thermodynamic equilibrium. By
means of aging measurements below Tg, a complex recovery behavior of the
thermodynamic properties has been observed, supporting the existence of
multiple equilibrium recovery mechanisms at different time scales.
Moreover, in order to get establish an analogy between confined and bulk
polymers, long-term physically aged amorphous polymers have been studied.
By monitoring the physical aging at room temperature (R.T.) of bulk polymers
with Tg >>> TR.T. for times up to tens of years, we have been able to
corroborate the presence of those different mechanisms of enthalpy recovery,
already seen in our nanospheres at relatively shorter times. This result reveals
the universality of the complex nature of thermodynamic equilibrium present
in glassy materials.
Apart from the kinetics of equilibrium recovery of glassy polymers below Tg,
non-equilibrium effects above Tg have been considered too. To this aim,
poly(tert-butylstyrene) (PTBS) thin films supported onto a substrate with weak
interactions, have been employed to study the Tg by means of ellipsometric
spectroscopy. In this study the importance of the adsorbed layer between the
polymer and substrate has been highlighted. Moreover, it has been set the
amount of free interfacial area, unslaved by an underlying adsorbing layer, as
146

CHAPTER 7: Conclusions
the key factor in determining the enhanced efficiency of these systems to stay
in thermodynamic equilibrium.
Finally, it is shown that exploring nanostructured polymer glasses allow us to
access time scales amenable to the normal practice of the experimental work.
Besides, the most significant and intriguing prospects of this work are the new
possibilities opened by FSC. This technique allowed us to access very short
time scales, by the application of high cooling/heating rates in the order of ~
1000 K/s, enhancing the out-of-equilibrium dynamics not accessible until
today. Furthermore, it is possible to obtain the structural relaxation kinetics,
the fictive temperature, and the relaxation map, similar to the one obtained
from purely relaxation techniques (e.g. dielectric spectroscopy), and provide
information on the molecular dynamics of the studied systems. It is important
to remark that, apart from the study of our simply model based on PS
nanospheres, further investigation of other glassy polymers confined at lower
nanoscale levels are required in order to understand how the role of chain
conformations affect the glass transition.
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A.1. CHAPTER 3 – Vitrification and Molecular Mobility in Polystyrene
Nanospheres and in Bulk
A.1.1. SAMPLES MORPHOLOGY
Sample masses were taken approximately in between from 100 to 500 ng and
calculated based on the analysis of heat flow jump (ΔHF) at 373 K as shown
from the heating scans at 1000 K/s in Figure A.1.1 These results are
summarized in Table A.1.
Table A.1 Obtained masses for all the studied PS systems calculated from the ΔHF.

System
Bulk
500 nm
320 nm
230 nm

Mass (± 5 ng)
200
500
100
100
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500 nm q=1000 K/s

HF (mW)

HF (mW)

Bulk q=1000 K/s

0.1 mW

0.05 mW

320

340

360

380
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420

440 320

340

360

T (K)

380

360

380
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400

420
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Figure A.1 Flash DSC 1 heat flow heating scans for bulk PS and 500-320-230 nm diameter
PS nanospheres performed on heating at 1000 K/s after cooling at 1000 K/s. Red dashed lines
correspond to the melt heat flow line and red dashed dotted lines to the glass heat flow line.

All the masses and thicknesses of PDMS layer in each chip configuration PS
nanospheres/PDMS were calculated from the following equations (A.1) and
(A.2). Table A.2 summarizes the obtained values.
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∆𝐻𝐹𝐷𝑆𝐶
∆ℎ𝑞
𝑚
ℎ=
𝜌𝜋(𝑑/2)2
𝑚=

(A.1)
(A.2)

where ΔHFDSC is the enthalpy of the melting peak area; Δh is the specific
enthalpy of melting, taken form the ATHAS data bank;2 q is the cooling rate; h
is the thickness; ρ is the density; d is the sample diameter, which corresponds
to the diameter of the chip (0.5 mm).
Table A.2 PDMS masses on the chip membrane for 500, 320 and 230 nm PS nanospheres
after an isotherm of 30 minutes at T= 173 K and q=1000 K/s

Sample
500 nm
320 nm
230 nm

ΔHFDSC (mJ/s)
29.42
33.6
26.97

Mass (ng)
2.4
2.74
2.2

Thickness, h (nm)
19.8
22.6
18.1

A.2. CHAPTER 5 – Very long-term physical aging of glassy polymers
A.2.1. SIZE – EXCLUSION CHROMATOGRAFY (SEC / MALLS)
Figure A.2 shows the SEC/MALLS traces for bulk polymers of PSU, PAr and
PC using as an eluent at a flow rate of 1 mL/min. All the solutions were
prepared at 4 mg/ml in THF.
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Figure A.2 Illustration of the Relative Scale of SEC/MALLS traces for a) Poly(arylate) (PAr);
b) Poly(carbonate) (PC); c) Poly(sulfone) (PSU) as a function of the retention time in minutes.

A.2.2. SPECIFIC HEAT CAPACITY
Figure A.3 shows the specific heat capacity at Tg for PSU, PAr and PC
samples. The specific heat capacity jump (Δcp) was calculated at Tg, obtained
from the half-height between the melt and glass lines.
a) PSU

c) PC

p
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C

C

p

p

b) PAr
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Figure A.3 Standard DSC specific heat capacity scans for PSU, PAr and PC performed on
cooling at 20 K/min. Red dashed lines correspond to the melt specific heat line and red dashed
dotted lines to the glass specific heat line.
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A.3. CHAPTER 6 – Tuning confinement effects on PTBS thin films
A.3.1. CAUCHY EQUATION
Cauchy’s equation is an empirical relationship between the refractive index
and the wavelength of light for a particular transparent material. Three
parameters (A, B and C) are used in the equation (A.3) for the Cauchy
transparent model.3
𝑛=𝐴+

𝐵
𝐶
+ 4
2
𝜆
𝜆

(A.3)

where A, B and C are the characteristic constants that describe the refractive
index of the substance. In this case, we have employed the Cauchy model
values belonging to PS in order to fit the ellipsometric angles (Ψ and Δ) of
PTBS. Table A.3 shows the A, B and C employed values.
Table A.3 Cauchy transparent model parameters for polystyrene

A

B

C

PS 1.5897330 -0.6218504 1.7228140
A is a dimensionless parameter; B (nm2) affects the curvature and the
amplitude of the refractive index for medium wavelengths in the visible; C
(nm4) affects the curvature and amplitude for smaller wavelengths in the
ultraviolet.4
A.3.2. POLY(TERT-BUTYLSTYRENE) THERMAL STABILITY
Figure A.4 shows thermogravimetric (TG) analysis of PTBS under different
atmospheric conditions. These experiments were performed in order to check
the stability of PTBS under the imposed annealing protocol in the open air at
453 K. As can be observed from the weight loss analysis of Figure A.4, under
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air atmosphere, that is, oxidative conditions, no degradation is observed until ~
550 K.
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Figure A.4 TG curves for degradation of PTBS heated at 10 K/min under air (oxidative) and
nitrogen (inert) atmospheres. Dashed blue line corresponds to the oxidative conditions and
solid green line to inert conditions.
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