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ABSTRACT

The Glass Transition and Physical Aging Behavior of Polymer Nanocomposites

Studied via Fluorescence

Perla Rittigstein

The average and local glass transition temperatures (T4s) and physical aging
behavior of various confined polymers were studied in order to gain an understanding of
these surface/interface effects and their propagation into the polymer. Using a novel
multilayer/fluorescence method, the Tgs of layers at the free surface, substrate-polymer
interface, and at known distances away from the interfaces of poly(methyl methacrylate)
(PMMA) films supported on silica were measured. Since attractive hydrogen-bonding
interactions are present, it was shown that perturbations to Ty can propagate over
length scales of several hundred nanometers and overwhelm the free surface effect,
thereby leading to an increase in the average T4 across the film.

The effect of the addition of silica or alumina nanospheres to polystyrene, PMMA
and poly(2-vinyl pyridine) (P2VP) on T, was investigated using fluorescence. The
results showed that the T, and physical aging of polymer nanocomposites can be
controlled by tuning the polymer-nanofiller interactions via choice of polymer, nandfiller,
and the preparation procedure. The nanocomposite Ty may be either enhanced or
depressed relative to bulk, depending on the presence of wetted interfaces with

attractive interactions or free surfaces between the polymer and the nanofiller. In
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addition, model PMMA- and P2VP-silica nanocomposites consisting of polymer films
confined between silica slides were designed in order to provide a simple way to gain
insight into the effect of interparticle spacing on T, The model and real
nanocomposites with identical T, deviations yield similar dramatic suppressions of
physical aging. This study has also resulted in the first determination of the distribution
of Tgs within polymer nanocomposites. Different functionalized single-wall carbon
nanotubes (SWCNTs) were grafted to PMMA in order to identify their effect on the local
and average Tgs of the system. The results indicate a relationship between the length
and flexibility of the side groups in the SWCNT and the extent of the increase on T,.
Even more important from a technological standpoint is that the incorporation of
nanofillers in the polymer dramatically suppresses the physical aging behavior of the
matrix. This provides a new application for nanofillers creating glassy-state polymer

nanocomposites with long-term stable properties.
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1 Introduction

Nanotechnology is a field of research at the crossroads of biology, chemistry,
physics, engineering, and medicine. It plays a key role in many areas including material
processing, mechanical engineering, optics and electronics. However, properties of
materials at nanoscale dimensions may deviate from bulk-like behavior. Understanding
the mechanism of property changes associated with nanoconfinement is essential for
basic science and nanotechnology. Therefore, in the last decade, research focused on
studying the properties of materials on the nanoscale has gained significant importance.
This interest includes studies of properties of metals, ceramics and polymers at the
nanoscale (Quake and Scherer, 2000).

The physical properties of dimensionally constrained polymer systems deviate
significantly from those observed in the bulk state. Polymer confined in nanopores,
polymer thin films and polymer nanocomposites have different properties than bulk
polymer, e.g., the glass transition temperature (T,) (Forrest and Dalnoki-Veress, 2001;
Kawana and Jones, 2001; Ash et al., 2002b; Berriot et al., 2002; Liu et al., 2006),
physical aging (Lee and Lichtenhan, 1998; Fukao et al., 2002; Kawana and Jones,
2003; Lu and Nutt, 2003a, 2003b), modulus (Ash et al., 2002a; Van Workum and De
Pablo, 2003), compliance (O'Connell and McKenna, 2006; Ganss et al., 2007),
crystallization behavior (Frank et al., 1996b; Al-Mulla et al., 2008), and diffusion
coefficients (Frank et al., 1996a; Peter et al., 2008). Nanoconfined polymers are
systems that open the door to novel applications in numerous areas including chemical

sensing (Krasteva et al., 2002; Sarantopoulou et al., 2008), catalysis (Galow et al.,
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2002; Esumi et al., 2004; Zampieri et al., 2004), drug delivery (Brigger et al., 2002;
Wood et al., 2008), energy devices (Croce et al., 1998; Xi et al., 2005; Olivetti et al.,
2006; Yildirim et al., 2008), membranes (Merkel et al., 2002; Song et al., 2007),
lithographic patterning (Suh and Lee, 2002; Damean et al., 2005), tissue engineering
(Griffith and Naughton, 2002; Shi et al., 2007), molecular electronics (Huang et al.,
2001; Wang and Park, 2007), microfluidic devices (Therriault et al., 2003; Zhang et al.,
2008), and photonic materials (Lin et al., 1998; Andriesh et al., 2007), among others.

This study of polymer confinement was stimulated by the early work of Jackson
and McKenna (1991), who found that low molecular weight glass formers confined to
nanopores exhibit reduced Tg4s as compared with bulk values. In addition, Keddie et al.
(1994b) observed a reduction of Ty relative to bulk values in polystyrene (PS) ultrathin
films. Later, Ash et al. (2002b) showed that adding alumina nanospheres to PMMA
reduced the Ty of the matrix. Since these influential and seminal studies, several
hundred research articles focused on understanding the effect of polymer confinement
in different geometries have answered a number of fundamental questions, as well as
raised many more new and challenging questions that are still unanswered.

The current fundamental understanding of the property changes associated with
polymer nanocomposites is still quite primitive. It has been noted that a better
understanding of the properties of polymer nanocomposites may be possible by utilizing
new techniques to characterize structure-property relationships (Krishnamoorti and
Vaia, 2002). This study will address the consequences of the addition of nanofillers in

the polymeric matrix by employing fluorescence spectroscopy, a technique that has
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been successfully used to characterize physical properties in other nanoconfined
systems (Ellison et al., 2002; Ellison and Torkelson, 2002, 2003; Ellison et al., 2005;
Priestley et al., 2005a; Priestley et al., 2005b; Mundra et al., 2006; Mundra et al., 2007a;
Mundra et al., 2007b; Roth et al., 2007; Roth and Torkelson, 2007). In the case of the
characterization of T4 on thin polymer films, Ellison and Torkelson (2003) provided the
first direct evidence of the distribution of Tgs by placing labels that are covalently
attached to PS at particular locations in a multilayer film. Utilizing this technique, it is
possible to measure directly the influence of interfaces on Ty, and quantify how far these
effects penetrate away from the interface. Later, Priestley et al. (2005b) employed this
fluorescence multilayer method to understand the distribution of physical aging behavior
in confined PMMA films. Therefore, fluorescence has an advantage over other
techniques employed to measure T4 and physical aging in confined systems.

The research discussed in this dissertation is focused specifically on taking
advantage of fluorescence spectroscopy to understand the T, and physical aging
behavior of various polymer nanocomposite systems. In particular, this study has led to
a better understanding of how the effects of confinement on T4 and physical aging can
be controlled by tuning the polymer-nanofiller interactions via choice of polymer,
nanofiller species and content, and preparation procedure. In addition, the
characterization of the distribution of Tgs and related relaxation behaviors in grafted
polymer on the nanofiller surfaces was studied. This research also addressed
poly(methyl methacrylate) (PMMA) multilayer studies using fluorescence labels at

specific locations to measure the distribution of Tys, thus characterizing the impacts of
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free surfaces and polymer-substrate interfaces in thin supported films. The current
understanding of confinement-induced property changes in thin and ultrathin polymer
flms was used to obtain a better understanding of confinement in polymer
nanocomposites.

A major outcome from this dissertation is the development of model polymer
nanocomposites that provides a simple way to gain insight into the effect of interparticle
spacing on T4 and to predict the approximate aging response of real nanocomposites
(Rittigstein et al., 2007). Another key outcome from this dissertation is the first
determination of the distribution of T, values within polymer nanocomposites through
fluorescence. This allows direct characterization of local and average Tgs of the
polymer and critical examination of the role of the interface in modifying the T, of the
nanocomposites. This research also provides the first determination of the distributions
of Tgs in a polymer thin film with attractive interactions with the substrate.

The next chapter presents an overview of classical bulk polymer physics. Included
in chapter 2 are important concepts related to T4 and physical aging, such us the alpha
relaxation, dynamic heterogeneity, cooperativity, cooperatively rearranging regions
(CRRs) and fragility.

Chapter 3 presents a review of the impact of T, and physical aging due to
confinement of polymers in different geometries including thin films, either substrate
supported or freely standing, and polymer nanocomposites. The current understanding

of the origins of the effect of nanoconfinement is also discussed.
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Chapter 4 describes the phenomenon of fluorescence. It also introduces the use
of fluorescence spectroscopy for characterizing T4, physical aging and local polarity in
polymeric bulk and confined systems.

The T4-nanoconfinement effect of PMMA thin films is addressed in chapter 5. The
use of the fluorescence multilayer technique to measure directly the effects of
substrates and surfaces on the T4 of confined PMMA films is described. This chapter
shows how the distribution of Tys is highly dependent on the type of interface (free
surface or attractive substrate interaction) and the degree of nanoconfinement.  The
measurements also reveal that the substrate effects on polymer dynamics can, in
certain circumstances, be very long range.

Chapter 6 introduces the development of model PMMA and poly (2-vinyl pyridine)
(P2VP) nanocomposites. A comparison of the T4 behavior of model nanocomposites
with that of real nanocomposites yields a simple determination of an ‘effective average’
interparticle distance in real nanocomposites, providing a good prediction of the
reduction in physical aging in real polymer nanocomposites. This indicates that model
nanocomposites can be broadly useful in studying amorphous polymer nanocomposites
with wetted interfaces.

Chapter 7 describes the effects on Ty and physical aging of tuning the polymer-
nanofiller interactions via choice of polymer, nanofiller, or solvent used in
nanocomposite preparation. Here, it is demonstrated that 7, values may be either
enhanced or depressed substantially relative to bulk T, values depending on the

interfacial interactions. Physical aging is also studied using fluorescence, and it is
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shown that, by making the appropriate choice of nanofiller dispersed in the polymer, it is
possible to substantially suppress physical aging in glassy polymer nanocomposites.

The determination of the impact of addition of silica and alumina nanospheres on
the physical aging behavior of PMMA and PS is presented on chapter 8. Adding
alumina and silica nanospheres to PMMA reduces and even suppresses the initial (8-hr)
physical aging response at different temperatures below Ty. In this chapter, it is shown
how the extent of the reduction of physical aging of PMMA-silica nanocomposites is
affected by the choice of spin coating solvent used to make the polymer
nanocomposites. However, no reduction in physical aging rate is observed upon
addition of these nandfillers to PS.

Chapter 9 provides the first determination of the distribution of T4 within polymer
nanocomposites through fluorescence. In this chapter, the direct characterization of
local and average Tys of PMMA-SWCNT nanocomposites is presented. Also, the role
of the interface in modifying the T, of the nanocomposites is critically examined.

Chapter 10 shows the use of fluorescence spectroscopy to determine the impact of
grafting functionalized SWCNT to PMMA on the physical aging behavior of the polymer.
Here, it is demonstrated that a small modification in the structure of the functionalized
SWCNT may tailor the PMMA-SWCNT interface strength and tune the physical aging
behavior of the nanocomposite. On the other hand, chapter 11 explores the long-term
structural relaxation of PMMA chains grafted to functionalized SWCNT using DSC. This
chapter provides understanding that may contribute to identifying ways to control and

even arrest physical aging. The effect of nandfillers in reducing physical aging suggests
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a new application for polymer nanocomposites as substitutes for glassy polymers in
long-term uses.

Finally, chapter 12 summarizes the results obtained and presents
recommendations for future related studies. Each chapter is written to be self-
contained. Therefore, each chapter includes an introduction reviewing the related
literature, a description of the experimental procedure followed, and the results and

conclusions relevant to that chapter.
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2 Physics of the Glass Transition for Amorphous Polymers

2.1 Glass Transition Behavior of Bulk Amorphous Polymers

The glass transition temperature (7,) is the temperature at which the properties of
a polymer change from an equilibrium rubbery state to a non-equilibrium glassy state as
the material is cooled. Figure 2-1 shows the specific volume or specific enthalpy as a
function of temperature for a general amorphous polymer. When the polymer is cooled
from temperatures above Ty, the viscosity of the liquid increases and the molecules that
comprise it move more slowly. At some temperature the molecules will be moving so
slowly that they do not have a chance to rearrange significantly before the temperature
is lowered further. Since these rearrangements are necessary for the polymer to find
the equilibrium state for that temperature, the experimentally observed properties will
deviate from the equilibrium values. This falling out of equilibrium occurs across a
narrow transformation range, where the characteristic molecular relaxation time
becomes of the order of 10? seconds, the shear viscosity reaches 10" poise and the
rate of change of volume or enthalpy decreases abruptly (but continuously) compared to
the liquid (Debenedetti and Stillinger, 2001). At subsequent cooling, the time scale for
molecular rearrangements becomes long compared to the time scale of the
experimental observations, resulting in the formation of a non-equilibrium glass. As
indicated in Figure 2-1, T, is identified by the intersection of the temperature
dependence of specific volume or specific enthalpy in the glassy and liquid states. Also,

Figure 2-1 demonstrates the kinetic nature of T, that is observed experimentally,
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Figure 2-1: Temperature dependence of specific volume or specific enthalpy for a

general amorphous polymer. The vertical lines denote the glass transition temperatures

determined using a fast cooling rate (Tg1) and a slow cooling rate (ng).
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where a slower cooling rate remaining in equilibrium at lower temperatures, resulting in
a lower Ty (ng), while a faster cooling rate results in a higher Tg4 (Tg1). Normally, the
dependence of T, upon cooling rate is relatively weak; a change of one order of
magnitude in the cooling rate may change T4 by 3-5 K (Ediger et al., 1996). Therefore,
the glass transition is not a second-order thermodynamic phase transition; it is rather a
kinetic transition and the properties of the glass that is formed depend on how the
process was carried out (McKenna, 1989; Debenedetti and Stillinger, 2001; McKenna

and Simon, 2002).

2.2 The Alpha Relaxation Dynamics

The alpha relaxation (a-relaxation) is a molecular relaxation process of the
cooperative segmental motion of repeat units along the chain backbone. The a-
relaxation is the most prominent relaxation process observed in polymers; therefore, it is
also called the primary relaxation. Near T4, the a-relaxation has been associated with
the cooperative segmental motion of 30-300 chain segments (Schmidt-Rohr and
Spiess, 1991; Sperling, 1992; Hempel et al., 2000; Reinsberg et al., 2001; Merabia et
al.,, 2004). On the other hand, secondary relaxation processes such as beta (B),
gamma (y) and delta (8) relaxations are related to localized motions of a side group
attached to a single repeat unit or to rotational movements of a portion of a side group
(Mark et al., 2004). These primary and secondary relaxation processes have also been

observed and studied in low molecular weight glass formers (Gotze and Sjogren, 1992).
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The o-relaxation is a non-exponential relaxation and is best described by a
distribution of relaxation times and a “stretched exponential’ relaxation function. This
empirical relaxation function (o(t)) is known as the Kohlrausch-Williams-Watts (KWW)

“stretched exponential” function (Kohlrausch, 1847; Williams and Watts, 1970; Williams

etal., 1971):

¢ B
t)=exp|—| —
@(t) =exp (Tj (2-1)

where t is time, 7 is a characteristic relaxation time, and g is the stretching exponent
which varies between 0 and 1 to describe the width of the distribution of the a-relaxation
times. It has been shown that at temperatures far above T, S approaches 1, indicating
almost purely single exponential relaxation and narrow o-relaxation times. Then upon
cooling towards Ty, S becomes a decreasing function of temperature. A g value of less
than 1 indicates that, as T, is approached, the relaxation behavior cannot be described
in terms of a single exponential relaxation time; instead, the distribution of o-relaxation
times is very broad. Dhinojwala et al. (1993; 1994) showed that £ remains relatively
constant in polymers quenched to temperatures below T4 having a much weaker
dependence in the non-equilibrium glassy state than in the equilibrium liquid state.

Even though the KWW equation is empirical in nature, the form of the equation has
been said to be “a consequence of cooperative motion” (Williams and Watts, 1970;
Williams et al., 1971). The coupling model shows that below a critical temperature,

cooperative motions begin to emerge and predicts the onset of non-exponential
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relaxation. This model illustrates how the g value governs the relaxation properties or
correlates with them; as a result g is a measure of the extent of cooperative motion of
the a-relaxation. Therefore, upon cooling, the cooperative motion increases, and the g
value decreases, indicative of a broad distribution of relaxation times (Ngai and Roland,
1993; Ngai, 1998, 2007).

The distribution of relaxation times can be characterized by fitting various
parameters in the relaxation function to data taken using different techniques, such as
dielectric relaxation spectroscopy (Dixon et al., 1990; McCrum et al., 1991; Stickel et al.,
1996), light scattering (Li et al., 1992; Sidebottom et al., 1993), nuclear magnetic
resonance (Spiess, 1983), second harmonic generation (Dhinojwala et al., 1993, 1994)
and others. The average distribution time <z> can be determined from the fitting

parameters of the KWW function by the following equation:

© B
<T>= ‘([exp — (éj dt = (%]F(%J (2-2)

where I is the gamma function (Williams and Watts, 1970; Williams et al., 1971).

Figure 2-2 shows the temperature dependence of the average a-relaxation time
(<7>). For the same magnitude change in temperature, cooling the polymer from above
T4 to T4 in the equilibrium rubbery state results in a change of <z> by many more orders
of magnitude as compared to cooling from Ty in the glassy state. The slope of the curve

in Figure 2-2 in the limit when T — T, from elevated temperature is known as the
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Figure 2-2: The temperature dependence of the average a-relaxation time (<z>) for a
typical amorphous polymer. The arrows and lines show that for the same deviation in
temperature around T4, huge differences in relaxation dynamics are seen in the rubbery
and the glassy states. The fragility index (m) is defined as the slope of the WLF curve

at T4, which is depicted as the dotted line.
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fragility or steepness index (m) (Angell, 1991; Bohmer and Angell, 1993; Bohmer et al.,
1993; Angell, 1995a, 1997). The fragility concept is important because it provides a fair
comparison of the different systems with widely varying Tgs and temperature
dependencies of relaxation dynamics. This classification system includes “fragile” glass
formers which have a strong temperature dependence just above Ty (large m) and
“strong” glass formers which have a weak temperature dependence (nearly Arrhenius)
just above Ty (small m) (Angell, 1991; Bohmer and Angell, 1993; Bohmer et al., 1993;
Angell, 1995a, 1997).

The fragility index can be related to the chemical structure of the polymers:
compact and symmetrical chains have smaller values of m, while larger m values are
associated with polymers presenting more rigid backbones or sterically-hindering
pendant groups (Roland and Ngai, 1991; Roland, 1992, 1994). Fragility has also been
connected to a variety of other fundamental parameters defining T4, including the
degree of intermolecular cooperativity (Roland and Casalini, 2003) and the g parameter
of the KWW expression (Bohmer et al., 1993). A f value close to zero correlates to
more cooperative motion and a larger m, both associated with a more fragile glass
former.

Below T, in the glassy state, the temperature dependence of the average o-

relaxation time is best fitted by an Arrhenius expression:

<T> E
—~7 _y exp[k—;} (2-3)
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where A is a pre-exponential factor, k is the Boltzman constant and Ej is the apparent
activation energy. Ea typically falls in the range of 20-60 kcal/mol for a number of
polymeric systems, and it depends on the chain aromaticity and chain rigidity (Solunov,
1999).

On the other hand, above Ty, the dramatic changes in <z> with temperature can be

described by the Williams-Landel-Ferry (WLF) equation (Williams et al., 1955):

Log(a,) = Log /L - Log <tD)>|_-GT-T;) (2-4)
Nr, <t(Tp)>| C,+T-T,

where ar is a shift factor, 7 is the viscosity, C1 and C; are constants and <z(Tgr)> is the

average relaxation time at the reference temperature Tg, often taken to be T, in which

case <7f(Tyg)> ~ 100 sec. Near the glass transition, the temperature dependence of
viscosity is much stronger than that of density, so ar is typically expressed as a ratio of

viscosities. This equation is valid for temperature ranges of approximately 74 to T4 +
100 °C (Ferry, 1980). It has been observed that values of C1 = 17.44 and C, = 51.6 K
approximately predict the temperature dependence of the average distribution of
relaxation times of a large number of glass formers; thus, they are called “universal’

parameters (Williams et al., 1955; Angell, 1997; Bower, 2002).

2.3 The Kauzmann Paradox
Kauzmann (1948) showed that if the entropy of a liquid is extrapolated to low

temperatures, at a point above 0 K, the amorphous, disordered liquid achieves a lower



37

value of entropy than the crystalline polymer. Furthermore, the entropy of the liquid
becomes negative before reaching 0 K, violating the third law of thermodynamics. This
is known as the Kauzmann paradox and will be used in the following discussion about

the glass transition.

2.4 Models of the Glass Transition

The glass transition of glass-forming materials, including amorphous polymers, has
been well characterized but not completely understood. At present no single theory or
model exists that can describe all aspects of the glass transition. Theories based on
thermodynamic and kinetic arguments will be briefly described in order to discuss this

phenomenon.

2.4.1 Gibbs-DiMarzio Theory

Gibbs and DiMarzio (1958) formulated a configurational entropy model where
polymer units are placed on a Flory-Huggins (Flory, 1953) lattice along with vacant
sites. The internal energy of the system is calculated from the configurational entropy,
or the number of ways in which the polymer chains may be arranged on the lattice. As
the temperature is lowered, the system densifies, reducing the conformational freedom
of the polymer chains. At a temperature (T) greater than 0 K, Gibbs and DiMarzio
found that the configurational entropy went to zero, thus showing that an amorphous
solid could be the lowest energy state of the system, successfully circumventing the
Kauzmann paradox. The theory considers the glass transition to be a true

thermodynamic transition, suggesting that the experimentally observed T4 would equal
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T, if it were measured at an infinitely slow rate. This model is able to describe the
effects of molecular weight and structure on T, but does not address the dynamics near

the glass transition.

2.4.2 Free Volume Theory

Resolutions of the Kauzmann paradox based on kinetic arguments inevitably
invoke the concept of free volume (Cohen and Turnbull, 1959). Free volume (V4) is
defined as the amount of free space in an amorphous polymer arising from inefficient
packing of the disordered chain segments in the amorphous regions of the material and
is defined as the difference between the actual volume (V) and the theoretical volume
(Vo), based on actual chemical structure and van der Waals radii. As the temperature
decreases, free volume decreases and, as a consequence, polymer mobility decreases
as well. Eventually, mobility of the polymer chain segments will not allow the sample to
maintain equilibrium properties as seen experimentally.

Doolittle (Doolittle, 1951; Doolittle and Doolittle, 1957) used the concept of free
volume to empirically describe the non-Arrhenius temperature dependence of viscosity
(n7), near the glass transition:

(V - Vf)

n= A 9,40) BV—f (2_5)

where A and B are constant for a particular polymer. One difficulty in the application of
this equation lies in quantifying V,. It is possible to circumvent this problem by

describing changes in viscoelastic properties in terms of free volume relative to a
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reference state. By assuming that the free volume increases linearly with temperature
and taking T, to be the reference state, Williams, Landel and Ferry (1955) restated the
Doolittle expression in a more useful, mathematically identical form, the WLF equation
(2-4). Extending the WLF equation to temperatures below Ty, the viscosity is predicted
to go to infinity at a temperature greater than 0 K (~50 K below T, using the “universal”
parameters). Correspondingly, the time scale for a-relaxation goes to infinity, and the
Kauzmann paradox is avoided. Free volume concepts allow for the description of
molecular mobility of polymers. However, the inability of this argument to determine
fractional free volume a priori (McKenna, 1989) and to predict the heat capacities and
the heat capacity change at T, (McKenna, 1989) has led to the development of
arguments against this theory. In addition, when the glass forming liquid is cooled at a

constant volume, a glass transition can still be observed (Colucci et al., 1997).

2.4.3 Adam-Gibbs Theory

Adam and Gibbs (1965) presented a molecular-kinetic theory, in which the temperature
dependence of the relaxation process is related to the temperature dependence of the
size of a cooperative rearranging region (CRR). The polymer or low molecular weight
glass former is defined as an ensemble of cooperative regions. Upon sufficient
fluctuations in energy (enthalpy), each CRR can rearrange into different configurations
independently of neighboring regions. In other words, the mobility of molecules in low
molecular weight glass formers or of segments in a polymer is tied to the mobility of
other molecules or chain segments in a cooperative way. As the temperature

decreases, the length scale of this cooperative dynamics region will increase (Greiner
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and Schwarzl, 1984; Rizos and Ngai, 1999), and eventually at T, the size of these

regions will equal the sample size. The relaxation time of the system is given by

— AuSc”
AP(WJ 29)

o(T)

where Au is the potential energy for cooperative rearrangement per monomer segment,
k is the Boltzmann constant, Sc* is the critical configurational entropy for the smallest
size capable of having two configurations and Sc is the macroscopic configurational
entropy. It can be observed that as the size of CRRs is increased, greater cooperativity
is needed, and the system will have a longer relaxation time.

The WLF equation (2-4) was derived using free volume arguments, but it can also

be obtained from the Adam and Gibbs theory (Adam and Gibbs, 1965):
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where ACp is the change in heat capacity between the liquid-state and the glassy-state.
Since the kinetic and the thermodynamic approaches lead to the WLF equation, both

theories are compatible.
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2.5 Dynamic Heterogeneity

When a glass former is cooled toward its glass transition, the relaxation dynamics
become spatially heterogeneous. The relaxation time scales can vary by orders of
magnitude over distances of several nanometers, defining different individual regions in
the system. If each homogeneous domain relaxes exponentially, then dynamic
heterogeneity can result from the different relaxation times in each homogenous region
(Ediger, 2000).

The spatially heterogeneous dynamics in glass formers has been studied
experimentally using different techniques, including the following: differential scanning
calorimetry (Donth, 1982, 1996; Korus et al., 1997; Hempel et al., 2000), nuclear
magnetic resonance (NMR) (Schmidt-Rohr and Spiess, 1991; Tracht et al., 1998;
Reinsberg et al., 2001; Qiu and Ediger, 2003), fluorescence recovery after
photobleaching (FRAP) (Cicerone et al., 1995; Wang and Ediger, 1997; Hwang et al.,
2000; Wang and Ediger, 2000), translational and rotational probe diffusion (Chang et
al., 1994; Cicerone et al., 1995; Hall et al., 1997a; Wang and Ediger, 1997; Hall et al.,
1998a; Wang and Ediger, 2000), dielectric hole-burning (Schiener et al., 1996),
solvation dynamics (Richert, 1996, 2000), 3-D imaging (Weeks et al., 2000) and second
harmonic generation measurements (Dhinojwala et al., 1993, 1994; Jerome and
Commandeur, 1997). Dynamic heterogeneity has also been observed through
molecular dynamics simulation and theoretical studies (Glotzer, 2000; Smith et al.,
2003; Baljon et al., 2004; Merabia et al., 2004). These studies have shown that the size

scale of dynamic heterogeneous regions is approximate 1-5 nm (Schmidt-Rohr and
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Spiess, 1991; Tracht et al., 1998; Sillescu, 1999; Ediger, 2000; Hempel et al., 2000;
Reinsberg et al., 2001; Berthier et al., 2005). Originally, Adam and Gibbs (1965)
proposed that the shape of these heterogeneous domains was spherical; however,
recent studies have found that the shape of these regions is string-like (Donati et al.,
1998; Glotzer, 2000; Weeks et al., 2000).

The origin of spatially heterogeneous dynamics is unknown. Nevertheless, they
must be understood in order to predict transport and relaxation properties of glass
forming materials (Ediger, 2000). These dynamics can potentially affect a wide range of
polymer properties at the nanoscale, impacting future applications of polymers in a wide

range of areas, including information storage and photocromic switches (Ediger, 2000).

2.6 Physical Aging of Bulk Amorphous Polymers

A consequence of the experimentally observed kinetic glass transition is the
formation of the non-equilibrium glass. Upon cooling, the molecules experience a
substantial reduction in their mobility, losing their ability to reach their equilibrium
conformational state, remaining semi-frozen into a non-equilibrium glassy state. An
effect of the non-equilibrium characteristic of the glassy state is the relaxation process
known as physical aging or structural recovery (Struik, 1978; Tant and Wilkes, 1981;
Greiner and Schwarzl, 1984, 1989). In this process, the material continuously evolves
towards equilibrium through spontaneous but very slow molecular rearrangements. The
result is time dependent properties such as specific volume, enthalpy, entropy, yield

stress, modulus, fracture energy, and ultimate elongation at break (Struik, 1978; Kovacs
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et al., 1979; Kovacs, 1981; Tant and Wilkes, 1981; Greiner and Schwarzl, 1984, 1989;
McKenna, 1989; Hodge, 1995; Hutchinson, 1995). Physical aging involves only
thermoreversible changes in properties with no permanent modification of the structure
of the material.

Figure 2-3 shows the graphical description of the densification process associated
with physical aging. When a glass forming material is quenched below T, to an aging
temperature T, at a constant pressure, the formed glass has an excess of
thermodynamic quantities, such as specific volume and specific enthalpy. Annealing
the glass at T, results in the relaxation of the excess thermodynamic quantities toward
equilibrium until it is reached. Below Ty, the individual particle or segmental motion is
almost suppressed; the only structural rearrangements that may occur involve the
collective movement of many particles. The length scale of these regions of
cooperative dynamics is temperature and time dependent, increasing as the
temperature is lowered and aging time proceeds. Therefore, only at aging temperatures
very close to T4 can equilibrium be achieved on reasonable experimental time scales
(Greiner and Schwarzl, 1984).

When a glass forming material is annealed below its Ty, there are three distinct
features that can be observed by plotting an isotherm in a volume vs. logarithmic time
diagram: an initial plateau, a linear region and an equilibrium plateau. The exact cause
of the initial plateau is unknown, but it has been observed that it depends on

temperature and thermal history (Greiner and Schwarzl, 1984). The equilibrium plateau
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Figure 2-3: Physical aging of an amorphous polymer. With time there is a reduction in

specific volume during physical aging.
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is only observed when equilibrium is achieved. The linear region of the isotherm can be
used to characterize the rate of volume relaxation during the aging process (Struik,
1978; Kovacs et al., 1979; Greiner and Schwarzl, 1984). The slope of the linear portion

of the aging isotherm is defined as the volume relaxation aging rate (r,):

1 oav
v dLog(t,)

(2-9)

where v is the specific volume, and f, is aging time (Kovacs, 1981; Greiner and
Schwarzl, 1984, 1989; Hodge, 1995; Hutchinson, 1995). The volume relaxation rate is
temperature dependent and generally presents one maximum. The position of the
maximum is highly material dependent; for example, for polystyrene (PS) the maximum
aging rate is at ~ Ty — 20 °C while for poly(methyl methacrylate) (PMMA) the maximum
aging rate is at ~ Ty — 80 °C (Greiner and Schwarzl, 1984). The existence of the
maximum aging rate is due to the competition between the thermodynamic driving
forces that promote physical aging and the molecular mobility of the system. The
greater the departure from equilibrium is, the greater the thermodynamic driving forces
for aging will be and the lesser the molecular mobility.

Thurau and Ediger (2002a; 2002b) studied physical aging of PS performing an
optical photobleaching technique. They reported that the rotational and translational
diffusion measurements of the dilute tetracene probe dispersed in the polymer matrix
respond differently to the physical aging. The time required to reach equilibrium was
shorter for the translational relaxation time than for the rotational relaxation time. This

result indicates that the dynamics responsible for physical aging are spatially
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heterogeneous. The difference in the time required for the translational and rotational
relaxation times to reach equilibrium arises because the two variables average over
heterogeneous dynamics in different ways. Therefore, the heterogeneous dynamics are
important for the accurate description of physical aging and may be the reason why
specific volume, specific enthalpy, stress relaxation and dielectric properties evolve
differently during aging (Struik, 1978; Matsuoka et al., 1985; Matsuoka, 1986; McKenna,
1989; Simon, 2002; Badrinarayanan and Simon, 2007).

Any technology that requires the use of polymer glasses for long-term applications
needs to take into account physical aging. The changes in material properties caused
by the densification associated with the relaxation toward equilibrium can, in many
cases, negatively impact the performance and useful lifetime of the polymer. As a
result, physical aging affects the design, manufacture and use of amorphous polymers

in diverse applications.
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3 Confinement Effect on the Physical Properties of
Amorphous Polymers

Deviations from bulk properties have been observed when a polymer sample is
confined to the extent that the interface or surface to volume ratio becomes increasingly
important. As the confinement dimension is decreased, a greater portion of the material
is in immediate contact with an interface, suggesting that interfacial interactions play a
crucial role in the observed properties. These deviations from bulk properties have
implications in a broad range of technological applications such as photoresists for the
production of microelectronics, disk drive lubricants, asymmetric membranes for gas
separation, nanostructured blends and foams, and nanocomposites (Huang et al., 2005;
Buriak, 2006; Du et al., 2006; Ferry et al., 2006; Chen et al., 2007; Marsh et al., 2007).
It is important to note that confinement effects have also been observed for low
molecular weight glass formers (Jackson and McKenna, 1991; Melnichenko et al., 1995;
Arndt et al.,, 1997; Barut et al., 1998; Schonhals et al., 2002; Wang et al., 2004);
therefore, such effects are a universal phenomenon for all glass formers. A review of
the effect of confinement on the glass transition temperature and physical aging of

polymers is presented below.
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3.1 The Effect of Confinement on the Glass Transition Temperature of

Amorphous Polymers

The first report on the effect of confinement on T, was provided by Jackson and
McKenna (1991), who found that the T, values of low molecular weight glass formers in
nanopores of Vycor glass were reduced as compared to the bulk values, with a
maximum 18 K reduction for o-terphenyl in a 4 nm diameter porous glass. This original
work has led to extensive experimental and theoretical studies of the effect of
confinement on T4 using different sample materials and geometries.

A variety of methods have been used to characterize T, and alpha relaxation
behavior including dielectric relaxation spectroscopy (Fukao and Miyamoto, 1999, 2000;
Fukao et al., 2002; Sharp and Forrest, 2003a, 2003b, 2003c; Wubbenhorst et al., 2003;
Priestley et al., 2007a), fluorescence spectroscopy (White et al., 2001; Ellison et al.,
2002; Ellison and Torkelson, 2002, 2003; Ellison et al., 2004; Ellison et al., 2005;
Mundra et al., 2006; Rittigstein and Torkelson, 2006; van den Berg et al., 2006; Mundra
et al., 2007a; Mundra et al., 2007b; Priestley et al., 2007b; Rittigstein et al., 2007; Roth
et al., 2007; Roth and Torkelson, 2007), Brillouin scattering (Forrest et al., 1996; Forrest
et al., 1997, 1998; Forrest and Mattsson, 2000), ellipsometry (Beaucage et al., 1993;
Keddie et al., 1994a, 1994b; Forrest et al., 1997; Dalnoki-Veress et al., 2001; Fryer et
al., 2001; Kawana and Jones, 2001; Kim et al., 2001; Tsui and Zhang, 2001; Grohens et
al.,, 2002; Pham and Green, 2003; Pham et al., 2003; Sharp and Forrest, 2003b;
D'Amour et al., 2004; Park et al., 2004; Singh et al., 2004), X-ray reflectivity (van Zanten

et al., 1996; Fryer et al.,, 2001; Miyazaki et al., 2004; Soles et al., 2004b), positron
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annihilation spectroscopy (DeMaggio et al., 1997; Jean et al., 1997) and nonlinear
optics (Hall et al., 1997b). These methods identify T, either by following the
temperature dependence of specific volume, density, film thickness, or by characterizing
the alpha relaxation dynamics directly. Most reports in this area involve investigations
of linear amorphous polymers, but several studies (Grohens et al., 2001; Lenhart and
Wu, 2002, 2003) have considered cross-linked or network polymers.

Thin and ultrathin films have dominated research in the area of confined polymer
behavior due to the ease with which the confining dimension (film thickness) can be
varied, and only recently have much more complex systems such as polymer
nanocomposites been studied. In the case of a thin film geometry, it can involve either
substrate-supported thin films or freely standing thin films. Substrate supported films
are very important in characterizing the impact of a solid-polymer interface on the Ty in
confined films. They also represent a pragmatic case, as many thin film applications are
substrate based. Freely standing films have a symmetric geometry with a polymer-air
interface on both sides. A brief review of the effects of confinement on Ty in different

geometries is presented in the following sections.

3.1.1 Tg4in Supported Polymer Films

Confinement effects on the T, of supported polymer films have been studied for
numerous polymer-substrate combinations using different techniques (Keddie et al.,
1994a, 1994b; van Zanten et al., 1996; Forrest et al., 1997; Fukao and Miyamoto, 1999,
2000; Kim et al., 2000; Kawana and Jones, 2001; Kim et al., 2001; Ellison et al., 2002;

Ellison and Torkelson, 2002, 2003; Park et al., 2004; Soles et al., 2004b; Ellison et al.,
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2005). Keddie et al. (1994b) provided the first direct evidence of a reduction relative to
bulk in T4 of ultrathin polystyrene (PS) films supported on single crystal (111) silicon
wafers. Relative to bulk PS, a 25 K reduction in T4 was observed for a 10-nm-thick film.
Three molecular weights (MWs) were investigated ranging from 120,000 g/mol to
2,900,000 g/mol, and no impact of MW was observed on the thickness dependence of

T4. Their results were fitted to the following empirical relation:

4 o
T,(d)=T, () 1—&) 3-1)

where A and 0 are fitting parameters, d is the thickness of the film, and T () is the bulk
Tg4. The onset of the deviation of the bulk T, was seen at a thickness of ~ 40 nm. This
effect was explained by Keddie et al. (1994a; 1994b) by suggesting the presence of a
liquid-like layer at the free surface of high mobility and reduced T, Later studies have
confirmed this trend in PS films using a variety of techniques (DeMaggio et al., 1997,
Forrest et al., 1997; Fukao and Miyamoto, 1999, 2000; Forrest and Dalnoki-Veress,
2001; Kawana and Jones, 2001; Ellison et al., 2002; Ellison and Torkelson, 2002, 2003;
Ellison et al., 2005). Polystyrene has been the most widely studied system; there are
only scattered reports on a few other polymers which exhibit a reduction of T, with
decreasing film thickness. In addition to PS, this behavior has been observed for
poly(methyl methacrylate) (PMMA) (Keddie et al., 1994a; Prucker et al., 1998; Fryer et
al., 2001; Grohens et al., 2002; Yamamoto et al., 2002; Sharp and Forrest, 2003a),
bisphenol-A-polysulfone (BPAPS) ((Kim et al., 2000), poly(alpha-methylstyrene)

(PAMS) (Kim et al., 2000, 2001), poly(4-methyl styrene) (P4MS) (Ellison et al., 2005),
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poly(tert-butyl styrene) (PTBS) (Ellison et al., 2005), bisphenol-A polycarbonate
(BPAPC) (Soles et al., 2004b), poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO)/PS blends
(Kim and Jang, 2002), and polycarbonate/PS blends (Pham and Green, 2002). The
need to expand the number of systems studied still remains.

It is clear that the impact of nanoconfinement is not restricted to a particular
material. The systems that behave similarly to PS upon confinement, which exhibits a
T4 reduction with decreasing film thickness, exhibit no particular interaction (e.g.,
hydrogen bonding) beyond van der Waals forces with the substrate. The first proof of
this came from the study by Sharp and Forrest (2003b) where supported PS films
“properly” capped with a 5 nm thick evaporated gold layer exhibited a bulk T4 value at a
thickness as small as 8 nm. Therefore, the effect of confinement on T, in supported PS
films is due to the presence of the free surface. Using a multilayer/fluorescence
method, Ellison and Torkelson (2003) performed the first direct measurement of the T,
of an ultrathin 14-nm-thick layer in contact with a free surface. They found a decrease
in T4 at the free surface of a PS film, which extends several tens of nanometers into the
film. Since a 12-nm-thick substrate interface layer showed a bulk Ty, their investigation
demonstrated that the free surface was the cause of the T, confinement effect in PS.

In contrast to PS, systems such as PMMA (Keddie et al., 1994a; Prucker et al.,
1998; Fryer et al.,, 2000; Grohens et al., 2002; Yamamoto et al., 2002; Sharp and
Forrest, 2003a) and poly(2-vinyl pyridine) (P2VP) (van Zanten et al., 1996; Ellison et al.,
2002; Ellison and Torkelson, 2002; Park et al., 2004; Roth et al., 2007) experience

attraction to hydroxyl group on a native oxide substrate (due to the presence of



52

hydrogen bonding) which result in increasing T4 with decreasing film thickness. (The
surface of ordinary unmodified silicon or glass is comprised of silicon oxide and an
equilibrium level of hydroxyl units at room temperature and ambient conditions in the
concentration range of 7-9 OH/nm? (McCafferty and Wightman, 1998) and an adsorbed
layer of water that is 1 or 2 monolayers in thickness (Weldon et al., 1996).)

Keddie et al. (1994a) studied the effect of the substrate on the Tg-nanoconfinement
effect in poly(methyl methacrylate) (PMMA). In the case of PMMA on a gold substrate,
it was found that T4 decreases as the film thickness decreases in a qualitatively similar
way to that seen with PS film. In contrast, in the case of PMMA on silica, Ty increased
slightly with film thickness, where the onset of the increase in Ty with nanoconfinement
was observed at a thickness of ~ 80 nm. For the case of PMMA or P2VP on silica, the
attractive polymer-substrate interaction (hydrogen bonding with hydroxyl groups
naturally on the native oxide silicon surface) has been hypothesized to overcome the
effects of the free surface and cause an overall increase in T, (Keddie et al., 1994a; van
Zanten et al., 1996). Prucker et al. (1998) carried out similar studies on PMMA and
measured Ty reductions in thin films supported on a hydrophobic glass substrate.
Grohens et al. (2002) studied the effects of tacticity on the Ty of thin films of isotactic,
syndiotactic and atactic PMMA on silicon substrates with native oxide. They found that
the observed T, of PMMA films of similar thickness but different tacticity were
significantly different. Isotactic PMMA exhibited the most extreme T, increases with
decreasing thickness (~ 39 K increase from bulk in a 20 nm film) on substrates where

an attractive interaction exists. This result is in agreement with the study of isotactic
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PMMA of Sharp and Forrest (2003a). In contrast, atactic PMMA exhibited no change
(within error) in Tq4 for nearly identical films. Interestingly, syndiotactic PMMA exhibited
decreases in T, with decreasing thickness, even though there is the potential for an
attractive interaction with the substrate. These results were explained in terms of a
correlation that was found between the tacticity and the density of repeat unit and
substrate interactions and the observed T,. These studies showed that the response of
T4 to thickness could be tuned to various degrees by changing the polymer-substrate
interaction.

The most extreme increase in T4 has been observed with decreasing thickness for
P2VP films on silicon oxide substrates (van Zanten et al., 1996). The interaction of
P2VP through the nitrogen in the ring structure of the repeat unit with the substrate is so
strong that a 50 K increase from bulk T4 is observed for an 8 nm thick film. Other
polymers that exhibit T4 increases with decreasing film thickness include polycarbonate
(Pham and Green, 2002; Soles et al., 2004b) and polyhydroxystyrene (Tate et al.,
2001).

There have been studies of Tg-nanoconfinement effects in thin polymer blend films
(Kim and Jang, 2002; Pham and Green, 2002). They found that these effects are
tunable by simply varying the blend composition. Tsui et al. (2001) presented a study of
T4 in thin PS films as a function of thickness and interaction by grafting a random
copolymer of poly(styrene-co-methyl methacrylate) (PS-co-PMMA) to the substrate.
The interfacial energy was tuned by varying the styrene mole fraction in the random

copolymer influencing the T4 of PS. Using ellipsometry, Park et al. (2004) studied the T4



54

of thin PS-co-PMMA and random copolymer of poly(2-vinyl pyridine-co-styrene) (P2VP-
co-PS) films coated on a native oxide surface of Si wafer (100). The choice of the
systems was supported by the fact that methyl methacrylate units are moderately
attractive to the substrate, while 2-vinyl pyridine units are strongly attractive to it and
styrene units do not interact with the substrate. Depending on the composition of the
comonomer units in the copolymer, T4 can be tuned as a function of thickness from
nearly invariant, increases and decreases compared with bulk behavior (Hall et al.,
1997b; Park et al., 2004; Mundra et al., 2006).

Ellison et al. (2004) showed that by adding a high concentration of small diluent
molecules to PS thin films, the Tg-nanoconfinement effect can be tunable. They found
that by adding 9 wt% of pyrene or 4 wt% of dioctyl phthalate (DOP) to a 13-nm-thick PS
film, the T, of the system is within error equivalent to that of bulk PS containing the
same amount of pyrene or DOP. The reduction or complete elimination of the
confinement effect is due to the plasticizers alleviating the polymer requirement of
cooperativity (Roland et al., 1993; Santangelo et al., 1994a; Santangelo et al., 1994b;
Casalini et al., 2000), reducing the size scale of an average CRR and the length scale
needed to encompass the breadth of cooperative segmental dynamics over which
confinement effects are observed.

Only a few studies have investigated the effect of confinement on T, of surface
grafted polymers. Using ellipsometry, Keddie and Jones (1995) studied the T,
confinement effect of PS grafted onto a native oxide substrate. They determined that,

down to a thickness of 8 nm, the effect of thickness on T, was similar to that observed
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on PS spin coated onto the substrate. Prucker et al. (1998) examined PMMA grafted
onto a treated silica substrate (the silica substrate presented trimethylsilyl groups on the
surface). Their results indicated a decrease in Ty with decreasing thickness that is
quantitatively comparable to their results in PMMA films formed by spin coating on the
same substrate. Tate et al. (2001), using local thermal analysis and ellipsometry,
studied the T, of grafted thin films of poly(4-hydroxystyrene) (PHS) and hydroxy
terminated polystyrene (PS-OH) onto silicon oxide substrates. In the case of PHS, the
T4 of films 100 nm thick or less were elevated by more than 50 °C above the bulk value.
For PS-OH, the T4 elevations were not as large as for PHS. In this study, the film
dependence of T, for PHS and PS-OH were described with a “dual-mechanism” model.
Yamamoto et al. (2002) studied PMMA surface-grafted at high density onto silicon
wafers by a controlled radical polymerization technique. The grafted chains were highly
extended along the film thickness direction due to the high graft density (as high as 0.7
chains/nmz). Their ellipsometry results revealed an increasing T4 with decreasing brush
thickness. This was explained as being a consequence for steric constraints arising
from the extended chain conformation resulting in limited cooperative segmental
mobility. In contrast, their results for free PMMA spin coated on a hydrophobically

treated silicon wafer showed a decrease in Ty with decreasing film thickness.

3.1.2 Tgin Freely Standing/Unsupported Polymer Films

Several studies have considered the effect of confinement on the T, of freely
standing polymer films (Forrest et al., 1996; Forrest et al., 1997, 1998; Mattsson et al.,

2000; Dalnoki-Veress et al., 2001; Roth and Dutcher, 2003; Liem et al., 2004; Roth and
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Dutcher, 2005; Miyazaki et al., 2007). The first T, measurements for freely standing thin
polymer films were provided by Forrest and coworkers (1996; 1997; 1998). These
studies used different techniques such as Brillouin light scattering (Forrest et al., 1996;
Forrest et al., 1997, 1998) and transmission ellipsometry (Forrest et al., 1997). Later,
Roth and Dutcher (2003) reproduced these measurements which are summarized in a
recent review article (Roth and Dutcher, 2005). A much greater reduction in T4 with
confinement was observed in freely standing films as compared to substrate-supported
films, sustaining the idea of Keddie et al. (Keddie et al., 1994a, 1994b) that the free
surface has a liquid-like layer with a reduced T4. Mattsson et al. (2000) reported an
astonishing reduction of 70 K from bulk Ty in a freely standing 20-nm-thick PS film.
Interestingly, in freely standing films a strong effect of MW has been observed on
the Tg-nanoconfinement effect. Apparently, in freely standing PS films there exist two
MW regimes for the thickness dependence of T, (Forrest and Dalnoki-Veress, 2001). In
the low MW regime (Mn < ~ 380 kg/mol), the thickness dependence of T, is MW
independent (Forrest and Dalnoki-Veress, 2001). In the high MW regime (Mn = ~ 580
kg/mol) there is substantial MW dependence, where higher MW samples exhibit a
stronger T, thickness dependence. It is not known at this time why this MW
dependence is observed in freely standing PS films, but no MW dependence is
observed in the supported PS films (Forrest and Dalnoki-Veress, 2001; Ellison et al.,
2005). Recently reported studies on freely standing PMMA films (Roth and Dutcher,
2003) showed the same qualitative dependence of T, on thickness as PS, but the

extent of Ty reduction was smaller in the PMMA films. Obviously, the impact of the



57

repeat unit structure on the Tg-confinement effect can be very important and needs
further study. Recently, Miyazaki et al. (Miyazaki et al., 2007) studied thermal
expansion of freely standing PS films using X-ray reflectivity to elucidate T,. They found
a decrease in T4 with film thickness. Also, their results indicate a MW dependence.
They suggest that some segmental motions are activated due to free surfaces on both

sides in the freely standing films and not in supported films.

3.1.3 T, in Polymer Nanocomposites

The effect of confinement on the T, response of polymer nanocomposites (Starr et
al., 2001; Ash et al., 2002b; Berriot et al., 2002; Savin et al., 2002; Starr et al., 2002;
Arrighi et al., 2003; Berriot et al., 2003; Blum et al., 2003; Liu et al., 2003; Mbhele et al.,
2003; Wang et al., 2003; Ash et al., 2004; Sun et al., 2004; Bansal et al., 2005;
Kotsilkova et al., 2005; Ramanathan et al., 2005b; Bansal et al., 2006; Blum et al.,
2006; Chen et al., 2006; Hong et al., 2006; Rittigstein and Torkelson, 2006; Ding et al.,
2007; Hub et al., 2007; Kropka et al., 2007; Lee et al.,, 2007a; Lee et al., 2007b;
Rittigstein et al., 2007; Sargsyan et al., 2007; Sen et al., 2007; Srivastava and Basu,
2007a, 2007b; Theneau et al., 2007; Wang et al., 2007) has received relatively little
attention in the research literature compared with this effect in thin polymer films. As
such, there remain many opportunities for important studies in this area.

Molecular dynamic simulations of an idealized polymer surrounding a nanofiller
were performed by Starr et al. (2001). They showed that T4 can be shifted to higher or
lower temperatures by tuning the polymer-nanofiller interactions and that the effects are

similar to those resulting from free surfaces and polymer-substrate interactions in
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ultrathin polymer films. Also, using Monte Carlo simulations, Papakonstantopoulos et
al. (2005) showed that the inclusion of a nanoparticle into a polymer matrix results in
structural changes that depend strongly on the polymer attraction to the surface of the
filler. Simulations of local properties reveal that a glassy layer is formed in the vicinity of
the attractive filler, increasing its Ty, while a region of negative moduli emerges around
repulsive fillers, lowering the T, of the system. Berriot et al. (2002; 2003) used the idea
of a distribution of Tys to understand the behavior of polymer nanocomposites.
Providing a new understanding of complex mechanical behavior, they invoked a
gradient in T, associated with a gradient in mechanical properties in the vicinity of silica
particles in filled elastomers (Berriot et al., 2002). By comparing NMR and mechanical
data, this gradient of the polymer matrix T4 in the vicinity of silica particles has been
reported to be as large as 20 nm at temperatures of Ty + 6 K for poly(ethyl acrylate)
nanocomposites, demonstrating that segmental dynamics can be impacted locally near
the interfaces (Berriot et al., 2003). Using modulated differential scanning calorimetry
(MDSC), Blum and coworkers (Porter and Blum, 2000, 2002; Blum et al., 2003; Zhang
and Blum, 2003; Blum et al., 2006) quantified the T4 of very small adsorbed amounts of
different polymers on silica. They found a broader two-component transitions for the
adsorbed PMMA on silica nanospheres (Blum et al., 2003; Blum et al., 2006). The
thermograms for the adsorbed PMMA showed two distinct transitions, one being close
to bulk T4, representing the part of the polymer that is loosely bound, and the other
transition about 30 °C higher than bulk Ty, representing the part of the polymer that is

tightly bound.
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Ash and co-workers (2002b; 2004) observed a 25 K reduction in T4 of PMMA with
the incorporation of 0.5 wt% of alumina nanospheres (diameter = 17 nm) or 1 wt% of
alumina nanospheres (diameter = 39 nm) via in situ polymerization of methyl
methacrylate in the presence of alumina nanofiller. This Ty behavior suggests that the
PMMA is not wetting the alumina surface and that some free surface is present between
the filler and the polymer. Mbhele et al. (2003) observed a 21 K increase in Ty for a
poly(vinyl alcohol) (PVA) nanocomposite containing only 0.73 wt% of silver
nanospheres (diameter = 5 nm). Also, a broadening of the melting peak in the heat
capacity curves with an increase of the content of the inorganic phase was reported.
They claimed that the observed behavior is a consequence of the attachment of the
PVA chains to the surface of the Ag-nanofiller reducing mobility of the polymer chains in
the nanocomposite and affecting the chain density packing in the vicinity of the surface
of the nanofillers. Arrighi et al. (2003) studied the thermomechanical behavior of a
styrene-butadiene rubber containing 23.5% styrene and filled with up to 55 wt% with
silica nanoparticles. The plot of tan & as a function of temperature for the composites
showed a second relaxation, whose intensity increases with filler content, at
temperatures about 40 °C above bulk T, This was attributed to an interfacial layer of
polymer whose chain relaxation dynamics have been altered by interaction with the filler
surface. On the other hand, when the filler surface is organophilic instead of
hydrophilic, a displacement of T, to lower temperatures was observed. The T4s of epoxy
composites with micrometer-sized fillers and nanofillers, including silver, silica,

aluminum and carbon black, were investigated using DSC by Sun et al. (2004). They
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found that the nanocomposites showed a significant reduction in T4 in comparison with
their counterparts with micrometer-sized fillers. The T, depression observed in the
different epoxy nanocomposites is related to the enhanced polymer dynamics due to the
extra free volume at the resin-filler interface. Bansal et al. (2005) observed that mixing
high levels of nanosized untreated silica particles into a PS matrix suppressed T,. On
the other hand, if the surface of the silica nanospheres were modified, there was no
change in Tg. They demonstrated an approximate equivalence between ultrathin film
thickness and average interparticle spacing in nanocomposites for two surface
treatments, resulting in either non-wetting or wetting polymer-nanofiller interfaces.

Liu et al. (2003) presented a method to prepare spherical PMMA-gold hybrid
nanocomposites via synthesis of gold nanospheres in the presence of a PMMA matrix.
Using DSC, they found a ~30 °C decrease in Ty compared with bulk in the
nanocomposite. This result is in agreement with Keddie et al. (1994a) who found a
decrease in T4 upon confinement in a PMMA supported thin film on a gold substrate.
However, Srivastava and Basu (2007a), following the same procedure as that used by
Liu et al. (2003) to make PMMA-gold nanoparticles, showed that relative to the T, of
neat, bulk PMMA, the T, of the PMMA-gold system can be either increased or
decreased by varying the nanoparticle-polymer interface width (o).

Ramanathan et al. (2005a) described a procedure to prepare single-walled carbon
nanotubes (SWCNT) functionalized with amino groups (amide and amine-moieties) via
chemical modification of carboxyl groups introduced on the carbon nanotube surface.

The amino-termination allows further chemistry of the functionalized SWCNT and
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makes possible covalent bonding to polymers. Later, Ramanathan et al. (2005b)
presented results for PMMA covalently bonded to amine-functionalized SWCNT. The
results demonstrate that even with low SWCNT loadings (1 wt%), the thermal,
mechanical and electrical properties are significantly improved when compared to those
in the neat polymer. In the case of the glass transition behavior, they observed a 33 K
increase in Ty of PMMA with 1 wt% of amine-functionalized SWCNT covalently bonded
to PMMA. These results suggest the formation of an interfacial region of reduced
molecular mobility in the vicinity of the nanotubes that penetrates throughout the
composite, leaving very little bulk polymer response. They addressed the need for
more detailed experiments to provide understanding of the changes in local polymer
dynamics near nanoparticles and the percolation of these effects in the systems.

By surface-initiated ATRP, Savin et al. (2002) prepared high-density PS brushes
on silica nanospheres (diameter = 20 nm). The T, of annealed bulk films of the hybrid
nanoparticles was elevated with respect neat, bulk PS. The enhancement ranged from
13 K to 2 K for low and high MW, respectively. Bansal et al. (2006) demonstrated that
the thermomecanical properties of polymer nanocomposites are critically affected by
polymer-particle wetting behavior. They studied the T, of nanocomposites formed of
dense PS brushes grafted on silica nanoparticles blended to PS melts. Depending on
the MW of the PS matrix, they found that T4 could increase, decrease or remain equal
to neat, bulk T4 with increasing silica nanosphere concentration. When low MW PS melt

is used, the matrix wets the nanospheres, and the T, of the system increases with
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nanofiller content. On the other hand, when high MW melt is used, dewetting is

observed in the system, and the T4 decreases with nanofiller content.

3.2 Discussion of the Effect of Confinement on T,
This section will provide a review and a critical discussion of the T,

nanoconfinement effect based on the literature.

3.2.1 Origin of Deviations from Bulk T, in Confined Polymers

Many postulates have been proposed in order to explain the origin of the effect of
nanoconfinement on the T, (Forrest and Dalnoki-Veress, 2001) of systems lacking
attractive polymer-substrate interactions, including the following: internal stresses
caused by film preparation methods (e.g. spin coating) (McKenna, 2000; Bernazzani et
al., 2002); a “finite size effect” due to the thickness approaching a fundamental length
scale associated with glass formers (Keddie et al., 1994b), e.g. the cooperatively
rearranging region (CRR) introduced by Adam and Gibbs (1965); interfacial effects
involving a reduced entanglement concentration (Brown and Russell, 1996; McKenna,
2000; Tsui and Zhang, 2001; Bernazzani et al., 2002) or a segregation of chain ends to
the free surface (air-polymer interface) (Mayes, 1994; Tsui and Zhang, 2001); and a
radius of gyration (Rg) value that is on the order or a small multiple of the film thickness
(Dalnoki-Veress et al., 2001; Singh et al., 2004).

Agreement among many studies of supported PS films (Forrest and Dalnoki-
Veress, 2001; Kawana and Jones, 2001) in which samples of similar thickness were

prepared using different solutions (solvent type and polymer concentration) and
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preparation conditions (spin coating speed) refute the idea that internal stresses may
cause the Ty-nanoconfinement effect. However, related studies of ultrathin PS (Orts et
al., 1993; Kanaya et al., 2003) and polycarbonate (Soles et al., 2004a) films have
shown the existence of a negative thermal expansivity in the glassy state, which has
been attributed to a non-relaxed structure that is set in during spin coating (Kanaya et
al., 2003; Miyazaki et al., 2004). This effect, which exhibits little impact on T4 (Kanaya
et al.,, 2003), can be removed by annealing above bulk T, (Kanaya et al., 2003;
Miyazaki et al., 2004; Mundra et al., 2006; Mundra et al., 2007b).

Attempts have been made to connect the size scale at which nanoconfinement
effects are observed to the size scale of a CRR (Forrest and Dalnoki-Veress, 2001).
The length scale of a CRR near T, has been investigated by differential scanning
calorimetry (Donth, 1982, 1984, 1996; Korus et al., 1997; Donth, 1999; Hempel et al.,
2000; Donth, 2001; Robertson and Wang, 2004; Vyazovkin and Dranca, 2004), 4D-
NMR (Barut et al., 1998; Tracht et al., 1998; Reinsberg et al., 2001) and other
techniques (Arndt et al., 1996; Richert, 1996; Arndt et al., 1997; Erwin and Colby, 2002;
Hong et al., 2002) and has been reported to lie in the range of ~ 1-5 nm for low MW and
polymeric glass formers. However, the length scale at which nanoconfinement effects
are observed is ~10 nm or less for low MW glass formers (Jackson and McKenna,
1991; Melnichenko et al., 1995; Arndt et al., 1997; Barut et al., 1998; Schonhals et al.,
2002; Wang et al., 2004) and ranges from several tens to hundreds of nanometers for
polymers (Keddie et al., 1994a, 1994b; van Zanten et al., 1996; DeMaggio et al., 1997;

Forrest et al., 1997; Fryer et al., 2000; Fukao and Miyamoto, 2000; Dalnoki-Veress et



64

al., 2001; Forrest and Dalnoki-Veress, 2001; Fryer et al., 2001; Kawana and Jones,
2001; Kim et al., 2001; Tsui and Zhang, 2001; Grohens et al., 2002; Pham and Green,
2002; Pham et al., 2003; Sharp and Forrest, 2003a, 2003b; D'Amour et al., 2004;
Miyazaki et al., 2004; Park et al., 2004; Singh et al., 2004; Soles et al., 2004a; Soles et
al., 2004b; Mundra et al., 2006; Rittigstein and Torkelson, 2006; Miyazaki et al., 2007,
Mundra et al., 2007a; Mundra et al., 2007b; Priestley et al., 2007a; Priestley et al.,
2007b; Rittigstein et al., 2007; Roth et al., 2007; Roth and Torkelson, 2007). This
indicates that the length scale of a single CRR is far less than the thickness at which Tg4-
nanoconfinement effects are observed; therefore, it is not the origin of this effect.

Many studies (Keddie et al., 1994a; Jean et al.,, 1997; Kajiyama et al., 1997;
Schwab et al., 2000; Torres et al., 2000; Forrest and Dalnoki-Veress, 2001; Pochan et
al., 2001; Wallace et al., 2001; Ellison and Torkelson, 2003; Sharp and Forrest, 2003b;
Wang et al., 2004; Ellison et al., 2005; Mundra et al., 2007a; Roth et al., 2007; Roth and
Torkelson, 2007) have indicated that interfacial effects are the most logical explanation
for the underlying cause of the Tg-nanoconfinement effect. Sharp and Forrest (2003b)
showed that removing the free-surface interface by placement of a gold layer onto the
film results in a T4 that is independent of thickness down to 8 nm, thus supporting the
importance of free-surface effects for PS. Recent understanding gained from
fluorescence experiments (Ellison and Torkelson, 2003) has reiterated this point. The
multilayer fluorescence experiments have revealed that the free-surface effect causes a
T4 reduction that persists several tens of nanometers into the film interior (much larger

than a single CRR). Furthermore, it was observed (Ellison and Torkelson, 2003) that a
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region of reduced Ty near the free surface exists as a continuous distribution of Tgs that
depends on the degree of nanoconfinement. These results have shown directly that
two-layer and three-layer models (van Zanten et al., 1996; DeMaggio et al., 1997;
Forrest and Mattsson, 2000; Fukao and Miyamoto, 2000; Forrest and Dalnoki-Veress,
2001; Kawana and Jones, 2001; McCoy and Curro, 2002) are inadequate to explain Ty
nanoconfinement behavior and that a model that incorporates a continuous distribution
of Tgs across the thickness of a film is needed (Priestley et al., 2005a; Priestley et al.,
2007a; Roth et al., 2007; Roth and Torkelson, 2007). This picture is consistent with
recent simulations (Jain and De Pablo, 2004) and predictions from theoretical studies
(Berriot et al., 2002, 2003; Herminghaus et al., 2004; Merabia et al., 2004).

The key role of interfacial effects is also supported by studies of the thickness
dependence of Ty for polymers with attractive substrate interactions (Keddie et al.,
1994a; van Zanten et al., 1996; Forrest and Dalnoki-Veress, 2001; Fryer et al., 2001,
Ellison et al., 2002; Ellison and Torkelson, 2002; Grohens et al., 2002; Pham and
Green, 2002; Mundra et al., 2006; Rittigstein and Torkelson, 2006; Mundra et al.,
2007a; Mundra et al., 2007b; Priestley et al., 2007b; Rittigstein et al., 2007), e.g. poly(2-
vinylpyridine) and poly(methyl methacrylate) on silicon (with native oxide) or glass
substrates which exhibit increases in T4 with decreasing thickness due to the attractive
substrate interactions. Simulations have confirmed this point by verifying that changing
the interaction potential between substrate and polymer results in a T, deviation
(decrease or increase based on the nature of interaction between the substrate and the

polymer) as a function of film thickness (Torres et al., 2000; Starr et al., 2001).
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Although there is substantial evidence supporting a free-surface effect as the origin
of T4 reductions in nanoconfined PS films, there is not yet a detailed understanding of
the free-surface effect. A simple explanation is that polymer segments that lie at the
free surface possess fewer conformational restrictions than those in the bulk; this
results in a higher degree of cooperative segmental mobility and an associated lower
T4. While this explanation is logical, it lacks details regarding the extent to which
interfaces may be expected to modify cooperative segmental mobility or T, from that of
bulk. Others have offered the explanation that the free surface results in a reduced
entanglement concentration (Brown and Russell, 1996; McKenna, 2000; Tsui et al.,
2001; Bernazzani et al., 2002), which may yield enhanced mobility and reduced T4 near
the free surface. However, this explanation can be criticized because a thickness
dependent T4 has been observed for both entangled and unentangled PS (DeMaggio et
al., 1997; Fukao and Miyamoto, 2000; Forrest and Dalnoki-Veress, 2001; Kawana and
Jones, 2001; Tsui et al., 2001) (M., the critical entanglement MW, is ~ 35,000 - 38,000
g/mol (Sperling, 1992; Majeste et al., 1998) for PS) and because bulk T4 does not
depend on chain entanglements (Sperling, 1992). Another potential explanation
involves the segregation of chain ends to the free surface, reducing the local Ty at the
free surface (Mayes, 1994; Tsui et al., 2001). However, if chain ends were the origin of
this effect, it would be expected that the thickness dependence of T, could be
significantly altered by varying the surface chain-end concentration by modification of
the polymer MW (Mayes, 1994), which is not supported by experimental data. Variation

of polymer MW also greatly alters the Rg of the bulk polymer, which may affect the film
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thickness at which overall chain conformation would be expected to differ substantially
from bulk. Some have argued that such effects may yield a MW dependence of the Tg4-
nanoconfinement effect (Fukao and Miyamoto, 1999; Singh et al., 2004). There is a
large body of evidence in opposition to this picture (DeMaggio et al., 1997; Fukao and
Miyamoto, 2000; Forrest and Dalnoki-Veress, 2001; Kawana and Jones, 2001; Tsui et
al., 2001; Ellison et al., 2005) indicating that the Tg-nanoconfinement effect for
supported PS films is approximately independent of MW, indicating that neither chain

ends nor bulk Rg plays a significant role in defining this effect.

3.2.2 Models and Hypotheses Explaining Ts-nanoconfinement Effects

Attempts to understand polymer confinement have led to the development of
phenomenological descriptions known as layer models. Layer models have been able
to provide some insight into the observed properties by segmenting the cross section of
the film into layers of different properties. The first model proposed to explain the Tg-
nanoconfinement effect was an empirical bilayer model by Keddie et al. (1994b), who
introduced the idea of an air-polymer surface layer with enhanced mobility and lower T
than for bulk PS. Further, it was shown that the substrate had little effect on the mobility
of PS thin films, consistent with what had been seen in molecular dynamic simulations
(Bitsanis and Hadziioannou, 1990) of a polymer melt near a wall. Freely standing films
have two air-polymer interfaces; therefore, they are expected to exhibit behavior similar
to that of a supported film of half the thickness, which was later shown experimentally
(Forrest and Mattsson, 2000; Mattsson et al., 2000; Roth and Dutcher, 2003). Later,

more models were proposed that were in essence a modified version of the bilayer
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model (DeMaggio et al., 1997; Kawana and Jones, 2001; Park et al., 2004). Another
layer model (Forrest and Mattsson, 2000), with dynamic heterogeneities at the free
surface, was proposed to describe Ty in low to moderate MW polymeric freely standing
films. It was suggested that the mobile surface layer had a width determined by the
length scale of cooperative dynamics. The model incorporated the idea of Adam and
Gibbs (1965) of a fundamental length scale coupled with the dynamics of the T,. Later,
Ellison and Torkelson (2003) showed that bilayer and trilayer models are inadequate to
explain Tg-nanoconfinement effects and that a model with gradients in dynamics
accounting for a distribution of Tys across the film thickness is required.
Hypothesis-driven models have also been proposed to explain the effect of
confinement on T,. Ngai and coworkers (Ngai et al., 1998; Ngai, 2000) proposed the
coupling model, which is focused on the cooperative motions associated with Ty (Adam
and Gibbs, 1965). The model characterizes the impact of local structure on the steric
constraints from the neighboring nonbonded segments or simply the intermolecular
coupling. This intermolecular coupling is linked to the size scale of CRRs, which is
believed by some to be connected to T4-nanoconfinement effects. Supporting evidence
came from a recent study (Ellison et al., 2004) in which the addition of a small amount
of plasticizer in PS reduced the requirement for the intermolecular coupling and the size
scale of CRRs at T,. Nevertheless, a connection between the size scale of CRRs and
the Tg-nanoconfinement effects was not established. Several other models have also
been proposed to describe the effect of confinement on Ty in thin and ultrathin films

(Jiang et al., 1999; De Gennes, 2000).
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Long and Lequeux (Long and Lequeux, 2001; Merabia et al., 2004) proposed a
model based on the idea that thermally induced density fluctuations play a critical role in
determining Ty in bulk. These fluctuations lead to regions of faster and slower
dynamics. The total number of regions with slower dynamics increases with decreasing
temperature. They defined the T, as the temperature at which these slow moving
regions are interconnected throughout the bulk of the sample. The deviation from bulk
T4 in confined systems is explained by a shift in the percolation of regions of fast and
slow dynamics from a 3-dimensional (3-D) to a 2-dimensional (2-D) geometry. In the
case of ultrathin supported films with little or no attractive substrate interaction, the T4
occurs when the slow regions percolate in the direction parallel to the film. This
requires a larger fraction of slow domains and results in a decrease of T, relative to
ultrathin films with attractive substrate interactions. In the case of substrate-supported
films with strong attractive interactions with the substrate, the transition occurs when
both interfaces are connected with continuous paths of slow regions. This requires that
the correlation length of the 3-D percolation () is comparable to the thickness of the
film, which may require a smaller fraction of slow subunits as compared to the bulk
glass transition. Then, the Tg-nanoconfinement effects are seen when the thickness of
the sample becomes comparable to . This model (Long and Lequeux, 2001; Merabia
et al., 2004) explains many attributes of the Tg-nanoconfinement effect satisfactorily as
well as addresses the issues of interactions with the substrate. In addition, the model is

free of any fitting parameters used in various other models to describe at least
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qualitatively the behavior in bulk and in thin films. However, because it has been

applied to only a couple of systems (Merabia et al., 2004), it merits further investigation.

3.3 Confinement Effect on the Physical Aging Behavior of Amorphous Polymers

Compared to the Tg-nanoconfinement effect, few studies of physical aging in
confined polymer have been reported (Pfromm and Koros, 1995; Lee and Lichtenhan,
1998; Dorkenoo and Pfromm, 1999, 2000; McCaig and Paul, 2000; McCaig et al., 2000;
Ellison et al., 2002; Kawana and Jones, 2003; Lu and Nutt, 2003a, 2003b; Huang and
Paul, 2004; Zhou et al., 2004; Fukao and Sakamoto, 2005; Huang and Paul, 2005;
Priestley et al., 2005a; Priestley et al., 2005b; Vlasveld et al., 2005; Kim et al., 2006;
Rittigstein and Torkelson, 2006; Huang and Paul, 2007a, 2007b; Priestley et al., 2007c;
Rittigstein et al., 2007; Theneau et al., 2007). A brief review of the effects of

confinement on physical aging in different geometries is presented below.

3.3.1 Physical Aging Behavior in Supported Polymer Films

Ellison et al. (2002) conducted the first study to address the impact of confinement
on physical aging of supported polymer films. They reported little change in the
physical aging rate of poly(isobutyl methacrylate) films supported on quartz over a
range of thicknesses from 10 nm to 800 nm. Later, the effect of confinement on the
physical aging response of PS films with thickness between 10-200 nm was studied by
Kawana and Jones (2003). They showed that a 10 nm thick film was still in an

equilibrium state at 30 °C below bulk T4, consistent with the notion that the T, of the 10

nm thick film is reduced relative to bulk by at least 30 °C. A recent study by Priestley et
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al. (2005a) provided the first characterization of physical aging as a function of polymer-
substrate interactions. Physical aging in ultrathin PS films was shown to be dependent
on thickness and absent when the aging temperature was above the T, of the confined
film but below that of bulk polymer. In contrast, the presence of structural relaxation
was observed 6 °C above the bulk Ty for an ultrathin PMMA film supported on a silica
substrate. This result was obtained because confinement leads to an increase of T,
due to the attractive interaction between the polymer and the substrate. Using dielectric
measurements, Fukao and Sakamoto (2005) reported physical aging results of PMMA
thin films. They observed a decrease of the aging rate as the film thickness decreases.
Recently, using fluorescence multilayer techniques, Priestley et al. (2005b) studied the
structural relaxation of PMMA at interfaces and between them. They showed that
physical aging is almost totally suppressed next to the substrate because the hydrogen
bonds restrain small motions associated with structural relaxation. At the free surface
the physical aging is diminished but to a lesser extent than at the substrate. The free
surface effects were rationalized as being due to the reduced thermodynamic driving
force for structural relaxation. Interestingly, the substrate and free surface layers affect
the structural relaxation rate over similar distances into the film interiors. Also, this
study suggested that T4 and physical aging may be affected over different length scales

by perturbations caused by surfaces and interfaces.
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3.3.2 Physical Aging Behavior in Freely Standing/Unsupported Polymer

Films

Using permeability measurements, Pfromm and Koros (1995) reported significantly
accelerated physical aging with decreasing thickness, from 2.5 um to 0.5 um, for free-
standing polyimide and polysulfone films. Such a large length scale for a confinement
effect had not been previously reported for either T, or physical aging. Using
permeability measurements, Dorkenoo and Pfromm (1999) later observed an
accelerated physical aging process with decreasing thickness (800 nm to 100 nm ) free-
standing polynorbornene films.

Recently, Huang and Paul (2004) also reported accelerated physical aging with
decreasing thickness for thin (900 nm to 400 nm) free-standing polysulfone, polyamide
and poly(phenylene oxide) films using permeability measurements. In contrast to their
physical aging results, Huang and Paul (2004) observed no significant T, confinement
effect for films over the same thickness range. However, Kim et al. (2000) showed that
thin supported polysulfone films exhibit decreasing T, with decreasing film thickness,
with T4 beginning to deviate from its bulk value at ~ 80 nm. These results suggest that
the length scale at which confinement effects alter T, and physical aging may be
different. Huang and Paul (2005) reported similar qualitative trends of aging rate by
permeability and refractive index measurements for free-standing polysulfone and
poly(2,6-dimethyl-1,4-phenylene oxide) films. They observed an accelerated physical
aging for thin films compared to thick films. All the permeability studies (Pfromm and

Koros, 1995; Dorkenoo and Pfromm, 1999, 2000; McCaig and Paul, 2000; McCaig et
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al., 2000; Huang and Paul, 2004, 2005; Kim et al., 2006; Huang and Paul, 2007a,
2007b) observed an accelerated physical aging response of free-standing polymer films
as the film thickness is reduced. These contrast with the multilayer fluorescence results
of Priestley et al. (2005b) in the case of the diminished physical aging rate at the free
surface. It is noteworthy that the permeability studies used polymers with significantly
more rigid backbones than in the multilayer fluorescence studies (which were done in
supported, not free-standing, films). Whether this difference in polymer backbone
rigidity is the origin of the difference in the effect of confinement in physical aging rate is
as yet unclear. Additional studies of physical aging rates and Ty in thin and ultrathin

films for polymer lacking C-C backbones are warranted to resolve this issue.

3.3.3 Physical Aging Behavior in Polymer Nanocomposites

Very little work has been done to study the effect of confinement on physical aging
in polymer nanocomposites. A few studies have aimed at identifying the impact of the
addition of nanofillers in the polymeric matrix on the structural relaxation (Lee and
Lichtenhan, 1998; Lu and Nutt, 2003a, 2003b; Vlasveld et al., 2005; Rittigstein and
Torkelson, 2006; Priestley et al., 2007c¢; Rittigstein et al., 2007; Theneau et al., 2007).
The first study of the physical aging behavior of polymer impacted by the presence of a
nanofiller was done by Lee and Lichtenhan (1998). They reported that the inclusion of
polyhedral oligomeric silsesquioxane (POSS) nanoreinforcements in epoxy by in situ
polymerization retarded the physical aging rate and the time to reach equilibrium. They
proposed that the presence of POSS cages attached to the network chains provides

topological constraints to the network junctions, which prevents or severely retards the
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process of the matrix reaching structural equilibrium. More recently, Lu and Nutt
(2003a; 2003b) observed that inclusion of intercalated clay nanofillers into an epoxy
network had a significant effect on the segmental relaxation of the matrix. They found a
restricted relaxation behavior with slower overall relaxation rates and a broader
distribution of relaxation times in intercalated silicate-epoxy nanocomposites relative to
the neat epoxy resin. They concluded that this behavior depends on the extent of
exfoliation of the layered silicates and the strength of interaction between the silicate
surface and the polymer.

Vlasveld et al. (2005) used creep measurements to study the physical aging
phenomena of polyamide 6 (PA6) nanocomposites containing exfoliated layered silicate
particles at environmental moisture conditions. They showed that the shape of the
creep curves of the nanocomposites is similar to unfilled polyamide 6 and time-aging
time superposition is possible with all materials. The shift rate is in the same range, but
a little higher for nanocomposites, indicating a slightly faster aging rate in the
nanocomposites. Very recently, Theneau et al. (2007) used a phenomenological model
based on the evolution of the configurational entropy and DSC measurements to study
the influence of silica on the kinetics of the structural relaxation process of the poly(2-
hydroxyethyl methacrylate) (PHEMA) nanocomposites. They showed a reduction of
structural relaxation of PHEMA with different silica content. In addition, the silica
presence leads to a broadening of temperature interval in which conformational motions

in the glassy state take place in 200 min. The distribution of the relaxation times also
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broadens as the silica content increases, as characterized by the decrease of the KWW
parameter § and the increase of the fragility of the polymer (see chapter 2).

Given the importance of physical aging in determining long-term material
properties, it is unfortunate that so few studies have focused on the effects of physical
aging in polymer nanocomposites. Clearly, there are many opportunities for

fundamental investigations in this area.

3.4 Other Polymer Properties Impacted by Confinement

It has been observed that a variety of other key polymer properties are impacted
by confinement. These include polymer chain diffusion (Frank et al., 1996a; Zheng et
al., 1997; Kuhimann et al., 1998; Pu et al., 2001a; Pu et al., 2001b; Kawaguchi et al.,
2003), small-molecule probe diffusion (Hall and Torkelson, 1998; Pu et al., 2001b),
dewetting behavior (Reiter, 1992, 1993), viscosity (Masson and Green, 2002), hole
growth (Dalnoki-Veress et al., 1999; Masson and Green, 2002), phase separation
behavior (Krausch et al., 1993; Tanaka et al., 1995; Sung et al., 1996), crystallization
(Despotopoulou et al.,, 1996; Frank et al., 1996b; Jackson and McKenna, 1996;
Srivatsan et al., 1997; Sutton et al., 1997), chain conformations (Despotopoulou et al.,
1995; Grohens et al., 1997; Jones et al., 1999; Kraus et al., 2000; Muller, 2002) and

rheology (Hu and Granick, 1992; Granick and Hu, 1994).
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4 Novel Fluorescence Technique as a Characterization Tool

Fluorescence is a powerful tool for investigating the structure and dynamics of
matter. In particular, this technique can be very useful in studying physical properties of
polymers. The success of fluorescence arises from its high sensitivity, specificity and its
ability to provide spatial and temporal information (Valeur, 2002). A brief review on the
phenomenon of fluorescence and its use to characterize T, physical aging and local

polarity of polymers is presented below.

4.1 Phenomenon of Fluorescence

When a fluorescent molecule or fluorophore absorbs energy, the promotion of an
electron to an excited singlet state occurs. A subsequent return of the excited state
electron to the ground state can take place by many mechanisms, one of which is the
emission of a photon (fluorescence). This process is illustrated pictorially in the
simplified Jablonski diagram shown in Figure 4-1 (Lakowicz, 1999). Upon absorption of
a photon on time scales of 10" sec, an electron is promoted to one of several
vibrational levels in an excited singlet state (S4, Sy,...Sy); this is followed by an internal
conversion relaxation process (spontaneous non-radiative transition between two
electronic states of the same spin multiplicity) in which the electron decays to the lowest
excited singlet vibrational level (S;) on the time scale of 107" sec (Lakowicz, 1999;
Sharma and Schulman, 1999; Valeur, 2002). Fluorescence emission occurs as the
electron in the lowest singlet vibrational level returns to one of the ground state on the

time scale of 10 sec (Lakowicz, 1999; Sharma and Schulman, 1999; Valeur, 2002).
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Figure 4-1: Simplified Jablonski diagram. The processes that lead to a photon being

emitted as fluorescence include absorbance of a photon that promotes an electron to an

excited singlet vibrational state, internal energy conversion and fluorescence emission.
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Since energy is lost in the internal conversion, fluorescence emission is observed at
longer wavelengths or lower energy than the absorption spectrum. This difference in
the spectrum is called the Stokes shift. However, emission and excitation spectra often
are mirror images because the differences between vibrational levels are similar in the
ground state and the excited state (Lakowicz, 1999; Valeur, 2002). The quantum yield,
defined as the ratio of the number of photons emitted to the number of photons
absorbed, is used to quantify the fluorescence process efficiency, as it represents the
fraction of excited molecules that fluoresce. It is almost never unity because there are
other energy dissipation mechanisms, such as collisional deactivation, bond vibration,
bond rotation, internal system crossing, intramolecular charge transfer, energy transfer,
and conformational changes, that suppress the emission of a photon by releasing the
energy of the excited state electron through non-radiative pathways (Schulman, 1977;
Lakowicz, 1999; Valeur, 2002).

Experimentally, fluorescence can be classified into two types of measurements:
steady state and time-resolved (Lakowicz, 1999). Steady state measurements are
performed under constant illumination. The chromophore is excited at an appropriate
wavelength to efficiently promote the electrons to an excited electronic state. The
fluorescence emission spectrum is obtained by monitoring the emission intensity as a
function of wavelength. The excitation spectrum is recorded by monitoring the emission
intensity at a single wavelength while scanning the excitation wavelength. On the other
hand, time-resolved spectroscopy measures fluorescence intensity decays.

Experimentally, the sample is exposed to a pulse of light that is shorter than the decay
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time. Intensity decay measurements are recorded with a rapid detection system. The
steady state emission intensity is a time average of the fluorescence intensity decay.

These two types of fluorescence measurements are related by the following equation:

i —t
]SS = J]O eXp(7jdt = ]OT (4-1)
0

where a single exponential intensity decay is assumed, and /s is the steady state
emission intensity, t is the decay time, ris the average excited state lifetime, and /y is a
parameter that depends on the fluorophore concentration and a number of instrumental
parameters (Lakowicz, 1999). This relation shows that the steady state intensity /s is
proportional to the average excited state lifetime z(typically 1-100 ns) (Lakowicz, 1999).
A longer fluorescence decay lifetime allows more time for the excited state fluorophore
to interact with the surrounding environment before emitting a photon, which may
provide more information of the microenvironment compared to a shorter decay lifetime
(Lakowicz, 1999). There are several benefits associated with measuring fluorescence
lifetime instead of steady state emission. First, the fluorescence decay may be multi-
exponential if there are different molecular environments, e.g., in a confined polymer the
existence of mobile surface regions and less mobile bulk regions. Secondly, although
time-resolved measurements are more complex experiments, the results are
independent of sample geometry, refractive index changes and excitation source
fluctuations that may affect steady state emission (Lakowicz, 1999).

The pathway by which a probe de-excites depends on various parameters such as

polarity, pressure, temperature and viscosity. Therefore, the fluorescence of a
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chromophore depends on its surrounding environment (Lakowicz, 1999; Valeur, 2002).

4.2 Polymer Characterization by Fluorescence

Fluorescence is widely used to investigate the properties of chemical, biological
and biochemical systems due to the strong influence of the surrounding environment on
the fluorescence emission spectrum of the probe molecules (Lakowicz, 1999; Valeur,
2002). In the case of polymers, fluorescence has been used to characterize polymer
dynamics in solution and melts, polymer in the glassy state and polymer blends (Winnik,
1986). Here, an overview of fluorescence as a tool to characterize the glass transition

temperature, physical aging and local polarity is presented.

4.2.1 Fluorescence Technique for Characterizing T

The use of fluorescence in conjunction with molecular rotor probes to measure T
of polymers was first suggested by Loutfy et al. (Loutfy, 1981; Law and Loutfy, 1983;
Loutfy, 1986) more than twenty years ago. Molecular rotor probes provide sensitivity to
free volume due to their non-radiative mechanism for dissipation of absorbed energy by
bond rotations (Law and Loutfy, 1983). Specifically, Loutfy et al. (Law and Loutfy, 1983;
Loutfy, 1986) showed that the fluorescence intensity of a p-N,N-
dialkylaminobenzylidene malonitrile rotor probe doped into poly(methyl methacrylate)
decreased with increasing temperature and exhibited different temperature
dependences above and below the calorimetric T4 with the transition occurring near the
calorimetric Tq. Brady and Charlesworth (1993) monitored the intrinsic fluorescence

response of an epoxy resin to characterize Ty at the discontinuity in the temperature
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dependence of peak intensity. Later, Lenhart et al. (2001) showed a similar sensitivity
to T, in epoxy resins using fluorescence intensity of a 4,4’-dimethylaminonitrostilbene
(DANS) probe. In the study, DANS was either doped into the matrix or labeled to a
triethoxysilane coupling agent that was grafted to the glass substrate. It was shown that
at the epoxy-glass interface, T, could be higher or lower than the bulk T4 depending on
the structure of the silane coupling agent. They suggested that a gradient in properties
may be present near the interface and that their interfacial measurements were just an
average of the gradient in properties. Also, Hofstraat et al. (1998) reported that T, could
be obtained using the temperature dependence of extrinsic fluorescence in a polyether-
polyester block copolymer.

Since 2002, Torkelson and coworkers have used fluorescence spectroscopy to
measure T4 of polymeric systems (Ellison et al., 2002; Ellison and Torkelson, 2002,
2003; Ellison et al., 2004; Ellison et al., 2005; Mundra et al., 2006; Rittigstein and
Torkelson, 2006; Mundra et al., 2007a; Mundra et al., 2007b; Priestley et al., 2007b;
Rittigstein et al., 2007; Roth et al., 2007; Roth and Torkelson, 2007). In these studies,
T4 was determined by monitoring the emission intensity as a function of temperature.
The determination of T, was done by fitting lines to the temperature dependences of
intensity in both the rubbery and the glassy states, with the intersection of the lines
defining T, Taking into account the appropriate selection of the probe, the sample
preparation and the experimental setup, the T, determined by fluorescence is nearly
identical to the value determined by differential scanning calorimetry (DSC) for all the

systems studied by Torkelson and coworkers. The importance of fluorescence as a tool



82
to characterized Ty in polymers is the potential of the technique to monitor T, of
nanoconfined systems (Ellison et al., 2002; Ellison and Torkelson, 2002).

Ellison et al. (Ellison et al., 2002; Ellison and Torkelson, 2002) presented the first
demonstration of the utility of fluorescence probe methods to characterize T, values in
confined polymer fiims. The Tgs of ultrathin polystyrene films determined by
fluorescence were nearly identical to the Tys obtained using ellipsometry. Later, Ellison
and Torkelson developed a fluorescence/multilayer approach that allowed the first
determination of a distribution of T4 in a supported polystyrene film, quantifying the
impact of different interfaces (Ellison and Torkelson, 2003). In the study, a pyrene-
labeled polystyrene film of known thickness was placed atop of a neat polystyrene film
of known thickness using a water transfer technique. Fluorescence measurements only
provided T, of the labeled layer. Therefore, fluorescence spectroscopy is a powerful
tool to characterize T, and is the only method currently employed that can be used to
measure discrete distributions of T4 (Ellison and Torkelson, 2003).

Recently, Jager et al. (2005) showed that a mobility sensitive color-shifting
fluorescent probe could be employed to determine T, of poly(methyl methacrylate) and
polystyrene. In order to obtain T4, the wavelength of the peak maximum was plotted as
a function of temperature. Fitting lines to the fluorescence peak maximum wavelength
in the rubbery and the glassy state provides the Ty of the material. The Tgs of
poly(methyl methacrylate) and polystyrene measured using the color-shifting probe

were consistent with those obtained using DSC.
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Also, several studies have plotted the full width half maximum of the fluorescence
emission spectrum (de Deus et al., 2004; Martins et al., 2006) or the first moment of the
fluorescence intensity (Turrion et al., 2005) as a function of temperature to study the
glass transition and secondary relaxation processes. A slope change in the
temperature dependence of the parameter as a function of temperature provided a
measure of the transition temperature. In addition, these approaches have been used
(not convincingly) to monitor different secondary relaxation processes (de Deus et al.,

2004; Martins et al., 2006).

4.2.2 Fluorescence Technique for Characterizing Physical Aging

The use of fluorescence spectroscopy to measure physical aging of polymers was
first conducted by Meyer et al. (1990) and Schwab and Levy (1990). Meyer et al.
(1990) used Auramine O dispersed randomly in poly(vinylacetate) (PVA) to study
isothermal physical aging by measuring the time-dependent change in the emission
intensity of the probe. During isothermal aging, after a quench from the equilibrium
melt, the emission intensity increases as the physical aging proceeds. This result is
consistent with measurements of momentary stress relaxation of PVA with time.
Schwab and Levy (1990) studied the physical aging response of poly(methyl
methacrylate) and amine cured diglycidyl ether of bisphenol A epoxy by monitoring
isothermally the emission intensity of [p-(N,N-dialkylamino)benzylidine malononitrle]
(DABM) and 4-(N.N-dimethylamino)-4-nitrostilbene (DANS) with time. They found that
the emission intensity of the probes increased linearly with logarithmic physical aging

time.
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Royal and Torkelson studied physical aging in PS, PMMA, poly(vinyl acetate),
polycarbonate and poly(isobutyl methacrylate) using rotor fluorophores (Royal and
Torkelson, 1990, 1992, 1993). They determined physical aging rates of various glassy
polymers by fluorescence methods using the probe julolidenemalononitrile (JMN) (Royal
and Torkelson, 1992, 1993). They showed that the dependence of physical aging rates
by fluorescence methods agree well with those from specific volume relaxation
experiments, demonstrating the free-volume sensitivity of JMN (Royal and Torkelson,
1993). Also, they showed that the times required to reach equilibrium for the enthalpy
relaxation experiments are similar to the fluorescence equilibrium times (Royal and
Torkelson, 1992). In analogy with the definition of physical aging rate obtained in
volumetric relaxation studies (see equation 2-9), a fluorescence physical aging rate r¢
may be defined (Royal and Torkelson, 1993; Priestley et al., 2005a; Priestley et al.,
2005b) as

Lo 1 df
T f, dLog(1,) *-2)

where fy is the initial fluorescence intensity and f is the fluorescence intensity at aging
time t,. (The fact that f increases when v decreases accounts for the different sign in
equations 2-9 and 4-2.)

Fluorescence spectroscopy presents the same unique advantages for the
characterization of physical aging as in the case of T,. Priestley et al. (2005b) showed

that it can be used to measure the distribution of aging rates across a film and the effect

of different interfaces on aging.
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Recently, van den Berg et al. (2006) employed a wavelength-shifting mobility
sensitive fluorescent probe to investigate physical aging of polycarbonate and
poly(methyl methacrylate). A linear correlation was found between the emission
wavelength of the probe and the specific volume of the polymers. As the physical aging
time increases, a blue shift occurs for the peak maximum of the fluorescence emission
spectrum. This shift in the emission wavelength was used to determine an effective
relaxation time by fitting the relaxation curves to the KWW function (equation 2-1). The
aging response of the polymers determined by fluorescence using wavelength-shifting
probes was comparable to that observed with other techniques, such as positron
annhilation spectroscopy. Therefore, fluorescence employing a color-shifting probe is a

reliable method to study physical aging (van den Berg et al., 2006).

4.2.3 Fluorescence Technique for Characterizing Local Polarity

Polarity plays a major role in many physical, chemical, biochemical and biological
phenomena. Since the fluorescence of a chromophore depends on its surrounding
environment, this technique provides unique opportunities to characterize local polarity
in different systems.

In some aromatic molecules that have a high degree of symmetry, such as
benzene, triphenylene, naphthalene, pyrene and coronere, the first singlet absorption
(So = S4) may be symmetry forbidden and the corresponding oscillator strength is
weak. The intensities of the various forbidden vibronic bands are highly sensitive to
polarity (Valeur, 2002). Nakajima (1971; 1974; 1976a; 1976b) found that the intensities

of various vibronic bands of pyrene depend strongly on the solvent environment. In the
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presence of polar solvents there is an enhancement in the intensity of the 0-0 band (first
peak) at the expenses of others. Dipole-induced dipole interactions between the
solvent and pyrene play a major role. The polarity of the solvent determines the extent
to which an induced dipole moment is formed by vibrational distortions of the nuclear
coordinates of pyrene (Karpovich and Blanchard, 1995). Kalyanasundaram and
Thomas (1977) showed that the polarity of an environment can be estimated by
measuring the ratio of the fluorescence intensities of the third and first vibronic bands
(ratio of the third and first intensity peaks of the spectrum) of pyrene. This ratio ranges
from ~1.7 in hydrocarbon media to ~0.5 in dimethyl sulfoxide (Kalyanasundaram and
Thomas, 1977). These values provide a polarity scale called the Py scale that
correlates with dielectric data (Valeur, 2002).

Pyrene has been used to investigate the extent of water penetration into micelles
and to accurately determine micellar concentrations (Kalyanasundaram, 1987). Also,
polarity studies of silica and alumina surfaces have been reported using fluorescence
(Stahlberg and Almgren, 1985; Hayashi et al., 1995; Imans et al., 1996; Spange et al.,
2000).

Gonzalez-Benito et al. (2000) used fluorescence of pyrene-sulfonamide conjugates
probe to study the coating microstructure of polyorganosiloxane layer on glass fibers by
estimating the interaction of the coating with different solvents (solvent accessibility to
the chromophore). The ratio of the intensity peaks was correlated with polarity
parameters. They found favorable interactions between the polymer and apolar

solvents.
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In the rest of this section, we will extend this approach to demonstrate that
fluorescence methods using pyrene dye doped into polymers may be useful in
indicating how the polarity of a polymeric medium can be affected by interfaces with

substrates (in the case of films) or nanoparticles (in the case of nanocomposites).

4.2.3.1 Experimental

Polystyrene (Pressure Chemical, M, = 290,000 g/mol, M,/M, = 1.06) was used as
received. Poly(methyl methacrylate) was synthesized by free radical polymerization (M,
= 355,000 g/mol, M,/M, = 1.54, by gel permeation chromatography (GPC) using
universal calibration with PS standards). Poly(2-vinyl pyridine) (Scientific Polymer
Products, reported value of M, = 200,000 g/mol) was used after drying the as received
material in a vacuum oven at ~110 °C to remove residual monomer. Pyrene (Aldrich)
and silica nanospheres (colloidal silica in methyl ethyl ketone, Nissan Chemical
Industries, reported diameter of 10—15 nm) were used as received.

Thin films of polymers or polymer nanocomposites were prepared by spin coating
(Hall et al., 1998b) dilute solutions of polymer, with or without pyrene dye and with or
without silica nandfiller, onto quartz slides. Solutions containing nanofiller were
sonicated (Branson 1200 sonicator) for 40 min prior to spin coating. Film thicknesses
were determined using a Tencor P10 profilometer. Films with thickness less than 500
nm were dried in a fume hood overnight while films with thickness exceeding 500 nm
were dried for 48 h in vacuum oven at room temperature. Nanocomposite films were
dried for 48 h in a fume hood prior to performing fluorescence measurements.

Fluorescence was measured using a SPEX Fluorolog-2DM1B flourimeter or a Photon
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Technology International fluorimeter following procedures described in Ellison et al.
(2002), Ellison and Torkelson (2002), Ellison and Torkelson (2003), Ellison et al. (2004),

Ellison et al. (2005), Rittigstein and Torkelson (2006), and Rittigstein et al. (2007).

4.2.3.2 Results and Discussion

Taking advantage of the influence of polarity environment on the emission
spectrum of pyrene, the impact of nanoconfinement on polymer systems has been
studied using fluorescence. Figure 4-2 illustrates the difference in emission intensity of
pyrene doped at trace levels in neat polystyrene (PS) and in PS containing 0.5 vol%
silica nanoparticles. (The silica nanoparticles have hydroxyl groups on their surfaces
which account for a shift in microenvironment polarity.) The spectrum obtained with the
PS-silica nanocomposite shows the signature of enhanced medium polarity as defined
by Kalyanasundaram and Thomas (Kalyanasundaram and Thomas, 1977).

The impact of silica nanoparticles on PS polarity can be summarized by plotting
the temperature dependence of the ratio of fluorescence intensity at 386 nm to that at
374 nm. Figure 4-3a shows the impact on local polarity of different concentrations of
silica nanospheres in PS at different temperatures. A reduction in the ratio of intensity
at 386 nm to that at 374 nm (Isg6/l374) means that the microenvironment in the polymer is
more polar. While the presence of 0.5 vol% silica nanoparticles reduces this ratio
relative to that of neat PS, the data obtained in 0.3 vol% silica-PS nanocomposities are
identical to the data for neat PS. Apparently, a critical level of dispersed silica
nanoparticles is required before the pyrene fluorescence can sense a shift in medium

micropolarity. Figure 4-3b shows results obtained in 24-nm-thick and 500-nm-thick PS
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Figure 4-2: Fluorescence emission spectra of pyrene dopant (< 0.2wt%) in a bulk PS
film at 418K (bold curve) and in a thick 0.5 vol% silica-PS nanocomposite film at 418K
(thin curve). Data have been normalized to unity using the intensity at 374 nm. Inset

shows the molecular structure of pyrene.
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Figure 4-3: Temperature dependence of the intensity ratio of pyrene dopant (< 0.2wt%)
in PS films and nanocomposites : a) bulk PS (squares), 0.3 vol% silica-PS
nanocomposite (circles), and 0.5 vol% silica-PS nanocomposite (triangles). (All sample
thicknesses exceed 1000 nm.) b) 500-nm-thick PS film (open squares) and a 24-nm-
thick PS film (closed squares). (Note: Different emission slits were used to take data in
Figure 4-3a and Figure 4-3b, which prevents comparison of absolute ratio values

between figures.)
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films on a silica substrate (with hydroxyl groups on the substrate surface). The
fluorescence ratio is smaller in the ultrathin film, indicating a significant increase in
medium polarity being sensed by the pyrene dyes. (Different emission slits were used
to obtain spectra in the nanocomposites and films; thus, the quantitative values of ratios
in Figure 4-3a cannot be compared meaningfully to those in Figure 4-3b. However,
comparisons within a figure are meaningful.) Thus, confinement either by
nanocomposite formation with silica nanoparticles or by formation of ultrathin films on
silica can lead to measurable modifications of effective polarity in PS systems. When
similar experiments were done using PMMA and poly(2-vinyl pyridine) (P2VP), no
changes in the shape of the pyrene dye emission spectrum were observed within
experimental error. The lack of effect in PMMA and P2VP with addition of silica
nanospheres is likely associated with the intrinsically polar nature of those two polymers
in comparison with the non-polar nature of PS. The P2VP-silica and PMMA-silica
interactions block the access of pyrene to the adsorption sites on the nanofiller surface.
However, PS does not interact with the nanofiller; thus, the pyrene can interact with the

surface of the polar nanoparticle.
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5 Distribution of Tys in Thin and Ultrathin PMMA films

5.1 Introduction

A major intellectual challenge in condensed matter physics is the achievement of a
complete understanding of the nature of the glass transition in amorphous materials
(1995; Angell, 1995b; Angell et al., 2000; Debenedetti and Stillinger, 2001; Merolle et
al., 2005). The cooperatively rearranging region (CRR), a central tenet of the physics of
the glass transition (Adam and Gibbs, 1965; Sillescu, 1999; Ediger, 2000; Donth, 2001;
Stevenson et al., 2006), is “the smallest region that can undergo a requisite transition to
a new configuration without a requisite simultaneous configurational change on and
outside its boundary” as defined by Adam and Gibbs (1965). Experimental studies
show that the size of a CRR is approximately 1-4 nm (Richert, 1996; Arndt et al., 1997;
Tracht et al., 1998; Hempel et al., 2000; Berthier et al., 2005; Ellison et al., 2005) and
may be considered as the lower limit for the size of a dynamic heterogeneous region
(Ediger, 2000).

Many experimental studies (Forrest et al., 1996; van Zanten et al., 1996;
DeMaggio et al., 1997; Fukao and Miyamoto, 2000; Dalnoki-Veress et al., 2001; Fryer
et al., 2001; Fukao et al.,, 2001; Grohens et al., 2002; Ellison and Torkelson, 2003;
Ellison et al., 2004; Park et al., 2004; Ellison et al., 2005; Mundra et al., 2006) and
simulations (Torres et al., 2000; Varnik et al., 2002; Baljon et al., 2004; Peter et al.,
2006; Riggleman et al., 2006) have been carried out in order to characterize and
understand the deviations in T4, compared to the bulk state when polymer films are

confined to the nanoscale. Two prominent explanations about the impact of
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nanoconfinement on Ty are finite size effects and interfacial effects. Finite size effects
are hypothesized to occur when the length scale of the system, i.e., film thickness, and
the length scale governing T, i.e., a CRR, coincide (Fukao and Miyamoto, 2000; Fukao
et al., 2001). On the other hand, interfacial effects are expected to increase in
significance with an increase in the ratio of interfacial area to volume, altering the
segmental mobility of the polymer and therefore the T4 of the nanoconfined system
(Keddie et al., 1994a, 1994Db; Forrest et al., 1996; Ellison and Torkelson, 2003).

The definition of a CRR has been used to justify two- and three-layer models that
offer explanations of the deviation from T,k in Nanoscopically confined polymer films
(Keddie et al., 1994b; Forrest and Mattsson, 2000). These models assume that
perturbations to T, at the free surface (air-polymer interface) or the polymer-substrate
interface are limited to length scales roughly the size of a CRR. (By some
interpretations, CRRs are always independent of one another and should not impact the
dynamics of adjacent CRRs; with these interpretations, perturbations to T, at the free
surface or substrate interface are believed to be limited to a layer thickness of one CRR
and unable to propagate from the interface into the film interior.) However, reductions in
T4 from Tg,buk have been reported for films as thick as 300-400 nm when the films lack
attractive interactions with the substrate on which they are supported (Ellison et al.,
2005). Because of the large difference in the length scale at which Tg-confinement
effects have been observed in polymer films and the accepted length scale of a CRR, it
can be concluded that deviations in T4 are not directly related to the size scale of a CRR

(Forrest et al., 1996). In addition, it is unclear how perturbations limited to the very
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small length scale of a CRR can lead to significant changes in the average T, of
polymer films with thicknesses that are one or even two orders of magnitude larger than
a CRR.

The picture that T, dynamics are perturbed by interfacial effects only over the
length scale of a CRR has been experimentally refuted by a recent study employing a
fluorescence/multilayer technique that found that perturbations to T, at the free surface
of a film are able to propagate into the film interior (Ellison and Torkelson, 2003). In
particular, this study showed that the perturbed Ty dynamics at the free surface of
polystyrene (PS) led to Tgs differing from Tgpux at distances of several tens of
nanometers from the PS free surface. This behavior was explained to result from the
strongly perturbed CRRs in the free-surface layer affecting the average cooperative
dynamics in adjoining layers of CRRs, and to a lesser extent the CRRs of the next layer,
and so on.

This chapter reports the first study to characterize the distribution of Tgs for
polymer films that possess strong attractive interactions with the substrate. The results
demonstrate not only that strongly perturbed T4 behavior in an interfacial layer of a
polymer film propagates over length scales equivalent to a number of layers of CRRs
but that perturbations to T, caused by attractive interactions with the substrate can be
observed over length scales of several hundred nanometers. This was accomplished
using a fluorescence/multilayer method (Ellison and Torkelson, 2003; Ellison et al.,
2004; Ellison et al., 2005; Priestley et al., 2005a; Priestley et al., 2005b) to measure Ty

in layers at the free surface, substrate-polymer interface, and known distances away
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from the interfaces of poly(methyl methacrylate) (PMMA) films supported on silica. It is
observed that the free surface and substrate act in opposition to one another in
modifying Ty dynamics. For example, the Ty of a 12-nm-thick free-surface layer of a
bulk PMMA film is reduced by 7-8 K compared with Tg,,uk While the T4 of a 12-nm-thick
substrate layer of a bulk PMMA film is increased by 10 K compared with Tg,pux. Using a
bilayer film geometry in which the T4 of a 12-nm-thick free-surface layer is measured as
a function of confinement of the overall film, it is demonstrated that perturbed T4
dynamics at the substrate interface can percolate across a 200-nm-thick PMMA film to
affect the Ty dynamics at the free surface. Furthermore, when the overall PMMA film
thickness is less than 90 nm, the T, in the free-surface layer actually exceeds Tyg,bui.
This behavior can occur only if perturbations to T, dynamics propagate over many
layers of CRRs. These results disallow the simple layer models as explanations of Tg4-
confinement effects and, more importantly, require re-evaluation of the interpretation of

the CRR.

5.2 Experimental

Poly(methyl methacrylate) is synthesized by free radical polymerization, with Mn =
355,000 g/mol and PDI = 1.54 obtained by gel permeation chromatography (universal
calibration relative to PS standards). The onset Ty = 394 K, as determined by DSC
(Mettler Toledo DSC822¢) on second heating with a heating rate of 10 K/min. The
chromophore 4-tricyanovinyl-[N-(2-hydroxyethyl)-N-ethyl]aniline (TC1) is synthesized by

reaction with tetracyanoethylene (TC1 America) and 2-(N-ethylaniline)ethanol (TC1
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America) dissolved in dimethyl formamide (Fisher) at 55 °C for 15 min and then
recrystallized from glacial acetic acid. The 1-pyrenyl butanol-labeled (Aldrich) and TC1-
labeled methacrylate monomers are synthesized through an esterification reaction with
methacryloyl chloride (Aldrich) in the presence of triethylamine (Aldrich) and
dichloromethane (Aldrich) at 0 °C for 2 h. Labeled PMMA is synthesized by reaction of
MMA monomer (Aldrich) in the presence of a trace amount of either pyrene-labeled or
TC1-labeled methacrylate monomer. The pyrene-labeled PMMA contains 1.22 mol %
(1 in 82 repeat units) of pyrene-labeled monomer and the TC1-labeled PMMA contains

1.37 mol% (1 in 73 repeat units) of the TC1-labeled monomer determined by UV-Vis

absorbance spectroscopy (Perkin EImer Lambda 35). For pyrene-labeled PMMA, M,

456,000 g/mol, PDI = 2.0, and the onset T4 = 395 K. For TC1-labeled PMMA, M,
509,000 g/mol, PDI = 1.67, and the onset T, = 394 K. All polymer is washed by
dissolving in toluene (Fisher) and precipitating in methanol (Fisher) at least five times to
remove residual solvent and then dried in a vacuum oven at T4 + 15 K for 24 h.
Single-layer films are prepared by spin casting polymer/toluene solutions onto
quartz slides (Hall et al., 1998b). The films are allowed to dry in vacuum at T, + 5 K for
8 h. Multilayer films are prepared by spin casting polymer/toluene solutions onto either
a quartz slide or a NaCl salt disk. Films spun cast onto NaCl salt disks are floated on
top of films spun cast onto quartz slides by submersing the salt disk in a water bath.
After preparation of the multilayer film, it is dried in vacuum at room temperature for 12
h and then annealed at T, + 25 K for 10 min to ensure a completely consolidated film.

Film thicknesses are measured with a Tencor P10 profilometer.
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All polymers were of sufficiently high molecular weight to ensure that interlayer
diffusion is at most several nanometers during the experimental time, which includes the
time to create a consolidated film. The estimated interlayer diffusion can be determined
from nuclear reaction analysis data (Shearmur et al., 1998). For the conditions
employed in this study, the total diffusion time of 40 min is much less than the polymer
disentanglement time. The disentanglement time can be calculated by the following
equation: mp = (2Rgz)/(n2DS), where Ry is the radius of gyration of the polymer and Ds is
the bulk self-diffusion coefficient. For PMMA (lowest molecular weight and fastest
diffusing component used in these studies) at Ty + 25 K, the disentanglement time is
3850 min using Ds = ~ 3x107® cm?%s from nuclear reaction analysis diffusion data
(Shearmur et al.,, 1998). Since the total experimental time above T, is substantially
smaller than the disentanglement time (experimental time above Ty is only 1% of
disentanglement time), the maximum interlayer penetration distance is substantially less
than the PMMA Ry (~18.5 nm), with a reasonable estimate of a few nanometers. It is
important to note that the above estimate is an upper limit as the polymer used in the
study (355,000 g/mol, 456,000 g/mol and 509,000 g/mol) is of higher molecular weight
than that used in the interlayer diffusion study (100,000 g/mol and 127,000 g/mol)
(Shearmur et al., 1998).

Steady-state fluorescence emission spectra are taken as a function of temperature
(on cooling) using a Photon Technology International fluorimeter in a front-face
geometry (with emission at 90° relative to excitation and the film at an angle of 28°

relative to excitation) with 3.0 mm excitation and emission slits (12 nm bandpass) used
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for TC1-labeled PMMA experiments and 1.25 mm excitation and emission slits (5 nm
bandpass) used for pyrene-labeled PMMA experiments. The wavelength used to excite
the TC1 and pyrene is 480 nm and 254 nm, respectively. The emission spectrum of
TC1 and pyrene is measured at 540-690 nm and 360-460 nm, respectively. The T4
values of the labeled films are determined by fitting the temperature dependence of the
integrated fluorescence intensity to linear correlations in both the rubbery and glassy
states. In fitting the data to linear correlations, only data well outside T4 are used in the
fitting procedure. (Additional information on the fluorescence technique used to monitor

T4 is found in chapters 4, 6, 7 and 9.)

5.3 Results and Discussion

The fluorescence of chromophores covalently attached (labeled) to the polymer at
trace levels was used to measure T, in single-layer and multilayer PMMA films
supported on silica substrates. Multilayer films consist of a single, labeled PMMA layer
and one or two unlabeled PMMA layers of known thickness. Heating the multilayer
films for a short time above T, produces a consolidated film. The polymer is of
sufficiently high molecular weight to ensure that labeled PMMA diffuses, at most, a few
nanometers during the measurements. (See section 5.2 for further detail.)

Figure 5-1 shows the normalized integrated fluorescence intensity as a function of
temperature for pyrene-labeled and 4-tricyanovinyl-[N-(2-hydroxyethyl)-N-ethyl]aniline
(TC1)-labeled PMMA films. Data points were obtained by taking the integrated intensity

of the fluorescence emission spectrum of the labeled polymer as a function of
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Figure 5-1: T4 data from bulk PMMA and PMMA confined films determined via
fluorescence. a) Temperature dependence of the normalized integrated fluorescence
intensity of 250-nm-thick (open squares) and 50-nm-thick (open circles) pyrene-labeled
PMMA films. The solid lines are fits of the data in both the rubbery and glassy states,
with the intersections of the lines defining Ty. (Insets: Emission spectra of pyrene at
423 K (solid line) and 358 K (dotted line) of the 250-nm-thick film and the molecular
structure of pyrene.) b) Temperature dependence of the normalized integrated
fluorescence intensity of 200-nm-thick (open squares) and 35-nm-thick (open circles)
TC1-labeled PMMA films. The solid lines are fits of the data in both the rubbery and
glassy states, with the intersection of the lines defining Ty (Insets: Emission spectra of
TC1 at 423 K (solid line) and 358 K (doted line) of the 200-nm-thick film an the

molecular structure of TC1.)
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temperature. (See insets in Figure 5-1.) Linear correlations were fit to data points in
both the rubbery and glassy states, with the intersection providing a measure of T,. The
T4 values of the 250-nm-thick pyrene-labeled PMMA and 200-nm-thick TC1-labeled
PMMA films are 394 K and 395 K, respectively, and are within 1 K of Tg,pux determined
by differential scanning calorimetry (DSC) of the labeled PMMA.

While the values of T, obtained using pyrene- and TC1-labeled PMMA are
consistent, the temperature dependence of the fluorescence intensity exhibited by both
chromophores are opposite. This difference is related to the dissimilar mechanism by
which each chromophore undergoes non-radiative decay from its excited state. Pyrene,
a band definition chromophore, undergoes non-radiative decay by vibrational motions
(Lakowicz, 1999; Valeur, 2002); thus, the emission intensity follows the density of the
polymer and the temperature dependence of the emission intensity is smaller below T
than above T4. Numerous band definition chromophores have been used to determine
T4 in bulk polymeric glass formers (Meyer et al., 1990; Ellison and Torkelson, 2002,
2003; de Deus et al.,, 2004; Ellison et al., 2004; Ellison et al., 2005; Priestley et al.,
2005a; Priestley et al., 2005b; Turrion et al., 2005). The TC1 dye, a “rotor”
chromophore, undergoes non-radiative decay by rotational motion as depicted by the
inset in Figure 5-1b (Valeur, 2002). To facilitate the rotational motion of the
chromophore, a certain amount of free volume is required (Loutfy and Arnold, 1982);
thus, it is believed that changes in polymer density impede the rotational motion to a
greater extent in the glassy state than in the liquid state. As a result, the temperature

dependence of the emission intensity is greater in the glassy state than in the rubbery
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state. Because of the enhanced sensitivity of “rotor” chromophores to density changes
that occur in the glassy state, they have been widely used to monitor physical aging of
polymeric glass formers (Meyer et al., 1990; Royal and Torkelson, 1992, 1993; Ellison
et al., 2002; Ellison and Torkelson, 2002; Priestley et al., 2005a; Priestley et al., 2005b;
Rittigstein and Torkelson, 2006; Rittigstein et al., 2007).

According to Figure 5-1, the Tgs of a 50-nm-thick pyrene-labeled PMMA film and a
35-nm-thick TC1-labeled-PMMA film are 399 K and 402 K, respectively. This indicates
that there is an increase in T4 with decreasing film thickness for PMMA films supported
on silica. The increase in Ty with decreasing thickness is related to hydrogen bond
formation that can occur between the ester groups on PMMA and the hydroxyl groups
on the silica substrate (Keddie et al., 1994a; Grohens et al., 2002; Priestley et al.,
2005a; Priestley et al., 2005b; Rittigstein et al., 2007). The formation of hydrogen
bonds is believed to reduce the cooperative segmental mobility of the polymer at and
near the silica interface, thus resulting in an increase in T, with decreasing film
thickness as the ratio of interfacial area to volume becomes increasingly large.

Figure 5-2 shows the effect of film thickness (d) on T4(film) — T4(bulk) obtained by
fluorescence of pyrene- and TC1-labeled PMMA films. The increase in Ty, with
decreasing film thickness is identical for pyrene- and TC1-labeled PMMA films and is
qualitatively consistent with other studies of single-layer PMMA films supported on silica
substrates (Keddie et al., 1994a; Fryer et al., 2001; Park et al., 2004). For d >~ 90 nm,

T4 is independent of thickness. For d < ~ 90 nm, T, increases roughly linearly on a
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Figure 5-2: Ty(film) — Ty(bulk) of pyrene-labeled PMMA (open square) and TC1-labeled
PMMA (open circles) single layer films as a function of film thickness (d). Within
experimental error, both chromophores detect identical increases in T4 as a function of

film thickness. (Inset: Film geometry used in experiments.)
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logarithmic scale with decreasing thickness. For a 20-nm-thick film, Ty(film) — T4(bulk) =
9 K.

The direct impact of the substrate on the local T, near the polymer-substrate
interface of a bulk PMMA film is determined using a bilayer film geometry (see Figure
5-3a inset) in which a labeled PMMA layer of known thickness (h) is sandwiched
between the substrate and an unlabeled PMMA layer which is 240 nm thick. The
overall bilayer film thickness is sufficiently large that Ty(film) = Ty(bulk). Figure 5-3a
shows that Ty(substrate layer) — Ty(bulk) = 10 K for a 12-nm-thick substrate layer.
When the thickness of the substrate layer is increased, the value of Ty(substrate layer)
— T4(bulk) gradually approaches zero at h = 70-80 nm. In a similar experiment with a
14-nm-thick substrate layer in a bulk PS bilayer film, Ellison and Torkelson (2003) found
that Ty(substrate layer) — T4(bulk) = 0 K. The difference in the Ty behavior of the PS
and PMMA substrate layers can be explained by hydrogen bonding effects that are
present at the PMMA/silica substrate interface (Keddie et al., 1994a; Grohens et al.,
2002; Park et al., 2004; Priestley et al., 2005a; Priestley et al., 2005b; Rittigstein et al.,
2007) but absent at the PS/silica substrate interface (Keddie et al., 1994a, 1994b;
Ellison and Torkelson, 2003; Ellison et al., 2005; Rittigstein et al., 2007).

Placement of a labeled PMMA layer atop a bulk film allows for local T
measurements at the free surface of PMMA. Labeled PMMA layers of known h are
floated onto the surface of a 240-nm-thick PMMA film supported on silica. The overall
bilayer film thickness is sufficiently large that T4(film) = Ty4(bulk). The impact of the free

surface on modifying Ty dynamics is opposite that of the silica substrate. Figure 5-3b
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Figure 5-3: Measurement of substrate- and free-surface layer T4 values using bilayer
films in which one layer is labeled with either pyrene (open squares) or TC1 (open
circles). a) Ty(substrate layer) — Ty(bulk) of labeled substrate layer film as a function of
the labeled substrate layer film thickness (h). Film thickness of bulk overlayer film is
240 nm. (Inset: Film geometry used in experiments.) b) Tq(free surface) — Tq4(bulk) of
label free-surface layer film as a function of free-surface layer film thickness (h).
Thickness of bulk underlayer is 240 nm. Pyrene-labeled PS data (open triangles) are

from Ellison and Torkelson (2003). (Inset: Film geometry used in experiments.)
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shows that Ty(free surface) — Ty(bulk) = - 7-8 K for a 12-nm-thick free-surface layer.
When the thickness of the labeled free-surface layer is increased, the value of Ty(free
surface) — Tg4(bulk) gradually approaches zero at h = 40 nm. For purposes of
comparison, the free-surface layer T, measurements of PS from Ellison and Torkelson
(2003) are replotted in Figure 5-3b. As seen in Figure 5-3b, the free-surface layer
thicknesses at which PMMA and PS begin to exhibit reductions in T4 are approximately
the same. However, the magnitude of the reduction in T4 at the free surface is much
weaker in PMMA than in PS. These results demonstrate that the ability of a free
surface to perturb T, dynamics is strongly dependent on chemical structure of the
polymer. This observation is in accord with T, measurements done on 40-nm-thick
freely standing (two free surfaces) PMMA (M, = 718,000 g/mol) and PS (M, = 690,000
g/mol) films, for which the values of T, were reduced by ~15 K and ~52 K, respectively,
compared to Tg,puk (Roth and Dutcher, 2003).

Regarding the effects of surfaces and interfaces on T4 shown in Figure 5-3, the
increase in Ty near the silica substrate is understood qualitatively to arise from
hydrogen bonding interactions between the ester side groups of PMMA and the
hydroxyl groups on the silica substrate. In the absence of hydrogen bonding
interactions, as in the case of PS films supported on silica substrates, no change in Ty is
expected or observed. In contrast, the underlying cause of the large difference in the
magnitude of the free surface effects in PMMA and PS films is not yet understood even

at a qualitative level. There is no molecular-scale mechanism or theory by which to
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explain the observations. Further study of the effect of repeat unit structure on
perturbations to Ty at free surfaces of films is warranted.

Employing a 12-nm-thick labeled middle layer, trilayer films are used to determine
the length scale over which the free surface and substrate modify T, dynamics within
bulk PMMA films. As illustrated in Figure 5-4, when an 8-nm-thick unlabeled free-
surface layer is placed on top of a 12-nm-thick labeled middle layer (meaning that the
labeled-layer depth within the film is 8-20 nm), the T, of the labeled layer is reduced by
only 2 K compared to Tg,puk. When the unlabeled free-surface layer thickness is 12 nm,
the labeled middle layer reports Tgbuk. In the opposite case, when a 12-nm-thick
labeled middle layer is displaced 12 nm from the substrate interface, its Ty is increased
by 5 K compared to Tg,oux. As shown in Figure 5-4, it is not until the labeled middle
layer is displaced ~ 50-70 nm from the substrate interface that it reports a T4 value that
is within experimental error equal to Tg,puik.

These experiments demonstrate several key points. First, there is a distribution of
T4s near the free surface and substrate interface of bulk PMMA films supported on silica
substrates. Second, the results disallow the concept of simple two- and three-layer
models to explain the Tg-confinement effect (Keddie et al., 1994b; Forrest and
Mattsson, 2000) and instead imply that a distribution of T4s should be incorporated into
any model being used to explain Tg4-confinement behavior (Ellison and Torkelson,
2003). Third, the length scale over which the substrate interactions modify T4 dynamics

within a bulk PMMA film is greater than that associated with free-surface effects,
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h I Free Surface Layer Bulk Overlayer

Labeled Layer Labeled Layer

B ulk Underlayer h I Substrate Layer
SurfaceLayer  Labeled Layer Substrate Layer Labeled Layer
Thickness,h(mm)  Depth (nm) T, (film)- T, (bulk) (K} Thickness, h(nm)  Depth (hm) T, (film) - T, (bulk) (K)
8 8-2 2 12 12-24 5
12 12-24 0 2% 26-36 4
5 56 - 68 1

Figure 5-4: Determination of the distribution of Tgs as a function of depth displaced from
either the free surface or substrate-polymer interface using trilayer films in which the
middle layer is labeled with either pyrene or TC1. Labeled middle layer is 12-nm-thick,
while bulk overlayer/ underlayer film thickness is 240 nm. Free surface/ substrate layer

film thickness (h) is varied in trilayer film studies.
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consistent with the notion that that perturbations to T, caused by substrate effects are
stronger than those caused by free-surface effects for PMMA supported on silica.

Figure 5-5 allows us to quantify the relative strengths of the competing free-surface
and substrate effects and the length scales over which the stronger substrate effects
modify T4 dynamics in confined PMMA films. Specifically, the impact of the substrate on
the T4 of a 12-nm-thick labeled free-surface layer is measured as a function of overall
film thickness (h’). The length scale separating the 12-nm-thick free-surface layer from
the substrate is adjusted by controlling the underlayer thickness. As shown in Figure
5-5, when h’ > 250 nm (l), the T4 within the free-surface layer is reduced by 7-8 K from
Tgouk- At these thicknesses, the free-surface Ty, dynamics are unaffected by the
increased Ty at the polymer-substrate interface. When 90 nm < A’ < 250 nm (ll), the
free-surface layer Ty increases with decreasing h’ but remains below Tg,puk. At these
thicknesses, the effects of the strongly reduced cooperative segmental mobility at the
polymer-substrate interface percolate across the film, increasing the free-surface layer
Tg. When h” < 90 nm (lll), the T4 within the free-surface layer actually exceeds Tg,buk
and continues to increase with decreasing h’; this means that the perturbed T,
dynamics at the substrate that percolate across the film are sufficiently strong within the
free-surface layer to dominate the perturbations to T4 caused by the free surface. Thus,
under certain circumstances of confinement with attractive polymer-substrate
interactions, the Ty of an ultrathin free-surface layer may exceed Tg,pux. This is the first

report of such an effect.
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Figure 5-5: Ty(free surface) — T4(bulk) of pyrene-labeled (open square) or TC1-labeled
(open circles) free surface layer as a function of overall film thickness (h’). The labeled-
free surface layer thickness is held constant at 12 nm while the underlayer thickness is

varied.
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Figure 5-6 illustrates the effect of overall film thickness on Ty(substrate layer) —
T4(bulk) of a 12-nm-thick substrate layer within a PMMA bilayer film. When the overall
film thickness is 250-260 nm, Ty(substrate layer) — Ty4(bulk) = 9-10 K. As shown in
Figure 5-6, decreasing the overall thickness results in a decrease in the substrate layer
T4. When the overall thickness of the bilayer film is reduced to 50-60 nm, Ty(substrate
layer) — T4(bulk) = 7 K. Further reduction of the overall thickness to 35-40 nm leads to
T4(substrate layer) — Ty(bulk) = 3-4 K.

According to Figure 5-5 and Figure 5-6, when the overall bilayer film thickness
exceeds 250 nm, Ty(free surface) — Ty4(bulk) = - (7-8) K for a 12-nm-thick free-surface
layer and Ty(substrate layer) — T4(bulk) = 9-10 K for a 12-nm-thick substrate layer. The
difference between the Tys at the free surface and substrate is 16-18 K. When the
overall bilayer film thickness is reduced to 35-40 nm, Ty(free surface) — Ty4(bulk) = 3-4 K
for a 12-nm-thick free-surface layer as well as for a 12-nm-thick substrate layer. The
difference between the Tgs at the free surface and substrate is 0 K. We also note that
in 35- to 40-nm-thick bilayer films, the T4s of the free-surface and substrate layers are
identical within experimental error to the T, of a 35- to 40-nm-thick single-layer PMMA
film (see Figure 5-2). Thus, with increasing nanoscale confinement, the gradient in T,
across a PMMA film is reduced and, within the experimental uncertainty of our
multilayer method, can be eliminated under circumstances of extreme confinement.
The observation that confinement leads to a reduction in the gradient in T, across a
PMMA film is consistent with similar measurements conducted on PS films (Ellison and

Torkelson, 2003). The results associated with both PS and PMMA films indicate that
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Figure 5-6: Influence of overall film thickness on Ty(substrate layer) — T4(bulk) of a 12-

nm-thick substrate layer within a bilayer film. The overall film thickness is (a) 250-260

nm, (b) 50-60 nm and (c) 35-40 nm.
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below a certain overall thickness the T4 dynamics adjust to satisfy the constraint that the
gradient in T4 dynamics across an ultrathin polymer film cannot be too sharp and abrupt
(Ellison and Torkelson, 2003).

A comparison of Figure 5-2 and Figure 5-3a reveals that Ty(film) — Ty(bulk) = 6 K
for a 50-nm-thick single-layer PMMA film and Ty(substrate layer) — T4(bulk) = 2 K for a
50-nm-thick substrate-layer in a bulk bilayer PMMA film. This indicates that placing a
layer with bulk Ty dynamics over a 50-nm-thick substrate layer can lead to faster
cooperative dynamics and a lower T4 in the substrate layer. The observation that the T4
dynamics of a layer is affected by the dynamics of an adjacent layer has been
previously reported for PS films (Ellison and Torkelson, 2003). For example, the T4 of a
14-nm-thick labeled PS free-surface layer in a bulk bilayer film is ~ 5 K higher than the
T4 of a 14-nm-thick single-layer film. This indicates that placing a PS layer with average
bulk Ty dynamics underneath a 14-nm-thick PS layer results in slower cooperative
dynamics and a higher Ty in the free-surface layer.

This latter observation has recently been explained in the context of the coupling
model (Ngai, 2006), which recognizes the importance of many-molecule or many-
segment relaxation dynamics associated with the glass transition. The placement of a
bulk layer with slower dynamics underneath a 14-nm-thick surface layer imposes
intersegmental constraints on the surface layer. These constrains result in slower
dynamics and a higher Ty in the 14-nm-thick free surface layer than in the 14-nm-thick
film (Ngai, 2006). A similar explanation can be given for some of the PMMA results.

Placement of a layer with bulk T4 dynamics atop a 50-nm-thick substrate layer imposes
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intersegmental interactions on the substrate layer, resulting in faster dynamics an a
lower Ty, However, it is worth mentioning that Ty — Tgpux = 9 K for both 20-nm-thick
single-layer film and 20-nm-thick substrate layer in a bulk bilayer film. Thus, for a 20-
nm-thick film in which it is possible for most of the PMMA chains to be pinned at the
substrate interface (Baschnagel et al., 2003) via hydrogen bonds, placing a thick layer
atop it has no measurable impact on its T,. This means that the substrate effects are
strong enough to dominate any effects of intermolecular interactions imposed by the
bulk overlayer film.

The results reported in Figure 5-3 and Figure 5-6 can occur only if perturbations
caused by surfaces or interfaces to Ty dynamics propagate many layers of CRRs within
the films. That is, if on average the cooperative dynamics in a layer are perturbed
substantially relative to bulk, then, on average, many adjoining layers must also have
their dynamics perturbed, although to lesser extents. This idea is consistent with
simulations (Donati et al., 1998; Glotzer, 2000) and experiments (Weeks et al., 2000;
Ellison and Torkelson, 2003) indicating that glass-formers do not typically have abrupt
transitions in neighboring regions of local dynamic heterogeneity from very fast
dynamics to slow dynamics and is consistent with dielectric noise studies (Russell and
Israeloff, 2000) suggesting that a minimum length scale (> 40 nm) is required to obtain
the full breadth of the distribution of cooperative relaxation dynamics in polymers near
Tg.

From a scientific point of view, the results in Figure 5-3 to Figure 5-6, associated

with T4 behavior that is strongly perturbed by interfacial effects, stand in opposition to
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the simple definition of a CRR offered more than forty years ago (Adam and Gibbs,
1965) in which configurational changes within a CRR are assumed to occur
independently of neighboring CRRs. Instead, the results highlight the long-range
effects of substrate interactions on T, dynamics and are qualitatively consistent with
recent models (Long and Lequeux, 2001; Merabia et al., 2004) and simulations (Baljon
et al., 2004) suggesting that percolation of slow-relaxing regions associated with
attractive polymer-substrate interactions can explain enhancements in average Tgs in

confined films.

5.4 Conclusions

The study in this chapter employs an innovative fluorescence/multilayer method to
investigate the impact of confinement and interfacial effects on the Ty of PMMA films
supported on silica substrates. With single-layer PMMA films that are less than 90-nm-
thick, T4 increases roughly linearly with decreasing logarithmic thickness. The use of
bilayer films reveals that compared to Tg,buk, Ty is reduced at the free surface by 7-8 K
for a 12-nm-thick free-surface layer and increased at the substrate interface by 10 K for
a 12-nm-thick substrate layer of a bulk film, resulting in a T4-gradient across the film.
Measurements of confined bilayer films reveal that the stronger substrate effects
percolate across the film to modify the T, dynamics at the free surface. Thus, with
nanoconfinement, the stronger substrate effects dominate the free-surface effects,
providing an explanation for the increase in average T, with decreasing single-layer

PMMA film thickness. With extreme confinement, the Tg-gradient across the film



115

thickness is suppressed, with both substrate layer and free-surface layer Tys exceeding
Tq.uk. These results demonstrate that strongly perturbed T, dynamics at the interfaces
propagate across many layers of CRRs within the films, meaning that configurational
changes associated with cooperative segmental dynamics within a CRR do not occur
independently of neighboring CRRs. Thus, insight into the fundamental nature of the
glass transition may be gained by measuring the nanoscale distributions of Tgs in

confined polymers.



116

6 Model Polymer Nanocomposites Provide Understanding
of Confinement Effects in Real Nanocomposites

6.1 Introduction

The effect of nanoscale confinement on T4 has been studied in polymers since the
mid-1990’s (Keddie et al., 1994b; Forrest et al., 1996; van Zanten et al., 1996; Fryer et
al., 2001; Ellison et al., 2002; Grohens et al., 2002; Ellison and Torkelson, 2003; Sharp
and Forrest, 2003b; Park et al., 2004; Alcoutlabi and McKenna, 2005; Ellison et al.,
2005; Roth and Dutcher, 2005; Mundra et al., 2006). Deviations from bulk behavior in
T4 due to nanoconfinement effects have implications in a broad range of technological
applications. These include polymer based photoresists used in the production of
microelectronic devices, disk drive lubricants, nanocomposites and asymmetric
membranes used for gas separation. With ultrathin films, deviations from bulk T,
(Tgbui) have been reported as large as 45-50 K in supported films (van Zanten et al.,
1996; Ellison et al., 2005) and 70 K in freely standing films (Forrest et al., 1996). In
supported films, the thickness dependence of T, is affected by polymer-substrate
interactions (Keddie et al., 1994b; van Zanten et al., 1996; Fryer et al., 2001; Grohens
et al., 2002; Park et al., 2004; Mundra et al., 2006) and the free surface (Keddie et al.,
1994b; Forrest et al., 1996; Ellison and Torkelson, 2003; Sharp and Forrest, 2003b;
Ellison et al., 2005), the impact of which increases as the ratio of interfacial area to
volume increases. At the free surface, Ty is reduced compared to Tgpuk, as revealed by

fluorescence measurements (Ellison and Torkelson, 2003). This effect propagates into
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the film (Ellison and Torkelson, 2003), reducing the T, of ultrathin free-standing films
and supported films lacking attractive polymer-substrate interactions. Thus, the Tg4
reduction originates with the free-surface effect; as shown by Ellison and Torkelson
(2003), nanoconfinement itself only affects the magnitude of the Tg-gradient within the
film.  With moderate-to-strong attractive polymer-substrate interactions, for example,
hydrogen bonds between hydroxyl groups on silica surfaces and oxygen atoms in
poly(methyl methacrylate) (PMMA) or nitrogen atoms in poly(2-vinyl pyridine) (P2VP),
T4 increases with decreasing thickness (van Zanten et al., 1996; Fryer et al., 2001;
Ellison et al., 2002; Grohens et al., 2002; Park et al., 2004; Mundra et al., 2006).

Due to improvement of properties including conductivity, toughness and
permeability, polymer nanocomposites are slated for applications ranging from
membranes to fuel cells (Vaia and Giannelis, 2001; Sanchez et al., 2005). In
nanocomposites with well-dispersed nanofiller, Ty can exhibit substantial deviations
relative to bulk polymer (Ash et al., 2002b; Berriot et al., 2002; Arrighi et al., 2003; Sun
et al., 2004; Blum et al.,, 2006; Rittigstein and Torkelson, 2006), decreasing when
polymer-nandfiller interfaces yield free surfaces (Ash et al., 2002b; Rittigstein and
Torkelson, 2006) and increasing when wetted interfaces with attractive interactions
result (Rittigstein and Torkelson, 2006). These outcomes in nanocomposites were
predicted via simulation (Starr et al., 2001) prior to their experimental demonstration
(Ash et al.,, 2002b; Rittigstein and Torkelson, 2006). These results are due to the
extremely large surface-to-volume ratio created by the nanoparticles modifying the

dynamics of the chains in the polymer matrix, resulting in bulk properties that are
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defined almost entirely by nanoscopically confined materials (Vaia and Giannelis, 2001).
The enhancement of polymer properties by the addition of inorganic nanoparticles is a
complex function of interfacial interactions, interfacial area, and the distribution of inter-
nanofiller distances. The latter two factors depend on nanofiller dispersion, making it
difficult to develop a fundamental understanding of their effects on nanocomposite
properties.

The T4 changes due to nanoconfinement effects in ultrathin polymer films are
qualitatively similar to those observed in polymer nanocomposites (Starr et al., 2001).
In a recent study, Bansal et al. (2005) have reported a direct analogy between film
thickness and average interparticle spacing in polystyrene-silica nanocomposites using
two surface treatments, corresponding to non-wetted or wetted interfaces with no
polymer surface interaction.

In contrast to the many studies of the T,-confinement effect (Keddie et al., 1994b;
Forrest et al., 1996; van Zanten et al., 1996; Fryer et al., 2001; Ellison et al., 2002;
Grohens et al., 2002; Ellison and Torkelson, 2003; Sharp and Forrest, 2003b; Park et
al., 2004; Alcoutlabi and McKenna, 2005; Ellison et al., 2005; Roth and Dutcher, 2005;
Mundra et al.,, 2006), fewer studies have addressed the effect of confinement on
physical aging of neat polymers (Ellison et al., 2002; Kawana and Jones, 2003; Huang
and Paul, 2004, 2005; Priestley et al., 2005a; Priestley et al., 2005b; Huang and Paul,
2006) or polymer nanocomposites at low nanoparticle loadings (Lu and Nutt, 2003a,
2003b; Rittigstein and Torkelson, 2006). (Physical aging is the change in properties as

a function of annealing time below T4 that accompanies the spontaneous relaxation of a
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non-equilibrium glass toward equilibrium.) In films or nanocomposites without attractive
interfacial interactions, for example, polystyrene (PS)-silica systems, there is in general
no significant effect of confinement on aging at a constant quench depth below T,
(Priestley et al., 2005a). An exception occurs at temperatures near but below Tg pu,
where bulk polymer ages but ultrathin films with reduced T4s are at equilibrium (Kawana
and Jones, 2003; Priestley et al., 2005a). In contrast, aging is suppressed in confined
films or nanocomposites with attractive interfacial interactions (Lu and Nutt, 2003a,
2003b; Priestley et al., 2005a; Priestley et al., 2005b; Rittigstein and Torkelson, 2006).
Here we design model PMMA- and P2VP-silica nanocomposites consisting of
polymer films confined between silica slides. Model nanocomposites are made from
doubly supported films lacking a free surface. This structure is achieved by spin coating
two films supported on silica slides, laying one atop the other, and annealing to heal the
interface. This yields a consolidated film with a constant interlayer distance between
silica surfaces. We compare the dependence of T, and physical aging on the interlayer
distance in model nanocomposites to the dependence of silica nanoparticle content in
real nanocomposites. These provide a simple way to gain insight into the effect of
interparticle spacing on T4, and to predict the approximate aging response of real
nanocomposites. We find that model and real nanocomposites with identical T,
deviations yield similar dramatic suppressions of physical aging. This indicates that
model nanocomposites can be broadly useful in studying amorphous polymer

nanocomposites with wetted interfaces.
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6.2 Experimental

Polystyrene (Pressure Chemical, M, = 290,000 g/mol, M,/M, = 1.06) was used as
received. Poly(methyl methacrylate) was synthesized by free radical polymerization (M,
= 355,000 g/mol, M,/M, = 1.54, by gel permeation chromatography (GPC) using
universal calibration with PS standards). 4-tricyanovinyl-[N-(2-hydroxyethyl)-N-
ethyllaniline (TC1)-labeled PMMA (M, = 509,000 g/mol, M,/M, = 1.67 by GPC using
universal calibration with PS standards) was synthesized by reacting methyl
methacrylate monomer in the presence of a trace amount of TC1-labeled methacrylate
monomer. The TC1-labeled monomer was synthesized following the description of
Priestley et al. (2005b). TC1-labeled PMMA contained 1.37 mol% labeled monomer as
determined by UV absorbance. After synthesis, PMMA and TC1-labeled PMMA were
washed by multiple dissolving/precipitating steps in toluene/methanol and dried in vacuo
at 410 K for 24 hr. Poly(2-vinyl pyridine) (Scientific Polymer Products, M, = 200,000
g/mol) was used after drying in a vacuum oven at ~383 K to remove residual monomer.
The Tgypuk values measured by differential scanning calorimetry (DSC) (Mettler-Toledo,
second heat, onset method, 10 K/min) and by fluorescence agreed within experimental
error: PS Typuk = 375 K by DSC and 374 K by fluorescence; PMMA Ty pux = 393 K by
DSC and 391 K by fluorescence; TC1-labeled PMMA Tgpux = 394 K by DSC and 395 K
by fluorescence; and P2VP Typu = 373 K by DSC and fluorescence. Three
fluorescence dyes, pyrene (Aldrich Chemical, 99+% purity), 1,10-bis-(1-pyrene)decane
(BPD) (Molecular Probes), and 4-tricyanovinyljulolidene (TCJ) (Molecular Probes), were

used as received, while TC1 was synthesized following the description of Priestley et al.
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(2005b). Silica nanospheres (colloidal silica in methyl ethyl ketone, Nissan Chemical
Industries, reported diameter of 10-15 nm) were used as received.

Films of neat, bulk polymers and real polymer nanocomposites were prepared by
spin-coating dilute solutions of polymer and dye in methyl ethyl ketone (MEK), with or
without nanofiller, onto quartz slides. Solutions containing nanofiller were sonicated
(Branson 1200 sonicator) for 40 min prior to spin coating. Resulting films contained less
than 0.2 wt% dye relative to polymer and were at least 1 um in thickness (Tencor P10
profilometer). Films were dried for at least 2 days in a chemical fume hood prior to
performing fluorescence measurements.

Spin-coating a dilute solution is necessary to obtain the differences observed in T
with the addition of nanoparticles to the polymer matrix. The changes in T4 reported in
this study are not observed when nanocomposite films are made by solvent casting
instead of spin coating. Solvent casting results in much less nanoparticle dispersion in
the nanocomposite film due to the aggregation that accompanies the slow drying
process associated with solvent casting.

Ultrathin PMMA films were prepared by spin-coating toluene solutions onto quartz
slides. The films were then dried in vacuum at T4 + 5 K for 8 hr. To prepare model
polymer nanocomposites, two films of identical thickness were spin-coated from dilute
solution (PMMA in toluene or P2VP in MEK) onto quartz substrates and dried as
described above. These films were brought into contact at T, + 25 K for 3 hr and

allowed to anneal, healing a portion of the interface.
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Fluorescence was measured using a Spex Fluorlog-2DM1B fluorimeter and a
Photon Technology International fluorimeter. Values of T, were measured using pyrene
as the dye in the PS and P2VP nanocomposites, both real and model. The BPD dye
was used to measure Ty in the real PMMA nanocomposites; the TC1 label was used to
characterize T4 in the PMMA model nanocomposites and ultrathin films. The T, values
were determined following a procedure explained by Ellison et al. (2005) and Rittigstein
and Torkelson (2006). Physical aging was characterized as described by Priestley et al.
(2005a; 2005b) using TCJ as the fluorescence dye in neat polymer and polymer
nanocomposite films. The maximum emission intensity of TCJ (at 597-602 nm for
P2VP, at 598-602 nm for P2VP-silica nanocomposites, and at 590-594 nm for the
model nanocomposites) was measured as a function of aging time after quenching from
the rubbery state above T, to 303 K.

For transmission electron microscopy (TEM) (JEOL 100CX) images, dilute
solutions of polymer and nanofiller were spin-coated onto grids to make films that were
50-70 nm thick. Otherwise, the preparation procedure was identical to that used for
preparing the real polymer nanocomposites samples employed in fluorescence

measurements.

6.3 Results and Discussion
Fluorescence has been used to characterize T, and aging in confined polymer
(Ellison et al., 2002; Ellison and Torkelson, 2003; Ellison et al., 2005; Priestley et al.,

2005a; Priestley et al., 2005b; Mundra et al., 2006; Rittigstein and Torkelson, 2006) and
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is employed here to characterize these properties in model and real nhanocomposites.
Figure 6-1a shows the temperature dependence of the fluorescence of 1,10-bis-(1-
pyrene)decane (BPD) doped at trace levels into bulk PMMA and a 0.4 vol% silica-
PMMA nanocomposite. The Ty is identified by the intersection of linear fits in the liquid
and glassy states. The T, of the nanocomposite is increased by 5 K relative to bulk
PMMA.

Figure 6-1b summarizes the effect of nanoparticle loading on the Tys of P2VP-,
PMMA- and PS-silica nanocomposites. Within experimental uncertainty, adding 0.5
vol% silica (10- to 15-nm-diameter nanoparticles) has no effect on the T, of PS. This
agrees with the reported T,y ,ux Observed in a 14-nm-thick layer at the silica substrate
interface in a bulk PS bilayer film (Ellison and Torkelson, 2003). Figure 6-2 presents a
TEM image that illustrates the good dispersion of 0.4 vol% silica in PS matrix. It should
be noted that a recent study (Bansal et al., 2005) reported a decrease in T4 of ~11 K
when 40 wt% (~18 vol%) silica nanoparticles identical to those employed here were
added to PS; this T4 reduction was ascribed to the presence of free surfaces at the non-
wetted interfaces of the PS and silica nanoparticles that were not well-dispersed.
However, when they reduced the nanoparticle loading to 2 wt% (~0.9 vol%), near the
concentrations employed here, there was no change in T, from that of bulk PS, in good
agreement with our results.

On the other hand, Figure 6-1b shows that the P2VP- and PMMA-silica
nanocomposites exhibit enhancements in T, at silica loadings as low as 0.1-0.3 vol%.

The apparent maximum 5 K and 10 K enhancements in the Tgs obtained with 0.4-0.5
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Figure 6-1: T, data from bulk polymer and polymer nanocomposites determined via
fluorescence. a) Temperature dependence of the normalized fluorescence integrated
intensity of BPD dopant (< 0.2 wt%) in a bulk PMMA film (open squares) and in 0.4
vol% silica-PMMA nanocomposite film (open circles). Inset: The molecular structure of
BPD. (The data have been normalized to 1 relative to the intensity at Ty uux and
arbitrarily shifted vertically.) b) Deviations from Tgypux as a function of silica nanofiller
content in three polymer nanocomposites: P2VP (open squares), PMMA (open circles)
and PS (open triangles). The error bars (x1K) represent the inherent error due to the

fitting of the data required to obtain Tj.
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Figure 6-2: Representative TEM micrograph of 0.4 vol% silica-PS nanocomposite. (The

film thickness is ~50 nm.)
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vol% silica in the PMMA and P2VP nanocomposites, respectively, are hypothesized to
result from decreases in nanoparticle dispersion achieved at higher loadings.

It is well known that PMMA and P2VP experience hydrogen-bonding interactions
with silica surfaces containing hydroxyl groups (van Zanten et al., 1996; Ellison et al.,
2002; Grohens et al., 2002; Priestley et al., 2005b) while PS does not. The enhanced
T4s observed in the PMMA-silica nanocomposites in Figure 6-1b arise from these
attractive polymer-nanoparticle interfacial interactions that reduce cooperative
segmental mobility. Similar effects are expected in P2VP-silica nanocomposites.
However, it should be noted that nanoparticle-polymer interactions may lead to internal
stresses within polymer nanocomposites (Papakonstantopoulos et al., 2005; Narayanan
et al., 2006); these stresses could affect the relaxation dynamics in nanocomposites,
including those associated with T,

There are two complications in developing a fundamental understanding of the
effects of nanoparticle loading and interparticle distance on T, in well-dispersed
nanocomposites. First, there is a wide distribution of interparticle distances, and,
second, the Ty dynamics of polymer segments may be impacted by any number of
nanoparticles located within a radius of tens to even hundreds of nanometers. In order
to eliminate these complications, a model nanocomposite with a known constant
interlayer spacing was developed by confining polymer films between silica slides.
Figure 6-3 shows T4-Tgsuk a@s a function of thickness for both ultrathin films supported

on silica and model nanocomposites of P2VP and PMMA. As illustrated in Figure 6-3,
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Figure 6-3: Deviations of T4 from Ty pui Of ultrathin films supported on silica and ‘model’
nanocomposites. a) Thickness dependence of the T, deviation of P2VP supported films
(open circles: data from van Zanten et al. (1996); filled circles: data from Park et al.
(2004)) and pyrene-doped P2VP ‘model’ nanocomposites (open squares). (In the case
of the P2VP supported films, the error bars are from van Zanten et al. (1996) and Park
et al. (2004), and in the case of the P2VP ‘model’ nanocomposites, the error (1K) in
the data is due to the fitting required to obtain T, and is smaller than the symbol size.)
b) Thickness dependence of the T4 deviation of TC1-labelled PMMA supported films
(open circles) and ‘model’ nanocomposites (open squares). The error bars (1K)

represent the inherent error due to the fitting of the data required to obtain Ty,
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replacement of the free surface in the films by a silica interface (model nanocomposites)
with attractive interfacial interactions leads to an increase in the length scale at which
T4-confinement effects are observed. For example, a 21 K enhancement of Ty is
observed in both a 200-nm-thick P2VP-silica model nanocomposite and a 30-nm-thick
P2VP film supported on silica (one free surface). Similarly, a 4-5 K enhancement of T
is observed in both a 130-nm-thick PMMA-silica model nanocomposite and a 55-nm-
thick PMMA film supported on silica (one free surface). Sharp and Forrest (2003b)
observed that ‘properly’ capped supported PS films with a 5 nm thick evaporated gold
layer exhibited a bulk Tg4 value at film thicknesses as thin as 8 nm. The results showed
that free surfaces are crucial for observing T, reductions in ultrathin PS films.
Conversely, Forrest, Dalnoki-Veress, Dutcher and co-workers (Forrest et al., 1996;
Forrest et al., 1997; Dalnoki-Veress et al., 2001) measured T, values of free-standing
(unsupported) ultrathin films and demonstrated an enhancement in the Tg-
nanoconfinement effect with two free surfaces, further alluding to the importance of free
surfaces on the reduction in T, Figure 6-3 shows that doubly supported PMMA and
P2VP films yield major increases in T4 with confinement at much greater length scales
than those observed in films supported by a single substrate. Thus, removing the free
surface results in a dramatic increase in the T4-nanoconfinement effect of polymer that
possesses attractive substrate-polymer interactions.

Remarkably, the length scale at which confinement effects are observed in model
nanocomposites can be hundreds of nanometers. In particular, P2VP model

nanocomposites show a 5 K enhancement of T, relative to bulk at a thickness
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(interlayer spacing) of 500 nm. This is the largest length scale for which an effect of
confinement on Ty has been reported and indicates that these effects can be observed
in the microscale when strong attractive interactions are present.

Figure 6-4 shows micrographs of 0.4 vol% silica nanocomposites indicating good
nanoparticle dispersion. Assuming that the geometry (curvature) does not play an
important role in the dependence of the T4-nanoconfinement effect, the T4 values of the
‘model’ nanocomposites can be compared to the T, values of the real nanocomposites
to determine their approximate ‘effective average’ interparticle distance. From the Ty
comparison between real and model nanocomposites presented in Figure 6-4, the T,
enhancement in the real P2VP nanocomposite is equal to that of a model
nanocomposite with a ~300 nm interlayer spacing while the T4 enhancement in the real
PMMA nanocomposite is equal to that of a model nanocomposite with a ~130 nm
interlayer spacing. Consistent with the fact that the nanoparticles have diverse
interparticle spacings, the 130 and 300 nm ‘effective average’ interlayer spacings are
greater than the ~50 nm theoretical interparticle distance (silica surface to silica surface)
determined assuming an ideal cubic dispersion of nanoparticles. These ‘effective
average’ interlayer spacings determined by comparison with model nanocomposites
provide a simple approach for quantifying the extent to which confinement effects
involving attractive interactions at nanofiller interfaces modify polymer T4 behavior.

Likewise, model nanocomposites can also be useful in roughly predicting the

physical aging behavior of real nanocomposites. Figure 6-5 shows results of
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(scale bars = 100 nm). The error bars (1K) represent the inherent error due to the

fitting of the data required to obtain Ty,.
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Figure 6-5: Physical aging of bulk polymer and polymer nanocomposites monitored by
fluorescence. Normalized fluorescence intensity of TCJ dopant (<0.2 wt%) as a
function of logarithmic physical aging time after a quench from above T4 (413 K) to
below T4 (303 K): bulk P2VP film (open squares), 0.4 vol% silica-P2VP nanocomposite
(open circles), and 300-nm-thick P2VP ‘model’ nanocomposite (open triangles). The

physical aging rates are related to the slopes of the data sets.
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fluorescence studies characterizing aging in bulk P2VP and real and model
nanocomposites, the latter two exhibiting the same 10 K confinement-induced T,
enhancement. During aging, an increase in fluorescence intensity correlates with an
order-of-magnitude smaller increase in density (Priestley et al., 2005a; Priestley et al.,
2005b; Rittigstein and Torkelson, 2006). The roughly linear increase in intensity with
logarithmic aging time in bulk P2VP is consistent with the manner in which physical
aging leads to changes in properties, including density. When aged at 303 K, bulk
P2VP exhibits a 35% increase in fluorescence intensity over 8 hr. However, both model
and real P2VP-silica nanocomposites exhibit dramatically suppressed physical aging,
meaning that model nanocomposites can serve as an appropriate system for studying a
range of glassy state behavior in real nanocomposites. These results are consistent
with a study showing a near elimination of aging in interfacial layers of a bulk PMMA film
supported on silica (Priestley et al., 2005b). These results also indicate that interfacial
interactions that yield significant increases in T4 in nanocomposites may have more
significant effects on other glassy behavior such as physical aging. This suggests that
nanocomposites may lead to the production of glassy-state polymeric systems with

properties that are nearly stable during long-term use.

6.4 Conclusions
In this chapter, fluorescence was used to reveal a major impact of
nanoconfinement on Ty in polymer-silica nanocomposites possessing attractive

interfacial interactions. It was shown that the comparison of the T4 behavior of ‘model’
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nanocomposites with that of real nanocomposites yields a simple determination of an
‘effective average’ interparticle distance in real nanocomposites, providing a good
prediction of the reduction in physical aging in real polymer nanocomposites.

The technological importance and significant scientific questions associated with
the very long-range, confinement-related enhancements in Ty and the suppression of
physical aging observed in polymers undergoing attractive interfacial interactions
provide further impetus to study confinement effects in polymer nanocomposites. Model
nanocomposites with silica and other substrates yield well-designed systems for such

investigations.
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7 Polymer-Nanoparticle Interfacial Interactions in Polymer
Nanocomposites: Confinement Effects on Glass
Transition Temperature and Suppression of Physical
Aging

7.1 Introduction

It has been known for more than a decade that nanoconfinement can lead to
significant changes in the glass transition temperature (T,) behavior of polymer films
(Keddie et al., 1994a, 1994b; Forrest et al., 1996; van Zanten et al., 1996; Hall et al.,
1997b; Grohens et al., 1998; Fryer et al., 2001; Ellison et al., 2002; Grohens et al.,
2002; Hartmann et al., 2002; Ellison and Torkelson, 2003; Roth and Dutcher, 2003;
Ellison et al., 2004; Park et al., 2004; Soles et al., 2004b; Akabori et al., 2005; Ellison et
al., 2005). Seminal studies by Keddie et al. (1994b) and Forrest et al. (1996) reported
reductions in T4 from the bulk value by ~23 K in 15-nm-thick polystyrene (PS) films
supported on a silica substrate and by ~70 K in 29-nm-thick freestanding PS films (two
free surfaces), respectively. The reductions in Ty, observed in ultrathin films were
hypothesized to result from reductions in T, (or enhancement in cooperative segmental
mobility) in regions close to the free surface (air-polymer interface). Ellison and
Torkelson (2003) employed a novel multilayer/fluorescence method to determine Tys at
specific locations within thin and ultrathin films, including the free surface. They
observed a 32 K reduction in Ty relative to Tg,pux in @ 14-nm-thick free-surface layer

located at the top of bulk, bilayer film. Using trilayer films, they also found that a
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reduction in T4 extended from the free surface several tens of nanometers into the film
interior. Other recent studies have found that T,s can be depressed from bulk values in
films exceeding 100 nm in thickness. Soles et al. (2004b) reported T, depressions in
140 A thick supported polycarbonate films while Ellison et al. (2005) found T,
depressions in 300-400 nm thick supported poly(t-butyl styrene) films.

When attractive interactions, for example, hydrogen bonds, are present at a
polymer-substrate interface, confinement effects can lead to enhancements rather than
depressions in Ty relative to bulk values (Keddie et al., 1994a; van Zanten et al., 1996;
Grohens et al., 1998; Fryer et al., 2001; Grohens et al., 2002; Hartmann et al., 2002;
Park et al., 2004). Keddie et al. (1994a) and van Zanten et al. (1996) found
enhancements in Ty from Tgypux by 4-5 K in 15-nm-thick poly(methyl methacrylate)
(PMMA) films and by as much as 50 K in 8-nm-thick poly(2-vinyl pyridine) (P2VP) films,
respectively, when attractive polymer-substrate interactions are present. The attractive
interactions are believed to result from hydrogen bonds between the hydroxyl groups
naturally on the silica substrate surfaces and the ester side group in PMMA or the
nitrogen atom in P2VP.

Recently, important connections between the deviations of T, values or related
dynamics in polymer nanocomposites from those of neat, bulk polymers have been
made to the many studies of the effects of confinement on Ty in polymer films.
Molecular dynamics simulations, experiments and models (Starr et al., 2001; Ash et al.,
2002b; Berriot et al., 2002; Arrighi et al., 2003; Berriot et al., 2003; Liu et al., 2003; Sun

et al., 2004; Bansal et al., 2005) have leant support to the concept that the Tgs of
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polymer nanocomposites can be enhanced or depressed by tuning the polymer-
nanofiller interactions and that the effects are similar to those resulting from free
surfaces and polymer-substrate interactions in ultrathin polymer films. Via experimental
studies, Bansal et al. (2005) have argued for an approximate equivalence between
ultrathin film thickness and an average interparticle spacing in nanocomposites for two
nanofiller surface treatments, resulting in either non-wetting or wetting polymer-
nanofiller interfaces.

In contrast to the many studies on the Tg-nanoconfinement effect (for relevant
reviews, see Forrest and Dalnoki-Veress (2001); Alcoutlabi and McKenna (2005);
Baschnagel and Varnik (2005); Roth and Dutcher (2005)), much less work (Pfromm and
Koros, 1995; Lee and Lichtenhan, 1998; Ellison et al., 2002; Kawana and Jones, 2003;
Lu and Nutt, 2003a, 2003b; Huang and Paul, 2004; Fukao and Sakamoto, 2005; Huang
and Paul, 2005; Priestley et al., 2005a; 2005b) has been devoted to the effect of
confinement on physical aging or structural relaxation in polymer films and
nanocomposites. This is unfortunate because physical aging, which is a relaxation
process in which a non-equilibrium glass spontaneously evolves toward thermodynamic
and structural equilibrium, often results in deleterious changes in properties ranging
from brittleness and ultimate elongation to permeability. Ellison et al. (2002) reported
little change within error in physical aging rate of poly(isobutyl methacrylate) films
supported on quartz over a range of thicknesses from 10 nm to 800 nm. Kawana and
Jones (2003) monitored PS physical aging at Tgsux — 30 K and found that physical

aging is absent in a 10-nm-thick film, consistent with the notion that the T4 of the 10-nm-
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thick film is reduced relative to bulk by at least 30 K. Priestley et al. (2005a; 2005b)
employed single layer/ and multilayer/fluorescence methods to demonstrate that
confinement in PMMA ultrathin films can significantly reduce the physical aging rate, a
point also made by Fukao and Sakamoto (2005), and that the physical aging response
in PMMA films is affected by confinement over a larger length scale than is the T,
response. Priestley et al. (2005a) further found that physical aging is present in
supported ultrathin PMMA films at temperatures above Tg,ui; this is associated with the
enhancement of T, due to hydrogen bond effects at the polymer-silica substrate
interface. It is interesting to note that Pfromm and Koros (1995) and Huang and Paul
(2004; 2005) have measured permeation across free-standing films of several high T,
polymers as a function of aging time and have found an accelerated reduction in
permeability with decreasing thickness below ~1 um.

Regarding physical aging of nanocomposites, Lee and Lichtenhan (1998) reported
that inclusion of polyhedral oligomeric silsesquioxane (POSS) nanoreinforcements in
epoxy retarded the physical aging rate and the time to reach equilibrium. More recently,
Lu and Nutt (2003a; 2003b) also found reduced relaxation rates and a broader
distribution of relaxation times in intercalated silicate-epoxy nanocomposites relative to
physical aging rate in neat epoxy.

In this chapter, the effects of confinement on Ty, and physical aging are studied by
tuning the polymer-nanofiller interactions in nanocomposites via choice of polymer,
nanofiller, or solvent used in nanocomposite preparation. Using nanocomposites

containing low levels of nanofiller together with fluorescence, it is demonstrated that T,
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values may be either enhanced or depressed substantially relative to bulk T4 values.
The trend will depend on the solvent used in preparing the nanocomposites by spin
coating. Physical aging is also studied using fluorescence and it is shown that, by
making the appropriate choice of nanofiller dispersed in the polymer, it is possible to

substantially suppress physical aging in glassy polymer nanocomposites.

7.2 Experimental

Polystyrene (Pressure Chemical, reported values of M, = 290,000 g/mol, M,/M,, <
1.06) was used as received. Poly(methyl methacrylate) was synthesized by free radical
polymerization (M, = 355,000 g/mol, M,/M, = 1.54, by gel permeation chromatography
using universal calibration with PS standards). Poly(2-vinyl pyridine) (Scientific Polymer
Products, reported value of M, = 200,000 g/mol) was used after drying the as received
material in a vacuum oven at ~110 °C to remove residual monomer. Bulk Ty (T puik)
values were measured by differential scanning calorimetry (DSC) (Mettler-Toledo
DSC822, second heat, onset method, 10 K/min) and also via fluorescence methods and
were found to agree within experimental error: PS Ty pux = 102 °C by DSC and 101 °C
by fluorescence; PMMA Tg»ux = 120 °C by DSC and 118 °C by fluorescence; and P2VP
Tguk = 100 °C by DSC and fluorescence. Three fluorescence dyes, pyrene (Aldrich
Chemical, 99+% purity), 1.10-bis-(1-pyrene)decane (BPD) (Molecular Probes), and 4-
tricyanovinyljulolidene (TCJ) (Molecular Probes), were used as received. Alumina

nanospheres (alumina oxide nanopowder, Sigma-Aldrich, reported diameter of 47 nm)
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and silica nanospheres (colloidal silica in methyl ethyl ketone, Nissan Chemical
Industries, reported diameter of 10-15 nm) were used as received.

Thin films of neat polymers and polymer nanocomposites were prepared by spin-
coating (Spangler et al., 1990; Hall et al., 1998b) dilute solutions of polymer and dye,
with or without nanofiller, onto quartz slides. All solutions were made using methyl ethyl
ketone (MEK) as solvent except for a series of PMMA-silica nanocomposites that were
made using acetic acid (AA) as solvent. (The colloidal silica in methyl ethyl ketone was
diluted in acetic acid.) Solutions containing nanofiller were sonicated (Branson 1200
sonicator) for 40 min prior to spin coating. Resulting films contained less than 0.2 wt%
dye relative to polymer and were at least 1 um in thickness as determined using a
Tencor P10 profilometer. Films were dried for at least 2 days in a chemical fume hood
prior to performing fluorescence measurements.

Fluorescence was measured using a Spex Fluorlog-2DM1B fluorimeter for Ty
characterization and a Photon Technology International fluorimeter for physical aging
characterization. Values of T, were measured using pyrene as the dye in the PS and
P2VP films (neat and nanocomposite) and BPD as the dye in the PMMA films (neat and
nanocomposite). Typically, fluorescence spectra were recorded upon cooling from the
rubbery state after having annealed samples at ~ T, + 40 K for 15 min. In a few cases,
samples were annealed at ~ T, + 30 K for 15 min. The cooling protocol involved
measuring the fluorescence spectrum at a given temperature followed by reducing the
film temperature by 5 °C, holding at that temperature for 5 min, and then measuring the

fluorescence spectrum, and so forth. In fitting the temperature dependence of
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fluorescence in the rubbery and glassy states, only data points well outside Ty were
used for the linear fits, and typical correlation coefficients (R?) were better than 0.990.
To initiate the fitting procedure, data points were added to the rubbery- and glassy-state
linear regressions at the extrema in the temperature range of the data. The correlation
coefficient was monitored as more data points were added (approaching T4 from the
extrema in the temperature range of the data) to each of the linear regressions. If the
R? value began to steadily decrease below a threshold value (i.e., 0.990) as more data
points were added, then these data points were removed to produce a value of R?
higher than the threshold value, and the linear regressions were considered acceptable.
The linear fits in both the rubbery and glassy states included a minimum of four
fluorescence data points (usually more), spanning a minimum of 15 K in temperature.
Spectra were taken over a sufficient range of wavelengths that integration could be
done from instrument baseline at the lowest wavelengths to the same instrument
baseline at the highest wavelengths.

When a deviation in Ty from Ty pux Was apparent, several repeat experiments were
performed to confirm the shift in T,. In all cases, for a given system the repeated result
values were identical within experimental error, £1 K.

Physical aging was characterized as described by Priestley et al. (2005a; 2005b).
TCJ was used as the fluorescence dye in all neat polymer and polymer nanocomposite
films. Physical aging was monitored by measuring the maximum emission intensity of

TCJ (at 597 - 602 nm for P2VP, at 598-602 nm for P2VP-silica nanocomposites, and at
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601- 605 nm for P2VP-alumina nanocomposites) as a function of aging time after

quenching the films from the rubbery state above T, to 30 °C.

7.3 Glass Transition Effects in Polymer Nanocomposites

The Tgs of polymer nanocomposites were measured as a function of nanofiller
concentration, nanofiller type, and polymer species using the temperature dependence
of the integrated intensity of pyrene doped as low levels (0.2 wt% or less) in the
polymers. Figure 7-1 illustrates a significant increase in the pyrene fluorescence
intensity with decreasing temperature in a neat P2VP film. Similar results are obtained
in BPD-doped PMMA and pyrene-doped PS films with and without nanofiller. (It should
be noted that many fluorescence dyes are capable of providing measurements of Ty in
polymer films via a break in the temperature dependence of fluorescence intensity
(Loutfy and Teegarden, 1983; Strehmel et al., 1999; Lenhart et al., 2001; Ellison and
Torkelson, 2002). However, pyrenyl-type dyes have an advantage in such applications
due to their strong absorbance of excitation light and high fluorescence quantum yield.)

Figure 7-2 shows the normalized integrated fluorescence intensity as a function of
temperature for a neat P2VP film and a P2VP-alumina nanocomposite film; in each
case, the fluorescence is associated with pyrene dyes doped at trace levels in the
polymers.  Both systems exhibit stronger temperature dependences at higher
temperature and weaker temperature dependences at lower temperature. The

intersection of the high and low temperature dependences is Ty (Note: All T,
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Figure 7-1: Fluorescence emission spectra of pyrene dopant (< 0.2 wt%) in a bulk P2VP

film taken at temperatures of 333 and 418 K.
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measurements in this study are made by cooling from the rubbery state above Ty, in
accord with the protocol typically used in volumetric measurements of T,) Figure 7-2
makes evident a substantial, 16 K increase in T, of the P2VP/4 vol% alumina
nanocomposite relative to neat, bulk P2VP. (It should be noted that this 16 K increase
in Tq4 is not observed when a nanocomposite film is made by solvent casting instead of
spin coating. This is because solvent casting the sonicated solutions results in much
less dispersion of nanoparticles in the final nanocomposite film due to the aggregation
that occurs during the slow drying process accompanying solvent casting.)

Figure 7-3 shows the effect of nanofiller concentration on the T4 values of polymer-
alumina nanocomposites made using PS, PMMA, and P2VP. Polystyrene-alumina
nanocomposites exhibit no change in T4 within error when nandfiller is present up to 10
vol%. In contrast, PMMA-alumina nanocomposites exhibit a reduction in T, by 3-5 K at
3-10 vol% nanofiller while the P2VP-alumina nanocomposites exhibit a 12-16 K
enhancement in T4 at 3.5-6 vol% nanofiller. The reduction in the PMMA T, with addition
of alumina nanofiller is qualitatively consistent with results of Ash et al. (2002b) who
previously reported T4 reductions in nanocomposites made by in situ polymerization of
PMMA in the presence of alumina nanofiller. This Ty, behavior has been rationalized as
resulting from the presence of a free surface (free space) between the PMMA and the
alumina nandfiller surface, i.e., PMMA is not wetting the alumina surface. (Recall that
T4 reductions at a free surface have been inferred from the Tg-nanoconfinement

behavior of many polymers and have been experimentally determined via
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Figure 7-3: Deviations in Ty from neat, bulk polymer T, as a function of alumina
nanofiller content in three polymer nanocomposites: P2VP (closed squares), PS (closed
triangles), PMMA (closed circles). (Error bars represent the inherent error due to the
line fitting required to obtain T4, which are similar to the obtained variation in Ty (+ 1 K or

less) from sample to sample.)
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multilayer/fluorescence methods for PS films (Ellison and Torkelson, 2003).) The T,
reductions obtained in the current study can be explained in a manner similar to those
obtained by Ash et al. (2002b) and are consistent with the modest Ty reductions
reported by Roth and Dutcher (2003) in freely standing PMMA films.

No previous report has been made regarding the effect of alumina nanofiller on the
T4 values of either PS or P2VP. However, Xie and Blum (1996) have noted similarity in
the interactions of styrene/2-vinyl pyridine block copolymers with silica and alumina. As
the P2VP block is well known to undergo strong attractive interactions with silica via
hydrogen bonding (Parsonage et al., 1991; Huguenard and Pefferkorn, 1994) while the
PS block does not, it is reasonable to assume that a similar behavior applies in the case
of alumina nanofiller.  The invariance of Ty with alumina nanofiller in PS
nanocomposites is consistent with the notion that wetted PS-alumina interfaces are
present. A previous study (Ellison and Torkelson, 2003) has shown that in a bulk PS
film, the T4 value in an ultrathin layer next to a silica substrate is identical within error to
bulk Tg; it was also shown in chapter 4 that adding up to 0.5 vol% silica to PS does not
change the T4 of the matrix. If the interfacial interaction between PS and alumina is
similar to that of PS and silica (where there is no attractive interaction), then the
presence of alumina nanofiller should have little or no effect on the PS T,. In contrast,
the origins of the major enhancement of T, with alumina nanofiller in P2VP-alumina
nanocomposites are presumably due to wetted P2VP-alumina interfaces possessing
strong attractive interactions, leading to reductions in cooperative segmental mobility in

the polymer and an increase in Tg.
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This explanation of the enhanced T4 values in P2VP-alumina nanocomposites is
reinforced by noting that P2VP-silica nanocomposites, which by the nature of interfacial
hydrogen bonds have strong attractive polymer-substrate interactions, yield T,
enhancements relative to bulk P2VP (see Figure 6-1b). When a P2VP nanocomposite
is made with 0.4 vol% silica (reported nanosphere diameter of 10-15 nm), its T4 value
exceeds the T, of neat P2VP by 10 K (see chapter 6). The surface areas at equal
volumes of silica nanofiller and alumina nanofiller (reported nanosphere diameter of 47
nm) differ by a factor of ~3.8. This means that if the nanofiller dispersion and the
strength of interfacial interactions are comparable in the P2VP-silica and P2VP-alumina
nanocomposites, then a Ty enhancement of roughly 10 K relative to neat P2VP may be
expected in a P2VP nanocomposite made with 1.5 vol% alumina. Figure 7-3 indicates
that the Ty enhancement in such a nanocomposite is ~8 K, in reasonable agreement
with expectations.

Figure 7-4 shows three TEM images of PS/, PMMA/ and P2VP/4 vol% alumina
nanocomposites. Alumina nanospheres have a reported diameter of 47 nm. However,
the TEM images reveal that the nanoparticles have a broad distribution of diameters. In
the case of PS-alumina nanocomposite, the nanoparticles are not well dispersed in the
matrix. On the other hand, in PMMA, the alumina nanospheres have better dispersion,
and their dispersion is even more improved in P2VP. These results suggest that while
the dispersion of the nanoparticles is an important parameter, it is not the only one that
should be taken into account in order to understand the changes in T4 of the matrix with

the addition of the alumina nanoparticles.
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Figure 7-4: Representative TEM micrographs of 4 vol% alumina-polymer

nanocomposites: a) PS, b) PMMA, c) P2VP. (The film thickness in the three samples is

~70 nm.)
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While it is obvious that polymer-nanofiller interactions may be tuned by choice of
polymer and nanofiller, it should also be noted that the choice of solvent used to
prepare the nanocomposites via spin coating can lead to major differences in polymer-
nanofiller interactions and thereby effects on T,. Figure 7-5 compares the impact on T,
of silica nandfiller addition to PMMA when the nanocomposite is prepared in different
solvents. When the nanocomposite is made using MEK, an increase in T4 is observed
relative to Ty puk, With an increase in Ty by 5-6 K in the presence of 0.4-0.5 vol% silica.
These results are consistent with the presence of wetted interfaces between PMMA and
the silica nanofillers, leading to hydrogen bonds that are the underlying cause of the Ty
enhancement. In stark contrast, when the nanocomposites are made using acetic acid,
there is a sharp decrease in Ty with increasing nanofiller content, with the PMMA T,
being depressed from T pux by as much as 17 K in the presence of 0.6 vol% silica. This
effect can be understood by the development of free surfaces (free space) between the
PMMA and the silica nanofiller. A recent study by Roth and Dutcher (2003) has
reported that a 17 K reduction in Ty relative to Ty sux Was observed in 30-nm-thick freely
standing PMMA films. We believe that the acid group of acetic group prevents or
severely reduces the interaction between PMMA and the hydroxyl groups on the
surface of silica; this is because the acid group interacts strongly with the PMMA ester
side group (Bobiak and Koenig, 2004). (The sharply contrasting T, results obtained in
the PMMA-silica nanocomposites made using MEK and acetic acid cannot be explained
by a segregation of dye to the nandfiller interface in a nanocomposite made in one

solvent but not when made in the other solvent. It is well known that the vibrational
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Figure 7-5: Deviations in Ty from neat, bulk PMMA Ty as a function of silica nanofiller
content and solvent used to make solutions employed in spin coating the
nanocomposite films: methyl ethyl ketone (closed circles), acetic acid (open squares).
(Inherent errors associated with the measurements are equal to or smaller than the

symbol size.)



151
structure of pyrenyl dye monomer fluorescence is dependent on local polarity
(Kalyanasundaram and Thomas, 1977), which would be substantially different if the
BPD dye were segregated at a nandfiller interface as compared to being dispersed in
the polymer. However, careful inspection revealed an identical nature, within error, of
the vibrational structures of the BPD emission spectra for the PMMA-silica

nanocomposites made using the two solvents.)

7.4 Physical Aging Effects in Polymer Nanocomposites

The physical aging behaviors of P2VP-silica and P2VP-alumina nanocomposites
were measured using the increase in fluorescence intensity of an intramolecular charge
transfer probe, TCJ, as a function of logarithmic aging time to quantify aging rate. This
approach takes advantage of the fact that the fluorescence intensity of TCJ (inset of
Figure 7-6), which is also called a “rotor” probe, is very sensitive to local density near T,
This excellent sensitivity originates from the fact that when the TCJ dye is in its
electronic excited state, it can return to the ground by means of non-radiative decay
pathways, for example, bond rotation or vibration, or by fluorescence. With minute
increases in local density near T, the likelihood of achieving these non-radiative decay
pathways during the excited state lifetime of the TCJ dye (in the order of nanoseconds)
decreases, resulting in an increase in fluorescence intensity. (The much greater
sensitivity of rotor probes to local density near T, makes them better choices for
monitoring physical aging than pyrenyl dyes.) Royal and Torkelson (1990; 1992; 1993)

found that rotor probes provided quantitative measures of local physical aging rates and
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Figure 7-6: Fluorescence emission spectrum of a TCJ-doped (< 0.2 wt %) bulk P2VP

film at two physical aging times after quenching from 140 °C to 30 °C. Inset: Molecular

structure of TCJ.
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complex relaxation behavior such as asymmetry and “memory” effects in a range of
bulk polymers (PS, PMMA, poly(vinyl acetate), poly(isobutyl methacrylate), and
polycarbonate). They also showed (Royal and Torkelson, 1992, 1993) that the data
obtained via fluorescence regarding the temperature dependence of physical aging rate
and the time to reach equilibrium during aging very near T, agreed with results obtained
by volumetric relaxation and enthalpy relaxation measurements. This fluorescence
method was recently adapted by Priestley et al. (2005a; 2005b) for monitoring physical
aging rate (both average and distributions) in thin and ultrathin polymer films. Here we
employ this method to characterize physical aging in polymer nanocomposites. (A
related fluorescence approach to monitor physical aging in bulk polymer fiims was
recently reported by van den Berg et al. (2006).)

Figure 7-6 illustrates the change in the fluorescence spectrum of the TCJ dye
during physical aging of a neat P2VP film after quenching the temperature from 140 °C
to the aging temperature of 30 °C, deep in the glassy state. In 8 h of physical aging,
there is a nearly 35% increase in the fluorescence intensity of the TCJ dyes doped in
the P2VP film.

Figure 7-7 compares the change in fluorescence intensity during physical aging of
neat P2VP to the changes observed in two P2VP nanocomposites, one with 0.4 vol%
silica and the second with 4 vol% alumina. In the case of the neat P2VP film, the
fluorescence intensity increases roughly linearly with logarithmic physical aging time.

(The classic response in physical aging studies is a roughly linear change of the
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measurable with logarithmic aging time (Struik, 1978; Greiner and Schwarzl, 1984;
Royal and Torkelson, 1990, 1993; Hutchinson, 1995).) However, there is a much
reduced effect of physical aging time on fluorescence intensity in the P2VP
nanocomposite made with 0.4 vol% silica and a nearly invariant fluorescence intensity
in the P2VP nanocomposites made with 4 vol% alumina.
In analogy with a definition of physical aging rate obtained in volumetric relaxation
studies (Struik, 1978; Greiner and Schwarzl, 1984) [rate = -(1/V,)(dV/dlog t,) where V
(Vo) is the specific volume at aging time t; (t,)], a fluorescence physical aging rate, r,

may be defined (Royal and Torkelson, 1993; Priestley et al., 2005a; 2005b) as follows:

poo &
" f, dLog(t,) ()

where f (f,) is the fluorescence intensity at aging time f, ({,). (The fact that f increases
when V decreases accounts for the different sign, positive versus negative, in the
equations for fluorescence physical aging rate and volumetric physical aging rate.)
When equation (7-1) is applied to the data in Figure 7-7, it is seen that fluorescence
physical aging rate (calculated with {, in units of minutes) decreases in the following
manner: rr = 0.17 for neat P2VP, r; = 0.04 for 0.4 vol% silica/P2VP nanocomposites,
and rr = 0.01 for 4 vol% alumina/P2VP nanocomposites. It is interesting to note that
both suppression of physical aging and the T, enhancement are greater in the 4 vol%
alumina nanocomposite than in the 0.4 vol% silica nanocomposite. As the Ty,

enhancement is strongly correlated to the level of attractive interfacial interactions in the
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nanocomposite, this suggests that the suppression of physical aging may be similarly
correlated.

The factor of 4 to 17 reduction in physical aging rate of the nanocomposites
relative to neat P2VP is consistent with recent measurements by Priestley et al. (2005b)
of the distribution of physical aging rates in PMMA films supported on silica substrates.
Relative to the bulk PMMA physical aging rate, a factor of 15 reduction in physical aging
rate was observed deep in the glassy state of the 25-nm-thick layer next to the silica
substrate in a supported bulk PMMA film. Furthermore, the physical aging rate was
reduced from the bulk PMMA rate at length scales at least 100 nm away from the
substrate interface in the film interior. This near elimination of physical aging in the
region of the bulk film closest to the silica substrate and the suppression of aging rate
well into the film were rationalized by the effect of hydrogen bonds at the substrate
interface in suppressing the conformational relaxation processes associated with
physical aging. It is not yet understood why these attractive substrate interactions have
such large effects on physical aging rate deep in the glassy state, especially in
comparison with their measurable but more modest impact on T,. This issue deserves
further experimental and theoretical study.

The order of magnitude reduction of physical aging rate of the P2VP/alumina
nanocomposite relative to that of bulk P2VP as well as the results of Priestley et al.
(2005b) suggest that a potential strategy to suppress or nearly eliminate physical aging
of non-equilibrium polymer glasses is via the incorporation of well-dispersed nanofillers

that undergo attractive interactions with the polymer matrix. While the underlying origin
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of the very significant effect of nanofillers in suppressing physical aging is not fully
understood, the effect nevertheless indicates that there may be a major advantage
associated with polymer nanocomposites related to the long-term stability of certain
properties of glassy polymer systems. The potential achievement of a non-equilibrium
amorphous polymer nanocomposite that is stable or nearly stable to physical aging has

many important technological implications.

7.5 Conclusions

The effect of the addition of alumina nanospheres to PS, PMMA and P2VP
matrices on Ty, was investigated using fluorescence. It was found that when wetted
interfaces and attractive polymer-nanofiller interactions are both present, for example in
the case of P2VP-alumina nanocomposites, the Ty is increased relative to neat, bulk
polymer. When there are wetted interfaces but no significant attractive interfacial
interaction, for example in the case of PS-alumina nanocomposites, the Ty is equal to
neat, bulk T,. Finally, when the interfaces are non-wetted, that is, when a free surface
is present between the polymer and the nanofiller as in the case of PMMA-alumina
nanocomposites, there is a reduction in Ty, relative to neat, bulk T4 These results are
well understood by making analogies to studies on confined, ultrathin polymer films (see
chapter 3).

Also, in this chapter it was shown how the choice of solvent used to prepare the
PMMA-silica nanocomposites can lead to major differences in polymer-nanofiller

interactions and thereby to major differences in effects on Ty It was observed that
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when the PMMA nanocomposites are prepared using MEK, Ty increases with the
nanofiller content. For example, adding 0.4 vol% of silica resulted in a 5 K increase in
T4 compared with Ty, sux. However when the polymer nanocomposites are made using
AA, there is a sharp decrease in T4 with increasing nanofiller content, with the PMMA T,
being depressed from Ty pux by 15 K in the presence of 0.4 vol% silica nanofiller. Methyl
ethyl ketone allows hydrogen bonding between the ester side groups of the PMMA and
the hydroxyl groups on the surface of the silica, resulting in a subtle increase in Tg. On
the other hand, the acid group of AA prevents or severely reduces this interaction
(because the acid group interacts strongly with the PMMA ester side group) leading to
the development of free surfaces (free space) between the PMMA and the silica
nanofiller. Consequently, a major decrease in T is observed.

Using fluorescence, the physical aging response of P2VP upon the addition of 0.4
vol% silica nanospheres or 4 vol% alumina nanospheres was investigated. This study
showed that the extent of the reduction of physical aging that can be obtained depends
on the strength of the interaction between the polymer and the nanofiller. For example,
in the case of the P2VP-alumina nanocomposite, a nearly totally suppression of
physical aging was observed, while in the case of the P2VP-silica nanocomposite
physical aging was reduced but to a lesser extent. Our results suggest that surface and
interface effects in polymer nanocomposites may be tailored to control the structural
relaxation of high performance polymeric materials. The effect of nanofillers in reducing
and suppressing physical aging may indicate a possible advantage of using polymer

nanocomposites in long-term applications requiring a glassy-state material.
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8 Suppression of Physical Aging in Polymer
Nanocomposites with Attractive Polymer-Nanofiller
Interactions

8.1 Introduction

When an amorphous polymer is cooled through its glass transition temperature,
the material goes from its equilibrium rubbery state to its non-equilibrium glassy state.
An effect of the non-equilibrium characteristic of the glassy state is the relaxation
process known as physical aging (Greiner and Schwarzl, 1984, 1989). In this process,
the material continuously evolves towards equilibrium through spontaneous, but very
slow molecular rearrangements. The result is time dependent properties such as
specific volume, enthalpy, entropy and mechanical response (Struik, 1978; Kovacs,
1981; Greiner and Schwarzl, 1984, 1989; McKenna, 1989; Hodge, 1995; Hutchinson,
1995). The specific volume decreases roughly linearly with logarithmic aging time
(Struik, 1978; Kovacs, 1981; Greiner and Schwarzl, 1984, 1989; Hutchinson, 1995); the
slope of the linear portion of this relation is defined as the volume relaxation aging rate
r, (see equation 2-9). The volume relaxation aging rate is temperature dependent and
generally presents one maximum.

The importance of physical aging lies in the changes in the material properties that
are caused by the densification associated with the relaxation toward equilibrium.
These changes can, in many cases, negatively affect the performance and useful

lifetime of the materials (Simon, 2002). Consequently, physical aging impacts the
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design, manufacture and use of amorphous polymers in diverse applications (Hodge,
1995). There are significant technological and economic implications for controlling and
minimizing the effects of aging on the physical properties of polymers derived from the
obvious need to obtain materials with superior long-term behavior. Many techniques
have been used to monitor relaxations or their manifestations including dilatometry
(Kovacs et al., 1979; Kovacs, 1981; Adachi and Kotaka, 1982; Greiner and Schwarzl,
1984, 1989) which measures the specific volume, differential scanning calorimetry
(Petrie, 1972; Marshall and Petrie, 1975; Bair et al., 1981; Tribone et al., 1986; Hodge,
1987; Echeverria et al., 1995) which measures enthalpy, dielectric relaxation (Bair et al.,
1981; Matsuoka et al.,, 1985; Pathmanathan et al., 1986), positron annihilation
spectroscopy (Kobayashi et al., 1989), Brillouin scattering (Patterson et al., 1990), X-ray
scattering (Roe and Curro, 1983; Curro and Roe, 1984; Roe and Song, 1985; Song and
Roe, 1987), tensile modulus and stress relaxation (Cizmecioglu et al., 1981,
Vleeshouwers et al., 1989; Cowie et al., 1998), permeation (Levita and Smith, 1981;
Coll and Searles, 1988), and probe techniques, including electron spin resonance (Tsay
et al., 1982; Tsay and Gupta, 1987), photochromic (Lamarre and Sung, 1983; Victor
and Torkelson, 1988; Yu et al., 1988; Royal et al., 1992), second-order nonlinear optical
(Hampsch et al., 1990; Hayden et al., 1990) and fluorescence (Meyer et al., 1990; Royal
and Torkelson, 1990; Schwab and Levy, 1990; Royal and Torkelson, 1992, 1993; van
den Berg et al., 2006).

Fluorescence is a powerful tool for investigating the structure and dynamics of

matter. In particular, this technique can be very useful in studying physical properties of
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polymers. The success of fluorescence arises from its high sensitivity, specificity and its
ability to provide spatial and temporal information (Valeur, 2002). In analogy with the
definition of the physical aging rate obtained in volumetric relaxation studies (equation
2-9), a fluorescence physical aging rate rr may be defined (Royal and Torkelson, 1993;
Priestley et al., 2005a; Priestley et al., 2005b) (equation 4-2).

Royal and Torkelson (1990; 1992; 1993) studied physical aging in polystyrene
(PS), poly(methyl methacrylate) (PMMA), poly(vinyl acetate), polycarbonate and
poly(isobutyl methacrylate) using rotor fluorophores. They determined physical aging
rates of various glassy polymers by fluorescence methods using the probe
julolidenemalononitrile (JMN) (Royal and Torkelson, 1992, 1993). They showed that the
dependence of physical aging rates by fluorescence methods agree well with those
from specific volume relaxation experiments, demonstrating the free-volume sensitivity
of JMN (Royal and Torkelson, 1993). In addition, they showed that the times required
to reach equilibrium for the enthalpy relaxation experiments are similar to the
fluorescence equilibrium times (Royal and Torkelson, 1992).

When a polymer is confined to the extent where the surface (or interface) to
volume ratio exceeds a particular value, its properties may deviate dramatically from
those observed in bulk. As the confining dimension is decreased, a greater portion of
material is in immediate contact with an interface, leading to interfacial interactions
playing a substantial role in the observed properties. This behavior has implications in a
broad range of technological applications such as photoresists, membranes and

nanocomposites, among others. Thin and ultrathin films have dominated research in
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the area of confined polymer behavior due to the ease with which the confinement
dimension (film thickness) can be varied, and only recently have much more complex
systems such as polymer nanocomposites been studied. The next paragraphs attempt
to shortly summarize the efforts to study physical aging in thin and thick films.

Ellison et al. (2002) studied poly(isobutyl methacrylate) films supported on quartz
over a range of thicknesses from 10 nm to 800 nm; they found an almost invariable
physical aging rate. The effect of confinement on the physical aging response of PS
films with thicknesses between 10-200 nm was studied by Kawana and Jones (2003).
They showed that a 10 nm film was still in an equilibrium state at 30 °C below bulk Ty,
consistent with the notion that the T4 of the 10 nm thick film is reduced relative to the
bulk value by at least 30 °C. Priestley et al. (2005a) provided the first characterization
of physical aging as a function of polymer-substrate interactions. Physical aging in
ultrathin PS films was shown to be dependent on thickness and absent when the aging
temperature was above the T, of the confined film but below that of bulk polymer. In
contrast, the presence of structural relaxation was observed 6 °C above the bulk T, for
an ultrathin PMMA film supported on a silica substrate. This result is a consequence of
the attractive interactions between the polymer and the substrate which lead to an
increase of Ty. Using dielectric measurements, Fukao and Sakamoto (2005) reported
physical aging results of PMMA thin films. They observed a decrease of the aging rate
as the film thickness decreases. Priestley et al. (2005b) studied the structural relaxation
of PMMA at interfaces and between them, using fluorescence multilayer techniques.

They showed that physical aging is almost totally suppressed in a 25-nm-thick layer
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adjacent to the substrate due to formation of hydrogen bonds that restrain small motions
associated with structural relaxation. At the free surface, the physical aging rate is also
diminished, but to a lesser extent than at the substrate. The free surface effects were
explained as a consequence of the reduced thermodynamic driving force for structural
relaxation. Interestingly, the substrate and free surface layers affect the structural
relaxation rate over similar distances into the film interior.

Permeability measurements on numerous polymers have shown accelerated
physical aging in thin free-standing films compared with much thicker bulk films
(Pfromm and Koros, 1995; Dorkenoo and Pfromm, 1999, 2000; McCaig and Paul, 2000;
McCaig et al., 2000; Huang and Paul, 2004, 2005; Kim et al., 2006; Huang and Paul,
2007a, 2007b). All these results contrast with the multilayer fluorescence results of
Priestley et al. (2005b) which present diminished physical aging rates at the free
surface. The differences between these studies are twofold: the permeability studies
used higher free volume polymers with significantly more rigid backbones than the
PMMA employed in the multilayer fluorescence studies, and the permeability studies
were done on free-standing films while the multilayer fluorescence measurements were
performed on supported films. However, the diminished aging observed by
fluorescence was measured in the free surface layer, and therefore, should be
unaffected by the substrate. Whether the origin of the difference in the effect of
confinement on physical aging rate is due to the differences in polymer free volume and

backbone rigidity between these polymers remains unclear.
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Only a few studies have aimed at identifying the impact of the addition of
nanofillers in the polymeric matrix on the structural relaxation (Lee and Lichtenhan,
1998; Lu and Nutt, 2003a, 2003b; Rittigstein and Torkelson, 2006). Lee and Lichtenhan
(1998) reported that the inclusion of polyhedral oligomeric silsesquioxane (POSS)
nanoreinforcements in epoxy by in situ polymerization retarded the physical aging rate
and the time to reach equilibrium. They proposed that the presence of POSS cages
attached to the network chains provide topological constraints to the network junctions,
preventing or severely retarding the process of the matrix reaching structural
equilibrium. More recently, Lu and Nutt (2003a; 2003b) observed that the inclusion of
intercalated clay nanofillers into an epoxy network had a significant effect on the
segmental relaxation of the matrix. They found a restricted relaxation behavior with
slower overall relaxation rates and a broader distribution of relaxation times in
intercalated silicate-epoxy nanocomposites relative to the neat epoxy resin. They
concluded that this behavior depends on the extent of exfoliation of the layered silicates
and the strength of interaction between the silicate surface and the polymer. Rittigstein
and Torkelson (2006) showed reduction and suppression of fluorescence physical aging
when 0.4 vol% silica and 4 vol% alumina nanospheres, respectively, are added to a
poly(2-vinyl pyridine) matrix (see chapter 7).

In this chapter it is shown, through the use of fluorescence, that adding alumina
and silica nanospheres to PMMA reduces and even suppresses the initial (8-hr)
physical aging response at different temperatures below T,. It will be demonstrated that

and explained how the extent of the reduction of physical aging of PMMA-silica
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nanocomposites is affected by the choice of spin coating solvent used to make the
polymer nanocomposites. In addition, it will be shown that the inclusion of these
nanofillers into PS does not affect its relaxation process due to the lack of interaction

between them.

8.2 Experimental

Polystyrene (PS) (Pressure Chemical, reported values of M, = 290,000 g/mol,
M,/M, < 1.06) was used as received. Poly(methyl methacrylate) (PMMA) was
synthesized by free radical polymerization (M, = 355,000 g/mol, M,,/M, = 1.54, by gel
permeation chromatography using universal calibration with PS standards). The probe
4-tricyanovinyljulolidene (TCJ) (Molecular Probes) was used as received, and TC1 was
synthesized using procedures reported by Hooker (1996) and McKusick et al. (1958).
Following an approach used by Deppe et al. (1996), PMMA was synthesized
incorporating a trace of TC1-labeled methacrylate monomer (M, = 350,000 g/mol,
M,/M, = 1.60, by gel permeation chromatography using universal calibration with PS
standards). Bulk T4 (Tgsuk) values were measured by differential scanning calorimetry
(DSC) (Mettler-Toledo DSC822, second heat, onset method, 10 °C/min) and also via
fluorescence methods and were found to agree within experimental error: PS Tgpux =
102 °C by DSC and 101 °C by fluorescence; PMMA Tg .k = 120 °C by DSC and 118 °C
by fluorescence; and TC1-labeled PMMA Tgypux = 120 °C by DSC and fluorescence.
Alumina nanospheres (alumina oxide nanopowder, Sigma-Aldrich, reported diameter of

47 nm) and silica nanospheres (colloidal silica in methyl ethyl ketone, Nissan Chemical
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Industries, reported diameter of 10-15 nm) were used as received.

Thin films of neat polymers and polymer nanocomposites were prepared by spin-
coating (Spangler et al., 1990; Hall et al., 1998b) dilute solutions of polymer and dye,
with or without nanofiller, onto quartz slides. All solutions were made using methyl ethyl
ketone (MEK) as solvent except for a sample of 0.4 vol% silica-PMMA nanocomposite
that was made using acetic acid (AA) as solvent. (The colloidal silica in methyl ethyl
ketone was diluted in AA.) Solutions containing nanofiller were sonicated (Branson
1200 sonicator) for 40 min prior to spin coating. TCJ-doped films contained less than
0.2 wt% dye relative to polymer and TC1-labeled PMMA had 0.24 mol% TC1 label (UV-
vis absorbance). Resulting films were at least 1 um in thickness as determined using a
Tencor P10 profilometer. Films were dried for at least 2 days in a chemical fume hood
prior to performing fluorescence measurements.

Prior to each aging experiment, the thermal history was erased by annealing at
150 °C for 1 h. Films were quenched using a temperature-controlled cell holder preset
to the aging temperature. Fluorescence was measured using a Photon Technology
International fluorimeter with 2.5 mm excitation and emission slits (10 nm and 5 nm
band-pass, respectively). Physical aging was characterized using TCJ dopant and TC1
label as the fluorescence dyes in bulk polymer and polymer nanocomposite films. In the
case of TCJ-doped films the excitation wavelength used was 520 nm, while in the case
of TC1-labeled material was 480 nm. Physical aging was monitored by measuring the
maximum emission intensity of TCJ-doped PMMA (at 586-590 nm for bulk PMMA and

at 564-568 nm for bulk PS, at 584-588 nm for 0.4 vol% silica-PMMA nanocomposite
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and at 571-575 nm for 0.4 vol% silica-PS nanocomposite, at 585-589 nm for 4 vol%
alumina-PMMA nanocomposite and at 564-568 nm for 4 vol% alumina-PS
nanocomposite) and of TC1-labeled PMMA (at 560-565 nm for bulk PMMA and at 584-
588 nm for 0.4 vol% silica-PMMA nanocomposite). Measurements were made as a
function of aging time after quenching the films from the rubbery state above T, to

different aging temperatures.

8.3 Results and Discussion

The physical aging behavior of PMMA-silica, PMMA-alumina, PS-silica and PS-
alumina nanocomposites are studied in this chapter. The nanocomposites made with
silica nanospheres (10-15 nm diameter) are well-dispersed systems as shown in the
TEM micrographs presented in Figure 6-2 and Figure 6-4. On the other hand, the
dispersion of the nanocomposites made with alumina nanospheres (nominally 47 nm
diameter but with much polydispersity) depends on the polymer matrix, achieving a
better dispersion in PMMA than in PS as shown in the TEM micrographs presented in
Figure 7-4.

The increase in fluorescence intensity as a function of logarithmic aging time of an
intramolecular charge probe, TCJ or TC1, was used to characterize the physical aging
behavior at different temperatures of the polymer nanocomposites. Figure 8-1a
illustrates the change in the fluorescence spectrum of TCJ dopant in a bulk PMMA film

during physical aging after quenching the temperature from above Ty gux to Ty pux — 86
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Figure 8-1: a) Fluorescence emission spectrum of a TCJ-doped (< 0.2 wt%) bulk PMMA
film at two physical aging times after quenching from above Tgpukx t0 Tgpux — 86 K.
Inset: molecular structure of TCJ. b) Fluorescence emission spectrum of a bulk TC1-
labeled PMMA film at two physical aging times after quenching from above Tgpuk to

Tgoux — 88 K. Inset: molecular structure of TC1-labeled methacrylate monomer.
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K. Figure 8-1b shows the emission spectrum of a bulk TC1-labeled PMMA film at two
physical aging times after quenching the temperature from above Ty gukto Tgpuk— 88 K.
After absorption of light and promotion of an electron to an excited singlet state, both
TCJ and TC1 ‘rotor’ probes return to the ground state by internal conversion (energy
loss by vibrational and rotor motions) or by fluorescence. Densification of the material
upon aging occurs, suppressing the internal conversion and vyielding an increase in
fluorescence intensity. Figure 8-1 shows that TC1-labeled PMMA exhibits a higher
sensitivity to physical aging than TCJ dopant in PMMA. Also, the increased intensity of
TC1-labeled PMMA exceeds that observed in various JMN-doped polymers (Royal and
Torkelson, 1992, 1993) as well as in TC1-doped PMMA (Priestley et al., 2005a). When
a ‘rotor’ probe is labeled instead of doped, its quantum yield increases as a result of the
more restricted mobility associated with covalent attachment, resulting in an excellent
sensitivity to physical aging.

Figure 8-2 compares the change in TCJ dopant fluorescence intensity during
physical aging of bulk PMMA to the changes observed in 4 vol% alumina-PMMA
nanocomposite and 0.4 vol% silica-PMMA nanocomposite (made using MEK solvent)
after quenching the temperature from above Ty uk to aging temperatures of 305 K and
358 K. When aged at 305 K, the bulk PMMA film showed an approximately 13%
increase in fluorescence intensity over 8 h. However, over the same 8 h physical aging
time, there is a greatly reduced effect of aging in the PMMA nanocomposite made with
4 vol% alumina (~6% intensity increase), and the fluorescence intensity in the PMMA

nanocomposite made with 0.4 vol% silica (MEK) is nearly invariant. At 358 K, the TCJ-
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Figure 8-2: a) Normalized fluorescence intensity of TCJ dopant (< 0.2 wt%) as a
function of logarithmic physical aging time after quenching from above Ty puk to 305 K:
PMMA (T4 — 86 K) (squares), 4 vol% alumina-PMMA nanocomposite (T, — 83 K)
(triangles) and 0.4 vol% silica-PMMA nanocomposite (MEK) (T4 — 91 K) (circles). b)
Normalized fluorescence intensity of TCJ dopant (< 0.2 wt%) as a function of
logarithmic physical aging after quenching from above Ty puk (413 K) to 358 K: PMMA
(T4 — 33 K) (squares), 4 vol% alumina-PMMA nanocomposite (T4 — 30 K) (triangles) and

0.4 vol% silica-PMMA nanocomposite (MEK) (T4 — 38 K) (circles).
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doped bulk PMMA film exhibits an increase in fluorescence intensity of about 8% over
an 8 h physical aging time, while the 4 vol% alumina-PMMA nanocomposite exhibits an
intensity increase of only 2% and the 0.4 vol% silica-PMMA nanocomposite (MEK)
exhibits, within error, no aging.

In order to compare the effect of aging temperature on the TCJ dopant
fluorescence aging rate, r;, in bulk PMMA and silica- and alumina-PMMA
nanocomposites, equation 4-2 was applied to the fluorescence physical aging data.
The calculated rr values are presented in Figure 8-3. This figure shows that bulk PMMA
has a maximum aging rate at 305 K. This agrees with the specific volume aging rate of
bulk PMMA reported by Greiner and Schwarzl (1984) and the characterization of r;
using julolidenemalonitrile (JMN) performed by Royal and Torkelson (1993). The aging
rate of 4 vol% alumina-PMMA nanocomposite is reduced dramatically in comparison to
the bulk material. However, both materials appear to have the same trend of r; with
physical aging temperature. When 0.4 vol% silica is added to the PMMA matrix, there
is no change in rrover the temperature and time studied using TCJ-doped dye.

The differences in physical aging behavior in the PMMA nanocomposites made
with silica and alumina may be due to the difference in the surface interaction between
the fillers and PMMA. It was shown previously (Rittigstein and Torkelson, 2006) that 0.4
vol% silica-PMMA made using MEK exhibits an increase in Ty by 5 K relative to Ty puxk
(see chapter 7). This T4 increase is consistent with the presence of hydrogen bonds
between PMMA and the silica nanofillers. These hydrogen-bonding interactions

between the ester side groups of PMMA and the hydroxyl groups on the surface of the
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Figure 8-3: Fluorescence aging rate, r;, as a function of physical aging temperature for:
PMMA (squares), PMMA 4 vol% alumina (triangles) and PMMA 0.4 vol% silica (MEK)
(circles). (Fluorescence aging rate is calculated over a physical aging time scale from

10 to 480 min. TCJ-doped PMMA was used in all systems.)
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silica nanospheres significantly retard the conformational relaxation processes that are
associated with physical aging. In the case of the alumina-PMMA nanocomposites,
reductions in Ty relative to Tgpux have been previously reported (Ash et al., 2002b;
Rittigstein and Torkelson, 2006). This T4 behavior was rationalized as resulting from
the presence of a free surface between the PMMA and the alumina nanofiller surface,
i.e., PMMA does not form a wetted interface with alumina. The results in Figure 8-3
suggest that suppression of physical aging is strongly correlated to the presence of
wetted interfaces or free surfaces between the polymer and the nanofiller, and they
agree with the results of the multilayer fluorescence measurements by Priestley et al.
(2005b).

Figure 8-4 shows the physical aging response of bulk PS, 0.4 vol% silica-PS and 4
vol% alumina-PS nanocomposites at different temperatures over 8 h. In agreement
with previous studies, the bulk PS film ages faster at 333 K than at 304 K and 363 K
(Greiner and Schwarzl, 1984, Priestley et al., 2005a). Also, it can be observed that the
nanocomposite films exhibit the same aging behavior within error as the bulk PS at
those conditions; therefore, the addition of 0.4 vol% silica or 4 vol% alumina
nanospheres does not affect the physical aging response of PS. Rittigstein and
Torkelson (2006) showed that PS-silica and PS-alumina nanocomposites exhibit no
change in T4 within error when silica or alumina nanofiller is present up to 0.5 vol% or
10 vol%, respectively (see chapter 7). The absence of changes on Ty and physical
aging with the addition of alumina or silica nanospheres to PS is consistent with the

notion that wetted PS-silica and PS-alumina interfaces are present with no interactions.
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Figure 8-4: Normalized fluorescence intensity of TCJ dopant (< 0.2 wt%) as a function
of logarithmic physical aging time after quenching from above Ty puk to: 333 K: PS (open
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These results are in agreement with the study of physical aging in PS thin and ultrathin
films supported on silica by Priestley et al. (2005a). Both studies showed that when the
effect of nanoconfinement on T, is accounted for, there is no effect of nanoconfinement
on aging rate in PS.

Since no change of TCJ dopant fluorescence intensity was observed over the
physical aging times and temperatures studied for the case of 0.4 vol% silica-PMMA
nanocomposites (MEK), this system will also be examined using TC1-labeled PMMA.
Employing a ‘rotor’ dye as a label instead of a dopant allows for a higher sensitivity to
physical aging, thus permitting more critical differentiation of r with temperature and
helping to understand its trend. Figure 8-5 compares the change in TC1-labeled PMMA
fluorescence intensity during physical aging of bulk PMMA to the changes observed in
0.4 vol% silica-PMMA nanocomposites made using MEK and AA. In both cases, the
measurements are made after quenching the temperature from above Tk to aging
temperatures of 305 K and 363 K. When aged at 305 K, the bulk PMMA film showed a
39% increase in fluorescence intensity over 8 h. However, with the same aging time
and temperature the fluorescence intensity is nearly invariant (~ 2% increase) in the
PMMA nanocomposites made with 0.4 vol% silica, regarding of solvent used in making
the nanocomposites. At 363 K, the bulk PMMA film exhibits an increased intensity of
about 32% over 8h, while the PMMA-silica nanocomposites showed a greatly reduced
effect: the 0.4 vol% silica-PMMA nanocomposite made using AA exhibited a 10%

increase in fluorescence intensity while the 0.4 vol% silica-PMMA nanocomposite made
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Figure 8-5: a) Normalized fluorescence intensity of TC1-label as a function of
logarithmic physical aging after quenching from above Ty pux to 305 K: PMMA (T, — 86
K) (squares), 0.4 vol% silica-PMMA nanocomposite (MEK) (T, — 91 K) (open circles)
and 0.4 vol% silica-PMMA nanocomposite (AA) (Ty — 71 K) (closed circles). D)
Normalized fluorescence intensity of TC1-label as a function of logarithmic physical
aging after quenching from above Tgpuk to 363 K: PMMA (T, — 28 K) (squares), 0.4
vol% silica-PMMA nanocomposite (MEK) (T, — 33 K) (open circles) and 0.4 vol% silica-

PMMA nanocomposite (AA) (T4 — 13 K) (closed circles).
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using MEK exhibited a 6% increase. Thus, by using a label ‘rotor’ probe with enhanced
sensitivity to physical aging, we can observe not only a strong reduction in physical
aging rate upon addition of 0.4 vol% silica but also the influence of using different
solvents to prepare the nanocomposites.

The fluorescence physical aging rates for TC1-labeled PMMA systems were
obtained by applying equation 4-2 to the physical aging data. The results are presented
in Figure 8-6. Comparison of Figure 8-3 and Figure 8-6 reveals that regardless of
whether TCJ dopant or TC1 label was employed in the measurements, the physical
aging rate of bulk PMMA exhibits a similar trend with temperature with a maximum at
305 K. Again in this case, the advantage of using the TC1-label dye instead of the TCJ-
doped dye is that the former allows one to observe not only the suppression of physical
aging with the addition of silica nanospheres, but also its trends with temperature and
the choice of solvent used to prepare the nanocomposites. Over the physical aging
temperatures and times studied, both nanocomposites made with 0.4 vol% silica (MEK
and AA) exhibit the same trend with temperature, presenting a maximum aging rate
around 360 K. Relative to bulk PMMA, the rate of structural relaxation of 0.4 vol%
silica-PMMA nanocomposite at 323 K is reduced by a factor of 17 using MEK as solvent
and a factor of 7 using AA as solvent. This extraordinary suppression in aging rate is
consistent with a previous report of arrested physical aging in 0.4 vol% silica-P2VP
nanocomposites (Rittigstein and Torkelson, 2006) and with studies examining the

physical aging rates, both average values and their distributions, across thin PMMA
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Figure 8-6: Fluorescence aging rate, ry, as a function of physical aging temperature for:
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scale from 10 to 420 min. TC1-labeled PMMA was used in all systems.)
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films supported on one side by a silica (quartz) substrate (Priestley et al., 2005a;
Priestley et al., 2005b).

The choice of solvent used to prepare the PMMA-silica hanocomposites can lead
to major differences in polymer-nanofiller interactions and thereby major differences in
T4 and physical aging rate. In a previous study, Rittigstein and Torkelson (2006) found
that use of MEK to make 0.4 vol% silica-PMMA led to an increase in T4 of 5 K relative
to neat bulk PMMA. In contrast, when 0.4 vol% silica-PMMA nanocomposites were
made using AA, there was a decrease in T4 with increasing nanofiller content, with the
PMMA T, being depressed from Ty puk by 15 K (see chapter 7). The use of MEK during
nanocomposite preparation allowed hydrogen bonding between the ester side groups of
the PMMA and the hydroxyl groups on the surface of the silica, resulting in a subtle
increase in Ty and a nearly total suppression of physical aging. On the other hand, the
acid group of AA apparently prevents or severely reduces this interaction (because the
acid group interacts strongly with the PMMA ester side group (Bobiak and Koenig,
2004)) leading to development of free surfaces (free space) between the PMMA and the
silica nanofiller. Consequently, a major decrease in Ty and arrested physical aging are
observed. These results are consistent with the study of the distribution of physical
aging rates in PMMA films supported on silica by Priestley et al. (2005b). Both studies
showed that the presence of hydrogen bonds almost suppressed physical aging in
PMMA, while the existence of free surfaces diminish physical aging but to a lesser

extent.
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8.4 Conclusions

Fluorescence spectroscopy has been used to determine the impact of the
addition of low levels of well-dispersed silica and alumina nanospheres on the physical
aging behavior of PMMA and PS. Following a temperature quench from above T, into
the glass, isothermal aging was monitored over 8 h at temperatures ranging from 296 K
to 388 K. The addition of 4 vol% alumina nanospheres (nominally 47 nm diameter but
with much polydispersity) or 0.4 vol% of silica nanospheres (10-15 nm diameter) to
PMMA greatly reduces the physical aging response of the polymer. However, no
reduction in physical aging rate was observed upon addition of these nanofillers to PS.
In the case of PMMA-silica nanocomposite, we demonstrated that the extent of the
reduction of physical aging is affected by the choice of spin coating solvent used to
make the polymer nanocomposite.

Our results suggest that surface and interface effects may be tailored to control
the structural relaxation of high performance materials using polymer nanocomposites.
The effect of nanofillers in reducing and suppressing physical aging indicates a possible
advantage of using polymer nanocomposites in long-term applications where physical

aging can lead to deleterious effects on the properties of glassy polymers.
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9 Controlling the Average and Local Glass Transition
Temperatures of PMMA-SWCNT Nanocomposites

9.1 Introduction

Polymer nanocomposites are materials that open the door to novel applications in
numerous areas including chemical sensing (Krasteva et al., 2002), catalysis (Galow et
al., 2002; Esumi et al., 2004), drug delivery (Brigger et al., 2002), energy devices (Croce
et al., 1998; Xi et al., 2005; Olivetti et al., 2006), membranes (Merkel et al., 2002) and
lithographic patterning (Damean et al., 2005). Several benefits of these diverse, unique
and versatile functional systems have been identified, providing the potential to compete
commercially with more traditional materials. These improvements include efficient
reinforcement with minimal loss of ductility and impact strength, reduced weight, thermal
stability, flame resistance, improved abrasion resistance, and enhanced barrier, optical
and electrical properties, among others (Kojima et al., 1993; Yano et al., 1993;
Messersmith and Giannelis, 1995; Akelah and Moet, 1996; Giannelis, 1996; Ke et al.,
1999). However, the current fundamental understanding of the mechanism of property
changes associated with polymer nanocomposites is still quite primitive; advancing this
knowledge is essential for basic science and technology.

In order to effectively understand the physics behind polymer nanocomposites,
close attention must be given to properties that can provide key information about them.
The glass transition temperature (Ty) is the temperature at which the properties of a

polymer change from an equilibrium rubbery state to a non-equilibrium glassy state as
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the material is cooled. The T, value is widely used to characterize a material and
determines the use and processing temperatures of polymers (McKenna and Simon,
2002). In polymer nanocomposites with well-dispersed nanofillers, T, can exhibit
substantial deviations relative to the bulk polymer (Starr et al., 2001; Ash et al., 2002b;
Berriot et al., 2002; Arrighi et al., 2003; Berriot et al., 2003; Liu et al., 2003; Mbhele et
al., 2003; Wang et al., 2003; Ash et al., 2004; Sun et al., 2004; Bansal et al., 2005;
Kotsilkova et al., 2005; Ramanathan et al., 2005b; Bansal et al., 2006; Blum et al.,
2006; Rittigstein and Torkelson, 2006; Kropka et al., 2007; Lee et al., 2007b; Rittigstein
et al., 2007), decreasing when the polymer-nandfiller interfaces yield free surfaces
(nonwetted interface) (Starr et al., 2001; Ash et al., 2002b; Arrighi et al., 2003; Liu et al.,
2003; Wang et al., 2003; Ash et al., 2004; Sun et al., 2004; Bansal et al., 2005; Bansal
et al., 2006; Rittigstein and Torkelson, 2006) and increasing when wetted interfaces with
attractive interactions result (Starr et al., 2001; Berriot et al., 2002, 2003; Mbhele et al.,
2003; Kotsilkova et al., 2005; Ramanathan et al., 2005b; Bansal et al., 2006; Blum et
al., 2006; Rittigstein and Torkelson, 2006; Kropka et al., 2007; Rittigstein et al., 2007).

Simulations (Starr et al., 2001; Vacatello, 2001; Smith et al., 2002; Vacatello, 2002)
suggest that the presence of nanoparticles change the monomer packing near the
polymer-particle interface, leading to global and local perturbations of the segmental
dynamics compared with the bulk polymer. The notion of polymer within the composites
having different properties depending on whether it is located near a filler structure
(interface region) or in the bulk polymer had been suggested long ago (Kaufman et al.,

1971; llsaka and Shibayama, 1978; Struik, 1978, 1987; Hergeth et al., 1989) but was
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only used for qualitative understanding. In the mid-1990’s, Tsagaropoulos and
Eisenberg (1995) showed via dynamic mechanical analysis that some polymer
nanocomposites can exhibit two different tan 6 peaks. This reflects the presence of two
glass transitions; one is related to the bulk polymer and the other, occurring at higher
temperatures, is assigned to the glass transition of polymer regions containing chains of
reduced mobility within the nanoparticle agglomerations. More recently, efforts have
focused on using the idea of a distribution in Tgs to understand the behavior of polymer
nanocomposites (Berriot et al., 2002, 2003; Ash et al., 2004). Providing a new
understanding of complex mechanical behavior, Berriot et al. (2002; 2003) invoked a
gradient in T4 associated with a gradient in mechanical properties in the vicinity of silica
particles in filled elastomers. By comparing NMR and mechanical data, they
demonstrated that segmental dynamics can be impacted locally near the interfaces.
Ramanathan et al. (2005b) presented results for poly(methyl methacrylate)
(PMMA) grafted to amide-functionalized single-walled carbon nanotubes (SWCNTSs).
They demonstrated that even with low SWCNT loadings (1 wt%), the thermal,
mechanical and electrical properties are significantly improved when compared to those
in the neat polymer. In the case of the glass transition behavior, they observed a 33 K
increase in T, of PMMA when covalently attached to 1 wt% amide-functionalized
SWCNT. This result suggests the formation of an interfacial region of reduced
molecular mobility in the vicinity of the nanotubes that penetrates throughout the

composite, leaving very little bulk polymer response. They addressed the need for
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more detailed experiments to provide understanding of the changes in local polymer
dynamics near nanoparticles and the percolation of these effects in the systems.

A quantitative understanding of the structure and properties of the polymer-
nanofiller interface is necessary to be able to design polymer nanocomposites with
specific industrial applications (Ramanathan et al., 2005b; Schadler et al., 2007a;
Schadler et al.,, 2007b). Various researchers have shown that the structure and
properties of the interfacial region are different from bulk and are critical to control the
properties of the overall nanocomposites (Tsagaropoulos and Eisenberg, 1995; Starr et
al., 2001; Berriot et al., 2002, 2003; Bansal et al., 2006; Schadler et al., 2007a). It is
well known that the interfacial region impacts the macroscopic response of the polymer
nanocomposites; however, direct measurements of its properties are difficult but
essential to comprehend how these effects propagate from the interface into the
polymer (Starr et al., 2001; Berriot et al., 2002, 2003; Ramanathan et al., 2005b; Bansal
et al.,, 2006; Rittigstein and Torkelson, 2006; Rittigstein et al., 2007; Schadler et al.,
2007a).

Understanding the correlation between nanoscale interactions at the interface and
changes in the glass transition temperature of the polymer nanocomposite is also
important for designing nanocomposites (Schadler et al., 2007a). A possible approach
for tuning polymer-filler interfaces to achieve specific properties is the covalent
attachment of polymers to the filler surface; an important challenge associated with this
approach is understanding the relationship between the chemical modifications of the

filler and the resulting properties of the interfacial region and of the whole material
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(Ramanathan et al., 2005b; Bansal et al., 2006; Schadler et al., 2007b). However, the
current understanding is only qualitative and therefore is a limitation in designing
nanocomposites with specific properties (Schadler et al., 2007b).

Fluorescence is the only method currently available that can be used to measure
discrete distributions of T, and also to quantify the impact of different interfaces on T,
(Ellison and Torkelson, 2003). In this chapter, the first determination of the distribution
of Ty within polymer nanocomposites through fluorescence is reported, allowing direct
characterization of local and average Tgs of the systems. Also, the role of the interface
in modifying the T4 of the nanocomposites is critically examined. This research employs
different types of functionalization of SWCNT, allowing both the tuning of the interface
between PMMA and SWCNT and thus the glass transition behavior of the interface
region. In turn, this affords control of the T, of the whole system due to the percolation
of the effects from the SWCNT-PMMA interface to the polymer some many tens of

nanometers away from the SWCNT.

9.2 Experimental

Purified HIPCO SWCNTs (Bucky Pearls) were supplied by Carbon
Nanotechnologies, Inc. (CNI, Houston, TX). Poly(methyl methacrylate) was
synthesized by free radical polymerization (M, = 355,000 g/mol, M,,/M, = 1.54, by gel
permeation chromatography using universal calibration with PS standards). The probe
1.10-bis-(1-pyrene)decane (BPD) (Molecular Probes) was used as received and 4-

tricyanovinyl-[N-(2-hydroxyethyl)-N-ethyl]aniline  (TC1) was synthesized using
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procedures reported by Hooker (1996) and McKusick et al. (1958). As shown by
Deppe et al. (1996), PMMA was synthesized incorporating a trace of TC1-labeled
methacrylate monomer (M, = 350,000 g/mol, M,/M, = 1.60, by gel permeation
chromatography using universal calibration with PS standards and tetrahydrofuran as
eluent). TC1-labeled PMMA contained 0.24 mol% labeled monomer as determined by
UV absorbance. Bulk Ty (Tgsux) values were measured by differential scanning
calorimetry (DSC) (Mettler-Toledo DSC822, second heat, onset method, 10 °C/min) and
also via fluorescence methods and were found to agree within experimental error:
PMMA Ty pux = 393 K by DSC and 391 K by fluorescence and TC1-labeled PMMA Ty puix
= 393 K by DSC and fluorescence.

Amide-functionalized SWCNTs were prepared through carboxylic acid residues,
which were introduced on SWCNT surfaces by a chemical oxidation method, followed
by direct coupling of ethylenediamine to obtain SWCNTs functionalized with a (CH2).
side group or 1,12- diaminododecane to obtain SWCNTs functionalized with a (CH>)12
side group or m-phenylenediamine to obtain SWCNTs functionalized with a phenyl side
group. (The details of this method are described elsewhere (Ramanathan et al.,
2005a).) A solution evaporation technique was used to graft PMMA to 1 and 3 wt% of
the different amide-functionalized SWCNTs. With this technique, the PMMA was first
dissolved in tetrahydrofuran (THF). In another vial, SWCNTs were dispersed in THF by
bath sonication for 1 h, added to the polymer solution, and again bath-sonicated for 1 h
to disperse the SWCNT in the polymer. The mixture was stirred at 60 °C for 5 h and

then cooled to room temperature. The cooled mixture was subsequently poured into
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stirred methanol and filtered through polytetrafluoroethylene filter paper with a 10 um
pore size. The product was dried at 80 °C under vacuum for 10 h (Ramanathan et al.,
2005b). To verify that the PMMA was covalently bonded to the functionalized
nanotubes, Fourier transform infrared (FTIR) spectra of the PMMA-SWCNT structures
were examined before performing Ty, measurements for all types of nanocomposites.
The IR spectra of neat PMMA and functionalized SWCNTs were compared with the IR
spectrum of PMMA-SWCNT structures. The comparison of these spectra provided
evidence of the existence of the amide bonds (peak at 1662 cm™) in the PMMA-SWCNT
structures. These bonds are present in the functionalized SWCNTs and are also
formed between the free amine groups (NH3) in the functionalized SWCNTs and the
ester groups in PMMA. In addition, the existence of the ester group (peak at 1728 cm™)
in the spectra of the structures confirmed the presence of PMMA (Ramanathan et al.,
2005b).

Films of neat polymer and polymer nanocomposites were prepared by spin-coating
(Spangler et al., 1990; Hall et al., 1998b) dilute solutions of polymer with or without
nanofiller and dye onto quartz slides. All solutions were made using THF as solvent.
Resulting films were at least 1 um in thickness as determined using a Tencor P10
profilometer. Films were dried for at least 2 days in a chemical fume hood prior to
performing fluorescence measurements.

The T4 was characterized by steady-state fluorescence emission spectra as a
function of temperature (on cooling) using a Spex Fluorlog-2DM1B fluorimeter and a

Photon Technology International fluorimeter with 2.5 mm excitation and emission slits
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(10 nm and 5 nm band-pass, respectively). Values of average Ty were measured using
BPD dopant (0.2 wt% or less) in PMMA films (neat and nanocomposites), and local T
values were measured using TC1 label (covalently attached) in PMMA films (neat and
nanocomposites). The wavelengths used to excite the TC1 and BPD dyes were 480
nm and 341 nm, respectively. The emission spectra of TC1 and BPD were measured at
530-700 nm and 360-460 nm, respectively. The Ty values of polymer films were
determined by fitting the temperature dependence of the integrated fluorescence
intensity (BPD dopant) or average fluorescence intensity peak (TC1 label) to linear
correlations in both the rubbery and glassy states, with the intersection providing a
measure of T,. In fitting the data to linear correlations, only data well outside T, are
used in the fitting procedure. Additional information on the fluorescence technique used

to monitor Ty is found in chapters 4, 5,6 and 7.

9.3 Results and Discussion

This study addresses the Ty characterization of different PMMA-SWCNT
nanocomposites by employing fluorescence spectroscopy, a technique that has been
successfully used to characterize physical properties in other systems (Loutfy, 1981,
1986; Lenhart et al., 2001; Ellison et al., 2002; Ellison and Torkelson, 2002, 2003;
Ellison et al., 2004; Ellison et al., 2005; Priestley et al., 2005a; Priestley et al., 2005b;
Mundra et al., 2006; Rittigstein and Torkelson, 2006; Mundra et al., 2007a; Mundra et
al., 2007b; Priestley et al., 2007b; Rittigstein et al., 2007; Roth et al., 2007; Roth and

Torkelson, 2007). PMMA was grafted to 1 wt % functionalized SWCNT to form PMMA-
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SWCNT structures. Three PMMA-SWCNT structures were studied and are presented
in Figure 9-1. The difference among them is the side group in the functionalized
SWCNT. Here, the side groups are designated as follows: A) (CHz)12, B) phenyl and C)
(CHz2)2.  Polymer nanocomposites were made by blending the PMMA-SWCNT
structures with neat PMMA in different compositions; the resulting systems are
presented in Table 9-1. Two types of measurements were done for all systems: local T,
and average T, The local T, was measured using TC1-labeled PMMA (this PMMA is
covalently attached to the SWCNT) and the average Ty was measured using BPD
dopant in the entire system.

Systems A1, B1 and C1 as named in Table 9-1 correspond to the composites
formed by the 99/1 wt% PMMA-SWCNT structures without any added PMMA. Figure
9-2 shows the effect of temperature on the fluorescence of the TC1 label and BPD
dopant in System B1. In both cases, there is a significant increase in the fluorescence
intensity with decreasing temperature. After absorption of light and promotion of an
electron to an excited singlet state, both the TC1 label and BPD dopant return to the
ground state by internal conversion (energy loss by rotor and vibrational motions) or by
fluorescence. Densification of the material upon cooling occurs, suppressing the
internal conversion and yielding an increase in fluorescence intensity. Similar results
are obtained in Systems A1 and C1.

Figure 9-3a shows the normalized average fluorescence intensity peak as a
function of temperature of the TC1 label in Systems A1, B1 and C1. Figure 9-3b shows

the normalized integrated fluorescence intensity as a function of temperature of BPD
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Table 9-1: Polymer nanocomposite systems studied.
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Structure|Side Group|  System | 2%/1 PMMA- | Neat PMMA [ 97/3 PMMA-
SWCNT wt % wt % _ |SWCNT wt %
Al 100 0 :
A2 70 30 -
A |[(CHyp[ A3 30 70 i
A4 10 90 -
A5 0 100 -
BI 100 0 -
B | Phenyl | B2 30 70 -
B3 0 100 -
Cl 100 0 -
C2 70 30 -
C | (CHy), C3 30 70 -
C4 0 100 -
DI - 0 100
D2 - 30 70
D | (CH,), D3 - 70 30
D4 - 90 10
D5 - 100 0
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dopant in Systems A1, B1 and C1. The same T, value of 400 K is obtained for System
A1 when it is measured using TC1 label or BPD dopant, showing an increase in T4 of ~8
K compared with bulk PMMA. (Recall that neat PMMA exhibited T, = 391 K by BPD
dopant fluorescence measurements and Ty = 393 K by TC1 label fluorescence
measurements.) For System B1 the T4 obtained with both methods is 412 K, showing
an increase in Ty compared with bulk PMMA of ~20 K. The T, value of System C1 is
423 K as obtained by both BPD dopant and TC1 label fluorescence measurements, an
increase in T, compared with bulk PMMA of ~31 K. The results in System C1 are
consistent with the 33 K increase observed via dynamic mechanical analysis (DMA) by
Ramanathan et al. (2005b) in a similar system.

The agreement in the Ty values obtained using both BPD dopant and TC1 label
fluorescence measurements shows that when 99/1 wt% PMMA-SWCNT structures
(without any added PMMA) are used, the local and average Tgs are the same, as
expected. Differential scanning calorimetry (DSC) results agree with the T, values
obtained by fluorescence. The increment in the T,s obtained relative to neat, bulk
PMMA suggests that the functionalization of the SWCNTSs significantly improves the
interfacial interaction with the polymer, resulting in a strong interface that restricts the
chain segmental mobility. Therefore, by grafting just 1 wt% SWCNT to PMMA, an
increment in Ty is achieved, the extent of which depends on the side group in the
functionalized SWCNTs. By changing the type of functionalization in the SWCNT, the
interface between the polymer and the SWCNT can be tuned, allowing control of the T,

of the system and impacting the ability to efficiently design polymer nanocomposites.
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The difference in the temperature dependences of the fluorescence intensity
exhibited by TC1-labeled PMMA and BPD-doped PMMA is related to the mechanism by
which each chromophore undergoes non-radiative decay from its excited state. BPD, a
band definition chromophore, undergoes non-radiative decay by vibrational motions
(Lakowicz, 1999; Valeur, 2002); thus, the emission intensity follows the density of the
polymer and the temperature dependence of the emission intensity is smaller below T
than above T4. Numerous band definition chromophores have been used to determine
T4 in bulk polymeric glass formers (Ellison et al., 2002; Ellison and Torkelson, 2002,
2003; de Deus et al., 2004; Ellison et al., 2005; Turrion et al., 2005; Martins et al., 2006;
Rittigstein and Torkelson, 2006; Rittigstein et al., 2007). The TC1 dye, a “rotor”
chromophore, undergoes non-radiative decay by rotational motion (Valeur, 2002). To
facilitate the rotational motion of the chromophore, a certain amount of free volume is
required (Loutfy, 1986); thus, it is believed that changes in polymer density impede the
rotational motion to a greater extent in the glassy state than in the liquid state. As a
result, the temperature dependence of the emission intensity is greater in the glassy
state than the rubbery state. Because of the enhanced sensitivity of “rotor”
chromophores to density changes, they have been widely used to monitor T, and
physical aging of polymeric glass formers (Loutfy, 1986; Meyer et al., 1990; Royal and
Torkelson, 1992; Brady and Charlesworth, 1993; Royal and Torkelson, 1993; Lenhart et
al., 2001; Ellison et al., 2002; Priestley et al., 2005a; Priestley et al., 2005b; Rittigstein

and Torkelson, 2006; Rittigstein et al., 2007).
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Fluorescence was also used to characterize the average and local Tgs of different
nanocomposite systems. PMMA-SWCNT structures were blended with PMMA, forming
polymer nanocomposite systems of diverse compositions (see Table 9-1). When the
PMMA that is grafted to SWCNT is labeled with TC1, the local T4 of the chains that are
directly attached to the SWCNT and influenced by the matrix can be measured.
However, if the PMMA that is grafted to SWCNT is unlabeled but the blend has been
doped with BPD, the average T, within the nanocomposites can be measured instead.
Using a free dopant dye in the polymer nanocomposites allows determination of the
relatively long-ranged effect of the nanofiller on T,. On the other hand, employing a dye
that is covalently attached to the polymer grafted to the SWOCNT allows for
understanding of the localized changes in the dynamics of polymer experiencing direct
interfacial binding with the nanoparticles.

Figure 9-4 shows the average and local T4 of the polymer nanocomposite systems
as a function of the amount of PMMA-SWCNT structures in the blend and the side
groups in the functionalized SWCNT. In the case of all three side groups, the average
T4 increases linearly with the amount of PMMA-SWCNT in the blend. However, the
local T4 in the PMMA-SWCNT structures changes little upon addition of up to 70-90 wt%
neat PMMA to the blend. In the case of (CH;)2 as the side group in the functionalized
SWCNT, the average and local Tgs of the polymer nanocomposites increase subtlety
with the amount of PMMA-SWCNT in the blend. In the case of the phenyl ring as the
side group in the functionalized SWCNT, the average and local T,s of the polymer

nanocomposites increase moderately as the amount of PMMA-SWCNT in the blend
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Figure 9-4: T, as a function of the level of PMMA-SWCNT (1 wt% SWCNT) in blends
with neat PMMA and the side group in the functionalized SWCNT (Systems A, B, and C

in Table 9-1): average T, (open squares) and local Ty (closed circles).
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increases. However, when (CHy); is the side group in the functionalized SWCNT, the
average and local Tgs of the polymer nanocomposites increase greatly as the PMMA-
SWCNT amount in the blend increases.

This is the first time discrete distributions of Ty in polymer-nancofiller
nanocomposites have been determined. These results show that functionalized
SWCNTSs perturb the dynamics of the polymer matrix increasing its T, consistent with
the formation of a region of reduced molecular mobility in the vicinity of the nanotubes
that perturbs the entire polymer nanocomposite. Also, depending of the type of
functionalization (Figure 9-1) the effect on the T, of the polymer is different. The
particular details of the side group involved in polymer-filler covalent bonding and the
bridging between particles may contribute to the variety of influence that nanoparticles
have on the properties of the polymer.

The dependence of local and average T, obtained on the side group of the
functionalized SWCNT shows that there is a relation between the length and flexibility of
the side groups and the changes on T, of the polymer. The type of functionalized
SWCNTs will determine the nature of the strength of the interface between the filler
surface and the polymer chains grafted to it, thereby affecting differently the T, of the
diverse polymer nanocomposite systems. The (CH;)2 unit is short and rigid; therefore,
we hypothesize that the PMMA chains that are grafted to the SWCNTs through the
(CH2)2 unit can easily be attached multiple times to the SWCNT, creating a strong
interface that causes the T, of the system to increase greatly with the amount of PMMA-

SWCNT ((CHy)2) in the blend. On the other hand, (CH)2 is long and flexible;
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consequently, the PMMA chains have difficulty attaching to the SWCNTs multiple times,
making the interface weaker and causing the T, of the system to increase subtlety with
the amount of PMMA-SWCNT ((CH2)12) in the blend. The case of the phenyl ring as the
side group in the functionalized SWCNT falls between the other two extreme cases (see
Figure 9-5).

Previous discussion in this chapter concerned the study of nanocomposites
consisting totally or partially of PMMA covalently bonded to 1 wt% SWCNT. In order to
investigate the impact on the local and average Tys of the amount of SWCNT covalently
attached to polymer, PMMA was also grafted to 3 wt% SWCNT functionalized with
(CHz2)2. These PMMA-SWCNT structures were blended with neat PMMA to form
polymer nanocomposites of diverse compositions. Figure 9-6 shows the average and
local T4s of the polymer nanocomposites as a function of the amount of PMMA-SWCNT
((CH2)2) in the blend. As expected, the average T, increases with the amount of
PMMA-SWCNT in the blend. In contrast to the apparent linear dependence of average
T4 in the blends containing 99/1 wt% PMMA-SWCNT (see Figure 9-4), the average Ty
increases nonlinearly with the level of 97/3 wt% PMMA-SWCNT in the blends with
PMMA. On the other hand, the local T4 in the PMMA-SWCNT structures changes little
upon addition of up to 90 wt% neat PMMA to the blend, similar to that observed in
Figure 9-4. In general, the average and local T4s obtained for polymer nanocomposites
that contain PMMA covalently attached to 3 wt% SWCNT (Figure 9-6) are higher than
those obtained in polymer nanocomposites that contain PMMA covalently attached to 1

wt% SWCNT (Figure 9-4).
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PMMA-SWCNT ((CHa),)

Figure 9-5: Diagram of the different types of interfaces hypothesized to be present

between PMMA and SWCNT.



201

435 ] ] ] ]
g /'//
[ il
< g
LR -
I
/
/
/
!
!
!
mi
385 L) L) L) L)

0 20 40 60 80 100
PMMA-SWCNT (3 wt% SWCNT (CH,),) (wt%)

Figure 9-6: T, as a function of the amount of PMMA-SWCNT (3 wt% SWCNT with
(CHy), as the side group) in blends with PMMA (Systems D1-D5 in Table 9-1): average

T4 (open squares) and local T4 (closed circles).



202

Long and coworkers (Long and Lequeux, 2001; Merabia et al., 2004) proposed a
model that describes the mechanism of the glass transition characterizing it by the
presence of slow and fast domains based on thermally induced density fluctuations. In
their model, the total number of regions with slower dynamics increases with decreasing
temperature. The glass transition is described in the model as the temperature at which
these slow moving regions percolate throughout the bulk of the sample. In the present
study, the mobility of the PMMA segments is reduced close to the polymer-nanotube
interfaces. The strong interactions between the PMMA and the SWCNTSs thereby lead
to an increase of T, in the vicinity of the interface. Since the change of the polymer
dynamics induced by interfaces with interactions is long ranged (Long and Lequeux,
2001; Baljon et al., 2004; Merabia et al., 2004), the effect percolates across the sample,
leading to an increase in the average T, of the polymer nanocomposite. The extent of
this increase depends on the amount of well-dispersed nanofillers in the system and on

the strength of the interface.

9.4 Conclusions

In this chapter, the local and average Tgs of different PMMA-SWCNT
nanocomposites were studied. It was shown that fluorescence can be used to measure
directly the enhanced T, of the polymer in the vicinity of the nanofiller and also to
characterize the percolation of this effect through the whole polymer nanocomposite
sample. Different polymer-nanofiller interfaces strengths were studied in order to

identify their effect on the local and average Tgs of the system. As the side group in the
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functionalized SWCNTs becomes shorter and more rigid, the interface between the
PMMA and the SWCNT becomes stronger, causing more constraints to the PMMA
cooperative segmental mobility and thereby increasing the local and average Tgs of the
system. Higher SWCNT concentrations lead to more polymer-nanofiller interfacial area,

increasing the magnitude of the observed effects.



204

10 Dramatic Reduction of Physical Aging Behavior of PMMA-
SWCNT Nanocomposites Studied by Fluorescence

10.1 Introduction

Nanoscopically confined polymers often exhibit a deviation in glass transition
temperature (Tgy) from that of bulk material (Keddie et al., 1994b; Forrest et al., 1996;
van Zanten et al., 1996; Kajiyama et al., 1997; Fukao and Miyamoto, 2000; Gonzalez-
Benito et al., 2000; Schwab et al., 2000; Forrest and Dalnoki-Veress, 2001; Fryer et al.,
2001; Ash et al., 2002b; Berriot et al., 2002; Ellison et al., 2002; Starr et al., 2002;
Berriot et al., 2003; Ellison and Torkelson, 2003; Mbhele et al., 2003; Pham and Green,
2003; Roth and Dutcher, 2003; Sharp and Forrest, 2003b; Ash et al., 2004; Ellison et
al., 2004; Park et al., 2004; Soles et al., 2004b; Bansal et al., 2005; Ellison et al., 2005;
Ramanathan et al., 2005b; Roth and Dutcher, 2005; Mundra et al., 2006; Rittigstein and
Torkelson, 2006; Mundra et al., 2007a; Mundra et al., 2007b; Priestley et al., 20073a;
Priestley et al., 2007b; Rittigstein et al., 2007; Roth et al., 2007; Roth and Torkelson,
2007). There is evidence that enhanced mobility near the air-polymer interface in thin
supported films, or in the non-wetted surface (free space) between the polymer and the
nanofiller in polymer nanocomposites, causes a depression in Ty (Kajiyama et al., 1997;
Schwab et al., 2000; Forrest and Dalnoki-Veress, 2001; Fryer et al., 2001; Ash et al.,
2002b; Ellison et al., 2002; Ellison and Torkelson, 2003; Liu et al., 2003; Sharp and
Forrest, 2003b; Sun et al., 2004; Bansal et al., 2005; Bansal et al., 2006; Rittigstein and

Torkelson, 2006; Rittigstein et al., 2007; Srivastava and Basu, 2007b). On the other
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hand, a reduced mobility due to attractive polymer-substrate or polymer-nanofiller
interactions can cause an increase in Ty, (Keddie et al., 1994a; van Zanten et al., 1996;
Fryer et al., 2001; Tate et al., 2001; Berriot et al., 2002; Ellison et al., 2002; Grohens et
al., 2002; Pham and Green, 2002; Savin et al., 2002; Berriot et al., 2003; Mbhele et al.,
2003; Park et al., 2004; Ramanathan et al., 2005b; Bansal et al., 2006; Rittigstein and
Torkelson, 2006; Rittigstein et al., 2007; Srivastava and Basu, 2007b).

As presented in chapter 9, different types of side groups in functionalized SWCNT
alter the T, of PMMA-SWCNT nanocomposites in which the PMMA is covalently
attached to low levels of SWCNT. The results show that shorter and more rigid side
groups create a stronger interface between the PMMA and the SWCNT, constraining to
a greater extent the PMMA segmental mobility and thereby increasing the T, of the
system.

In addition to Ty, physical aging also has a large impact on the performance of
amorphous polymers (Ellison et al., 2002; McKenna and Simon, 2002). Physical aging
is the structural relaxation process below T, associated with the transition from a
nonequilibrium state to an equilibrium state characterized by nonlinearity and
nonexponentiality (Struik, 1978; Greiner and Schwarzl, 1984; Andreozzi et al., 2003; Lu
and Nutt, 2003a). The result is time-dependent properties such as an increase in
density, yield stress and modulus and a decrease in specific enthalpy, fracture energy,
ultimate elongation, and impact strength (Struik, 1978; Tant and Wilkes, 1981; Ellison et
al., 2002). Compared to the large number of research articles concerning the Tg-

nanoconfinement effect, relatively few studies of physical aging in confined polymer
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have been reported (Pfromm and Koros, 1995; Lee and Lichtenhan, 1998; Dorkenoo
and Pfromm, 1999; Ellison et al., 2002; Simon et al., 2002; Kawana and Jones, 2003;
Lu and Nutt, 2003a, 2003b; Huang and Paul, 2004; Fukao and Sakamoto, 2005; Huang
and Paul, 2005; Priestley et al., 2005a; Priestley et al., 2005b; Rittigstein and Torkelson,
2006; Rittigstein et al., 2007; Theneau et al., 2007). The first study of the physical aging
behavior of polymer impacted by the presence of a nanofiller was done by Lee and
Lichtenhan (1998). They reported that the addition of polyhedral oligomeric
silsesquioxane (POSS) nanoreinforcements in epoxy resin retarded the physical aging
rate and the time to reach equilibrium of the polymer. Also, Lu and Nutt (2003a; 2003b)
observed that the inclusion of intercalated clay nanofillers into an epoxy network
restricts the relaxation behavior compared to the neat epoxy resin. Later, Rittigstein et
al. (Rittigstein and Torkelson, 2006; Rittigstein et al., 2007) showed that the presence of
low levels of well-dispersed silica and alumina nanospheres in PMMA and P2VP
reduces or suppresses the glassy-state structural relaxation behavior of the matrix (see
chapters 6, 7 and 8). Very recently, Theneau et al. (2007) showed a reduction of
structural relaxation of poly(2-hydroxyethyl methacrylate) (PHEMA) with increasing
silica nanosphere content.

Here, a fluorescence study of the physical aging behavior of different PMMA-
SWCNT nanocomposites is presented. Figure 10-1 provides a schematic description of
the studied systems. As shown in the figure, the nanocomposites in this chapter
contain 70 wt% of neat PMMA and 30 wt% of PMMA grafted to functionalized SWCNT.

The PMMA grafted to SWCNT contains 1 wt% SWCNT and 99 wt% grafted PMMA.
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Figure 10-1: Schematic of the studied nanocomposites. All nanocomposites have 70
wt% of neat PMMA and 30 wt% of PMMA grafted to functionalized SWCNT. In this 30
wt%, 1 wt% corresponds to the SWCNT and the rest to PMMA. The total weight % of
the functionalized SWCNT in the nanocomposites is just 0.3 %. Three types of sides

groups were used to functionalize the SWCNT: A) (CHz)12, B) Phenyl and C) (CH)s.
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The total weight % of the functionalized SWCNT in the nanocomposites is therefore
only 0.3 %. Three side groups were used to functionalize the SWCNT. In the
remainder of the chapter, System A will refer to nanocomposites with (CH)2 as the
side group, System B to nanocomposites with a phenyl ring as the side group, and
System C to those with (CH;), as the side group. (See Figure 9-1 and Figure 9-5 for
indications of how the PMMA is covalently attached to the SWCNT via the side groups
containing (CHz)12, a phenyl ring, or (CHz)2.) The different side groups allow tuning of
the interface between PMMA and SWCNT to control the structural relaxation behavior
of the system. The results demonstrated a relationship between the length and

flexibility of the side groups and the extent of the reduction of physical aging.

10.2 Experimental

Purified HIPCO SWCNTs (Bucky Pearls) were supplied by Carbon
Nanotechnologies, Inc. (CNI, Houston, TX). Poly(methyl methacrylate) (PMMA) was
synthesized by free radical polymerization (M, = 355,000 g/mol, M,,/M, = 1.54, by gel
permeation chromatography using universal calibration with PS standards). The probe
4-tricyanovinyl-[N-(2-hydroxyethyl)-N-ethyllaniline (TC1) was synthesized using
procedures reported by Hooker (1996) and McKusick et al. (1958). Following the
procedure of Deppe et al. (1996), PMMA was synthesized incorporating a trace of TC1-
labeled methacrylate monomer (M, = 350,000 g/mol, M,/M, = 1.60, by gel permeation
chromatography using universal calibration with PS standards). TC1-labeled PMMA

contained 0.24 mol% labeled monomer as determined by UV absorbance. Bulk Ty
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(Tgbu) values were measured by differential scanning calorimetry (DSC) (Mettler-
Toledo DSC822, second heat, onset method, 10 °C/min) and also via fluorescence
methods and were found to agree within experimental error: PMMA T pux = 393 K by
DSC and 391 K by fluorescence, and TC1-labeled PMMA Ty pux = 393 K by DSC and
fluorescence.

Amide-functionalized SWCNTs were prepared through carboxylic acid residues,
which were introduced on SWCNT surfaces by a chemical oxidation method, followed
by direct coupling of ethylenediamine to obtain SWCNTs functionalized with a (CH2).
side group or 1,12- diaminododecane to obtain SWCNTs functionalized with a (CH>)12
side group or m-phenylenediamine to obtain SWCNTs functionalized with a phenyl side
group. (The details of this method are described elsewhere (Ramanathan et al.,
2005a).) A solution evaporation technique was used to prepare the nanocomposites.
With this technique, the PMMA was first dissolved in tetrahydrofuran (THF). In another
vial, SWCNTs were dispersed in THF by bath sonication for 1 h, added to the polymer
solution, and again bath-sonicated for 1 h to disperse the SWCNT in the polymer. The
mixture was stirred at 60 °C for 5 h and then cooled to room temperature. The cooled
mixture was subsequently poured into stirred methanol and filtered through
polytetrafluoroethylene filter paper with a 10 um pore size. The product was dried at 80
°C under vacuum for 10 h (Ramanathan et al., 2005b). To verify that the PMMA was
covalently bonded to the functionalized nanotubes, Fourier transform infrared (FTIR)
spectra of the PMMA-SWCNT systems were examined before performing physical

aging measurements for all types of nanocomposites. The IR spectra of neat PMMA
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and functionalized SWCNTs were compared with the IR spectrum of PMMA-SWCNT
structures. The comparison of these spectra provided evidence of the existence of the
amide bonds (peak at 1662 cm™) in the PMMA-SWCNT structures. These bonds are
present in the functionalized SWCNTs and are also formed between the free amine
groups (NHy) in the functionalized SWCNTs and the ester groups in PMMA. In addition,
the existence of the ester group (peak at 1728 cm™) in the spectra of the structures,
confirmed the presence of PMMA (Ramanathan et al., 2005b).

Films of neat polymer and polymer nanocomposites were prepared by spin-coating
(Spangler et al., 1990; Hall et al., 1998b) dilute solutions of polymer with or without
nanofiller and dye onto quartz slides. All solutions were made using THF as solvent.
Resulting films were at least 1 um in thickness as determined using a Tencor P10
profilometer. Films were dried for at least 2 days in a chemical fume hood prior to
performing fluorescence measurements.

Physical aging was measured using TC1 as the fluorescence dye in bulk polymer
and polymer nanocomposite films. Polymer nanocomposites were formed for Systems
A, B and C as defined in Figure 10-1. Prior to each aging experiment, the thermal
history was erased by annealing above T, at 150 °C for 1 h. Films were quenched
using a temperature-controlled cell holder preset to the aging temperature. Physical
aging was characterized by steady-state fluorescence emission spectra as a function of
time using a Photon Technology International fluorimeter with 2.5 mm excitation and
emission slits (10 nm and 5 nm band-pass, respectively). Physical aging was monitored

by measuring the maximum emission intensity of TC1 (at 560-565 nm for bulk PMMA,
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at 582-589 nm for System A, at 573-580 nm for System B and at 568-574 nm for
System C) as a function of aging time after quenching the films from the rubbery state
above Ty to different aging temperatures. Additional information on the fluorescence

technique used to monitor physical aging can be found in chapters 4, 6, 7 and 8.

10.3 Results and Discussion

This study addresses the physical aging characterization of different PMMA-
SWCNT nanocomposites by employing fluorescence spectroscopy. Systems A, B and
C, as defined in Figure 10-1 were studied. The side groups used to functionalize the
SWCNT in these systems are shown in Figure 9-1, the main difference between them is
the length of the carbon chain.

The physical aging behaviors of PMMA and PMMA-SWCNT nanocomposites were
measured at different temperatures using the increase in fluorescence intensity of the
TC1 label as a function of logarithmic aging time. Figure 10-2 illustrates the change in
the fluorescence spectrum of TC1 in a bulk PMMA film during physical aging after
quenching the temperature from above Ty guk to T4sux— 88 K. After absorption of light
and promotion of an electron to an excited singlet state, TC1 returns to the ground state
by internal conversion (energy loss by rotor motions) or by fluorescence. Densification
of the material upon aging occurs, suppressing the internal conversion and yielding a

major increase in fluorescence intensity.
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Figure 10-3 compares the change in TC1 fluorescence intensity during physical
aging of bulk PMMA to the changes observed in PMMA-SWCNT nanocomposites after

quenching the temperature from above T . to an aging temperature of 323 K and 295
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Figure 10-2: Fluorescence emission spectrum of a bulk TC1-labeled PMMA film as a
function of physical aging time after a temperature quench from above T pux t0 Tg puk —
88 K: 10 min (solid line) and 420 min (dashed line). Inset: Molecular structure of TC1-

labeled methacrylate monomer.



214

a) b)
1.40 - 1.30
1.35 - - u
] 1.25 4 = J
1.30 - 1
> g 2 -
'2 125_ . i g 120' . -1
8 @
£ 1.20 4 1 £ 1154 o .
2 1154 u { 3 L
& - N 110 - .
£ 1.10 - u { g m
S S 1054 m .
Z 1.05 A @ g@@ . z | @
1.00 I—‘—@é@‘-‘ﬂw—u 1.00 2B, . 8 B OGN

10 100 1000 10 100 1000
time (min) time (min)

Figure 10-3: a) Normalized fluorescence intensity of TC1 as a function of logarithmic
physical aging after quenching from above Tgpux to 323 K: PMMA (T4 — 68 K) (closed
squares), system A (T4 — 71 K) (open squares), system B (Tq — 73 K) (triangles) and
system C (T4 — 76 K) (circles). b) Normalized fluorescence intensity of TC1 as a
function of logarithmic physical aging after quenching from above T pu to 295 K: PMMA
(Tg — 96 K) (closed squares), system A (T4 — 99 K) (open squares), system B (T, — 101

K) (triangles) and system C (T, — 104 K) (circles).
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K. When aged at 323 K, the bulk PMMA film shows an approximately 33% increase in
fluorescence intensity over 8 h. In contrast, systems A and B exhibit only a 6% increase
in intensity over 8 h. The most dramatic suppression of physical aging is observed for
system C, which exhibits only a 1% increase in fluorescence intensity over 8 h. With a
physical aging temperature of 295 K, the bulk PMMA film exhibits an increment in the
intensity of about 27% during 8h, while Systems A and B have an increase of only 4%
and System C, within error, exhibits no change in intensity and thus no aging.

In general, covalent bonds between PMMA and SWCNT create strong interfaces
that significantly constrain the PMMA segmental mobility and retard the structural
relaxation of the polymer. This constrained mobility and relaxations at the interface
percolates through the systems. The choice of side group used in the PMMA-SWCNT
nanocomposites can lead to major differences in the polymer-nanofiller interface
strengths and thereby on the effects in T, and physical aging. The side group in
System C is (CHy), which is short and rigid, allowing the PMMA chains that are grafted
to the SWCNTSs through it to be easily attached multiple times to the SWCNT, creating a
strong interface. Consequently, the physical aging is severely restricted and the T, of
the system increases greatly (see chapter 9). On the other hand, the side group in
System A is (CHz)12, which is long and flexible and does not allow for the multiple
attachments of the PMMA chains to the SWCNTSs, thereby creating a weaker interface.
Consequently, the physical aging is reduced and the T, of the system increases to a
much smaller extent than in System C (see chapter 9). The side group in System B is a

phenyl ring, intermediate in size and flexibility when compared to the two other side
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groups. As expected, the T, for System B falls between those of Systems A and C (see
Figure 9-5); however, when the physical aging response for System B is evaluated over
relatively short times (8 h), it exhibits glassy state relaxation behavior similar to System
A

In order to compare the effect of aging temperature on the aging rate, r;, in bulk
PMMA and PMMA-SWCNT nanocomposites, equation 4-2 was applied to the
fluorescence physical aging data. (Recall that equation 4-2 defines physical aging rate
based on changes occurring with logarithmic aging time.) The calculated rr values are
presented in Figure 10-4 for all the systems. It can be observed that bulk PMMA has a
maximum aging rate at 305 K. This agrees with the specific volume aging rate (also
defined based on logarithmic aging time) of bulk PMMA reported by Greiner and
Schwarzl (1984) and with the characterization of rf using julolidenemalonitrile (JMN)
performed by Royal and Torkelson (1993). The aging rates of the PMMA-SWCNT
nanocomposites are reduced dramatically in comparison to the bulk material. However,
the neat polymer and the nanocomposites exhibit the same trend of r; with physical
aging temperature over the temperatures and times studied. In other words, over the
temperature range studied, the maximum aging rate was observed at 305 K and the
minimum aging rate was observed at 295 K in neat PMMA and all three PMMA-SWCNT
nanocomposite systems. Relative to bulk PMMA, the rate of structural relaxation at 323
K of systems A, B and C are reduced by a factor of 6, 8 and 24, respectively. The

changes observed on T, and presented in chapter 9, together with the physical aging
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Figure 10-4: Fluorescence aging rate, r;, as a function of physical aging temperature for
PMMA (closed squares), system A (open squares), system B (triangles) and system C
(circles). (Fluorescence aging rate is calculated over a physical aging time scale from
10 to 420 min and is based on changes occurring with logarithmic aging time. TC1 was

used as the fluorescence label in all systems.)
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behavior of the different systems, indicate the existence of a relationship between the
length and flexibility of the side groups and these properties.

The extraordinary suppression in aging rate of PMMA-SWCNT observed in this
chapter is consistent with previous reports of arrested physical aging in polymer
nanocomposites (Lee and Lichtenhan, 1998; Lu and Nutt, 2003a, 2003b; Rittigstein and
Torkelson, 2006; Rittigstein et al., 2007; Theneau et al., 2007) and with studies
examining the physical aging rates in thin PMMA supported films (Priestley et al.,
2005a; Priestley et al., 2005b). In chapter 8 it was shown that when silica nanospheres
are added to PMMA the physical aging response of the matrix is reduced. However, by
grafting the PMMA to SWCNT a larger suppression is achieved. Another important
difference is that the nanocoposites made with silica nanospheres do not follow the
same trend of the physical aging rate with temperature that neat PMMA follows. The
silica nanocomposites have a maximum aging rate at 360 K not at 305 K, like neat

PMMA and PMMA-SWCNT systems.

10.4 Conclusions

Fluorescence spectroscopy has been used to determine the impact of grafting
functionalized SWCNT to PMMA on the physical aging behavior of the polymer.
Following a temperature quench from above Ty into the glass, isothermal aging was
monitored over 8 h at temperatures ranging from 295 K to 323 K. Our results suggest
that a small modification in the structure of the functionalized SWCNT may tailor the

PMMA-SWCNT interface strength and tune the physical aging behavior of the
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nanocomposite leading to strong suppression of physical aging rate deep in the glassy
state. As the side group in the functionalized SWCNTs becomes shorter and more
rigid, the interface between the PMMA and the SWCNT will be stronger, thereby
retarding to a great extent the structural relaxation of the polymer and consequently the

physical aging behavior of the nanocomposite.
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11 Long-Term Reduction of Enthalpy Relaxation of PMMA-
SWCNT Nanocomposites Studied by DSC

11.1 Introduction

When a polymer is cooled from the equilibrium liquid, the transformation to glass
occurs at the glass transition temperature (Tg). A material in the glassy state has an
excess of thermodynamic quantities such as volume, enthalpy and entropy with respect
to equilibrium. Therefore, a glass maintained at a temperature below its Ty, at constant
temperature and pressure after its formation history, undergoes a slow and continuous
relaxation process toward its thermodynamic equilibrium state. This process is called
structural relaxation or physical aging (see chapter 2).

A variety of experimental techniques have been used to study the segmental
relaxation behavior of polymers (Donth, 1992; Havriliak and Havriliak, 1997). Among
these techniques, differential scanning calorimetry (DSC) is a useful and convenient
method to detect the variation in enthalpy during relaxation processes (Bershtein and
Egorov, 1994). Numerous studies have used DSC to investigate the enthalpy relaxation
of various glassy polymers (Petrie, 1972; Colomer and Gomez Ribelles, 1989; Cowie
and Ferguson, 1993; Andreozzi et al., 2002a, 2002b, 2003; Ho and Vu-Khanh, 2003; Lu
and Nutt, 2003a, 2003b; Ho and Vu-Khanh, 2004; Andreozzi et al., 2005; Theneau et
al., 2007). The common procedure to study isothermal enthalpy relaxation is to subject
the sample to different thermal histories that start at a temperature T, above T, after

which the sample is cooled at a constant (rapid) rate to the annealing temperature T,
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below Ty, and maintained at this temperature for a time ;. Next, the sample is cooled to
the temperature T; far below T, and subsequently heated to Ty at a constant rate. The
structural relaxation process is usually measured as the recovery of the lost enthalpy
associated with the glass transition event during the last heating scan. When an aged
glass is heated through T, to the rubbery state, the lost enthalpy is regained or
recovered. This event can be observed as an endothermic peak (in the glass transition
region) in the DSC profile, having a strong dependence on the previous thermal history,
for example T, and t,. The enthalpy recovery in the sample during the isothermal stage
at T, is equal to the area between the heating thermogram measured immediately after
the annealing process and the thermogram measured between the same temperatures
in a scan without annealing (Petrie, 1972; Colomer and Gomez Ribelles, 1989; Cowie
and Ferguson, 1993).

A few studies have aimed at identifying the impact of the addition of nanofillers in
the polymeric matrix on the structural relaxation (Lee and Lichtenhan, 1998; Lu and
Nutt, 2003a, 2003b; Vlasveld et al., 2005; Rittigstein and Torkelson, 2006; Priestley et
al., 2007c; Rittigstein et al., 2007; Theneau et al., 2007). Lee and Lichtenhan (1998)
reported that the inclusion of polyhedral oligomeric silsesquioxane (POSS)
nanoreinforcements in epoxy by in situ polymerization retarded the physical aging rate
and the time to reach equilibrium. They proposed that the presence of POSS cages
attached to the network chains provides topological constraints to the network junctions,
which prevents or severely retards the process of the matrix reaching structural

equilibrium. More recently, Lu and Nutt (2003a; 2003b) observed via DSC that
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including intercalated clay nanofillers into an epoxy network had a significant effect on
the segmental relaxation of the matrix. They found a restricted relaxation behavior with
slower overall relaxation rates and a broader distribution of relaxation times in
intercalated silicate-epoxy nanocomposites relative to the neat epoxy resin. They
concluded that this behavior depends on the extent of exfoliation of the layered silicates
and the strength of interaction between the silicate surface and the polymer. Using
fluorescence, Rittigstein et al. (Rittigstein and Torkelson, 2006; Rittigstein et al., 2007)
recently observed a reduction or suppression of physical aging by adding low levels of
well-dispersed silica and alumina nanospheres to PMMA and P2VP, the magnitude of it
depend on the interaction between the materials and also on the method of preparation
(see chapters 6, 7 and 8).

Very recently, Theneau et al. (2007) used a phenomenological model based on the
evolution of the configurational entropy and DSC measurements to study the influence
of silica on the kinetics of the structural relaxation process of the poly(2-hydroxyethyl
methacrylate) (PHEMA) nanocomposites. They observed a reduction in structural
relaxation of PHEMA with increasing silica content. In addition, the presence of silica
led to a broadening of the temperature interval in which conformational motions in the
glassy state occur over a 200 min time frame. The distribution of the relaxation times
also broadens as the silica content increases, as characterized by the decrease of the
Kohlrausch-Williams-Watts (KWW) parameter £ and the increase of the fragility of the
polymer (Kohlrausch, 1847; Williams and Watts, 1970; Williams et al., 1971). In chapter

10, the physical aging behavior of PMMA grafted to different types of functionalized
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SWCNT was studied using fluorescence over 8 h. It was found that the covalent bonds
between PMMA and SWCNT create stronger interfaces that significantly retard the
structural relaxation of the matrix. Also, the results indicated that there is a relationship
between the length and flexibility of the side groups in the functionalized SWCNT and
the extent of the reduction of physical aging.

In this chapter, the long-term structural relaxation of PMMA chains grafted to
functionalized SWCNT is investigated. Differential scanning calorimetry is used to
measure the enthalpy relaxation at environmental temperature. The results indicate
that grafting 1 wt% SWCNT to PMMA strongly reduces the room-temperature aging
relative to neat PMMA. In particular, the enthalpy relaxation experienced over only 4
days by neat PMMA is equal to the enthalpy relaxation of a 99/1 wt% PMMA/SWCNT

nanocomposite over 100 days.

11.2 Experimental

Purified HIPCO SWCNTs (Bucky Pearls) were supplied by Carbon
Nanotechnologies, Inc. (CNI, Houston, TX). Poly(methyl methacrylate) (PMMA) was
synthesized by free radical polymerization (M, = 355,000 g/mol, M,,/M, = 1.54, by gel
permeation chromatography using universal calibration with PS standards).

Amide-functionalized SWCNTs were prepared through carboxylic acid residues,
which were introduced on SWCNT surfaces by a chemical oxidation method, followed
by direct coupling of 1,12-diaminododecane to obtain SWCNTs functionalized with a

(CH2)+2 side group (see chapter 9). A solution evaporation technique was used to graft



224

PMMA to 1 wt% of amide-functionalized SWCNTs with (CH3)q2 side group to form the
nanocomposite. In this technique, the PMMA was first dissolved in tetrahydrofuran
(THF). In another vial, SWCNTs were dispersed in THF by bath sonication for 1 h,
added to the polymer solution, and again bath-sonicated for 1 h to disperse the SWCNT
in the polymer. The mixture was stirred at 60 °C for 5 h and then cooled to room
temperature. The cooled mixture was subsequently poured into stirred methanol and
filtered through polytetrafluoroethylene filter paper with a 10 um pore size. The product
was dried at 80 °C under vacuum for 10 h. To verify that the PMMA was covalently
bonded to the functionalized nanotubes, Fourier transform infrared (FTIR) spectrum of
the PMMA-SWCNT nanocomposite was examined before performing physical aging
measurements. The IR spectra of neat PMMA and functionalized SWCNTs were
compared with the IR spectrum of the PMMA-SWCNT nanocomposite. The comparison
of these spectra provided evidence of the existence of the amide bonds (peak at 1662
cm'1) in the PMMA-SWCNT nanocomposite. These bonds are present in the
functionalized SWCNTs and are also formed between the free amine groups (NH3) in
the functionalized SWCNTs and the ester groups in PMMA. In addition, the existence
of the ester group (peak at 1728 cm™) in the spectra of the structures, confirmed the
presence of PMMA (Ramanathan et al., 2005b).

The glass transition temperatures were measured by differential scanning
calorimetry (DSC) (Mettler-Toledo DSC822, second heat, onset method, 10 °C/min):
PMMA Tgpux = 120 °C and PMMA-SWCNT nanocomposite T4 = 127 °C. Differential

scanning calorimetry was used to characterize the enthalpy relaxation of PMMA and
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PMMA-SWCNT nanocomposites. The calibrations of temperature and enthalpy were
performed using an indium standard. Nitrogen purging gas was used in all the
experiments. Isothermal annealing experiments were conducted at 22 °C. In order to
erase the thermal history, the sample was kept at 150 °C (Ty) during 1 h. Then, the
sample was cooled to 22 °C (T,) at a cooling rate of 40 °C/min and maintained at 22 °C
for a specified time ranging between 0 h and 100 days. Next, the sample was cooled to
—20 °C (T,) at a cooling rate of 40 °C/min, and finally heated to T, at a heating rate of 10
°C/min. Immediately after each of these experiments, a heating reference scan at 10
°C/min was performed after cooling the sample from the highest to the lowest
temperature, from T, to T4, at 40 °C/min. In this way, the baselines of the DSC
corresponding to the annealing and the reference scans are nearly identical, and the
position of the sample in the sample holder of the DSC is the same as well. The
difference between both scans is zero with great accuracy at the start and it the end of

the thermogram.

11.3 Results and Discussion

In this chapter, PMMA is grafted to 1 wt% SWCNT functionalized with a (CHy)12
side group. The formed nanocomposite presents an increase of 7 °C to 127 °C in the Ty
of the polymer as seen for the reference curves in Figure 11-1. This result suggests
that the nanotube bundles are well dispersed in PMMA and also that the

functionalization of the SWCNTs significantly improves the interaction with the polymer,
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Figure 11-1: Enthalpy recovery curves for: a) neat PMMA and b) PMMA-SWCNT
nanocomposite as a function of physical aging time at ambient temperature (20-22 °C):

0 h (extra bold line), 48 h (bold line), 17 days (regular line) and 100 days (dashed line).
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forming a strong interface that restricts the chain segmental mobility and increases Ty
(see chapter 9).

Enthalpy relaxation experiments were conducted at environmental temperature
(20-22 °C) over different time frames (between 0 h to 100 days) to determine the effects
of SWCNT on restricting the segmental motion in PMMA nanonocomposites. Figure
11-1 shows the heating DSC curves (10 °C/min) for neat PMMA and PMMA-SWCNT
nanocomposite as a function of isothermal annealing time at environmental
temperature. The presence of the aging peak after annealing at a given temperature T,
reveals that some conformational motions are still possible, relaxing the enthalpy during
the isothermal period towards its equilibrium value. As expected, the excess enthalpy,
represented by the magnitude of the endothermic peak, increases with increasing aging
time. The aging time also affects the location of the aging peak. The recovery enthalpy
during physical aging depends on the thermal history experienced by the glass and on
related experimental variables, such as cooling rate, annealing temperature, annealing
time, and heating rate. When these variables are fixed, as in the current study, the
smaller recovery enthalpy of the nanocomposites can be ascribed to the slower
relaxation rate of the PMMA segments that arises from the restricted mobility associated
with the covalent attachment to the SWCNT. A strong reduction and broadening of the
enthalpy relaxation peak of PMMA with the incorporation of SWCNT can be observed in
Figure 11-1 for all physical aging times. If the temperature interval in which the glass
transition takes place is narrow, most of the mass of the material relaxes at the same

rate at T,. On the contrary, a broad glass transition interval reflects the presence of T,
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fluctuations in the material and, as a consequence, at T, the polymer segments
participate in the structural relaxation process differently. Therefore, heterogeneous
systems, like polymer nanocomposites, show shorter and broader peaks in the DSC
curves.

The enthalpy recovery during the relaxation process can be determined by
calculating the area between the heating thermogram measured immediately after the
annealing process and the thermogram measured between the same temperatures in a
scan without annealing (reference measurement). Figure 11-2 presents the enthalpy
recovery of PMMA and PMMA-SWCNT nanocomposite as a function of logarithmic
physical aging time at environmental temperature. In accord with enthalpy relaxation
studies of neat polymers (Petrie, 1972; Colomer and Gomez Ribelles, 1989; Cowie and
Ferguson, 1993), the enthalpy recovery increases roughly linearly with logarithmic
physical aging time for both samples. However, as compared with neat PMMA, the
polymer nanocomposite exhibits a much reduced segmental relaxation behavior over
the 100-day time frame of this physical aging study. The slow relaxation dynamics
observed in PMMA-SWCNT nanocomposite can be attributed both to the restricted
chain mobility in the interfacial layer in which polymer chains are effectively anchored to
the SWCNT surface and to the percolation across the sample. The slopes of the
enthalpy recovery lines give the overall relaxation rate (rs) for each sample, being ~
0.515 for neat PMMA and ~ 0.321 for the nanocomposite, illustrating the restriction

effect of SWCNT on the segmental relaxation of PMMA. Therefore, grafting just 1 wt%
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Figure 11-2: Enthalpy recovery as a function of logarithmic physical aging time at
environmental temperature for neat PMMA (closed circles) and PMMA-SWCNT

nanocomposite (open squares).
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of SWCNT functionalized with a (CHz)12 side group to PMMA reduces the physical
aging rate (defined on logarithmic aging time: rs = dH/dlogt;) of the polymer by
approximately 40%. Thus, 4 days of aging at 20-22 °C in neat PMMA results in the
same relaxation of enthalpy as 100 days of aging in the PMMA-SWCNT
nanocomposite. This result suggests a novel application for polymer nanocomposite,
because it has produced a non-equilibrium glass with properties that nearly stable

during long-term physical aging.

11.4 Conclusions

Compared with neat PMMA, a PMMA-SWCNT nanocomposite formed by grafting
PMMA to 1 wt% SWCNT functionalized with a (CH)12 side group has a higher glass
transition temperature, slower segmental relaxation dynamics, and a slower overall
relaxation rate deep in the glassy state. These results are attributed to a complex local
environment surrounding the SWCNT, which leads to slow polymer dynamics that
percolate across the material.

Structural relaxation is very important technologically, as the long-term changes in
properties accompanying aging may be catastrophic. This chapter provides
understanding that may contribute to identifying ways to control and even arrest
physical aging. The effect of nanofillers in strongly suppressing physical aging deep in
the glassy state suggests a new application for polymer nanocomposites as substitutes

for glassy polymers in long-term uses.
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12 Conclusions and Recommendations

12.1 Conclusions

Nanoconfined polymers are employed in diverse areas and have the potential for
many different applications, including chemical sensing (Krasteva et al., 2002;
Sarantopoulou et al., 2008), catalysis (Galow et al., 2002; Esumi et al., 2004; Zampieri
et al., 2004), drug delivery (Brigger et al., 2002; Wood et al., 2008), energy devices
(Croce et al., 1998; Xi et al., 2005; Olivetti et al., 2006; Yildirim et al., 2008), membranes
(Merkel et al., 2002; Song et al., 2007), lithographic patterning (Suh and Lee, 2002;
Damean et al., 2005), tissue engineering (Griffith and Naughton, 2002; Shi et al., 2007),
molecular electronics (Huang et al., 2001; Wang and Park, 2007), microfluidic devices
(Therriault et al., 2003; Zhang et al., 2008), and photonic materials (Lin et al., 1998;
Andriesh et al., 2007), among others. However, when polymer is confined to the
nanoscale, many important properties such as the glass transition temperature (T4) and
physical aging can deviate significantly from bulk behavior. Therefore, it is scientifically
and technologically important to understand how confinement alters the physical
properties of polymers. Here, a detailed investigation has been performed of the T4 and
physical aging behaviors of polymer nanocomposites and polymer thin films and the
relationship between these two material systems.

Fluorescence was used to study T, physical aging behavior and local polarity of
bulk and nanoconfined polymers in chapter 4. For the first time, fluorescence was used
to understand the effect of confinement on local polarity in thin polymer films and

polymer nanocomposites. In the case of PS systems, confinement by nanocomposite
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formation with silica nanoparticles or by formation of ultrathin films on silica can lead to
measurable increase in local polarity. However when similar experiments were done
using PMMA and P2VP, no changes in the local polarity of the polymers with
nanoconfinement was found. The lack of effect in PMMA and P2VP with addition of
silica nanospheres is likely associated with the intrinsically polar nature of those two
polymers in comparison with the non-polar nature of PS.

Chapter 5 describes the use of a fluorescence/multilayer technique to determine
the influence of confinement and interfacial effects on Ty of PMMA films supported on
silica. With single-layer PMMA films that are less than 90-nm-thick, T, increases
roughly linearly with decreasing logarithmic thickness. The use of bilayer films reveals
that compared to Tgy,0uk, Ty is reduced at the free surface and increased at the substrate
interface, resulting in a Tg-gradient across the film. Measurements of confined bilayer
films reveal that the stronger substrate effects percolate across the film to modify the T
dynamics at the free surface. Thus, with nanoconfinement, the stronger substrate
effects dominate the free-surface effects, providing an explanation for the increase in
average Ty with decreasing single-layer PMMA film thickness.  With extreme
confinement, the Tg-gradient across the film thickness is suppressed, with both
substrate layer and free-surface layer Tys exceeding Tg,buk. These results demonstrate
that strongly perturbed T, dynamics at the interfaces propagate across many layers of
cooperatively rearranging regions (CRRs) within the films, meaning that configurational
changes associated with cooperative segmental dynamics within a CRR do not occur

independently of neighboring CRRs. Thus, insight into the fundamental nature of the



233

glass transition may be gained by measuring the nanoscale distributions of Tgs in
confined polymers.

In chapter 6, model PMMA- and P2VP-silica nanocomposites consisting of polymer
films confined between silica slides were designed. The dependence of T4 and physical
aging on the interlayer distance in model nanocomposites were compared to the
dependence on silica nanoparticle content in real nanocomposites. These provide a
simple way to gain insight into the effect of interparticle spacing on T4 and to predict the
approximate aging response of real nanocomposites. It was found that the model and
real nanocomposites with identical T4 deviations yield similar dramatic suppressions of
physical aging. The technological importance and significant scientific questions
associated with the very long-range, confinement-related enhancements in T4 and the
suppression of physical aging observed in polymers undergoing attractive interfacial
interactions provide further impetus to study confinement effects in polymer
nanocomposites. Model nanocomposites with silica and other substrates yield well-
designed systems for such investigations.

In chapter 6 and chapter 7, the effect of confinement on Ty is studied by tuning the
polymer-nandfiller interactions in nanocomposites via choice of polymer, nanofiller, or
solvent used in the nanocomposite preparation. Nanocomposites containing low levels
of nanofiller were used to demonstrate that Ty values could remain unchanged and
could also be enhanced or depressed substantially relative to bulk T4 values. In these
chapters, the effect of the addition of silica or alumina nanospheres to PS, PMMA and

P2VP matrices on T, was investigated. It was found that wetted interfaces along with
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the presence of attractive polymer-nanofiller interactions, for example, in P2VP-alumina
and P2VP-silica nanocomposites, increases the T, relative to neat, bulk polymer. When
there are wetted interfaces but no significant attractive interfacial interactions, for
example, in PS-alumina and PS-silica nanocomposites, the T, is equal to neat, bulk Tg.
Finally, when the interfaces are non-wetted, that is, when a free surface is present
between the polymer and the nanofiller, for example in PMMA-alumina
nanocomposites, there is a reduction in T, relative to neat, bulk T4 These results are
well understood by drawing analogies to studies on confined, ultrathin polymer films. It
was also shown how the choice of solvent used to prepare the PMMA-silica
nanocomposites can lead to major differences in polymer-nanofiller interactions and in
T4. When the PMMA nanocomposites are prepared using methyl ethyl ketone (MEK),
T4 increases with the nanofiller content. However when the polymer nanocomposites
are made using acetic acid (AA), there is a sharp decrease in Ty with increasing
nanofiller content. Methyl ethyl ketone allows hydrogen bonding between the ester side
groups of the PMMA and the hydroxyl groups on the surface of the silica, resulting in a
subtle increase in Tg. On the other hand, the acid group of AA prevents or severely
reduces this interaction (because the acid group interacts strongly with the PMMA ester
side group) leading to the development of free surfaces (free space) between the
PMMA and the silica nanofiller. Consequently, a major decrease in Ty is observed.

Using fluorescence, the physical aging responses of P2VP, PMMA and PS with the
addition of silica and alumina nanospheres were investigated in chapter 7 and chapter

8. These studies showed that the extent of the reduction of physical aging that can be
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obtained depends on the strength of the interaction between the polymer and the
nanofiller. For example, in the case of P2VP-alumina nanocomposite, a nearly
complete suppression of physical aging was observed, while in the case of P2VP-silica
nanocomposites, physical aging was reduced but to a lesser extent. However, no
change in physical aging rate was observed upon addition of these nanofillers to PS.
In the case of PMMA-silica nanocomposite, we demonstrated that the extent of the
reduction of physical aging is affected by the choice of spin coating solvent used to
make the polymer nanocomposite. Our results suggest that surface and interface
effects in polymer nanocomposites may be tailored to control the structural relaxation of
high performance polymeric materials.

In chapter 9 the local and average glass transition temperatures of different PMMA
SWCNT nanocomposites were studied. It was shown that fluorescence can be used to
measure directly the Ty of the polymer in the vicinity of the nanofiller and also to
understand the percolation effect through the whole polymer nanocomposite sample.
Different polymer-nanofiller interfacial strengths were studied in order to identify their
effect on the local and average glass transition temperatures of the system. With the
use of shorter and more rigid side groups in the functionalized SWCNTSs, the interface
between the PMMA and the SWCNT will be stronger, causing more constraint of the
PMMA segmental mobility, thereby increasing the local and average Ty of the system.
Higher SWCNT concentrations lead to more polymer-nanofiller interfacial area,

increasing the magnitude of the observed effects.
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In chapter 10, fluorescence has been used to determine the impact of grafting
differently functionalized SWCNTs to PMMA on the initial (8 h) physical aging behavior
of the polymer. Our results suggest that a small modification in the structure of the
functionalized SWCNT may tailor the PMMA-SWCNT interface strength and tune the
physical aging behavior of the nanocomposite. The results indicate that there is a
relationship between the length and flexibility of the side groups in the functionalized
SWCNT and the extent of the reduction of physical aging.

The long-term structural relaxation of PMMA chains grafted to functionalized
SWCNT is investigated in chapter 11. Differential scanning calorimetry is used to
measure the enthalpy relaxation at environmental temperature. The results indicate
that, in comparison with neat PMMA, the PMMA-SWCNT nanocomposite under study
exhibited a slightly higher T, (by 7 K) but much slower physical aging at 20-22 °C. In
particular, the enthalpy relaxation exhibited by neat PMMA over 4 days at 20-22 °C was
equal to the enthalpy relaxation exhibited by the PMMA-SWCNT nanocomposite over
100 days at the same aging temperature. These results are attributed to a complex
local environment surrounding the SWCNT that is covalently attached to the polymer,
which leads to slow polymer dynamics that percolate across the material. Structural
relaxation is very important technologically, as the long-term changes in properties
accompanying aging may be catastrophic. This chapter provides understanding that
may contribute to identifying ways to control and even arrest physical aging. The effect
of nandfillers in reducing physical aging suggests a new application for polymer

nanocomposites as substitutes for glassy polymers in long-term uses.
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12.2 Recommendations for Future Work

More efforts are required to further advance our understanding of the Tg-
nanoconfinement effect in polymer nanocomposites and thin polymer films. Some of
the ideas investigated in this work can be extended to deepen our understanding of the
field. The following paragraphs outline some suggested research directions.

The environmental sensitivity of pyrene was exploited in chapter 4 to study the
impact of interfaces with substrates (in the case of films) or nanoparticles (in the case of
nanocomposites) on the polarity of a polymeric medium. It would be interesting to
extend this to study the influence of confinement and interfacial effects on the local
polarity of PS films supported on silica. This can be done following an approach similar
to the fluorescence/multilayer technique implemented by Ellison and Torkelson (2003)
to study the effect of confinement in the distribution of T4 across the film.

A fluorescence/multilayer method used to determine the effect of nanoconfinement
and interfacial interactions on the T, of PMMA film supported on silica was described on
chapter 5. The results indicated that the strongly perturbed T, dynamics at an interface
can propagate over many layers of CRRs. It will be useful to study other systems that
would show more dramatic Tg-nanoconfinement effect than PMMA.  Poly(2-vinyl
pyridine) (P2VP) exhibits large T, increases of 40-50 K relative to Tgpux upon
nanoconfinement (van Zanten et al., 1996; Park et al., 2004; Roth et al., 2007). Many
experiments were attempted to understand the direct effect of the free surface and the

substrate on the T4 of P2VP upon confinement by Ellison (2005) employing a variety of
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dyes that were unsuccessful. Another option is to study poly(4-vinyl pyridine) (P4VP),
because it has a similar molecular structure to P2VP but probably has a stronger
nanoconfinement effect than P2VP. This is because the nitrogen atom on the P4VP
structure is more accessible for hydrogen bonding interactions.

Chapter 6 and chapter 7 explored in detail the impact of various parameters that
tune the Tg-nanoconfinement effect on polymer nanocomposites. The choice of
polymer, nanofiller and method of preparation were used to tune the polymer-nanofiller
interfacial interaction and to obtain different Ty-nanoconfinement effects. Similar studies
in other systems such as P4VP, polyvinylacetate (PVAc), and poly(tert-butyl styrene)
(PTBS) with silica, alumina and gold nanoparticles remain to be undertaken. Also,
understanding the effect of different sonication strengths on the dispersion of the
nanofillers in the matrix, and as a consequence on the T, of the nanocomposites, would
be important. Since the preparation method alters the dispersion and the interfacial
interaction between the matrix and the nanofillers, different approaches to make
polymer nanocomposites deserve to be studied. Interesting approaches to consider
include the in-situ formation of the polymer in the presence of the nanofillers (Ash et al.,
2002b) and the adsorption of the polymer on the nandfiller surface following the
procedure of Blum and coworkers (Xie and Blum, 1996; Porter and Blum, 2000, 2002;
Blum et al., 2003; Kulkeratiyut et al., 2006); the effect on T4 in such systems can be
observed using fluorescence or differential scanning calorimetry.

Nanofillers are used as nucleating agent and reinforcement in polymer foams,

impacting the morphology and the properties of the matrix (Lee et al., 2005; Shen et al.,
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2006; Han et al., 2007). Fluorescence can be used to understand the effect of free
surface and attractive substrate interactions on the T, of neat polymer and polymer
nanocomposite foams.

Ellison (2005) demonstrated that the temperature dependence of the average
decay lifetimes (single exponential decay) of pyrene doped into bulk PS could be
employed to identify T4 in a similar manner to that of integrated intensity. This approach
can be used to study the Tgs of different polymer nanocomposites and to observe
whether a multiexponential decay which would be consistent with the presence of T
gradients, describes the behavior of the confined material.

Model PMMA- and P2VP-silica nanocomposites consisting of polymer films
confined between silica slides were designed and studied in chapter 6. It was found
that doubly supported PMMA and P2VP films yield major increases in T, with
confinement at much greater length scales than those observed in films supported by a
single substrate. Thus, removing the free surface results in a dramatic increase in the
T4-nanoconfinement effect of polymer that possesses attractive substrate-polymer
interactions. Also, model and real nanocomposites with identical T4 deviations yield
similar dramatic suppressions of physical aging. A related study using PS, in which T,
decreases with decreasing film thickness in a single supported thin film due to the free
surface effect, will be helpful in order to verify that the elimination of the free surface
results in no change on T4 upon confinement, as shown by Sharp and Forrest (2003b).

On the other hand, a stronger effect upon confinement may be observed if T, and
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physical aging of P4VP model nanocomposites are studied and compared with the real
nanocomposites.

The initial (8 h) physical aging responses of P2VP, PMMA and PS with the addition
of silica and alumina nanospheres were investigated in chapter 7 and chapter 8 using
steady state fluorescence measurements at different temperatures. These studies
showed that the extent of the reduction of physical aging depends on the strength of the
interaction between the polymer and the nanofiller. Further investigation of these
systems can be undertaken using time-resolved fluorescence measurements to
determine their long-term physical aging behavior. Also, this approach has the potential
to find relationships between the structural relaxation process and the distribution of
environments in polymer nanocomposites.

While fluorescence studies on supported PMMA films showed a reduction of the
physical aging behavior of the free surface layer (Priestley et al., 2005b), permeability
measurements on numerous polymers have shown accelerated physical aging in thin
free-standing films compared with much thicker bulk films (Pfromm and Koros, 1995;
Dorkenoo and Pfromm, 1999, 2000; McCaig and Paul, 2000; McCaig et al., 2000;
Huang and Paul, 2004, 2005; Kim et al., 2006; Huang and Paul, 2007a, 2007b). Since
the permeability studies used higher free volume polymers with significantly more rigid
backbones than the PMMA, it is important to perform confinement studies of physical
aging using fluorescence in those systems. On the other hand, oxygen permeability
experiments of PS, PMMA and P2VP thin fiims as a function of confinement and

physical aging time can be done and compared with fluorescence results. Given that
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only a very small amount of well-dispersed nanofiller is required to have sufficient
polymer/nancfiller-surface interaction to alter T, (Rittigstein and Torkelson, 2006;
Rittigstein et al., 2007), but significantly more nanofiller is required to obtain changes in
permeability (Merkel et al., 2002), oxygen permeation studies of different polymer
nanocomposites as a function of filler shape, content and aging time would be very
interesting.  Also, such studies would aid in understanding whether gas transport in
permeation studies is sensitive only to the creation of large pockets of free volume
between the nanoparticle aggregates (Winberg et al., 2005) or if there are additional
dependences.

Chapter 9 described the local and average Tgs of different PMMA SWCNT
nanocomposites. It was shown that fluorescence can be used to measure directly the
T4 of the polymer in the vicinity of the nanofiller and also to characterize the percolation
of the interfacial effect through the whole polymer nanocomposite sample. Also, by
modifying the side group in the functionalized SWCNT, different polymer-nanofiller
interfaces strengths were studied in order to identify their effect on the local and
average glass transition temperatures of the systems. It will be useful to study the
effect of different PMMA tacticity in the local and average T4 of the PMMA-SWCNT
nanocomposites. Grohens et al. (2002) found that the T4-confinement effect of PMMA
films was a strong function of PMMA tacticity. Their results were explained in terms of a
correlation between the observed T4 and the tacticity, the density of the repeat unit and

the substrate interactions. By changing the tacticity of the polymer, it is possible that
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the strength of the interface between PMMA and SWCNT will be different and therefore
their physical properties will also change.

Preliminary work was done in order to observe the miscibility behavior, T, and
width of the transition of PMMA-PVC blends and PMMA grafted to SWCNT-PVC blends
using DSC. The initial results indicate that grafting SWCNT to PMMA helps to achieve
a more miscible, stable and homogeneous blend. More work employing DSC and
fluorescence needs to be done in order to verify and understand the observed trend
with the side group in the functionalized SWCNT, PMMA tacticity and blend
compositions.

As part of this thesis research, various attempts were made to use reversible
addition-fragmentation chain transfer (RAFT) polymerization to synthesize PS chains
grafted on silica nanosphere surfaces in a controlled manner. (As a strictly preliminary
study, this work is not described in an earlier thesis chapter.) Our results show that two
types of PS populations were produced: PS grafted to silica nanospheres and free PS,
indicating that the RAFT polymerization employed was not fully controlled. However,
the obtained PS grafted to silica nanospheres material showed a very interesting Tq4
behavior as determined by DSC. Three distinct peaks were observed: bulk T, and two
more peaks corresponding to increments of 20 and 40 K with respect to bulk. These
results are very encouraging and illustrate the magnitude of the T, enhancement that
can be achieved. In order to control the polymerization, future attempts should be
performed using atom transfer radical polymerization (ATRP). This approach has

proven to be a versatile method for incorporating organic polymers of precise molar
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mass, composition and functionality onto inorganic substrate surfaces (either flat or
curved) leading to well-defined architectures (Pyun and Matyjaszewski, 2001; Davies
and Matyjaszewski, 2002; Pyun et al., 2003b). Also, silica nanoparticles possessing
covalently bound PS chains prepared by ATRP of styrene from functionalized colloidal
surfaces were reported by Savin et al. (2002) and Pyun et al. (2003a). Once PS silica
hybrid nanoparticles are made, DSC and fluorescence can be used to study the
average T, and physical aging behavior of the system. The outcomes can be compared
with PS silica nanocomposites results (chapter 6 and chapter 8) and with the study by
Bansal et al. (2006). The use of a controlled radical technique like ATRP will be
instrumental in the selective placement of small amounts of chromophore-labeled
monomer (for example 1-butylpyrenyl methacrylate monomer) at specials depths in the
brush. This procedure might allow the characterization of a discrete distribution of Tgs
of the hybrid nanoparticles embedded in a PS matrix via fluorescence. In addition, it
may be possible to expand this approach to study the local Tgs of styrene-methyl
methacrylate (S/MMA) random copolymer grafted to silica nanospheres as a function of
copolymer composition using intrinsic fluorescence.

Chapter 10 and chapter 11 describe the physical aging behavior of PMMA grafted
to functionalized SWCNT using steady state fluorescence measurements and DSC,
respectively. It was found that PMMA-SWCNT nanocomposites present slow dynamics
(initial and long term) compared with bulk PMMA. This can be attributed to the
restricted chain mobility in the interfacial layer in which polymer chains are effectively

anchored to the SWCNT surface, and then the effect percolates across the sample.
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Similar studies in other systems such as PMMA-PVC blends, PMMA grafted to
SWCNT-PVC blends and PS silica hybrid nanoparticles remain to be undertaken.
Time-resolved fluorescence measurements can also be employed to determine their

long-term physical aging behavior.
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