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Abstract

Glass Transition and Physical Aging Behavior of
Thin Free-Standing and Supported Polystyrene Films
By Justin Edward Pye

In this dissertation, I have explored the glass transition and physical aging of thin
and ultrathin polystyrene (PS) films held in both the supported and free-standing state
with ellipsometry. We measured the physical aging rate of supported PS films as a
function of aging temperature and film thickness, find a reduced aging rate for the
ultrathin films at all aging temperatures. These results have shown that the enhanced
mobility at the free surface known to be responsible for glass transition temperature (7;)
reductions in supported and free-standing films also causes reductions in the physical
aging rate for supported films. The distance from the surface at which dynamics are
perturbed from bulk values grows as the temperature is reduced.

We also measured the T, of ultrathin high molecular weight (MW) free-standing
PS films and report the first observation of two 7,s in ultrathin high MW free-standing
films. We believe these two Tes are caused by two different but simultaneous
mechanisms of 7, reduction. The lower transition is MW dependent and has previously
been observed, while the upper transition is MW independent, has not been seen before in
these films, and matches the 7, reduction previously measured in low MW free-standing
films. Physical aging measurements on films held between the two transitions
demonstrate that the upper transition is an actual glass transition. Additionally, by
measuring the thermal expansion of these films above, below, and between the two
transitions, we find that the majority of the film (~90%) solidifies at the upper transition
while only ~10% of the film remains mobile until freezing out at the second transition.

In addition to these free surface based confinement effects, the physical aging rate
of thin (500 nm thick) free-standing PS films can be reduced by nearly a factor of two
when the stress applied during the quench is reduced. This stress is due to the thermal
expansion mismatch between the film and the frame. Finally, the background, theory,
and data needed to perform a complete thermoviscoelastic calculation of this stress is
described and shown to be a significantly non-trivial task.
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log(seconds) and vertical axis is log(J/) with units of log(MPa™). Data points from

Agarwal’s dissertation with Trer = 100°C.?*° Curve is the interpolated data shifted to
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Chapter 1

Introduction

1.1 Polymer Basics

This dissertation is about the properties of thin films of glassy polymers, as
measured by ellipsometry. As such, I will give brief backgrounds on polymers, glasses,
confinement, and ellipsometry in this chapter, starting with polymers in this section.
Polymers have been produced synthetically for nearly a century and comprise a large part
of the global manufacturing economy.' Natural polymers, though not identified as
polymers until much later, have been in use for millennia in paper and practically all of
human civilization counting the cellulose and lignin in wood.’

A polymer is a long chain molecule comprised of many smaller, repeated units
called monomers. Polymers typically contain thousands of repeat units and molecular
weights (MW) reaching millions of g/mol. The average length of the chain can be more
than a micron long, but is typically coiled up such that its size is best described by the
radius of gyration R, that can reach tens of nanometers. These huge length and size
scales, molecularly speaking, lead to many interesting and unique properties of polymers
including strong viscoelasticity, and complex solution and blend phase behavior. An
even more vast array of behaviors can be obtained if modifications are made to the
structure of the polymer (branches, stars, brushes, etc.), various repeat units are combined
in a single chain as copolymers (two or more blocks, random, graft, etc. copolymers), or

more complex monomers are used (polyelectrolytes, semiconducting polymers, liquid
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crystal polymers, etc.).! For this dissertation, we will stick with simple, linear
polystyrene chains.

The long chain aspect of polymers gives them one of the most significant features
of polymer behavior: their strong viscoelastic response. A material is viscoelastic when
it behaves like a solid on one time scale and like a liquid on another.” This occurs when
the material contains a relaxation time similar to the relevant experimental time scale.
When a material is deformed for a time much less than its relaxation time, all of the
deformation is elastically stored and the energy of deformation can be recovered. When
the deformation time is longer that the relaxation time, the material relaxes the stress due
to the deformation such that the deformation energy is converted to internal heat energy.

A high MW polymer melt has several regimes of relaxation leading to a rather
complex viscoelastic response to deformations as sketched in Figure 1.1. At short time
scales, elastic behavior is encountered before the individual segments of the chain begin
to relax among their neighbors with relaxation time 7,,. As the individual segments and
longer sections of the chain begin to relax, some of the deformation is relaxed and some
energy is dissipated. For chain sections of moderate size, the motion can be described by
Brownian diffusion of beads connected by springs in the Rouse model. The segmental
and Rouse mode relaxations are apparent in the large decrease of modulus that occurs in
Figure 1.1 after the segmental relaxation time z,,. However, entanglements with the
other chains in the melt soon restrict overall chain motion at times longer than 7, like a
giant snake not being able to “diffuse” through a forest due to the trees blocking its path.
7. is the time corresponding to the Rouse mode of the average length of chain found

between entanglements.
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The network of entanglements impinging on a single chain defines a “tube” that it
must escape before large scale motion occurs. To escape the tube, reptation occurs in
which the chain moves forward and backward along the length of the tube, creating a new
tube as it goes, until none of the original tube is left at 7, defined as the reptation time.
For times between 7. and tp, the response of the material to deformations is primarily
due to stretching of the chain sections between the entanglements. This stretching is an
elastic response that leads to the large region of elastic-like behavior between 7. and 7y,
often called the rubbery plateau where the modulus is almost constant in time and most of
the deformation energy is stored rather than dissipated. The release of the initial
constraints on the chain at 7., allows the chains to finally flow large distances, giving
viscous behavior. As would be expected, this process is very slow and the time it takes to
escape the tube, the reptation time t.p, controls the viscosity and increases with the

molecular weight to the 3.4 power.”
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Figure 1.1: Construction of log modulus vs. log time master curve. Each of the partial
curves represents data taken at a different temperature with the uppermost curve collected
at the lowest temperature and the lowermost curve collected at the highest temperature.
To build the master curve, curves are shifted horizontally along the log time axis until

they are all superimposed. The reptation time 7., depends on the MW of the polymer
and is illustrated here for a relatively large MW of order 1,000 kg/mol.

The complete span of time scales from the segmental relaxation time to the
reptation time can reach 12 or more orders of magnitude for high MW polymers.* The
time a polymer spends in the elastic regime between the time entanglements are first felt,
7., and the reptation time, 7., can also extend across more than five orders of magnitude
in time. This expansive rubbery plateau is part of the reason polymers make up the vast
majority of confinement measurements. Thin polymer films on non-attractive substrates
or held free-standing are in a metastable state, allowing annealing and glass transition
temperature measurements to take place before dewetting can occur.

The time dependence of polymer behavior is very strongly temperature dependent.

From the very short segmental relaxation times, or at temperatures below the glass
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transition temperature described below, to the rubbery plateau, the modulus decreases by
more than three orders of magnitude. This very strong dependence of the modulus on
time and temperature, further discussed below, underlines the importance of considering
the time and temperature scales of an experiment or application. In many polymer
systems a change in temperature has been found to be equivalent to a change in
experimental time-scale such that if two experimental measurements are performed at
different temperatures and plotted on a log time scale as in Figure 1.1, then a simple shift
along the log time axis will overlap the data. This behavior and procedure is referred to
as time-temperature superposition (tTS). Experimentally, this is extraordinarily useful
such that a plot like Figure 1.1 that covers more than 10 orders of magnitude in time, far
larger than the range of any technique, can be gathered simply by collecting data at
different temperatures and then building a master curve by shifting the timescales until all
of the data overlap.

The remarkable ability to apply this tTS scaling and build such master curves is
called thermorheological simplicity, and is based on all relaxation times having the same
temperature dependence.3 In the typical calculations used in the Rouse and reptation
models alluded to above, all of the relaxations can be thought of as hierarchical by
including a single friction factor for the movement of short sections of the chains. Thus,
thermorheological simplicity is satisfied since there is only one parameter that depends
on temperature. This description makes a fairly strong statement that dynamics separated
by ~10 orders of magnitude in time are controlled by the same underlying temperature
dependence. It was found already in 1965 by Plazek that even in polystyrene the

temperature dependence of the viscosity was different from the recoverable viscoelastic
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temperature dependence.” Thus, while tTS is quite useful, its blanket application should
be cautioned against, particularly when the terminal flow and glassy behavior are

compared.

1.2 Glass Transition
1.2.1 Fundamentals of the Glass Transition

When a material is cooled down faster than it can crystallize or its structure is too
irregular, as most polymers are, its dynamics continue to slow down until at some point
segmental dynamics are arrested and it becomes a solid, regardless of whether the
molecules are in the most energetically favorable arrangement. This solid is a glass,
comprising an important class of materials both practically and theoretically. Amazingly,
the solidification occurs without any obvious change in structure such that the molecular
structure in the glass is nearly indistinguishable from the structure in the liquid state.

Even though it is not yet clear if the glass transition (7,) is a true phase
transition,® it is similar in appearance to a second order transition. T, ¢ 1S commonly
measured by observing a change in slope of volume V' or enthalpy H as a function of
temperature. 7T is also apparent in the derivatives as a (somewhat broad) step change in
the thermal expansion a or heat capacity C, as sketched in Figure 1.2. T, occurs when
the molecular rearrangements required to reach equilibrium become slower than the rate
at which the temperature is being changed. This means that 7} is cooling rate dependent.
Although experimentally 7, manifests as a non-equilibrium, rate dependent transition, it
is not yet clear whether there is an underlying thermodynamic ideal glass transition that

could be reached with an infinitely slow cooling rate.®® Below T, ¢, the system is in a
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non-equilibrium state and has many of the interesting properties that one expects to see in
non-equilibrium systems such as memory effects and aging (discussed below).
Furthermore, there is no single well-accepted theoretical framework to explain
both the properties of materials in the glassy state and that of materials between the glass
transition temperature (7,) and (real or theoretical) crystallization temperature, called the
supercooled region.” The change in dynamics as a system approaches the glass transition
from above is also quite remarkable. Over a relatively small temperature range, the
viscosity increases smoothly up to 10'? Pa s, compared to the viscosity of water at 10~ Pa
s. Near 7, the dynamics are so sensitive to temperature that a change of only a few
degrees can change the time scale and viscosity by an order of magnitude.'® These
dramatic changes in dynamics are sometimes explained in terms of a cooperative process
by which several units (segments, molecules, colloids, etc.) must move in a cooperative
fashion for any significant motion to occur.'' The degree of cooperativity is often
described with the size or number of units in a cooperative rearrangement. This
cooperative motion also leads to the proposal of another striking feature of glassy
dynamics. Dynamic heterogeneity is the idea that the dynamics in a material near Ty is
heterogeneous in both space and time.'> In the view of dynamic heterogeneity, one
region of a sample may relax faster than average during one time period, but be equal to
or slower than average during another time period. This behavior is directly observed in
simulations'® and supercooled colloidal systems'"'* but has so far only been indirectly

inferred from experiments on molecular and polymeric glasses."
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Figure 1.2: Sketches of typical 7, measurements. Left: Volume or enthalpy vs.
temperature of a material passing through 7,. 7y is identified by the change in slope. The
dashed line is the extrapolation of the equilibrium liquid line to lower temperatures.
Physical aging of a glass occurs through reduction in volume and enthalpy towards
equilibrium as represented by the black arrow. Right: Thermal expansion or specific
heat vs. temperature of a material passing through 7. T is often identified as the middle
of the step change.

1.2.2 Measurement of T, with Ellipsometry

In this dissertation we use ellipsometry to measure the glass transition
temperature of our polymer films. Ellipsometry is a powerful non-destructive optical
technique that has existed since the 19" century.'® In an ellipsometric measurement, light
with a known polarization state is reflected off of or transmitted through a sample after
which the polarization state of the light is measured. The change in polarization can then
be compared to an optical model of the sample. The name ellipsometry derives from the
general state of elliptically polarized light used in the technique. Elliptically polarized
light has a phase and magnitude difference between the orthogonal polarization
components such that the electric field vector traces out an ellipse. The fundamental

parameter measured in ellipsometry is the complex reflectivity ratio p = r,/ry = tan(¥)e™
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where r, and r, are amplitude reflectivities of reflected light polarized parallel (p) and
perpendicular (s) to the plane of incidence, tan(¥') is the amplitude ratio of the p and s
polarizations, i is the imaginary unit, and A is the phase shift between the polarizations. '
The same equation is valid in transmission with the transmission amplitudes used instead
of the reflection amplitudes.

In practice, the polarization state is set up before the sample by passing light
through a polarizer and a quarter wave plate (compensator) to generate elliptically
polarized light and another polarizer (often called the analyzer) to analyze the resulting
reflected polarization. Instruments often have one or more of these elements rotating
which generates a time varying signal that can be used to calculate ¥ and A. The
ellipsometer we have in our lab, a J.A. Woollam M-2000D, has a rotating compensator
and with a broad spectrum light source and CCD detector that can simultaneously
measure ¥ and A for 500 wavelengths from 193 — 2000 nm in less than a second. For the
extreme precision measurements of Chapter 3 and Chapter 5, longer averaging times are
required. The multi-wavelength rotating compensator design means that sensitivity is the
same across all values of ¥ and A and allows the wavelength dependent index of
refraction to be determined. Several hundreds of data points are used to match a model
with only a handful of fitting parameters leading to a very robust measurement.

To determine the glass transition temperature of thin polymer films we measure
the film thickness as a function of temperature as schematized in Figure 1.2. This is done
for films supported on silicon wafers (with native oxide layer) in the reflection geometry
and for free-standing films held by rigid frames in the transmission geometry. 7, can

then be determined from the change in slope in such a thickness vs. temperature curve.
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Alternatively, the thermal expansion can be calculated by numerically differentiating the
thickness vs. temperature data, and 7, determined from the midpoint in the step change.
For very thin films, calculation of the thermal expansion becomes quite difficult as the
already significant noise in the thickness data is amplified by the differentiation.'” To
still obtain reliable measures of thermal expansion in such a case, the data are usually
averaged or the thermal expansions are determined from the slope of a linear fit to the

thickness vs. temperature data.

1.2.3 Physical Aging

Glasses are inherently non-equilibrium systems whose properties evolve with
time and as such are entirely history dependent. The slow evolution of a glass towards its
ideal equilibrium state is called physical aging. As physical aging occurs, a material
experiences an increase in density, modulus, and brittleness and a decrease in enthalpy
and gas permeability among other effects.”® In the schematic diagram of Figure 1.2,
physical aging is a slow progression from the glassy line towards the equilibrium line,
though equilibrium can only be reached very near 7, over reasonable time scales.
Physical aging is initiated by taking a sample that is in equilibrium (typically well above
T,) and quenching it quickly to some lower temperature in which it is no longer in
equilibrium (i.e., below 7). The typical physical aging response is sketched in Figure
1.3. At short times there sometimes is an initial plateau where the sample evolves very
slowly."*?® This plateau is followed by a long region in time where the properties change
in a logarithmic fashion. Finally, the equilibrium plateau is reached at very long aging
times. In practice equilibrium can only be reached within a few degrees of T, after days

of aging.”' The length of the initial plateau becomes shorter as the aging temperature is
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brought closer to T, and the quench rate is increased' such that in this dissertation the

plateau is not visible except for the lowest aging temperatures.

Volume or Enthalpy

\ 4

Log (aging time)

Figure 1.3: Sketch of typical physical aging behavior. At short times an initial plateau is
observed where little change occurs. In the intermediate region, the volume and enthalpy
decrease linearly with logarithmic time. At very long times, equilibrium may be reached.
However, equilibrium is typically only reachable within a few degrees of T;, even after
several days of aging time.

Physical aging can be measured directly by observing the change in properties
over time or in a recovery type measurement. Direct measurement of physical aging is
commonly a dilatometric or relaxation time measurement. Dilatometric measurements
involve determining the sample volume, density, or thickness in the case of thin films as
a function of aging time. Thermodynamic measurements of physical aging can also be

done with differential scanning calorimetry (DSC)."**!

As a sample is aged it loses
enthalpy as it moves towards equilibrium. When it is heated back through 7,, the

enthalpy is recovered and the enthalpy loss that occurred during aging can be determined
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from the difference in areas under the heat capacity vs. temperature curves for the aged
and unaged sample. This recovery type of measurement does not require the sample to
be continuously monitored during the aging process, but it does require a different sample
or measurement for every aging time.

Mechanical measurements can also be used to determine an aging rate. In these
types of measurements, short stress relaxation or creep measurements are performed as a
function of aging time to determine the evolution of modulus or compliance.”> These
types of mechanical aging measurements were the focus of pioneering work on physical
aging by Struik from 1962 to 1976.% Struik defined the aging rate as S = -0(V/V.,)/d(log
t) where ¥V, is the volume achieved at equilibrium. This definition describes the rate at
which the sample moves towards equilibrium and can conveniently be determined from
the slope of volume vs. log time in the middle region of Figure 1.3. It is found that the
aging rate as a function of aging temperature exhibits a peak.'”*** This peak occurs due
to competing effects between the driving force, based on the distance from equilibrium,
and the mobility, which varies with temperature.””?® As the temperature is reduced, the
driving force becomes stronger, but the mobility decreases.

Our lab has previously developed a streamlined ellipsometry procedure to
determine the aging rates of polymer films to match the definition provided by Struik.*
In this paper, extensive tests were performed of various definitions of the aging rate and
aging measurement length to find a reliable and efficient procedure to characterize the
aging rate of thin films with ellipsometry. Polystyrene (PS) films supported on silicon
wafers in a glass petri dish were annealed at 7, + 20 K for 20 minutes in a vacuum oven

to remove any previous thermal history. Films were then quenched to room temperature
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by placing them (in their glass petri dish) on a large room temperature aluminum block.
The films were then transferred onto the ellipsometer hot stage that had been equilibrated
at the aging temperature and the film thickness and index of refraction were measured as
a function of aging time.

Various analogous equations to Struik’s original definition of the physical aging
rate were used by Baker et al. to fit the data.”® These variations are alternatively based on
the film thickness 4, the index of refraction n, and the Lorentz-Lorenz parameter L = (n2 -
1)/(n* + 2). For the film thickness based definition, data were normalized with either the
extrapolated equilibrium thickness /4., or the initial film thickness 4, at the start of the
aging run. Baker ef al. found that the physical aging rates calculated using the film
thickness, normalized with either /., or A, or the index of refraction gave identical aging
rates within experimental error at aging temperatures from 307 — 367 K (7, — 63 K to T, —
3 K). The Lorentz-Lorenz calculation produced aging rates slightly lower than the other
methods. Since the first three definitions produced the same aging rates, the film
thickness based definition in which the normalized film thickness Ao is set to be the

thickness at an aging time of 10 min was chosen as the best method:*

1 0h
b= _h_oa(logt) (4D

Using Eq. 1.1, the physical aging rate is identified as the slope of the normalized film
thickness //hg vs. log(time) data as shown in Figure 1.4, reproduced from Chapter 3 (Ref.

24), and calculated from a linear fit with a fixed point at /Ay = 1 and #,5c = 10 min.
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Figure 1.4: Normalized film thickness /4/hy as a function of logarithmic aging time for
polystyrene films aged at 338 K. Dark red circles are data from a 2300 nm thick film and
blue triangles are data from a 29 nm thick film. Solid lines are fits of the data to Eq. 1.1.
Physical aging data and figure are reproduced from Chapter 3 (Ref. 24).

Baker et al.” also tested a range of aging times from 2 — 24 hours to develop an
aging protocol to efficiently characterize physical aging rates in thin polymer films. The
initial plateau in aging response where the film changes very little with time can affect
the calculated aging rates if the total aging time is not long enough."® It was found that
for aging temperatures near and above the peak in aging rate at ~330 K, the calculated
aging rate from all aging times is identical within the uncertainty of the measurement.
For lower temperatures, there is a slight decrease in measured aging rate as the aging time
is reduced, but that the deviation is similar to the uncertainty in the measurements. An
aging time of 6 h was found to give a good compromise that allows significant

experimental efficiency.
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1.3 Confinement

As we push technology and materials to ever increasing limits, interfaces are
playing a more important role. Film thickness and feature widths are reaching below 100
nm in photolithography, nanocomposite filler surface areas are reaching hundreds of
square meters per gram,”® and systems composed almost entirely of polymer-polymer
interfaces”” are currently being produced. With these advances it is becoming
industrially necessary to understand the effect of polymer-air, polymer-substrate, and
polymer-polymer interfaces. Fundamentally, there is still significant understanding and
agreement missing from theories on the glass transition.*®’ Confinement effects have the

potential to probe fundamental length scales of glasses.”

1.3.1 T4 Reductions in Ultrathin Supported PS films

The industrial and scientific impacts have been recognized from the very first
studies of confinement effects on the glass transition. In 1991, Jackson and McKenna
studied the organic liquids o-terphenyl and benzyl alcohol confined within nanopores
using differential scanning calorimetry (DSC).”’ They found reductions in 7, ¢ of 18 and 7
K for o-terphenyl and benzyl alcohol in 4 nm nanopores. The first study of 7} in thin
polymer films followed in 1994 by Keddie, Jones, and Cory who measured 7, as a
function of film thickness for polystyrene (PS) on hydrogen passivated silicon wafers
with ellipsometry.”® Reductions in T, ¢ of 30 K and factor of two increases in the glassy
thermal expansion were found for 15 nm thick films. 7, as a function of thickness was

found to follow a semi-empirical equation:

T, (h) = T2ulk [1 - (g)‘s] (1.2)
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with a characteristic length 4 = (3.2 + 0.6) nm and exponent 0 = 1.8 + 0.2. Surprisingly,
the film thickness at which 7, starts to deviate from the bulk value, ~40 nm, is much
larger than the ~3 nm cooperativity length scales found near 7, in experiments.”’ These
and subsequent measurements have determined that there is no molecular weight (MW)
dependence of the 7, reductions in PS films supported on silicon from 5,000 g/mol to
3,000,000 g/mol.**

Keddie, Jones, and Cory™ interpreted their results with a layer model that has
been quite popular since then.**>° It was proposed that at the free surface of a polymer
film there is a reduced requirement for the cooperativity commonly believed to be
important in glassy dynamics.”*® This reduction in constraints would lead to a region of
enhanced mobility with a lower glass transition temperature. The film can then be
approximated by a surface layer with a lower 7, (or no 7, such that it is always in the
liquid state) and a bulk layer with properties given by the bulk polymer. The film
average T, of such a two-layer model is either set as a weighted average of the layer
T, gs35’36 or found from an apparent change in slope in total film thickness vs. temperature

34,37,38

calculated from the thermal expansion of the individual layers. The layer model

has also been successfully used in measurements of dynamics such as viscosity

39-42

determined from embedding of nanoparticles into the surface of the film, thermal

4 and capillary leveling,* as well as rotational reorientation

capillary wave evolution,
measurements of dye molecules.”® In situations where there may be an attractive
interaction between the polymer and the substrate, or an adsorbed layer is suspected, an
additional substrate layer is often added to the layer model that typically has more glassy

- 3447
properties.”
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The layer model is appealing and relatively easy to use, but is not likely to be a
realistic picture of the dynamics of thin films. It is more likely that there is a smooth
change in dynamics from the free surface (or substrate) into the film, eventually
recovering bulk dynamics far from the interface. A discrete layer model seems even less
likely when one considers the many orders of magnitude difference in relaxation times
that would exist between a liquid-like surface layer and a bulk layer. The first direct
experimental measurement of a gradient in dynamics came in 2003 from multilayer
fluorescence measurements by Ellison and Torkelson.”® By covalently labeling polymer

chains with a dye that had previously been shown to be sensitive to 7, g49’50

and building a
multilayer sample in which only one thin layer is labeled, they were able to measure the
T, of a thin layer at the free surface as a function of that layer thickness. They found that
the 7, was reduced by 32 K in a 14 nm layer at the free surface and that a significant 7,
reduction persisted to tens of nanometers away from the surface. This gradient in

dynamics is also supported by results from simulations of polymer films.”*>'>>

1.3.2 T4 Reductions in Ultrathin Free-Standing Polymer Films

In an effort to remove any potential substrate related effect, measurements have
also been performed on free-standing polymer films. Surprisingly, the results are actually
more complicated. Forrest er al.® and Mattsson ef al.*® measured “low MW” free-
standing PS films with M,, < 368 kg/mol, finding that 7,(#) follows the same functional
form as Eq. 1.2 but with 7, roughly equivalent to that measured for supported films of
half the film thickness.”*® They were not too surprised by this result since free-standing
films have two free surfaces compared to one in a supported film.>° However, for “high

MW’ free-standing PS films with M,, > 575 kg/mol, a much more interesting behavior



Chapter 1 18

was found.**>*>° T, . depends very strongly on MW and Ty(/) decreases linearly with

bulk " instead a cutoff thickness exists

film thickness. There is no smooth transition to 7,
below which the 7, reduction is seen. Both this cutoff thickness and the slope of Ty(/)
depend on MW. Amazingly, the linear fits of T,(%) for different MW all intersect at a
single temperature and film thickness.” This fact allows all of the data to be collapsed
with a single expression able to represent the thickness and MW dependence of 7, for all
free-standing films with M,, > 575 kg/mol that exhibit a 7, reduction:™

Ty — Ty = bIn(My,/My,) (h — h*) (1.3)
where T, g* = (423 +£2) K and h= (103 = 1) nm define the point where all of the linear fits
to the high MW free-standing data in Figure 1.5 intersect, M, = (69 + 4) kg/mol is the
M, at which there would be no 7, reduction for a film of any thickness, and b = (0.70 +
0.02) K/nm characterizes the overall strength of the 7, reduction. As is evident in Eq. 1.3,

the MW dependence of the 7, reduction is surprisingly not proportional to M2, or

equivalently R,, but is well characterized by a logarithmic dependence.
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Figure 1.5: T, reduction as a function of film thickness for PS films of varying geometry
and MW. The 7, reduction for supported PS films of all MW is represented by the
curved dashed line using Eq. 1.2. Data for free-standing PS films with M, <368 kg/mol
are shown with xs and fit with Eq. 1.2 as the thick solid curved line. Data for high MW
free-standing PS films are shown as colored symbols with My, given in the figure legend.
Open symbols of all MW and xs are from Ref. 36 and closed symbols are from Ref. 55.

Similar measurements performed on free-standing PMMA films showed the same
type of behavior as free-standing PS films with Ty(4) characterized by Eq. 1.2 for low
MW (M, = 159 kg/mol) films and T,(h, M) characterized by Eq. 1.3 for high MW (M,, >
509 kg/mol) films.>**7 The T, = (T, + 2) K (T,>" = 383 or 388 K depending on slight
variations in tacticity for the atactic PMMA used), M,, = (236 + 25) kg/mol, and b =
(0.21 + 0.01) K/nm values found to fit the PMMA data with Eq. 1.3°" are significantly
different than the values listed in the previous paragraph found to fit the PS data.
However, A = (96 + 8) nm for the PMMA data is nearly identical to that found to fit the

PS data, suggesting that this ~100 nm length scale may be universal to high MW T,
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reductions. Nevertheless, the relative strength of the 7, reductions, characterized by the b
parameter, for free-standing PMMA films is less than 1/3 that for free-standing PS films.
A proposed reason for the smaller 7, reduction in high MW free-standing PMMA films is
the anomalously strong coupling of the backbone a-relaxation and side-group pS-
relaxation that exists in PMMA.>’ Unfortunately, T, g* and M, for both PS and PMMA
defy explanation.

The scaling collapse of the 7, reductions in high MW free-standing polymer films

54,56-58

discussed above was done with data collected by ellipsometry. However, the

earliest data on free-standing films and that for low MW films was collected using

35,36,53,54

Brillouin light scattering (BLS). These huge MW dependent 7, reductions seen

in ultrathin high MW free-standing polymer films has since been confirmed with

60 Raman spectroscopy,” X-ray reflectivity,” and

dielectric  spectroscopy,
fluorescence.”** Interestingly, T, ¢ extracted from nanobubble creep measurements on
high MW PS films by O’Connell ef al. seems to match more closely with the T,
reductions of low MW PS films than the 7, reduction predicted for their high MW (M,, =

994 kg/mol).”

1.4 Outline of Dissertation
This dissertation is broken into six chapters and an appendix encompassing the

work completed while pursuing a PhD at Emory University.

1.4.1 Chapter Descriptions

Chapter 2 describes the results of glass transition temperature measurements on
ultrathin high MW free-standing PS films over an extended temperature range. We

report the first measurement of two glass transitions in ultrathin high MW free-standing
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PS films. The lower transition is MW dependent and matches the previously reported 7,
in these high MW free-standing PS films, while the upper transition, not before seen in
these films, matches the previously reported 7, in low MW free-standing PS films. The
nature of these two transitions is discussed in view of previous measurements on free-
standing films. A version of this chapter was published as:

Pye, J. E.; Roth, C. B. Two Simultaneous Mechanisms Causing Glass Transition

Temperature Reductions in High Molecular Weight Freestanding Polymer Films
as Measured by Transmission Ellipsometry. Phys. Rev. Lett. 2011, 107, 235701.

In Chapter 3 we present physical aging measurements of supported polystyrene
films as a function of film thickness and aging temperature. These results provide the
first report that the temperature dependent length scale characterizing the depth to which
enhanced dynamics propagate into a PS film from the free surface is the same for both
reductions in the physical aging rate and 7,. This evidence is from both a layer model
and gradient model fit to physical aging rate measurements of supported PS films as a
function of film thickness at an aging temperature of 338 K and as a function of aging
temperature for 30 nm thick films. The length scale found to represent the depth to
which the free surface effect perturbs the dynamics from the bulk value was shown to
increase as temperature is reduced. A version of this chapter was published as:

Pye, J. E.; Rohald, K. A.; Baker, E. A.; Roth, C. B. Physical Aging in Ultrathin

Polystyrene Films: Evidence of a Gradient in Dynamics at the Free Surface and

Its Connection to the Glass Transition Temperature Reductions. Macromolecules
2010, 43, 8296—8303.

Chapter 4 demonstrates a method to perform in situ physical aging measurements
on free-standing polymer films with ellipsometry. The results demonstrate that the
physical aging rate is strongly affected by the thermal expansion mismatch between the

free-standing polymer film and the rigid frame. By varying the material of the rigid
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frame and the resulting stress applied to the film from the thermal quench used to initiate
aging measurements, we observe a change in aging rate by nearly a factor of two. A
higher thermal expansion mismatch and thus stress result in a higher aging rate. The
implications of this result and the film thickness independent aging rate of films from 200
— 1800 nm in thickness in terms of the free volume diffusion model is discussed. A
version of this chapter was published as:

Pye, J. E.; Roth, C. B. Physical Aging of Polymer Films Quenched and Measured

Free-Standing via Ellipsometry: Controlling Stress Imparted by Thermal

Expansion Mismatch between Film and Support. Macromolecules 2013, 46,
9455-9463.

In Chapter 5, we investigate the nature of the two transitions in ultrathin high MW
free-standing PS films reported in Chapter 2 (Ref. 66) by determining the thermal
expansion above, between, and below the two transitions, and performing physical aging
measurements between and below both transitions. We find that most of the thermal
expansion change occurs at the upper transition and that physical aging does occur
between the two transitions, indicating that the upper transition accounts for the
solidification of the majority of the film and is an actual glass transition.

The Appendix describes the background, theory, and data needed to perform the
thermoviscoelastic calculation of stress developed in a film quenched through 7, due to
thermal expansion mismatch between the film and the support. This calculation applies
to both supported and free-standing films. The physics and math required for this
calculation includes an understanding of the different modes of deformation and resulting
moduli, viscoelasticity, and time-temperature superposition. These are formulated in
terms of the reduced time ¢, with the Boltzmann superposition principle and Laplace

transform used to solve viscoelastic problems. The literature data required to perform
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such a calculation and the transformations required to combine data from different

experimental conditions are described.

1.4.2 Additional Work not Included in this Dissertation

In addition to the work described in this thesis, I helped develop a modified
fluorescence method to measure 7, in thin fluorescently labeled polymer films.”” The
temperature dependent fluorescence of pyrene dye, either doped into the film or
covalently bonded to the polymer, was shown to be sensitive to 7, in polystyrene more

#30 In these measurements the film is held at a constant temperature,

than 10 years ago.
starting well above 7,, and the fluorescence spectrum or intensity at a particular
wavelength(s) is collected. The temperature is then iteratively stepped down, allowed to
equilibrate, and then another fluorescence measurement is made. This procedure is
repeated until enough data has been collected to determine 7, from the change in slope of
intensity vs. temperature.

To improve the amount of data collected and allow the measurement to be
automated, | developed a temperature ramping procedure. The fluorescence emission
intensity at a single wavelength just off of the first emission peak of pyrene is measured
for 3 seconds every 30 seconds while the sample is cooled at 1 K/min. The advantages of
this ramping method include minimization of photobleaching by reducing the sample
illumination time, collection of more than ten times the number of data points for a given
temperature range, and complete automation of the data collection portion of the T,

measurement. Developing this ramping method took significant effort to find the

excitation and emission wavelengths, bandpasses, illumination time, frequency of data
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collection, and sample orientation in the fluorometer that gave the greatest sensitivity to
T, with the least amount of photobleaching.

This modified fluorescence ramping method was subsequently used by Roman
Baglay in our lab to measure the 7, of a thin pyrene labeled PS layer supported on a thick
layer of poly(n-butyl methacrylate) (PnBMA) as a function of the PS layer thickness.®’
He found a 25 — 30 K reduction in 7 for films 84 nm thick, much larger than the 7,
reductions seen in PS films on silicon as described in Section 1.3.1. Phil Rauscher
performed physical aging measurements using ellipsometry on films with identical
geometry and found that the aging rate of the PS layer did not change down to a PS layer
thickness of 84 nm.®’ This strong dichotomy between physical aging rate and T, g asa
function of PS layer thickness appears to be distinctly different than my results on single
layer PS films in Chapter 3 (Ref. 24) These results and discussion of these differences
were recently published as:

Rauscher, P. M.; Pye, J. E.; Baglay, R. R.; Roth, C. B. Effect of Adjacent

Rubbery Layers on the Physical Aging of Glassy Polymers. Macromolecules
2013, 46, 9806-9817.
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Chapter 2
Dual 7,s in Ultrathin Free-Standing

Polystyrene Films

A version of this chapter was published as Pye, J. E.; Roth, C. B., Physical
Review Letters, 107,235701, 2011.
“Copyright 2011 by the American Physical Society”

2.1 Introduction
In polymer systems, reductions in 7, observed with decreasing film thickness / can

be classified into two qualitatively different behaviors.®>"*® Supported films,*****¢*"°

and freestanding films of low molecular weight (MW) chains,**’

exhibit decreases in T
that follow an empirical relation:° T, o(h) =T, gb“lk [1-— (A/h)‘s]. T, reductions of ~25 K for
15 nm thick polystyrene (PS) films supported on silica are typical, with no MW
dependence observed in supported films for M, ranging between 5 and 3000 kg/mol.*
Low MW (M,, < 368 kg/mol) freestanding PS films show qualitatively the same T,(%)
reduction as supported films, but the presence of two free surfaces results in 7, reductions
that are essentially the same as that of a supported film with half the film thickness
(h/2).>° Originally proposed by Keddie, Jones, and Cory, this functional form was based
on the notion that some region of the film near the free surface would experience faster
dynamics.”® This initial assumption has since been experimentally confirmed,*® with
results indicating a gradient in dynamics emanating from the free surface that extends
several tens of nanometers into the material, and appears to be correlated with

. . 24 . . . . . . .
cooperative motion.”****® This gradient in dynamics manifests itself as a broadening of

the glass transition with decreasing film thickness, and its effects have been linked to
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24,71

other properties such as changes in physical aging rate**’" and modulus’ with decreasing

film thickness. There is no chain connectivity associated with this mechanism and

74-76

similar effects are seen in colloidal systems™ and small molecules. The most

promising theoretical model for this behavior is a percolation model proposed by Long

7" that has since been further refined for thin films’® and polymer

and Lequeux
nanocomposites.”

In contrast, high MW freestanding films exhibit a qualitatively different behavior
with a MW dependent linear reduction in 7, below some critical thickness ho: Ty(h) =
T. gbulk —a (hg—h), for h < ho. 20237708 The slope a of the linear decrease, as well as A,
both depend on MW, and the transition itself always appears sharp. 7, reductions as
large as 85 K have been measured for 35 nm thick freestanding films of PS (M, = 1250
kg/mol).>>  This mechanism clearly depends on chain connectivity, but no direct
correlation with chain size has yet been found.®® The only theoretical model that has
been proposed for this behavior is the suggestion by de Gennes of a possible “sliding
mode” available to chain segments occurring between mobile surface layers that could

80,81

impart faster dynamics from the free surface deeper into the film, though a recent

multilayer fluorescence experiment generated some evidence against this model.**
This strong qualitative difference between the two observed T,(4) dependencies

has led some to propose that two separate mechanisms could be responsible for this

36,57,77

behavior. In fact, Long and Lequeux suggested that the “... de Gennes sliding

effect, which applies for large polymer chains, and our proposed mechanism are

9 77

compatible and can take place simultaneously... Here, we report the first

experimental evidence of two separate mechanisms occurring simultaneously in high
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MW freestanding films. Using transmission ellipsometry to measure the thermal
expansion of high MW freestanding PS films over an extended temperature range, we
have observed two separate and distinct glass transitions acting simultaneously within
high MW freestanding PS films of M,, = 934 and 2257 kg/mol. Both Tgs are reduced
from the bulk value. The lower transition is linear in 7y(/) and shows the anticipated

. . -55,59,61-64
MW dependence previously observed in these films.?®>*>>%61-¢

The upper transition,
not previously seen in these films, is much stronger and follows the Keddie, Jones and
Cory functional form™ with T, ¢(h) values in agreement with that expected for low MW
freestanding PS films.*® We envision these dual T, o5 as reflecting two separate population

dynamics within the film resulting from two separate mechanisms simultaneously

imparting enhanced mobility from the free surface deeper into the material.

2.2 Experimental

High MW polystyrene with weight average molecular weight M,, = 934 kg/mol
and polydispersity My/M, = 1.14, or My, = 2257 kg/mol and M,/M, = 1.17, were
dissolved in toluene and spin-coated onto freshly cleaved mica. Samples were vacuum
annealed at ~405 K (> T, gb““‘ + 30 K) for at least 16 h, followed by a slow cool (<0.5
K/min) to room temperature. Although there have been renewed concerns regarding
whether such annealing is sufficient,*” we note that our procedure is comparable to the
annealing protocol used in the original studies and previously deemed to be
sufficient.’**>® Films were subsequently floated onto stainless steel sample holders to
create freestanding films across a 5 mm opening. Pieces from the same film were also
floated onto silicon for film thickness determination by reflection mode using multiple

angles of incidence. The absolute, room temperature (298 K) film thickness of each
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freestanding film was determined from the corresponding film on silicon, or the thickness
at 298 K was measured or extrapolated from the first cooling ramp of the freestanding
film, which was found to match the thickness of its corresponding supported film to 1%.
Transmission ellipsometry measurements were performed on the free-standing
films using a J.A. Woollam M-2000 ellipsometer with a custom-built, windowless heat
cell. Measurements of ¥ and 4 as a function of wavelength 4 were collected every 24 s
while ramping at 0.5 K/min. Each data point corresponds to an average of ¥(1) and 4(1)
over 20 s, during which the temperature varies by <0.2 K. The temperature for a given
data point was taken to be the midpoint of the temperature range over which it was
collected. The ¥(1) and 4(4) data at each temperature were fit for A = 400-1000 nm to a
layer model consisting of a transparent Cauchy layer, n(1) = 4 + B/A*, with ambient on
both sides. The freestanding films were held at an angle of incidence of ~45°, with the
precise angle of incidence for each film determined to within +0.05° by fitting the film
thickness and angle of incidence, while holding the index of refraction fixed at the bulk
value, to the (1) and 4(4) data at 378 K where the films are flat and free of wrinkles.
The angle of incidence was then held fixed while the thickness /4(7) and index n(T) were
fit for the entire temperature range. The bulk value of n(4) at 378 K was determined by
measuring a thick (>150 nm) film over multiple angles of incidence and fitting the
thickness and index of refraction simultaneously to all angles using the Multi Sample
Analysis fitting routine in CompleteEASE. The thickness vs. temperature data shown in
this chapter were further averaged by using a nine point Savitzky-Golay smoothing
algorithm, which corresponds to a smoothing window of 1.8 K. In addition, for clarity

only every fourth data point is displayed.
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Temperature ramps consisted of an initial heat to 383 K (391 K for bulk films) to
remove wrinkles and obtain flat films, followed by multiple ramps at 0.5 K/min.
Typically the temperature was ramped several times through the lower 75, with a limited
number of ramps through the higher temperature 7, where hole formation is more

83,84

prevalent. The T, values were determined by fitting each transition independently to

the same functional form used by Dalnoki-Veress et al.:>

h(T)=w (%) In [cosh (ﬂ)] + (T — Tg) (%) +c (2.1)

w

where w is the width of the transition, M and G are the slopes of the melt and glassy
regions respectively, and c¢ is the thickness of the film at 7;. The width of the transition
was fixed to 2 K for the lower temperature 7, (following Ref. 55) and 10 K for the higher
temperature 7T,, representative of the larger breadth associated with this mechanism.”
The T, of the film was taken as the weighted average of typically 47 ramps for the lower
T, and 24 ramps for the upper 7,. We also fit the upper transition using the more
common method of finding the intercept of two linear fits above and below the

30.36.48,33.34.56.57.63.64.70 Because of the limited range of data in the temperature

transition.
region between the two transitions, the “glassy” line of the upper transition was extracted
from the “liquid” line of the lower transition as determined by the fit to Eq. 2.1. This is
appropriate since the region between the two T,s represents both the “glassy” line for the
upper T, and the “liquid” line for the lower 7§, thus ensuring that these lines have the
same slope. This method resulted in 7, values that were comparable to the first fitting
method. The error for the measured 7¢ values were calculated based on a weighted

standard error from multiple temperature ramps, where the weights are the standard

errors in the T fits for each temperature ramp. For the weaker lower T, typically 4-7
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ramps were measured, while for the stronger upper 7g, typically only 2— 4 ramps were
measured because hole formation was more of a concern at the higher temperatures. The
bulk value of Ty, T, gbulk = 373 + 2 K, was determined from the average of films with

thicknesses >150 nm.

2.3 Results and Discussion

Figure 2.1 graphs the thickness-temperature profiles for three representative
freestanding films of PS with My, = 934 kg/mol for thicknesses of 166.5, 54.7, and 33.3
nm, all measured on cooling. The thickest film has only a single bulk 7, = 370 = 2 K,
while the thinnest films exhibit two reduced glass transitions of 7, = 364 + 2 and 338 £ 3
K for the 54.7 nm thick film and 7, = 351 + 3 and 308 + 3 K for the 33.3 nm thick film.
The lines shown in the figure are drawn to correspond to the slopes obtained from the

fitting equation with the lines extended beyond the transition to indicate where they cross.
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Figure 2.1: Film thickness as a function of temperature for three high MW (Mw = 934
kg/mol) PS freestanding films of thicknesses 166.5, 54.7, and 33.3 nm. The vertical
dashed lines indicate the measured 7, of 370 + 2 K for the bulk 166.5 nm thick film, and
the two reduced 7,s for the thinner films: 364 + 2 and 338 + 3 K for the 54.7 nm thick
film, and 351 + 3 and 308 + 3 K for the 33.3 nm thick film. The fit lines are described in
the text.

Figure 2.2 shows both the index of refraction n(7) and the film thickness 4(7) as a

function of temperature for a (a) 33.3 nm thick freestanding PS film of M,, = 934 kg/mol
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and a (b) 53.2 nm thick freestanding PS film of M, = 2257 kg/mol. These data
demonstrate that the two reduced 7T,s occur at the same temperature in both the thickness
and index of refraction for both high MWs measured. The index of refraction plotted in

the figure is for a wavelength of 632.8 nm corresponding to a HeNe laser.
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Figure 2.2: Temperature dependence of the index of refraction n(7) and film thickness
h(T) for freestanding PS films of (a) Mw= 934 kg/mol with a 33.3 nm thick film showing
two reduced Tes at 308 = 3 and 351 + 3 K, and (b) Mw= 2257 kg/mol with a 53.2 nm
thick film giving reduced 7%s of 307+3 and 363+3K.

To clearly demonstrate that the upper 7 is independent of MW while the lower 7,

is strongly MW dependent, two films of similar film thickness (~55 nm) but different
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MW are shown in Figure 2.3. The upper transitions are within error for the two MW
with 7, = 364 + 2 K for the 54.7 nm, M,, = 934 kg/mol film and 7, = 363 +3 K for the
53.2 nm, M,, = 2257 kg/mol film. However, the lower T§s are separated by more than 30
K with 7, =338 £ 2 K for the 54.7 nm, M,, = 934 kg/mol film and 7, = 307 +3 K for the

53.2 nm, M, = 2257 kg/mol film.
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Figure 2.3: Comparison of thickness vs. temperature for two films of similar thickness
but different MW. a) 54.7 nm, 934 kg/mol film showing two reduced 7,s at 338 + 3 and
364 £ 2 K. b) 53.2 nm, Mw = 2257 kg/mol film showing two reduced 7,s at 307 + 3 and
363 = 3 K. The upper T, in both films is nearly identical while the lower Ty is different
by more than 30 K in the two samples of different MW.
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bulk a5 a function of

Figure 2.4 plots all of our measured 7, values relative to 7,
film thickness for both MWs, M, = 934 (triangles) and 2257 (squares) kg/mol. There are
two reduced Tgs for each individual thin film with £ <70 nm. The lines and curves in the
figure are not fits, but represent the existing literature data for freestanding PS films. The
solid black lines represent the expected 7,(/) data for the two MWs, calculated for M, =
934 and 2257 kg/mol based on the scaling analysis provided by Dalnoki-Veress et al. in

1. to collapse

Ref. 55. We note that the empirical scaling used by Dalnoki-Veress et a
these MW dependent 7, reductions only scales with the weight-average-MW (M), and
not the number-average-MW (M,), suggesting a connection to chain length for this
mechanism. The dashed curve is a fit of the Keddie, Jones, and Cory functional form to
the low MW freestanding PS film 7,(/) data by Mattsson et al.”® Our data for the lower
T, values exhibit a MW dependence and are in excellent agreement with the anticipated
high MW Ty(h) data from Ref. 55 that have been previously®>*>+361764 apq
subsequently’® observed in these films. While the upper 7, ¢ values, corresponding to the
much stronger transition not previously observed in these films, are in excellent
agreement with the 74(/4) reductions from Ref. 36 previously observed for only low MW
freestanding PS films. We have highlighted as solid symbols, the two T,s measured for a
single film of M,, = 934 kg/mol that is 32.9 nm thick, 7, = 353 + 1.0 K and 294 + 4.5 K,
and for a single film of M,, = 2257 kg/mol that is 53.2 nm thick, 7, = 370 + 1.5 K and

310 £ 2.0 K. For both films, the two independent, reduced 7gs are separated by nearly 60

K.
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Figure 2.4: T,— T,™"" as a function of film thickness for high MW freestanding PS films,
M,, = 934 (black triangles) and 2257 (green squares) kg/mol. Two reduced 7,s for each
ultrathin film < 70 nm thick are shown; the error is the size of the symbols or smaller
except where shown. Highlighted as solid symbols are the two 7,s, separated by nearly
60 K, measured for a single film: solid triangles correspond to a 32.9 nm thick film of
M,, = 934 kg/mol, with 7, = 353 £ 1.0 K and 294 + 4.5 K, and solid squares correspond
to a 53.2 nm thick film of M,, = 2257 kg/mol, with 7, =370 = 1.5 K and 310 + 2.0 K.
The solid blue lines represents the anticipated 7,(/) for our MW, calculated for M,, = 934
and 2257 kg/mol based on the scaling analysis provided by Dalnoki-Veress ef al. in Ref.
55. The dashed red curve is a fit of the Keddie, Jones, and Cory functional form to the

low MW freestanding PS film 7,(%) data by Mattsson et al.>®

For both MWs, the lower transition (which is quite weak and narrow) is in
excellent agreement with the anticipated MW dependent T,s for these films based on the

original work,’*>*° and since verified by others,”*'"** for high MW freestanding films.

However for all films, we unmistakably observe a much stronger upper 7 that is broader.

Based on the change in slope, i.e., thermal expansion coefficient of the material, we
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determine that upon cooling from the melt to the glass, the majority of the film (~90%)
solidifies at the upper transition, while only a small fraction (~10%) remains mobile to
much lower temperatures, solidifying at the lower transition. These two 7,s do not
simply correspond to values representing the free surface and interior of the film. The
free surface region is represented in the breadth of the upper transition that follows the
Keddie, Jones and Cory functional form,*® and has been previously correlated with a
gradient in dynamics originating from the free surface that encompasses both the free

surface region and the interior of the film.***%*%

This reasoning is most clearly
supported by the layer model analysis of Ref. 36 where the reduced T,(%) observed in low
MW freestanding films, which is in quantitative agreement with our upper transition, was
interpreted as corresponding to a measured average of a reduced surface 7, and a bulk-
like interior film 7,. Further support is obtained from recent fluorescence anisotropy
measurements on freestanding films by Paeng and Ediger, which observed two dynamical
populations in the segmental dynamics in ultrathin freestanding films, both found to be
independent of MW.*® They attributed the faster population as corresponding to the free
surface region. However, all their measurements on high MW films were at temperatures
significantly above that where the lower, MW dependent transition occurs. Thus, their
measurements would not have been sensitive to dynamics associated with the mechanism
corresponding to the lower transition. The breadth of the upper transition corresponds to
the solidification of ~90% of the film (matrix), while the lower MW dependent transition
represents some smaller ~10% fraction of the material with extremely fast dynamics. At

present, we cannot provide information as to the location of this faster population within

the film, but the cause of this very fast population is related to the chain connectivity of
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the polymer resulting in faster dynamics for higher MWs. In addition, the narrow
temperature range associated with this transition suggests a rather homogeneous
dynamical population.

Our results measuring two independent, reduced glass transitions in ultrathin high
MW freestanding polymer films, a strong upper transition with no MW dependence and a
much weaker lower transition with a distinct MW dependence, represent the first
experimental evidence of two separate mechanisms acting simultaneously to impart
enhanced dynamics to these nanoconfined films. Previous studies have only observed a

36,53-55,59,61-64,85

single glass transition, with the lower (weaker) transition being the

36,53-55,59,61-64
However, there are a few

“accepted” T for high MW freestanding films.
studies that have observed dynamics consistent with the presence of the upper transition
in high MW films.*****>8%  Quanberg used broadband dielectric spectroscopy to
measure the a-relaxation (7,) of high MW (M,, = 767k) freestanding PS films surrounded
by ethylene glycol.85 Surprisingly, the film thickness dependence of the a-relaxation was
found to follow the T7,(4) dependence of the upper transition consistent with low MW
freestanding films. The nanobubble inflation method of O’Connell and McKenna,**’
which measures the overall compliance of the film, also obtained Ty(%) values for high
MW (M,, = 994 kg/mol) freestanding PS films consistent with the upper transition.®’
More recently, Napolitano and Wiibbenhorst observed in high MW (M,, = 932k)
freestanding films evidence of a gradient in dynamics typically associated with the broad

0

T, that follows the Keddie, Jones and Cory function form.”” In addition, the recent

46,86,88

fluorescence anisotropy measurements of Paeng and Ediger, which measure the

rotational reorientation time of dyes known to be sensitive to the segmental dynamics,
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observed faster segmental dynamics attributed to the free surface in high MW (M,, =
1014 and 8991 kg/mol) freestanding PS films within the temperature range of the upper
transition. It appears likely that the discrepancies between studies are caused by the
various experimental techniques being sensitive to different dynamical populations with
the film.®>”° Interestingly, Baljon ef al. has carried out molecular dynamics simulations
on exceedingly thin low MW freestanding films, and found that 7,(/) followed the high
MW behavior of the lower transition when the film thickness was comparable to the
chain size.*

The next most obvious question is “why have no previous studies on high MW
freestanding films measured two simultaneous glass transitions?” The original BLS
studies measured 7, on heating collecting data every 56 K and requiring 5-50 min at
each temperature to obtain good signal-to-noise, with longer times needed at elevated
temperatures as the intensity of the lowest longitudinal mode, Sy, decreased.”* Hole
formation becomes a significant concern when the film is held for extended periods of
time near bulk 7,.* Thus, the original BLS measurements collected data on heating until
the film was eventually destroyed due to hole formation and growth. In many instances, it
seems likely that only a few data points would have been taken around the temperatures
where a second transition would be expected. It appears that in most subsequent

. 36,55,59,61-64
studies,” "

the authors focused their measurements on the narrow temperature
range of interest around the anticipated transition temperature. In particular, this seems

to be the case in the ellipsometry measurements by Dalnoki-Veress ef al.,> which most

closely match the measurements of the present study, based on their description of the
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experimental procedure used. This includes measurements made by the Dalnoki-Veress
group™® after our results of two glass transitions in free-standing films were published.*®
One exception is the Raman spectroscopy studies by Liem et al.,®" which did
collect measurements on high MW freestanding PS films at higher temperatures where a
second transition might be anticipated. However, these studies focused on the Raman
spectra of PS at ~1100 cm™ which may be coupled to the vibrations corresponding to
only one of the mechanisms. Similarly, the fluorescence intensity studies of Kim and

Torkelson,***

which measure the presence of only a single sharp transition in high MW
freestanding PS films consistent with the lower MW dependent transition, appear to be
biased towards the fastest dynamics. These authors have previously demonstrated that
their fluorescence technique is primarily sensitive to the faster part of the glass transition

distribution in supported PS films,”

which exhibit a broad transition as observed by
ellipsometry.'” Thus, a similar bias by this technique towards the fastest mechanism is
likely contributing in the freestanding measurements.

In the available literature, there exists only one dataset published that is clearly
contradictory to our findings. Figure 2 from Mattsson, Forrest, and Bérjesson®® shows
BLS data of the frequency shift of the Sy mode as a function of temperature for a high
MW (M,, = 767k) PS film of film thickness 46.6 nm. A reduced 7, of ~330 K is
observed and measurements were extended to just above bulk 7, a full 50 K above the
reduced 7,. According to our findings, such a film should experience a second transition
at ~355 K. However, Figure 2 of Ref. 36 clearly demonstrates that no second transition
is observed. As BLS has been used to measure 7, reductions corresponding to both

36,53,54

mechanisms, this is puzzling. It may be possible that the frequency shift associated
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with the lowest longitudinal Sy mode is only sensitive to a single transition within the
material, that a particular phonon mode may be coupled to only one of the mechanisms
causing 7, reductions at a time, and that the break (or “kink”) in compliance measured by
this phonon mode is dominated by the fastest process therefore indicating only a single

softening temperature

2.4 Summary
To date, no single theory has been able to capture the two qualitatively different

1 . . .
STTLT8S08L90 - ur results indicate that two separate mechanisms can

Ty(h) dependences.
propagate enhanced mobility from the free surface into the film simultaneously. Thus,
we recommend that future theories incorporate more than one mechanism to explain the
observed phenomena. We note that our results do not directly support any of the existing
mechanisms that theorists have suggested for either the upper or lower

transition,> 7880

190" Here, we simply articulate the experimental observations of both
transitions that should be incorporated into future theoretical efforts. The upper transition
appears to be present in all films, with T,(4) following the Keddie, Jones and Cory
functional form. This mechanism acts uniformly across the entire free surface of the film
causing a gradient in enhanced dynamics with depth that transitions to bulk-like

24,36,48,64

dynamics across a length scale of several tens of nanometers. This mechanism

appears to control the dynamics of the majority of the film, effectively forming the matrix

687 and hole formation®®* properties. In contrast, the lower

that dictates the compliance
transition with a linear, MW dependent 7,(/%) appears to only be present in high MW

freestanding films resulting in a small fraction of the material exhibiting extremely fast

dynamics.



Chapter 3 41

Chapter 3
Physical Aging in Ultrathin Supported
Polystyrene Films

A version of this chapter was published as Pye, J. E.; Rohald, K. A.; Baker,
E. A.; Roth, C. B. Macromolecules 2010, 43, 8296—8303.
http://pubs.acs.org/articlesonrequest/ AOR-R9QUtaY USsBmf6njiD9E

3.1 Introduction
In the twenty years since confinement effects on polymers were first reported,
there has been much work exploring the deviations from bulk behavior of the glass

transition temperature (7,) and associated properties such as physical aging, diffusion,

20,30,48,68-70,72,74,76,87,91-95

and modulus. In recent years, a number of studies have

investigated correlations between changes in physical aging rate, and time to reach

20,49,71,96-111

equilibrium, with deviations of 7, in confined systems. By definition,

structural relaxation can only occur below T,; thus, one would anticipate properties

associated with physical aging to correlate with deviations in 7. In some studies,”"”

99104105 this has been found to be the case. However, most puzzling are studies, primarily
from the gas permeation community, that indicate the length scale (film thickness) at
which deviations in the physical aging rate occur can be much larger than the length scale

. .. . 106-111
at which deviations in 7, occur.'”

These results suggest that there are likely
additional factors which influence the physical aging behavior beyond those that
influence 7, in confined systems. These additional factors are explored more in Chapter

4 while a recent general review of physical aging studies in confined systems was given

by Priestley in Ref. 20; thus, we highlight here only those studies pertinent to our


http://pubs.acs.org/articlesonrequest/AOR-R9QUtaYUSsBmf6njiD9E
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discussion. In the present chapter, we focus on changes in physical aging rates occurring
near an interface on the length scale of tens of nanometers, which we believe are
associated with corresponding changes in 7,. Our lab has also observed changes in
physical aging rates at much larger, hundreds of nanometers, length scale for films
quenched in a free-standing state.''>'"> We proposed that this effect is caused by stress
being developed in the film during the thermal quench, which is thickness dependent in
certain geometries.''>'"> The details of these results and this interpretation are contained
in Chapter 4.

The majority of the investigations into the behavior of nanoconfined systems have
focused on the glass transition. The deviations in 7, appear to be primarily associated
with interfacial effects perturbing the dynamics rather than simply finite confinement of

489394147 These interfacial effects are

the material to nanometer-sized dimensions.
believed to lead to a gradient in dynamics emanating from the perturbing interface, with
the material eventually returning to bulk-like behavior sufficiently far from the interface.
The observations that a free surface can impart enhanced dynamics or that hydrogen
bonding at a substrate interface can reduce mobility are not particularly surprising. What
seems to defy understanding is the strength and depth of the perturbation in dynamics. In
some cases, shifts in 7, of many tens of degrees have been observed®®*** with interfacial
perturbations propagating up to tens to hundreds of nanometers from the interface. 24!
That a gradient in enhanced dynamics could exist near a free surface was
originally proposed by Keddie, Jones, and Cory,* who developed a semi-empirical fitting

function, Ty(h) = T, gbuu‘ [1 — (4/h)’], for their T, ¢ reductions in supported polystyrene (PS)

films based on the idea of a liquid-like layer near the free surface. They assumed that the
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length scale characterizing the mobile free surface layer exhibited a power law
divergence at bulk 7, with the reduced film 74(/) occurring when this length scale
became equal to that of the film thickness 4. Others have modeled this variation in

34-36,118

dynamics with depth using various layer models, with some proposing a different

functional form for the thickness dependent 7, reductions, Ty(h) = T, gb‘ﬂk /(1 + ho/h)>H1E
"2 However, it was not until nearly a decade after the initial observations of T,
reductions in thin polymer films that Ellison and Torkelson™ developed a unique
fluorescence technique that could demonstrate experimentally that a gradient in 7, did
exist near the free surface of PS.  Surprisingly, these fluorescence multilayer
measurements found that bulk-like dynamics are not recovered until 30-40 nm from the
interface,” a depth significantly larger than anticipated. Recent computer simulations by
Baschnagel and coworkers®"'*" have also observed a gradient in dynamics near the free
surface, and theoretical efforts by Lipson and Milner’® have modified Long and

Lequeux’s percolation model”’

to model a variation in T, with depth due to free surface
and substrate interactions. What causes the enhanced dynamics at a free surface to
propagate to depths of several tens of nanometers from the interface is perhaps the most
complex unresolved issue associated with confinement.

Although a length scale of tens of nanometers in polymer systems immediately
conjures ideas of chain size and radius of gyration (R,), 7, reductions in supported PS
films have been tested and found to be unequivocally independent of molecular weight
(MW). 2392121 The same T, . reductions for a given film thickness /4 are observed for PS

films with MWs both above and below the critical MW for entanglement, and for R,

values comparable and much less than the film thickness. What seems to influence the
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Ty(h) behavior is the size and flexibility of the monomer unit and associated side
group,”!'12122 which suggests that cooperative segmental dynamics plays a role in this
phenomenon. This cooperative motion idea is supported by a layer model analysis by
Forrest and Mattsson> "¢ that fit their MW independent T, o(h) reductions for low MW
free-standing films using a layer model that allowed the thickness of the free-surface
layer §(7) with enhanced dynamics to vary with temperature in a manner similar to that
anticipated for the size of the cooperatively rearranging region (CRR). A similar
temperature dependence for the length scale quantifying the range of deviations in
dynamics near the free surface was observed in computer simulations by Baschnagel and
coworkers.” Studies have also demonstrated that 7, nanoconfinement effects can be

52,123,124

reduced or completely eliminated by the addition of plasticizers, which has been

attributed to the plasticizer molecules reducing the cooperative nature of the

2123 However, careful studies by Torkelson and coworkers®™ and Vogt and

dynamics.
coworkers'? have yet to find a direct correspondence between 7, ¢ reductions in confined
systems and the size of CRR.

Some physical aging studies have also found evidence for a gradient in dynamics
occurring near a perturbing interface. ~ Most notably, fluorescence multilayer
measurements by Priestley, Torkelson, and coworkers’' have shown a gradient in
physical aging rate similar to that observed for 7, at both the free surface and substrate
interface. However, their studies suggest that the length scale over which such
perturbations propagate into the film may be larger than that observed for T, changes.”’

Kawana and Jones’’ used ellipsometry to measure the overshoot of the expansivity-

temperature curve (upon heating at 2 K/min) of ultrathin PS films that had been aged for
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7 days at either 343 or 353 K. Studies of 10-200 nm thick films supported on silicon
found no physical aging for 10 nm thick films that were aged below bulk 7, but above the
reduced 7, of the film (consistent with observations made by fluroescence”™). The
authors interpreted the reduced intensity of the relaxation peak for thinner films as arising
from the presence of a liquid-like layer at the free surface of order 10 nm, but they
hypothesized that local structural relaxation would be depth dependent reflecting the
gradient in 7, present in these films. Recent studies by Rowe et al.'**' have observed
correlations between physical aging measured using gas permeation and 7, reductions for
ultrathin polysulfone (PSF) films, and found that the size of free volume elements were
different in the near surface region than in the interior of the film. In contrast, Koh and
Simon,” who have used differential scanning calorimetry (DSC) to measure the enthalpy
overshoots of stacked PS films for aging times out to 1000 min at temperatures down to
T,-15K, found that the physical aging rate of PS films at a fixed aging temperature
decreased with decreasing film thickness, and that this decrease was consistent with a
simple shift in the temperature dependence of the physical aging rate caused by a shift in
T,. The authors also investigated the time to reach equilibrium at a few degrees below T,
and found that thinner films reach equilibrium more quickly. This stacked film DSC
technique has also been used by the Cangialosi, Boucher, Alegria, and Colmonero group,
giving similar decreases in equilibration times for thinner films.'*’

In the present chapter, we have used a newly developed streamlined ellipsometry
technique”™ to measure the temperature dependence of the physical aging rate of ultrathin
supported PS films. The physical aging rate is determined from time dependent

measurements of the film thickness quantifying the increase in average film density
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during aging. A comparison of the temperature dependence of the aging rate between
thick (2430 nm) and thin (29 nm) films reveals that the aging rate for the thinner films are
not simply shifted to lower temperatures corresponding to the shift in the average 7, of
these films. Instead, the physical aging rates are reduced at nearly all aging temperatures
for PS films <100 nm thick. We find these results to be consistent with a gradient in
dynamics present at the free surface, i.e., that the rate of structural relaxation varies with
distance from the free surface. The temperature dependence of the reduced physical
aging rates have been analyzed using a popular two-layer model, from which we extract a
temperature dependent liquid-like layer at the free surface (of order 10 nm) that
characterizes the depth dependence of the gradient in dynamics. We find the temperature
dependence of this length scale to be very similar to that previously found to describe the
film thickness dependent 7, reductions in these films, strongly suggesting that the
enhanced dynamics at the free surface are responsible for both effects. In addition, we
have analyzed our data in terms of a more realistic continuous distribution (gradient) in
dynamics. In both the two-layer model and gradient model, we observe that the length
scale that describes the depth to which the enhanced dynamics at the free surface
propagate into the film grows with decreasing temperature bringing renewed support to
the idea that the mechanism controlling this behavior involves cooperative motion of the

segmental units.

3.2 Experimental
Polystyrene (Sigma-Aldrich secondary standard) with M,, = 245,000 g/mol,
My /M, = 2.0, as determined by GPC relative to PS standards,23 was dissolved in toluene

at concentrations from 1-15 wt%. PS films with thicknesses from 29 to 2700 nm were
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formed by spin coating at 500-3000 rpm onto silicon substrates (~500 um thick) that
were precut into 2 cm square pieces. All supported PS films were subsequently annealed
under vacuum at 393 K for at least 12 h to remove residual solvent and ensure a uniform
sample history. Some of the thickest films (~2500 nm) were annealed under vacuum for
up to 48 h, but these films produced identical experimental results to those obtained with
films annealed for only 12 h. No evidence of dewetting was observed after annealing for
any of the thick or thin PS films. The glass transition temperature for the PS used was
374 K as measured by DSC (7, onset at 10 K/min on second heat after cooling at 20
K/min)* and 370 + 2 K as measured by ellipsometry (7, ¢ from film thickness on cooling
at 1 K/min) based on an average of five samples ~2500 nm in thickness.

At the start of each physical aging measurement, the PS films supported on silicon
were annealed in a glass petri dish above 7T, at 403 K for 25-30 min to equilibrate the
sample and erase all previous thermal history. The films were thermally quenched by
removing them from the oven and placing the glass petri dish in thermal contact with a
room temperature aluminum block for 60 s. This ensured a rapid (50 K/min),
reproducible temperature quench of the sample through 7,. More recent work in our lab
has shown that a faster quench leads to a faster physical aging rate, with the effect

plateauing at high cooling rates.'"

The quenching protocol in this chapter provides
consistent results, but a more explicitly controlled quench, ideally at a higher cooling rate,
may be warranted in future work. Following the quench, the sample was immediately
transferred to the ellipsometer hot stage (Instec heater) that was preset and stabilized (for

~30 min) at the desired aging temperature. The sample was quickly aligned on the

ellipsometer (Woollam M-2000) and data collection initiated. Continuous measurements
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of the ellipsometric angles ¥ and A as a function of wavelength 4 at an angle of incidence
of 65° were collected (averaging over a 30 s period) every 2 min for 360 min. The film
thickness h and index of refraction n(4) of the polymer film were determined by fitting
the WAL and AUAL] values for 4 = 400—-1000 nm to a layer model comprised of the
polymer film, modeled as a Cauchy layer with n(l) = 4 + B/A* + C/i*, atop a silicon
substrate with a 2 nm native oxide layer. The silicon substrate is modeled using a
temperature dependent reference model included in the ellipsometry software package

(CompleteEASE).

3.3 Results and Discussion

Physical aging rates § were calculated by plotting the normalized film thickness
hlhy as a function of the logarithm of the aging time, as depicted in Figure 3.1. The value
of &y corresponds to the thickness at an aging time of 10 min, when it is ensured that the
sample has reached thermal equilibrium with the aging temperature. The slope of the
linear decrease in film thickness as a function of the logarithm of the aging time
characteristic of physical aging is evaluated by a single parameter fit with the data forced

to pass through the first data point corresponding to an aging time of 10 min:*

__ -1 dh
- hg dlogt

B (3.1

Figure 3.1 shows data for a 2300 nm thick film with # = 10.5 x 10 and a 29 nm thick
film with £ = 7.7 x 10™* aged at 338 K for 360 min. We have previously explored the use
of different aging times and found that the physical aging rates obtained from data

collected for 360 min are within experimental error of those obtained from data collected

for 24 h of aging.23
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Figure 3.1: Normalized film thickness A/hg, as a function of the logarithm of the aging
time. Circles are data from a 2300 nm thick PS film with the best fit line corresponding
to an aging rate # = 10.5 x 10™, and the triangles are data from a 29 nm thick PS film
with a best fit aging rate of #=7.7 x 10™,

Figure 3.2 examines the effect of film thickness on the physical aging rate of PS
films supported on silicon. In this figure, all of the data have been collected at an aging
temperature of 338 K corresponding to the peak in the temperature dependence of our
measured aging rate for ~2500 nm thick films (plotted in Figure 3.3). Using ellipsometry,
the thickest films we are able to reliably measure are ~2500 nm. For thicknesses beyond
this, the oscillations in the ¥ and A data as a function of wavelength, and the difficulty
associated with producing optically flat samples, degrades the fit to the layer model. The
thinnest films we can reliably measure are ~30 nm. At this thickness the total change in
film thickness over the entire 360 min aging run is < 0.1 nm (~0.3% change in film

thickness). We recognize this change in thickness with aging time is exceedingly small
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and that one might question the reliability of such a measurement. However, each data
point shown in Figure 3.2 is an average of multiple measurements over 2-6 samples
(more for the thinner films). In addition, we have performed control experiments on 30
nm thick films held above 7, in the equilibrium state and find that the measured film
thickness is stable to within 0.011 nm over the course of the 360 min measurement,
corresponding to a change in overall film thickness of <0.04%. Below ~30 nm, the
16,126

difficulties associated with the inability of ellipsometry to independently resolve

and n make the aging measurement problematic.

14 —— ———
~ 12t -
o
< 10}
o
T gl
S 8
(@]
£
> 6r .
<
S ap :
(2
>
-
o 2F -
O " " i a2l " " a3 a9l
10 100 1000

Film Thickness (nm)

Figure 3.2: Physical aging rate f plotted as a function of film thickness for PS films
supported on silicon for data collected at an aging temperature of 338 K over a period of
360 min. Each data point corresponds to an average of 2—6 samples. The curve is a best
fit to Eq. 3.2 with Sy = 10 x 10* and 4 = 8 = 1 nm for this aging temperature.

The data shown in Figure 3.2 indicate that for PS film thicknesses >100 nm, the

measured aging rate is independent of film thickness, while for films <100 nm in
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thickness we see a progressive decrease in the physical aging rate. Because of the well-
known reductions in 7, with decreasing film thickness that have been abundantly
characterized for PS films supported on silicon for thicknesses less than ~100 nm,”"** our
initial interpretation of the data shown in Figure 3.2 was that a shift in the temperature
dependence of the aging rate to lower temperatures had occurred corresponding to the
shift in 7,. In other words, the decrease in the aging rate for films with thicknesses <100
nm was associated with the peak in the aging rate no longer corresponding to 338 K.
This would be consistent with recent observations in the research literature which used
DSC to measure stacked PS films for aging temperatures down to 7, g-ISK,99 and with
those studies that have measured no physical aging for ultrathin PS films at aging
temperatures below bulk T, but above the reduced 7, of the film.”””®

To test this assumption, we measured the temperature dependence of the physical
aging rate for 29 = 1 nm thick PS films supported on silicon. Figure 3.3 compares the
temperature dependence of the physical aging rate for 2430 = 120 nm and 29 + 1 nm
thick PS films, both collected over an aging period of 360 min with f evaluated using Eq.
2.1. It is clear from the data that the physical aging rate for the thinner films is generally
reduced at all temperatures, and has not simply shifted to lower temperatures as
anticipated by the reduced average 7, of these films. The reduced physical aging rates

imply that the percentage decrease in film thickness during the 360 min aging process is

less for the thinner films.
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Figure 3.3: Temperature dependence of the physical aging rate S plotted for 2430 + 120
nm thick PS films (filled circles) and for 29 = 1 nm thick PS films (open triangles). Each
data point corresponds to an average of 2-6 samples measured over an aging period of
360 min evaluated using Eq. 2.1. The curve through the ~2500 nm thick PS films is
simply a second-order polynomial fit to parameterize the temperature dependence of the
data, fpu(7). The blue curve through the ~29 nm thick PS films is for Eq. 3.2 with A(7)
given by the best fit of Eq. 3.3 to the A(7) data shown in Figure 3.4, while the orange
curve is for Eq. 3.5 with A(7) given by the best fit of Eq. 3.3 to the A(7) data shown in
Figure 3.4.

On first consideration, it may appear that the results presented in Figure 3.2 and
Figure 3.3 are not consistent with the fluorescence measurements by Priestley et al.
which found no change in the physical aging rate between 500 nm and 20 nm thick PS
films supported on silica measured over an aging period of 80 min at 305 K.”® However,
the pyrene fluorescence studies by Ellison and Torkelson,* which demonstrated the T, o
gradient in PS films as a function of depth from the free surface, also found that films
thinner than 25 nm can no longer support a gradient in the 7, dynamics. Thus, significant

differences in the film dynamics may exist between 20 and 30 nm thick films.
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Unfortunately, we are unable to reliably measure films less than ~30 nm with
ellipsometry.

Numerous studies presented in the research literature have demonstrated that the
average T, of 30 nm thick PS films are reduced from the bulk value by 5-10 K.*** Tt is
clear that the results of Figure 3.3 are not consistent with the thinner films having simply
a single 7, value reduced from the bulk, since that would be observed as a simple shift in
the temperature dependence of the bulk aging rate in Figure 3.3 to lower temperatures by
5-10 K. What is most peculiar is that we observe physical aging of 29 + 1 nm thick PS
films at an aging temperature of 368 K, only a few degrees below bulk 7,. This indicates
that some portion of the ~30 nm thick films must be in the glassy state, which would be
consistent with these films having a gradient in 7, dynamics across the thickness of the
film, as has been measured experimentally using fluorescence.” The large error bar
associated with this data point arises from the small variation in film thickness between
the measured films. At an aging temperature of 368 K, very close to bulk Ty, the
measured aging rate is very sensitive to film thickness. The five films measured at 368 K
that gave an average aging rate of (5.9 = 2.0) x 10 are: 30.0 nm with #=8.2 x 10 29.0
nm with #=5.9 x 10*; 28.3 nm with #=7.2 x 10*; 28.2 nm with # = 5.2 x 10™*; and 27.3
nm with #=2.9x 10,

We now demonstrate that the results of Figure 3.2 and Figure 3.3 are consistent
with a gradient in 7, dynamics across the thickness of the film. One can envision
modeling a gradient in 7, dynamics by dividing a 30 nm thick film into six layers of 5 nm
each, with each layer exhibiting its own 7, and aging rate f. The bottom-most layer next

to the substrate interface would exhibit nearly bulk-like properties,™ while the top-most
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48,71 It is

layer next to the free surface would exhibit nearly liquid-like properties.
reasonable to assume that the region of the film immediately next to the free surface does
not undergo any physical aging because its local 7, much reduced from the average film
T,, would be lower than the aging temperature. However, ellipsometry is only able to
measure a single average f value across the entire thickness of the film. Thus, with a
single measured parameter, the most sophisticated layer-type model we are able to
interpret is a simple two-layer model with a liquid-like layer at the free surface that does

not undergo any physical aging at the aging temperature and a bulk-like aging layer

underneath. Such a two-layer model gives rise to a simple parameterization for the data:

1-A(T)

B(h,T) = Bou(T) — (3.2)

where our single measured parameter can be used to comment on the liquid-like layer
thickness A(7) that characterizes the depth from the free surface that the enhanced
mobility persists. Numerous other studies with similar limitations have interpreted their
data in this manner, obtaining a liquid-like layer thickness of 5-10 nm at the free surface
of PS.****3%7 However, all these studies have also remarked that although the analysis is
performed with a simple two-layer model, it is far more likely that the change in
dynamics across the thickness of the film occurs uniformly as a gradient in dynamics as a
function of depth.**>""! This point should not be forgotten.

A fit of Eq. 3.2 to the S(h) data presented in Figure 3.2 at an aging temperature of
338 K, gives best fit values of Sy = 10 x 10* and a liquid-like layer thickness of 4 =8 +
1 nm, which is independent of the overall film thickness. The data in Figure 3.2 are well
fit by the simple two-layer model, and provide a liquid-like layer thickness consistent

with previous work.******" To determine if this analysis is consistent with the physical
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aging rates measured over the range of temperatures shown in Figure 3.3, we
parameterize the fuuk(7) data in Figure 3.3 by fitting the 2430 + 120 nm thick films to a
second-order polynomial and use it to extract A4(7) values from the S(7) data for the 29 +
1 nm thick films shown via Eq. 3.2. This surface layer thickness 4(7) is plotted in Figure

3.4.
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Figure 3.4: Squares correspond to the temperature dependence of the surface layer
thickness A(7T) for the two-layer model, determined using Eq. 3.2 from the S(T) data for
the 29 + 1 nm thick PS films, while the solid curve is a best fit of Eq. 3.3 to the data. The
dashed and dotted curves represent the range of surface layer thickness A(7) values
obtained by Forrest and Mattsson’>>° using a similar two-layer model analysis from T, o
measurements on low MW free-standing PS films. Circles correspond to the temperature
dependence of the characteristic length A(7) for the gradient model, determined using Eq.
3.5 from the f(7) data for the 29 £ 1 nm thick PS films, while the solid curve is a best fit
of Eq. 3.3 to the data. See text for details of the best fit parameter values.

From the A(T) data plotted in Figure 3.4, it is immediately apparent that the
effective surface layer thickness increases with decreasing temperature starting from ~3

nm just below bulk 7,. This may initially appear counter intuitive, but has been
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previously observed by Forrest and Mattsson®>°

who performed a similar layer-model
analysis of their T4(h) data for free-standing low molecular-weight PS films. We note
that the Jlow MW free-standing film data exhibit the same functional form for 7y(%) as
supported films with no MW dependence; the only difference being that for free-standing
films, the T reduction for a given film thickness /4 is equivalent to that of a supported
35,36,68,69

film of thickness //2 because of the presence of two free surfaces. This is in

contrast to the T,(/) data for high MW free-standing films which exhibit a qualitatively

different behavior with a strong MW dependence.’®®

For comparison, we include
dashed- and dotted-lines in Figure 3.4 (from Ref. 36) depicting the range of their
calculated values for the surface-layer thickness. Given that their values were obtained
from 7, measurements on free-standing PS films using Brillouin light scattering®® and
ours were obtained from physical aging measurements on supported PS films using
ellipsometry, the agreement is quite remarkable. The similarity also strongly suggests
that our reduced physical aging rates observed for PS films <100 nm thick are related to
the T, reductions observed in these films.

How should this growing surface-layer thickness A(7) with decreasing
temperature be interpreted? A(7) represents, in some (unfortunately) ill-defined manner,
the depth to which the enhanced free-surface mobility propagates into the film. Recent
computer simulations by Baschnagel and coworkers®"'?” have observed that the length
scale over which the enhanced dynamics at the free surface transition continuously into
bulk-like dynamics increases with decreasing temperature, consistent with this

35,36

observation. Forrest and Mattsson™>"" related the temperature dependence of the surface-

layer thickness to the temperature dependence of the cooperativity length &(7) suggesting
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that the propagation of enhanced mobility from the free surface may be correlated with
cooperative motion. Although this is an appealing idea, it is not clear that T,-
nanoconfinement effects correlate directly with the cooperativity length scale.”'?!-'%
Following Forrest and Mattsson,” we fit the temperature dependence of our
surface-layer thickness A(7) to a functional form for &7) proposed by Donth and
coworkers:'*" ¥
A(T) =&§(T) =10 + a(Tons = T)Y (3.3)
The characteristic length &(7) grows with decreasing temperature starting from an onset
temperature for cooperative motion 7ops (in the vicinity of the af splitting region), with a
minimum &(75ys) size of 7y assumed to be one monomer diameter'?’ (for PS, Forrest and
Mattsson> took ro = 0.6 nm). For bulk PS, T is estimated®>%127128 o be 463 + 15 K,
~90 K above T,. The power-law dependence of &(7) is characterized by two fitting
parameters « and y. A possible estimate y is 2/3, based on data by Kahle e al.'*® of the
number of particles for N, per cooperatively rearranging region estimated from
modulated DSC measurements of poly(n-butyl methacrylate-stat-styrene) copolymers.
However, the plot suggesting Ny ~ (Tons — I)* ~ Vo ~ & is over a limited temperature
range of only 25 K. Our data cannot be adequately fit with a value of y near 2/3. Forrest
and Mattsson>> obtained best fit values of y=2.0£0.1, 2 = (2.95 £ 0.30) x 10'3, and Tons
=485 £ 6 K, holding ry fixed at 0.6 nm. Using the temperature dependence of Eq. 3.3 for
their free surface layer, Forrest and Mattsson also obtained an effective 7, for their
surface layer by fitting their average film 7,(/) data for low MW free-standing films to a

three-layer model comprised of two outer layers of thickness &(7) with 7,™"" and an inner

layer of thickness & — 2&(T) with T,™"* (see Figure 6 of Ref. 36) giving a value of T,™"" =
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300 + 7 K.*® We have fit Eq. 3.3 to our 4(7) data presented in Figure 3.4 with r and y
fixed at the values obtained by Forrest and Mattsson,” 7y = 0.6 nm and y = 2, obtaining
best fit values of o = (2.4 + 1.0) x 107 and Ty = 396 + 13 K. Allowing y or o to vary
did not substantially improve the fit or alter the parameters. If we assume that 7, occurs
approximately 90 K below the onset of cooperative motion 7y, then this would suggest a
T, for our surface layer of 7,™" ~ 306 K, in the same temperature range previously

estimated by Forrest and coworkers.’>”°

Although this agreement with previous
estimates of a surface T is intriguing, we hesitate to attach undue weight to this particular
form of Eq. 3.3, as the A(7) data could be equally well described by other functional
forms. Several functional forms for the temperature dependence of the cooperative
length scale &(T) have been proposed, as described in Refs. 130 and 131. We should note
that Forrest and coworkers® have also recently applied this similar type of analysis to
nanoparticle embedding measurements and obtained reasonable agreement with the
results presented in Figure 3.4.

To demonstrate that this temperature dependence of A(7) describes the observed
p(T) values for the ~29 nm thick PS films, we include in Figure 3.3 the curve
corresponding to A(7) from Eq. 3.2 with A(7) given by Eq. 3.3. This analysis
demonstrates that the temperature dependence of the physical aging rate for the # = 29
nm thick PS films shown in Figure 3.3 is consistent with the presence of a gradient in
dynamics as a function of depth from the free surface. In addition, this analysis indicates
that the depth to which the enhanced dynamics penetrate into the film from the free

surface increases with decreasing temperature suggesting that the mechanism for the

propagation of enhanced dynamics from the interface is related to cooperative motion.
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Alternatively, we can fit our data to a more realistic gradient-type model that
more accurately represents the continuous change in dynamics with depth. A reasonable
(simplest) approach would be to assume a single exponential decay of the aging rate from
zero at the free surface to its bulk value, Sou(7), at a depth z sufficiently far from the free

surface:

BzT)=pM)[1-e D) (3.4)
This would define a characteristic length scale A(7) that would describe the depth to
which the enhanced dynamics at the free surface propagate into the film. We believe that
such a definition of A(7) has a more well-defined meaning than the A(7) parameter
describing a “liquid-like” layer size of the somewhat artificial two-layer model. The
general functional form of Eq. 3.4 is supported by the fluorescence multilayer
measurements of Priestley ef al.,’' and by a more recent observation indicating that no

132 We note that there is a much more solid basis

physical aging occurs at a free surface.
in the literature for a gradient in 7, with depth. While we have already shown that a
simple shift of the temperature dependence of the average physical aging rate f(4,7) to
lower temperatures corresponding to the average reduced T,(h) for thin films does not
occur, a similar shift may occur for the /local aging rate f(z,7) at a given depth z due to
the reduced local T, at that depth T(z).

From Eq. 3.4, we define the average, experimentally measured, film thickness

dependent aging rate as the arithmetic mean:

BT =1 [ BTz = oD 1 =281 = |} )

Lipson and Milner’® have recently discussed whether or not such a “democratic” average,

versus perhaps a weighted average, is the most appropriate. Baschnagel and coworkers”'
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have also remarked that even though the average T,(/4) of the film may be a simple
arithmetic mean, this does not imply that other quantities, such as the average relaxation
time of the film, are also a simple average of the local depth dependent values. However,
without a specific reason to try something more complicated, we proceed here with the
simplest definition. Nevertheless, it is worth keeping in mind that different experimental
techniques may average across the distribution in dynamics in a different manner.”

The A(T) data shown in Figure 3.4 were obtained from the f(7) data for the 29 + 1
nm thick films via Eq. 3.5 in a manner similar to how the A(7) data were obtained from
Eq. 3.2. In Figure 3.4, the A(7) data are fit to A(7) = &(T) given by Eq. 3.3, and the dashed
curve in Figure 3.3 corresponds to f(A=29nm,T) for the A(7T) data. The best fit parameters
of (T)=&T) to Eq. 3.3 were a = (7.1 £4.4) x 107, Tons = 366 + 13 K, and o= 3.4 + 2.0
nm with y = 2 fixed. We note that the errors for the A(7) data and the corresponding fit
parameters are larger than for the A(7) data and, therefore, do not assign any significant
weight to their specific values other than to parameterize the data. It is also worth noting

that Eq. 3.5, the f(h,T) for the gradient model, reduces to Eq. 3.2, the f(4,7T) for the two-
layer model, when the film thickness is large (i.e., # > 4). This explains why the A(7)

and A(T) values overlap for the higher aging temperatures (see Figure 3.4) when A(7) <
~10 nm, sufficiently less than the # = 29 nm film thickness. Both A(T) and A(7) are of
order 10 nm and increase with decreasing temperature. These two parameters are not
significantly different, but simply illustrate two different methods of characterizing the
depth to which the enhanced dynamics at the free surface propagate into the film.

Here we have demonstrated for the first time that the temperature dependent

length scale characterizing the depth to which enhanced dynamics are propagated from
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the free surface of PS is the same for both reductions in the physical aging rate and
reductions in 7y, strongly suggesting that both effects are caused by the same mechanism.
This mechanism appears to be responsible for both the MW independent 7(/) reductions
observed in supported PS films*******% and the MW independent T, o(h) reductions of
low MW free-standing PS films,”>*% which are both qualitatively similar, following the
Keddie, Jones and Cory’ functional form. (This is in contrast to high MW free-standing
films which exhibit a qualitatively different T,(%) behavior with a strong MW dependence
as discussed in Chapter 2.°”) This mechanism manifests as a gradient in enhanced
dynamics near a free surface that propagates into the film for some distance before bulk-
like dynamics are recovered. We have observed that the length scale characterizing this
gradient in dynamics grows with decreasing temperature bringing renewed support to the
idea that the mechanism that propagates the enhanced dynamics from the free surface is
related to cooperative motion of the segmental units.

The fact that the length scale of the effect grows with decreasing temperature may
explain some discrepancies in the research literature pertaining to the size of the near
surface region that exhibits enhanced dynamics. For instance, studies of surface
mobilities at elevated temperatures near bulk 7, or when more liquid-like properties are

39,43
™ In

probed tend to observe enhanced dynamics to a depth of only a few nanometers.
contrast, fluorescence multilayer measurements by Torkelson and coworkers have
indicated that bulk-like dynamics are not recovered till depths of 30-40 nm from the free
surface of PS.** Both of these results are consistent with our observations. As shown in

Figure 3.4, the characteristic length describing the depth to which the enhanced dynamics

propagate from the free surface is only a few nanometers near bulk 7,, but grows to
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approximately 15-20 nm for temperatures 50-60 °C below bulk 7,. At the temperatures
at which the Torkelson fluorescence measurements observe a reduced 7, of the PS
surface,” T gbulk- 32 K= 67 K, our characteristic length A(7) for the exponential decay of
the enhanced dynamics near the free surface is ~8 nm. For a single exponential decay
that forms the basis of Eqs. 3.4 and 3.5, four to five characteristic length 1’s, i.e. 32-40
nm, would be necessary before the dynamics would appear bulk-like (to within
experimental error). However, we note that these results do not agree with the extremely
large length scale effects observed by the gas permeation community'*'!" that find
differences in physical aging rates for film thicknesses of several microns. Because no
corresponding 7, changes are observed at micron length scales, this suggests that other,
unrelated effects may be the cause of those results. A stress related explanation is tested
and confirmed for free-standing PS films in Chapter 4. Another open question is whether
or not confined systems age to the same equilibrium state as that of bulk. It is clear that
the rate at which structural relaxation occurs in confined geometries is frequently
different and does not necessarily correlate with 7, changes,"”>"** but there is also
evidence”® that when equilibrium can be reached, it is not the same equilibrium state as

that of bulk.

3.4 Conclusions

Using ellipsometry, we have measured the temperature dependence of the
physical aging rate for thick (2430 nm) and ultrathin (29 nm) PS films supported on
silicon. We find that the thinner films have reduced physical aging rates at nearly all
temperatures, a result that does not correspond simply to the shift in the average T, of

these films. The reduced physical aging rates of these films are consistent with a depth
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dependent gradient in dynamics that is approximated by a two-layer model with a nearly
liquid-like surface layer of order 10 nm. The thickness of the surface layer, which
characterizes the depth to which the enhanced mobility at the free surface penetrates into
the film, grows with decreasing temperature suggesting that the mechanism for the
propagation of enhanced dynamics from the interface is related to cooperative motion.
Our physical aging measurements using ellipsometry on ultrathin supported PS films can
be explained with an analysis similar to that used by Forrest and Mattsson>° for T, o
measurements using Brillouin light scattering of low MW free-standing PS films,
strongly suggesting that the reduced physical aging rates observed in PS films <100 nm
thick are related to the 7, reductions observed in these films. We also present an analysis
in terms of a gradient model that more realistically characterizes the continuous

distribution in dynamics believed to exist at the free surface of these films.

3.5 Addendum
Since these results were published as a paper in Macromolecules in 2010,** the
main result of reduced physical aging rates in ultrathin films has been replicated by Peter

Green’s group at the University of Michigan.'”

They used the same streamlined
ellipsometric method developed earlier in our lab, and used in this chapter, to collect
physical aging data of linear and star shaped PS. They found reduced physical aging
rates for thinner films of both linear and 8-arm star PS (with both 10 kg/mol and 25
kg/mol arm lengths) and measured the same temperature dependence of f for their linear
PS.

Our method of defining an increasing length scale to which the enhanced mobility

at the free surface penetrates into the film has been an important finding in linking
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confinement to cooperativity length scales and dynamic heterogeneity.**"*” In contrast
with this view, several subsequent measurements have shown the enhanced dynamics
from the free surface in polymer films to increase in length scale when the temperature is
increased. Measurements that show an increasing length scale with increasing
temperature include particle embedding,” surface flow on a molecular glass,"*® modulus

1
measurements, >

and segmental relaxation detected via dye reorientation.* The
difference in temperature dependence is striking, but not that unexpected when one
considers the properties actually being probed. In Refs. 39,46,135,138, the

measurements are determining at what length scale the material is fully liquid like, or

alternatively, at what depth the material no longer relaxes at a given rate or time.

51,120 35,36

Simulations, some 7, measurements, and the present physical aging
measurements”" instead determine the depth to which the dynamics deviate from bulk.
The first length scale will, by definition, diverge as you increase the temperature,
regardless of what the temperature dependence of the surface dynamics is, because at
some temperature the whole sample must be liquid like. There are two very recent
attempts at quantifying this difference in definition for the length scale associated with

. 28,136
enhanced free surface dynamics.”™
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Chapter 4
Physical Aging of Thin Free-Standing
Polystyrene Films: Stress Effects

A version of this chapter was published as Pye, J. E.; Roth, C. B.
Macromolecules 2013, 46, 9455-9463.
http://pubs.acs.org/articlesonrequest/ AOR-pzVUZ8SFnzxG7CRdFx5d

4.1 Introduction

The non-equilibrium nature of glasses results in materials whose mechanical,
electrical, and optical properties evolve with time as the system slowly relaxes towards
equilibrium, a process referred to as structural relaxation or physical aging.
Understanding how physical aging of polymer glasses is affected by thermal and
processing histories in thin films is crucial for applications ranging from gas separation
membranes to barrier and dielectric layers.”™'*" During the past 18 years, a number of
studies have reported “accelerated” or faster physical aging of free-standing polymer

. . . 1 110,113,125,141
films with decreasing thickness.'*¢'!%:113:12>

These deviations from bulk properties
have been observed at surprisingly large length scales when films are still hundreds to
thousands of nanometers in thickness. This is in contrast to changes in physical aging

24,71,97-99,102,104,1 i
TLIT99102.104135 that have been linked

observed in films less than ~100 nm in thickness
to changes in the glass transition temperature (7, g).“’69 Previous studies have interpreted
the cause of the accelerated aging at the longer length scales as some inherent film
thickness dependence associated with glassy dynamics by fitting the data to a free

. . . . . 100,108,111,125,142,14
volume diffusion model with lattice contraction.'**1%®11-125:142185 N fore recently, Gray et

al. proposed an alternative explanation suggesting that the accelerated aging may result


http://pubs.acs.org/articlesonrequest/AOR-pzVUZ8SFnzxG7CRdFx5d
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from increased stress imparted to the films by their mechanical support.'"

Here, we
present results that demonstrate there is no inherent film thickness dependence (above
220 nm) to the aging rate of free-standing polystyrene (PS) films when held by rigid
frames that impart a thickness-independent stress on cooling.

Accelerated physical aging of thin polymer films was first characterized by gas
permeation measurements.'®'**!*!" As a function of aging time, the gas permeability of
the films, which is extremely sensitive to free volume in the membranes, was found to
decrease more rapidly for thinner films. Although it is not straightforward to determine a
physical aging rate from permeability data,''' McCaig and Paul'®®'** interpreted their
results in terms of a free volume diffusion and lattice contraction model originally

1.'** This model proposes a microscopic interpretation for

developed by Curro et a
volume recovery that treats vacancy propagation as an effective diffusion of local free
volume. The only adjustable parameter is a somewhat arbitrary diffusion length scale

that defines the characteristic relaxation time.'**

To avoid a dependence of 7, and
physical aging rate on the macroscopic size of the sample, Curro et al. suggested that
some “internal length scale” might exist over which free volume can be created or
annihilated. To date, the existence of such “internal interfaces” has not yet been
definitively determined.'® Following an idea originally proposed by Alfrey et al.'®?
where free volume ‘holes’ that diffuse to the surface of a sample would disappear,
McCaig and Paul'®'* related the diffusion length scale to the macroscopic thickness of
their free-standing films. Such a model was found to fit the data remarkably well and has

since been adapted by others to explain accelerated aging behavior observed in thin films

by positron annihilation lifetime spectroscopy (PALS),'*!*'* differential scanning
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. . . 100 _q9: . 111,143,146
calonmetry,125 dielectric spectroscopy, ~ ellipsometry and gas permeation.”

Similar ideas have also been applied to accelerated aging observed in polymer
nanocomposites where possible voids at the nanofiller interface are assumed to contribute
to the internal interfaces at which free volume can be annihilated."*'** In many of these
studies, this internal length scale is treated as a fitting parameter with values typically
being several microns in size.'*"'*1*147148 Recently, Rowe et al.'” have used variable
energy PALS to measure the local free volume as a function of depth near the free
surface. Although the size of the free volume “holes” were found to be reduced near the
free surface, the size and number of holes maintained a constant depth profile with aging
time in contrast to what would be anticipated based on the free volume diffusion
model."*  Overall, these studies argue the key to accelerated aging is the presence of free
surface or internal interface at which free volume can be annihilated or created, implying
an inherent film thickness dependence to physical aging.

More recently an alternative explanation has been proposed to account for the
accelerated physical aging behavior observed in micron thick films. Gray et al.'’
observed that the thickness-dependent accelerated aging was only present for films that
were quenched free-standing on thin wire frames mimicking the sample preparation of

the gas permeation studies.'*’

It was proposed that these wire frames (made of 0.009 in.
diam. spring steel) flexed, acting as small springs imparting a stress, ¢ = Force/Area, to
the samples that depended on the cross-sectional area of the films (film thickness X

'3 This is in contrast

width), such that the stress increased with decreasing film thickness.
to free-standing films supported by inflexible rigid frames which impart a thickness-

independent stress to the films on cooling that depends on the thermal expansion
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mismatch between the polymer films and rigid frame (as calculated below). Such
stresses on free-standing films supported by rigid frames caused by thermal expansion
mismatch are equivalent to the well-documented and experimentally measured'** !
stresses experienced by supported polymer films on rigid substrates (e.g., silicon). For
PS on silicon the difference in thermal expansion coefficients is roughly two orders of
magnitude resulting in stress values of ~15 MPa when cooled to room temperature,
consistent with experimental measurements.'*'*° The idea of stress during the thermal
quench affecting the subsequent aging of the glass is supported by work on ortho-

2

terphenyl confined to nanoporous glasses,”® polymer nanospheres,””> and from
rpheny p g poly p

observations that the aging rate is independent of film thickness for supported films
above ~100 nm in thickness.**'"

In this chapter, we present results strongly suggesting that unintended stresses
during thermal cooling from differences in thermal expansion between film and support
can strongly affect the subsequent physical aging behavior of micron thick free-standing
glassy films. To accomplish this, we have developed a method of measuring the
volumetric physical aging rate of polymer films that have been quenched and remain
free-standing during the aging process. To our knowledge, this is the first report of in-
situ physical aging measurements by ellipsometry on films that remain in their free-
standing state during the aging process. Free-standing films held by rigid frames are used
to impart a well-defined and film-thickness-independent stress to the films during the
thermal quench. The time dependent decrease in thickness and increase in index of

refraction resulting from the densification of the films as a function of aging time was

measured by transmission ellipsometry. For films between 220 and 1800 nm in thickness,
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we observe no change in physical aging rate as a function of film thickness for films held
by stainless steel (SS) frames with a circular opening. This is consistent with the
thickness-independent in-plane stress of ¢ =~ 4.5 MPa imparted to the films during the
thermal quench to an aging temperature of 65 °C, caused by thermal expansion mismatch
between PS and the SS frame. We establish that this stress affects the physical aging rate
and verify its source by demonstrating that the aging rate of PS correlates with the stress
caused by thermal-expansion mismatch between film and rigid support for a series of
different frame materials: polycarbonate (PC), polysulfone (PSF), aluminum (Al),

stainless steel (SS) and silicon (Si).

4.2 Experimental

Films were made by spin-coating PS (M,, = 3,240 kg/mol, M,,/M, = 1.05, Polymer
Laboratories) dissolved in toluene onto silicon or freshly cleaved mica. Film thickness
was controlled by adjusting the spin speed and solution concentration. Films were
typically spun at speeds between 600 and 1000 rpm; no effect of spin speed on aging was
observed even for films spun at 4000 rpm. All films were annealed for at least 12 hours
at 130 °C under vacuum to remove residual solvent and relax stresses induced during
spin-coating, and then cooled slowly on mica at < 0.5 °C/min through 7,. Free-standing
films were produced by floating onto polycarbonate (PC) (RowTec), polysulfone (PSF)
(Tecason S), 6061 aluminum (Al), 304 stainless steel (SS), or Si (<100> orientation)
frames with a 5 mm diameter circular opening. To initiate the aging measurements, PS
films were rejuvenated for 20 min at 120 °C before quenching to room temperature at
90 °C/min in the free-standing state using an Instec hot stage with liquid nitrogen cooling.

The Instec hot stage has a small interior chamber (50 mm in length x 38 mm in width x 2



Chapter 4 70

mm in height) giving only 3.8 cm® volume of air surrounding the free-standing film that
needs to be heated or cooled. As discussed in Gray et al.'"’ heat transfer to thin free-
standing films from the surrounding air is very efficient. The free-standing film is
oriented horizontally in the chamber with the cover containing a window such that the
film can be viewed during the annealing step. Shortly after heating above 7, surface
tension acts to smooth out wrinkles after which the film remains flat. Rapid cooling of
the film is achieved by pumping liquid nitrogen through the heater base. Using an
external thermocouple mounted to the sample, we have measured this to be 90 °C/min.
Immediately after quenching, films were transferred to another heater that had been
equilibrated at the aging temperature for at least 30 min. The time from the beginning of
the quench to the start of the aging measurement was kept as short as possible (~4 min).
Measurements were performed with a J.A. Woollam M-2000 ellipsometer in transmission
and reflection geometry for free-standing and supported films, respectively. Free-
standing films were held at an angle of 45° with respect to the beam and modeled by a
single Cauchy layer with n(1) = A4 + B/)* + C/A* for /. from 400 to 1000 nm.*® Supported
films were measured at 65° angle of incidence and modeled as a Cauchy layer on top of a
silicon substrate (with temperature dependent optical properties) and a 2 nm native oxide

layer.”*

4.3 Results and Discussion

4.3.1 Physical Aging of Films Quenched and Measured Free-standing via
Ellipsometry

Previous efforts in our lab to test the impact of stress imparted to films during the

thermal quench caused by differences in thermal expansion mismatch were hampered by
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excessive wrinkling and buckling of the free-standing films limiting reproducability.'"?
For the present study, we have made three key improvements to our experimental
procedure that prevent wrinkling of the films: smaller samples sizes (5 mm diam. instead
of 19 mm), a more controlled quench environment that minimizes air currents and has a
controlled quench rate of 90 °C/min, and measurement of the aging rate in the free-
standing state via transmission ellipsometry such that the films do not need to be
transferred to silicon substrates for the subsequent aging. These changes enable the
measurement of reproducible physical aging rates for free-standing films quenched on
rigid frames where the stress imparted by thermal expansion mismatch between the film
and frame can be explicitly calculated.

Figure 4.1 plots the normalized film thickness (4/ho) as a function of logarithmic
aging time for several 515 + 10 nm thick free-standing PS films draped across SS frames
with a circular opening aged at different temperatures. We quantify the physical aging
rate by calculating the slope of the data plotted in this manner: S = — 0(h/hy)/0(log 1),
where /4 is the film thickness at an aging time of 10 minutes and ¢ is the aging

. 23,24,113
time.” ™"

Defined in this way, § is equivalent to a volumetric aging rate,” as
originally established by Struik.? Figure 4.1 shows data collected at three different aging
temperatures with several aging measurements shown for each temperature
demonstrating reproducibility: A= (4.3 £0.4) x 10 *at 35 °C, (8.7 + 0.4) x 10* at 65 °C,
and (6.6 + 0.3) x 10 at 95 °C. The errors are calculated based on the standard deviation
of 2-3 measurements at each aging temperature on nominally identical samples. We note

the data shown in Figure 4.1 are for aging times up to 6 h, but measurements were also

done for aging times up to 24 h with no deviation observed in the linear decrease in film
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thickness with logarithmic aging time, giving identical aging rates for longer runs when
the aging temperature was 65 °C and above, while at 35 °C the aging rates of the shorter
runs only deviated by 6% relative to the longer runs. For experimental efficiency, aging

runs were typically limited to 6 h.

o
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Figure 4.1: Normalized film thickness 4/hy vs. logarithmic aging time for 515 + 10 nm
thick free standing films on stainless steel (SS) frames aged at 35, 65, and 95 °C. Several

aging measurements and fit lines are shown for each aging temperature demonstrating the
excellent reproducibility of the measurement.

The temperature dependence of the physical aging rate for 515 + 10 nm thick
free-standing PS films on SS frames is plotted in Figure 4.2. For comparison, the
temperature dependence of supported PS films of equivalent thickness (490 + 10 nm) on
silicon are also graphed. The supported data is consistent with our previous
measurements on supported PS films,”** but has been retaken to match the quench rate

of the free-standing films in this study (90 °C/min), as differences in cooling rate can
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affect the measured aging rate.'?

The physical aging rates of both free-standing and
supported films exhibit a qualitatively similar temperature dependence with a peak near
65 °C. The small quantitative difference in aging rates can be explained by the small
difference in stress applied to the films, as described below. The peak in aging rate
occurs because as the temperature is decreased below T, the driving force for structural

relaxation increases with decreasing temperature until, at sufficiently low temperatures,

the reduced thermal energy available limits any significant motion of the local structural

units.
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Figure 4.2: Temperature dependence of physical aging rate S for ~500 nm thick PS films
held free-standing on stainless steel frames (solid red circles) and supported on silicon
(open black squares). Error bars for free-standing films are the stardard deviations of
several measurements. For the supported films, several measurements were taken at
65 °C to determine a representative error bar for all temperatures.
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Focusing on the peak in aging rate at 65 °C, measurements as a function of film
thickness were carried out on free-standing films held by the SS frames. Figure 4.3
shows that for free-standing films with thicknesses between 220 and 1800 nm, the
measured physical aging rates are all within experimental error of each other: f0nm =
(8.0 % 0.4) x 107, Bsoonm = (8.7 = 0.4) x 107, Bi3300m = (8.3 £ 0.4) x 107", and Bisoonm =
(8.2+0.6) x 10", These results are in contradiction with predictions by the free volume
diffusion model previously used to explain faster aging rates with decreasing thickness
observed in free-standing films,'*"'%%!1112319219 However, as discussed in the following
section, these results are in agreement with a constant, film-thickness-independent stress

occurring from the thermal expansion mismatch between film and support.
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Figure 4.3: Normalized film thickness //h vs. logarithmic aging time for free-standing
PS films held by SS frames and aged at 65 °C. Data for varying thicknesses from 220 to
1800 nm are plotted, with several measurements of 500 nm thick films shown for
comparison indicating sample-to-sample variability. Inset: Average physical aging rate S
as a function of film thickness.
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4.3.2 Thermal Stresses Imparted to Free-standing Films by Rigid Frames
on Cooling

For a thin polymer film cooled on a rigid support, the in-plane strain of the
polymer film is constrained to match that of the rigid support. For the case of PS
supported on silicon, the difference in thermal expansion between film and substrate is
roughly two orders of magnitude. Thus, during a thermal cool, the PS film will try to
thermally contract more than the underlying silicon. Forcing the PS strain to match that
of the silicon substrate imparts an equibiaxial in-plane stress onto the PS film. The
magnitude of this stress can be readily determined from standard stress-strain
considerations.

Starting from the general elastic stress-strain relationships for a triaxial stress with
thermal strain,'> for an equibiaxial strain (g, = gy) under plane-stress conditions we set oy
= oy = 0 and o, = 0 because there is no stress normal to the film plane as the film is
unconstrained in this direction. The in-plane (&) and out-of-plane (&,) strains are written

as

g

(1 — vps) + apsAT 4.1)
PS

£x=E—

£, = =20 + apsAT (4.2)

PS
where we define Eps, Vps, and aps as the modulus, Poisson’s ratio, and linear thermal
expansion coefficient of PS. The PS strain is forced to match the thermal expansion of
the underlying support (e.g., silicon), in the x and y directions:
Ex = & = Qgyp AT (4.3)
such that Egs. 4.1 and 4.3 can be used to solve for the equibiaxial in-plane stress imparted

to the PS:
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0 = B [@pg — gy |AT (4.4)

"~ 1-vps

The negative sign out front in Eq. 4.4 means that on cooling (negative AT) a positive
stress is generated implying tension in the film, as the thermal expansion coefficient of
PS is larger than that of the rigid support for all frame materials studied here. (Note that
in other works, this negative sign may be omitted'**'** or AT defined differently.'”® In
Eq. 4.9 below, the limits of integration have been swapped to accommodate the negative
sign.)

The PS strain in the z direction will be affected by this equibiaxial stress, which

by substituting Eq. 4.4 into Eq. 4.2, is

£, = apsAT + 222 [gps — Asup |AT 4.5)

1-vpgs

such that on cooling, negative A7, both terms lead to a decrease in &, i.e., film
contraction. Eq. 4.5 is useful because the measured thermal expansion coefficient

determined from the film thickness / by ellipsometry is

1(dh €,
X measured = E (E) = E (46)
such that from Eq. 4.5, we get
2v
A measured = Aps + 1_;:; [aPS - asup] 4.7)

Thus, Eq. 4.7 demonstrates that the experimentally measured thermal expansion
coefficient, Omeasured, typically determined from the temperature dependence of the film
thickness /(7), is not the same as the stress free, “true” linear thermal expansion
coefficient of PS, aps, but is altered by the thermal expansion coefficient of the

underlying support, as,p, and the Poisson’s ratio of PS, vps. However, Eq. 4.7 also
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enables us to determine the “true” (or corrected) linear thermal expansion coefficient of

PS from standard film thickness measurements:

1-v 2v
Ups = (—PS) measured T ( £S ) Tsup (4.8)

1+vpgs 1+vpgs

If we consider typical values for omeasured above and below T, we get good agreement

with literature values for the “true” (corrected) linear thermal expansion coefficient for

154

PS quoted in polymer handbooks. ™ In the glassy region below Ty, vps = 1/3, such that

1 1 . . .
Aps X 7 Omeasured T 5 sup, While in the melt region above Ty, ves = 1/2, such that

1 2 e 6 .
Aps = 7 Ameasured T 5 Tsup - For PS on silicon (as, = 3 x 10 6 K™, ellipsometry

measurements typically give omeasured =~ 1.6 X 104 K! below T, ¢ and Omeasured = 6 X 10 K

1 17,70,155,156

above Ty, which correspond to “true”, corrected linear thermal expansion
coefficients for PS of aps ~ 0.8 x 107* K ™' in the glassy region below T, cand aps =2 x 10~
* K in the melt region above T, ., In agreement with values found in polymer

handbooks'** and bulk dilatometry'®’

(with ayolume = 3 Olinear In the stress free state
typically experienced in dilatometry).
Returning now to the calculation of the equibiaxial in-plane stress imparted to the

PS film, because Eps, vps, and aps are all strong functions of temperature, changing

dramatically through 7, Eq. 4.4 needs to be solved in integral form:

T, Eps(T)
O'(Tg; Taging) = foging % [aPS (T) — Usup (T)]dT (4-9)

with the stress depending on the temperature range over which the film is cooled. Eq. 4.9,
representing the initial stress imparted to the films after cooling, has been found to agree
well with experimental measures of the stress formed on cooling for PS films supported

149,150

on substrates. Thus, even though Eq. 4.9 treats the polymer film as a purely elastic
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material, this turns out to be a remarkably good approximation, suggesting that a formal
viscoelastic treatment would only result in a small correction. As discussed and verified
previously by Gray et al.,'"” stress does not begin to build up in the PS film as long as it
remains an equilibrium liquid above T, as experimentally found by Zhao et al."” from
direct measurements of the stress. Consequently, regardless of the initial annealing
temperature above T, the relevant temperature range for Eq. 4.9 is from 7, down to the
aging temperature T,gin,. Note that the stress builds up slowly upon cooling below T,
such that even for the case of PS on silicon (the largest stress values in the present study),
the stress from thermal expansion mismatch is still well below the yield stress of the
material.

Both supported films and free-standing films held by a rigid frame across a
circular opening experience the same in-plane equibiaxial stress, given by Eq. 4.9,
imparted during the thermal quench due to the mismatch in thermal expansion between
the film and support. From Eq. 4.9, it is clear that the stress imparted to the films on
cooling depends directly on the difference in thermal expansion coefficient between the
PS film and rigid support over the temperature range cooled. Thus, to determine the
stress imparted to the films on cooling, we first need temperature-dependent values for
the linear thermal expansion coefficient of the materials of interest.

The “true”, corrected linear thermal expansion coefficients of the polymers
studied here (PS, PSF, and PC) were determined via Eq. 4.8 from ellipsometry
measurements of the temperature-dependent film thickness /4(7) for bulk (~500 nm thick)
films on silicon measured at 1 °C/min on cooling, where omeasured Was calculated using Eq.

4.6. Tabulated values for the temperature-dependent linear thermal expansion
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coefficients of silicon'® and Poisson’s ratio of PS'>® were used, while the Poisson’s ratios
of PSF and PC were taken to be vpsg = 0.37 and vpc = 0.38 based on manufacturers’
specifications across the temperature range of 7, gPS to Taging Where PSF and PC remain in
their glassy state. Figure 4.4a plots the temperature dependence of the measured thermal
expansion coefficient tmeasured for a 500 nm thick PS film on silicon, determined via Eq.
4.6, and the corrected (“true”) linear thermal expansion coefficient of PS, aps, determined
using Eq. 4.8. From the graph, we can see that that the largest difference between the
measured and “true” thermal expansion coefficients occur above 7, in the melt state
where a larger fraction of the underlying silicon’s thermal expansion contributes because
the Poisson’s ratio for PS is larger in the melt state, as a nearly incompressible liquid. To
compare the various materials used in the present study, Figure 4.4b plots the temperature
dependence of the true (corrected) linear thermal expansion coefficient of PS, PSF, PC,

160

(6061) aluminum,'® (304) stainless steel,'®" and silicon'™® where tabulated literature

values have been used for the various inorganic materials.
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Figure 4.4: Temperature dependent thermal expansion coefficients, a(7): (a) PS ameasured
based on film thickness /#(7) data using Eq. 4.6, measured on cooling at 1 °C/min for a
500 nm thick PS film supported on Si using ellipsometry (dashed line). The “true” aps,
corrected using Eq. 4.8 to remove the vertical strain component induced by the
underlying silicon, is plotted as a solid curve. (b) “True” a for all of the materials used in
this study where the relevant temperature range for stress buildup on cooling (7 gP S =
100 °C to Tyging = 65 °C) has been highlighted. “True” a for the polymers [PS (solid
black curve), PSF (dashed cyan curve), PC (dotted blue curve)] are corrected using Eq.
4.8 from measurements on cooling at 1 °C/min for bulk (~500 nm) films supported on Si.
Tabulated data are used for Al (dash-dot green curve),'® SS (dash-dot-dot red curve),'®!
and Si (short dashed black curve)."®
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The temperature dependent linear thermal expansion coefficients presented in
Figure 4.4b enable direct comparison of the thermal expansion mismatch between PS and
the various materials for the supporting frames. The magnitude of the relative stress
differences between the various materials will depend directly on the integrated thermal
expansion mismatch over the temperature range that stress builds up in the PS films: 7, gPS
= 100 °C to Taging = 65 °C. For easy comparison, we list in Table 4.1 the thermal
expansion coefficient (average value over the temperature range of 65-100 °C, although
the values vary by less than 8% over this range) and the integrated thermal expansion
mismatch with PS for the various supporting frame materials used in the present study.
This thermal expansion mismatch Aa was calculated numerically, from 7, gP =100 °C to
Tiaging = 65 °C, as

Aa = fTTaggmg[aps(T) — Qg (T)]dT (4.10)
using the data presented in Figure 4.4b. Formally, this is equivalent to the total strain
built up in the glassy PS film as it is cooled below its 7,. These Aa values are a robust
measure of the relative magnitude of the stress differences imparted by the various frame
materials, and is perhaps more reliable than the explicit values of stress calculated from
Eq. 4.9 because they do not depend on the Young’s modulus of PS, Eps(7). Although the
temperature-dependent Poisson’s ratio for PS changes only from 0.5 to 0.35 in going
from the melt to the glassy state, Young’s modulus Eps(7) varies by more than three

orders of magnitude.
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Table 4.1: Thermal expansion coefficient a, integrated thermal expansion mismatch Aa
relative to PS from Eq. 4.10, stress ¢ imparted to the PS films on cooling to Taging = 65 °C
based on Eq. 4.9 for the various materials used in the present study, and physical aging
rate fps (average of 3-5 measurements) for ~500 nm thick free-standing PS films held by
frames of the materials listed (or supported on silicon) at 65 °C.

Frame material  « (10°°C™")  Aa with PS o (MPa) Prs (107
PC 78.1 0.00064 0.7 4.8+0.2

PSF 61.4 0.00123 1.7 6.5+0.6

Al 23.8 0.00254 4.0 6.6+ 0.5

SS 16.1 0.00281 4.5 8.7+ 0.4

Si 2.97 0.00327 5.3 8.9+ 0.4
Supported on Si 2.97 0.00327 5.3 9.2+0.5

To explicitly calculate the stress imparted to the films via Eq. 4.9, values for the
temperature-dependent Young’s modulus of PS, Eps(7), are also needed. The precise
values of the stress imparted to the films depend significantly on the values of Eps(7)
because Eps(7) changes by more than three orders of magnitude over the temperature
range that the stress builds up on cooling. Obtaining reliable values for the temperature-
dependent Young’s modulus of PS from the literature proved to be harder than expected,
such that future measurements of Eps(7) on even bulk PS films would be warranted. For
the present calculation, we decided to use the Eps(7) data given in Beaucage et al.'”
because they are matched with reasonable vps(7) data, a rare occurrence,'®* and the stress
values calculated from Eq. 4.9 using these data for PS films supported on silicon cooled

to room temperature (¢ = 15 MPa) were found to be consistent with independent

experimental measures of the stress (15-16 MPa) for such samples.'*""*° Values of the
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equibiaxial in-plane stress imparted to PS films, upon cooling to an aging temperature of
65 °C, when supported by rigid frames of the various materials studied are included in
Table 4.1 based on numerical integration of Eq. 4.9. We note that even though the Eps(7)
data may not be the most ideal, we are confident in the values of thermal expansion
coefficients that define the thermal expansion mismatch between the different materials.
Because Epg(7) only shows up as a numerical prefactor in Eq. 4.9 and the a(7) data for
the frame materials all have similarly weak temperature dependences, we are confident in
the relative differences between the different stress values calculated, which is what is
found to correlate with the relative differences in physical aging rate.

4.3.3 Correlating Physical Aging Rate with Thermal Expansion Mismatch
and Applied Stress

The expression for the equibiaxial in-plane stress o, given by Eq. 4.9, imparted
during the thermal quench (i.e., glass formation) due to the thermal expansion mismatch
between film and support explicitly shows that there is no film thickness dependence to
the stress for free-standing films supported on rigid (nonflexible) frames or for supported
films on rigid substrates. Thus, the results presented in Figure 4.3 showing no change in
physical aging rate with film thickness for free-standing PS films (220-1800 nm thick)
held by SS frames are in agreement with films of all thicknesses being formed with the
same stress value. In addition, the results represented in Figure 4.2 are consistent with
the idea that the physical aging rate is affected by stress imparted during the thermal
quench with larger stresses leading to larger aging rates because the stress for PS films
supported on silicon (¢ = 5.3 MPa) is slightly larger than that for free-standing PS films

held by rigid SS frames (¢ = 4.5 MPa), as shown in Table 4.1.
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To further test the idea that stress resulting from thermal expansion mismatch
between film and support correlates with the observed physical aging rates, we have
made rigid frames containing a circular opening from materials with different thermal
expansion coefficients. For example, PSF and PC have thermal expansion coefficients
significantly different from SS and Si, and much closer to PS (see Table 4.1). Figure 4.5
compares the observed physical aging at 65 °C for ~500 nm thick free-standing PS films
held by PC, PSF, SS and Si, as well as a 482 nm thick PS film supported on Si. We find
that the observed physical aging rates correlate with the stress imparted to the films due
to the thermal expansion mismatch between film and support, as given by Eq. 4.9. The
average physical aging rates (based on 3-5 measurements) for ~500 nm thick PS films are
listed in Table 4.1. The lowest physical aging rate, f = (4.8 + 0.2) x 10, is observed for
free-standing films held by PC frames that impart the lowest stress, ¢ = 0.7 MPa, while
the highest aging rates are = (8.9 + 0.4) x 10™* for free-standing films on silicon frames
and = (9.2 + 0.5) x 10™* for supported films on silicon, both with ¢ ~ 5.3 MPa, the
highest stress. The data are consistent with Eq. 4.9 predicting that both free-standing and

supported films have the same stress (¢ = 5.3 MPa) for the same supporting material.
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Figure 4.5: Normalized film thickness A/h vs. logarithmic aging time for ~500 nm thick
PS films held free-standing on a PC frame (green stars), PSF frame (blue triangles), SS
frame (red circles) and silicon frame (black squares), as well as for a supported PS film
on silicon (gray squares). Physical aging rates (average of 3-5 samples) correlate with
the stress imparted on cooling from thermal expansion mismatch between film and
support as listed in Table 4.1.

Figure 4.6 demonstrates the correlation between the observed physical aging rate
at 65 °C for ~500 nm thick PS films with the thermal expansion mismatch Aa and applied
stress 0. Data shown are based on measurements collected on 3-5 nominally identical
samples of free-standing PS films for each of the different frame materials: Si, SS, Al,
PSF, and PC (open red circles). A data point (solid back square) is also included for PS
films supported on silicon wafers. The same physical aging rate is observed for free-
standing and supported films when held by frames (or substrates) of the same material,

consistent with the stress prediction from Eq. 4.9 where the equibiaxial in-plane stress
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depends only on the thermal expansion mismatch between film and support. We plot the
physical aging rate both as a function of thermal expansion mismatch Ao and stress o
because Aa is the more well-defined quantity. As discussed above, the absolute value of
stress strongly depends on the E(7) literature data used for PS, as it varies by more than
three orders of magnitude over the temperature range integrated in Eq. 4.9. However,
note that the relative differences in the stress between the various frame materials are
reliable because they depend only on the relative difference in thermal expansion
cofficients. It is clear from the data that a larger thermal expansion mismatch Aa, and
hence stress ¢ build up on cooling, results in a larger physical aging rate, where the
increased stress from gpc = 0.7 MPa to os;i = 5.3 MPa leads to a near doubling of the
physical aging rate of ~500 nm thick free-standing PS films aged at 65 °C. There is no
reason to believe that the trend in (o) should be linear, and future work will focus on

measuring f(o) by directly controlling stress on cooling.
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Figure 4.6: Physical aging rate § for ~500 nm thick PS films aged at 65 °C as a function
of: (a) thermal expansion mismatch Aa between PS and the supporting frame material, as
defined in Eq. 4.10; (b) stress imparted to PS on cooling to 65 °C as determined by Eq.
4.9 for the different supporting frame materials: polycarbonate (PC), polysulfone (PSF),
aluminum (Al), stainless steel (SS), and silicon (Si). Data plotted are based on an
average of 3-5 samples with free-standing PS films held by rigid frames containing
circular openings shown as open red circles, while that for supported PS films on Si is
given as a solid black square.
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Given this correlation between stress and physical aging, we reconsider in this
context previous reports in the literature that made efforts to correlate physical aging with
sample-size dependence. Often cited as the first such test, Braun and Kovacs compared
the physical aging behavior of powdered PS samples (containing fibrous sheets 100-1000
nm in thickness) with bulk (same powdered PS molded into 1 mm thick samples).'®
They found that the physical aging rate of PS did not depend on the sample geometry or
“state of division of the sample”. This study would be in agreement with the present
work as the powdered and molded samples suspended in a mercury filled dilatometer
would be unconstrained and free to thermally expand and contract as necessary.

Recently Gray et al.'” found that thickness dependent faster physical aging for
micron thick PS films only occurred when samples were supported on a wire frame
during the thermal quench. In this study, the free-standing PS films were supported by
0.009 in. diam. stainless spring steel wire frames with the PS film spanning across two
sides of the rectangular wire frame during the annealing step and thermal quench from
above 7, down to room temperature before being transferred onto silicon wafers for the
aging measurements. The aging rate at 65 °C for PS free-standing films held by these
wire frames during the thermal quench were 8 = (6.1 £ 0.6) x 10~ for 1380 + 100 nm
thick films and # = (8.1 + 0.6) x 10~ for 570 + 50 nm thick films. In contrast, when
these same thickness films were quenched supported on silicon (¢ = 5.3 MPa according
to Table 4.1) the aging rates were = (9.5 + 0.6) and = (9.3 £ 0.6)."'" Because Gray et
al. observed that film-thickness-dependent physical aging only occurred when samples
were supported on these wire frames during the thermal quench, they hypothesized that

the wire frames acted as small springs imparting a force F leading to a film-thickness-
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dependent stress o = F/(hw) applied to the films during the quench, where (Aw) represents

the cross-sectional area (height x width) of the films.'"

Efforts to directly quantify this
stress were not possible. Although Gray et al. proposed and attempted physical aging
measurements of free-standing films quenched on rigid frames that would impart
thickness-independent stresses, such measurements were not successful until the
improvements made here in the present study. From the /S vs. stress data presented in
Figure 4.6b, we can extrapolate that the physical aging rate for PS films quenched stress
free should be ~4 x 107*. Thus, it would appear from the aging rates measured for the PS
films held by the wire frames that the stresses imparted to these films are quite substantial.
A direct comparison cannot be made because the sample geometry in the present study
imparts a biaxial stress, compared with the uniaxial stress imparted by the rectangular
wire frames. However, separate measurements in our lab applying uniaxial stresses find
a similar /8 vs. stress behavior and the same aging rate of ~4 x 107 in the limit of zero
stress. As PS has been shown to not be a good model system'®* for gas separation
membranes, these conclusions of how stress imparted during the thermal quench can
affect the subsequent physical aging rate would need to be tested on the higher T, stiff
backbone polymers that are used as gas separation membranes (e.g., PSF, polyimide, etc.),
in particular at the operating temperatures used for gas separation (typically 35 °C),
before any broad applicability could be made.

Simon et al. have also correlated changes in physical aging upon confinement with
increased stress (hydrostatic tension) resulting from thermal expansion mismatch
between the glass former (ortho-terphenyl) and surrounding support (nanoporous

matrix).”® However, in this study it is the time to reach equilibrium that was accelerated,
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with insufficient data presented to comment on the aging rate itself. Unfortunately, a
number of studies have involved sample geometries for which it is not possible to
estimate what unintended stresses might be imparted during thermal
cooling, 0101123147 148.163.166 1) gevera] such studies, it is not the aging rate that is faster,
but the time to reach equilibrium that is “accelerated.”'*>'*"14%:16>166 \york by Priestley
et al. on silica capped PS nanospheres may enable further confirmation of how stress

development from thermal expansion mismatch during thermal cooling affects physical

aging by being able to more finely control internal stresses.'>>'®’

For this discussion we omit the numerous studies that have observed changes in

24,71,97-99,102,104,135

physical aging rate at length scales ~100 nm or less, some of which have

been directly correlated with 7, changes.”*""*"**1*> Such ‘nanoconfinement’ effects do

correlate with the surface-to-volume ratio of samples such that free volume diffusion type

168,169

models may be effective in explaining glassy dynamics at these smaller length

scales.
The nature of how deformation (stress or strain) imparts mobility to glasses is a

long standing problem that unifies concepts in polymer glasses, colloids, and granular

170

materials. In theoretical models, stress or strain are treated as facilitating energy

171,172 173,174

barrier hopping or equivalently tilting of the potential energy landscape, an
idea that was originally proposed by Eyring.'” Such an interpretation of stress induced
mobility in polymer glasses is supported by work that shows glassy dynamics not
correlating with free volume,'’®'”® but depending on a glass’ position within the energy

174,179

landscape. The vast majority of studies in this field on how mobility is increased by

the application of mechanical stress or strain investigate glasses that have been formed
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stress free. The present work is different in that the stress is applied during glass
formation (vitrification), and that even the presence of small stresses are found to have a
noticeable effect on the subsequent physical aging and stability of the material. Future
studies of how physical aging in polymer glasses can be altered by stress during glass

formation by directly controlling the stress on cooling are underway.

4.4 Conclusions

The results presented here demonstrate that there is no thickness dependence to
the physical aging rate for free-standing PS films, for thicknesses between 220 and 1800
nm, when held by rigid frames that impart a thickness-independent stress on cooling.
This is consistent with data for supported films on silicon, which also have a constant,
thickness-independent stress imparted to them on cooling, that show the physical aging
rate is independent of film thickness above ~100 nm**'"? (i.e., where T, ¢ 1S equivalent to
bulk). These combined results for free-standing and supported films held by rigid
supports observe no inherent film thickness dependence to physical aging (for films >
200 nm in thickness). Our conclusion is that the physical aging rate of free-standing PS
films correlates with the stress imparted to the films during cooling (i.e., glass formation)

due to thermal expansion mismatch between film and support.
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Chapter 5
Above, Below, and In-Between the Two
Glass Transitions of Ultrathin Free-
Standing Polystyrene Films: Thermal
Expansion Coefficient and Physical Aging

5.1 Introduction

There has been a long history of work on confinement effects in polymers and

30,35,48,53,55,65,69,159,163

other glass formers. This work has been motivated not just by its

inherently interesting qualities, but also by the importance of understanding current glass

10,180,181 9

transition theories, and for applications in the fields of gas separation,'®

photolithography, nanocomposites,'® membranes, and fibers. Given our incomplete

understanding of confinement effects, significant developments are still being made

60,183-186 187,188

including work on fragility effects, cooling rate effects, and

87,139,189,190

modulus. However, there have also been some interesting new questions

67,94,183,191

brought up regarding polymer-polymer interfaces, preparation  stress

112,113
effects, ~

and a possible dichotomy of segmental dynamics and measured glass
o 38,134,137,192 s - :
transition temperature (7y). Additionally, renewed interest has been shown in

understanding the full details of free-standing polymer films as they should be the
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simplest system, containing only two symmetric air-polymer interfaces and no substrate
interactions, S8 60:63.64.66.85.87.88,125,189

We recently showed that high molecular-weight (MW) free-standing polystyrene
(PS) films have two reduced T,s by performing measurements over an expanded
temperature range,”® where the film thickness, MW, and temperature range were carefully
chosen such that both transitions were visible. Figure 5.1 shows the temperature
dependent film thickness of two ~55 nm thick films with (a) M,, = 934 kg/mol and (b) M,,
= 2257 kg/mol, in which two transitions are visible for each film. The lower 7, matches

that previously measured for films of these molecular weights>*>>%*

(and predicted by
the Dalnoki-Veress et al. Tg(h, M) scaling™), showing a very strong M, dependence.
The upper transition is independent of MW and had not previously been seen in free-

standing films for these high MWs, but matches the thickness dependence seen for low

MW free-standing PS films.’® These results, as well as the large body of work on thin

30,35,48,53,55,65,69 138,193 73,194

polymer films, molecular glasses, and confined colloidal glasses
led us to propose that the mechanism of the Ty(/%) reduction for the upper transition may
be universal to all glass formers. The lower T, has only been seen (so far) in high MW
free-standing polymer films, which suggests that chain connectivity may be important for
this mechanism. These recent results lead us to ask if the film is truly glassy between the
two transitions, and if so, how much of the film is glassy?

Here we examine the thermal coefficient of expansion (TCE) of these ultrathin
high MW free-standing films, as well as present physical aging measurements below and

in-between the two observed transitions. The TCE data show that the upper transition

accounts for solidification of ~90% of the film, while only ~10% of the film remains
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mobile until passing through the lower transition, which we interpret as meaning some
small portion of the film or dynamics remains accelerated to much lower temperatures.
By performing physical aging measurements on these films, we see that between the two
transitions, physical aging does indeed occur. This indicates that the upper transition is
an actual glass transition below which physical aging occurs and accounts for
solidification of most of the film, in agreement with the TCE measurements.
Additionally, the physical aging rates we measure for films held between and below the
two transitions are significantly faster than would be expected based on our previous

measurements on the thickness dependence of the aging rate in supported PS films.*
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Figure 5.1: Film thickness vs. temperature for (a) 54.7 nm thick, My, = 934 kg/mol, film
and (b) 53.2 nm thick, M,, = 2257 kg/mol, film. The vertical red dashed and blue dotted
lines indicate the upper and lower T, as fit by Eq. 5.1. The upper T, is the same within
experimental error for the two MWs: 364 + 2 K for the 934 kg/mol film and 363 + 2 K
for the 2257 kg/mol film. For the lower T,, we measure 338 + 3 K for the 934 kg/mol
film and 307 £ 3 K for the 2257 kg/mol film. The solid lines are guides to the eye. The
data were smoothed by a nine point Savitzky-Golay algorithm and only every third data
point is displayed for clarity



Chapter 5 96

5.2 Experimental

Films were made by spin-coating PS (M,, = 934 kg/mol with M /M, = 1.14, My, =
2257 kg/mol with M /M, = 1.17, or M,, = 10100 kg/mol with M,/M, = 1.09) dissolved in
toluene onto freshly cleaved mica. Samples were vacuum annealed for at least 16 hours
followed by a slow cool to room temperature (< 0.5 K/min). Films were then draped
across stainless steel frames with 5 mm openings via water transfer to produce free-
standing films, while pieces from the same mica sample were transferred to silicon for
additional thickness measurements. Free-standing films were allowed to dry under
ambient conditions before being measured. Transmission ellipsometry (J.A. Woollam
M-2000) with a custom built heater for free-standing films, held at 45° angle of incidence,
was used for thickness measurements as a function of temperature for TCE data or time
for physical aging measurements.®*''? All free-standing films were modeled as a single
Cauchy layer with n(1) = 4 + B/A*> + C/A* for /. from 400 to 1000 nm.**'"?

The TCE data are for the films measured in Ref. 66 and shown in Chapter 2.
Briefly, films were initially heated to slightly above 75, 383 K for thin films and 391 K
for bulk films, to remove wrinkles and then ramped several times at 0.5 K/min while
measuring thickness and index of refraction on cooling and heating. To reduce the
likelihood of hole formation, a limited number of ramps through the upper 7, were
performed while several additional ramps through the lower 7, were collected. The
TCEs for the region between and below both transitions were determined by fitting the
lower transition to the integrated tanh function used previously by Dalnoki-Veress et

55
al.:
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R(T) = w (*=2) In|cosh (—2)] + (T - T,) (*52) + ¢ (5.1)
where w is the width of the transition (held to 2 K for the lower transition), M and G are

the slopes of the melt and glassy regions respectively, and c is the thickness of the film at

T,. The TCE values are calculated according to a = %%. Above and below the lower

transition, the fit values for the slopes M and G in Eq. 5.1 give dA/dT, with the reference
thickness for the 1/4 normalization chosen to be /(298 K) below the lower T, and /(338
K) above the lower T,. To determine the TCE in the melt region above the upper 7, the
melt data are fit to a straight line and the TCE is calculated from this slope with the
reference thickness at 4(378 K). A simple linear fit works better to determine the TCE
above the upper T, for several reasons. The breadth'”"® and asymmetry’® of the transition
combined with the limited data at high temperatures to minimize hole formation, causes
Eq. 5.1 to be less reliable in determining the TCE above the upper transition compared to
a linear fit. All the TCE values were calculated from data collected on cooling ramps
from the liquid state above both transitions.

Physical aging measurements were performed using a similar protocol to our
recent work on physical aging of bulk (220-1800 nm thick) free-standing PS films.'"
After drying, free-standing films were placed in an enclosed Instec hot stage at 363 K.
Films were then ramped up to 379 K at 1 K/min, held at 379 K for 1 min, and then
quenched to 313 K using liquid nitrogen cooling at 90 K/min. Immediately after the
quench is completed, films were placed in the custom heater that was pre-equilibrated at
the aging temperature for at least 30 min, and ellipsometry data were collected as a

function of aging time. This annealing protocol was designed to mimic the same
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temperature profile commonly used to get reliable 7, measurements®® and ensure that the
thermal history was reset, while minimizing hole formation by limiting time at higher
tempera‘[ures.5 5,66

Films were viewed under an optical microscope at up to 1000x magnification to
check for imperfections before and after physical aging measurements. Holes can be
distinguished from dust in the film by using transmission bright field illumination. Under
reflection illumination, tiny holes and pieces of dust are nearly indistinguishable, both
appearing as dark spots on the film. However, under bright field transmission
illumination, holes appear lighter than the surrounding film while dust remains darker. In
reflection illumination, differential interference contrast was used to check the uniformity
of the film and identify any out of plane deformations while dark field illumination
causes any imperfection in the film to stand out against the smooth, dark background of
the flat film. These microscopy techniques were used to pick films that were only of the

best quality for the physical aging measurements and to confirm that they did not exhibit

any hole nucleation or growth during the annealing or physical aging measurement.

5.3 Results and Discussion
5.3.1 Thermal expansion above, below, and between the two transitions

The thermal coefficient of expansion (TCE) data, calculated in this chapter from
our previous T, measurements on ultrathin, high-MW, free-standing polystyrene films,®
are presented in Figure 5.2. The red down triangles, black circles, and blue up triangles
indicate the TCE calculated in the liquid state above both transitions, the intermediate

state between the two transitions, and the fully glassy state below both transitions,
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respectively. Both the data for films with M,, = 934 kg/mol (solid symbols) and 2257
kg/mol (open symbols) show the same qualitative TCE results. Upon close inspection,
there is a slight decrease in all three TCEs as the film thickness is reduced, however this
decrease is similar in magnitude to the scatter in the data. The uncertainties and scatter in
the TCE data are fairly large due both to the scatter in the 4(7) data affecting the TCE
calculation, and significant variations from both film to film and cooling ramp to cooling
ramp. This sample to sample variation of TCE has been discussed in earlier
measurements of free-standing films with both ellipsometry’®> and Brillouin light
scattering (BLS).*®

It should be noted that in any experiment that determines TCE of a supported or
free-standing film from the temperature dependence of the film thickness, such as the
ellipsometry measurements reported here, the measured TCE is not the same as the
stress-free, “true” linear thermal expansion of the film material.''* As discussed in
Chapter 4 (Ref. 112), the measured TCE is altered by Poisson’s ratio (vps) effects caused

by the lateral constraint of the support on the film:

2
1_1;};55 [aPS - asup] (5-2)

measured = 7 (ﬂ) =aps t

h \dT
asup 1s the TCE of the support holding the film, in either a supported or free-standing state.
To compare TCE values measured on substrates or frames of different TCE or with bulk
dilatometry measurements, Eq. 5.2 must be used to correct the TCE values. Below T,
where vps = 1/3, Omeasured = 20ps — 0sup and above T, where vps = 1/2, Gmeasured = 30ps —

204p. This lateral constraint effect on the measured TCE has been recognized by

some,”**"11>1% put not all authors who report TCE values from film thickness
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measurements. In this chapter, we will simply use omeasured fOr simplicity and to not make

any assumptions about the values of vps in ultrathin films.
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Figure 5.2: Thermal expansion a as a function of film thickness for free-standing PS
films. Data for films with M, = 934 kg/mol are shown as solid symbols while data for
My, = 2257 kg/mol are shown as open symbols. Different symbol shapes and colors
represent o above (red downward pointing triangles), between (black circles), and below
(blue upward pointing triangles) both transitions. The dashed lines represent the liquid
and glassy thermal expansions for bulk films and the dotted line is the average thermal
expansion between the two transitions. Error bars are the standard deviation when
multiple cooling ramps were collected, or the uncertainty in the fit used to determine o
when only one cooling ramp was available.

TCE data were not reported in Ref. 55 but calculating them from the single

provided thickness vs. temperature data set (Figure 1b in Ref. 55) for a 71 nm thick film



Chapter 5 101

with M,, = 2240 kg/mol gives a-r, = 1.6 x 10 K below the observed transition and os,
= 4.3 x 10 K™ above the transition. This (single) observed transition in Ref. 55 agrees
quantitatively with our lower transition while our upper transition is outside of their
measured temperature range. Thus, for the purpose of comparison one would expect
their TCE values to agree with our measure of dgjass and dmiaale. Although their o<, is in
agreement with our dgiass, their a-rg is within the range of our aiiquia, as opposed to our
omiadle as anticipated. However, this comparison may not be warranted since they
commented that the TCEs above and below the transition were not reproducible. Ref. 55
used both stainless steel and nylon for the free-standing frames and it is not stated which
frame material was used in Figure 1b in Ref. 55, but we assume here that it was stainless
steel.

Subsequent work by one of the same authors (but in a different lab) provided an
excellent test of the effect of free surfaces wherein they measured the 7, of high MW
films in a free-standing state, transferred them to silicon wafers, and subsequently
measured 7, again on the same films without any further annealing.”® They found that
the reduced 7, of the free-standing film (only one T is reported) returns to the bulk value
when it is transferred to silicon (7 reductions for supported films of the tested
thicknesses are small) and that the contrast between the TCEs above and below the T is
increased. They do not report the actual TCEs of the films, but from the single 57 nm
film for which thickness vs. temperature data is shown, o<, = 1.5 x 10* K" and aorq =
2.3 x 10" K™ in the free-standing state (Figure 1 in Ref. 58) in good agreement with our
Oglass ANd Gimiddie Tesults in Figure 5.2 and changes to o<ty = 3.1 X 10* K ! and 0>1g = 6.6 X

10* K™ after transferring to silicon (Figure 2 in Ref. 58) in reasonable agreement with
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OUr Previous Oglass and ayiquia measurements on supported films in Chapter 4 (Ref. 112).
In Ref. 58, only stainless steel wafers were used.

The only other TCE data on free-standing PS films that we know of is from X-ray
reflectivity studies in Ref. 62. They include TCE vs. thickness for both the low (M, =
303 kg/mol) and high (M, = 2890 kg/mol) MW films above and below the 7, they
measure. There is significant scatter in the data, but both MW show strongly reduced
a<rgand a-t, for thinner films, with a slightly higher onset thickness for the higher MW.
a<tg varies from 1 — 2 x 10* K™ for thick films to essentially zero (within error) as the
thickness is reduced below ~55 nm. While we do not see as strong of a reduction in ogjass
with film thickness, the average value is in good agreement with our results. While they
used aluminum frames, the difference in TCE between our stainless steel frames, ass ~
1.6 x 10° K and aluminum frames, o = 2.4 x 10° K would lead to a less than 5%
difference in measured aps at all temperatures, far smaller than either their or our
measurement uncertainties. The o-t, data are more intriguing because they find a-1, =
5.5x10* K ! for h = 55nm and a-1g = 1 % 10* K! for & < 55 nm. The thicker film value
of a-t, 1s in agreement with the aiiquia We measure above both transitions while their value
of a-1g for thinner films is close to the amiqaie We measure in between the two transitions.
We were not able to reliably measure both transitions for films much thicker than 60 nm
as they are no longer clearly separated and begin to blend in to one another. As such, it is
not unreasonable to assume that for # = 55 nm in Ref. 62 a blending of the transitions
occurred leading to the higher reported a-r1,. This scenario seems even more likely due to
the measurements being performed on heating with at least 10 minute holds'® every 3 K

to collect the X-ray reflectivity data, presumably until holes formed at higher



Chapter 5 103

temperatures. There is no thickness vs. temperature data shown for any high MW films
to test this hypothesis. It should be noted that the 7,(/) data presented appear to deviate
from previous literature results for films < 55 nm, likely due to the difficulties in
determining 7, when the contrast of the transition is weak. In short, their temperature-
dependent thickness data, with data only every 3 K, is probably insufficient to comment
on the TCE in the thin films in great detail.

Thermal expansion has been measured and discussed in interpreting 7, reductions
in thin supported polymer films since the very first measurements.’*'> Unfortunately,
both the magnitude and direction of the change in TCE both above and below 7, with
decreasing film thickness for polystyrene films is not in agreement across the various
studies,' 720230473362 70.135.16.1967198 - Taple 5 1 lists the change TCE as film thickness is
reduced among the relevant studies available in the literature. We list the results in this
section by technique not to imply that there is a definitive relation between the
experimental technique and result, but to make the summary more useful for the reader
and the references easier to follow. One particularly interesting study on supported PS
films was that by Inoue et al. who used neutron reflectivity to measure the 7, and TCE of
20 nm thick layers as a function of distance from both the silicon substrate and the free
surface by building alternating deuterated and hydrogenated multilayer PS films."”® They
found that the substrate layer had a zero TCE and exhibited no 7, between 298 and 403 K,
while the center of the film exhibited bulk 7, and TCE values, and the surface layer

showed a T, reduced by ~20 K with bulk TCE both above and below 7.
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Table 5.1: Literature summary of the change in thermal expansion with decreasing film
thickness. 1, -, and | indicate an increase, no change, or decrease, respectively, in TCE
as film thickness is reduced. A “dead layer” refers to a near substrate layer exhibiting
zero or glassy TCE at all measurement temperatures. A “liquid(-like) layer” refers to a
near free-surface layer exhibiting TCE at all measurement temperatures. A v in these
columns indicates that the Reference’s results require that layer to exist in a layer model
picture. Some results can also be explained by a three-layer model and are indicated in
the “both” column. Experimental techniques are listed for completeness, not to imply
that the results are technique dependent.

Supported PS
Technique Olglass aiiquia  dead layer liquid layer or both Ref.
X-ray reflectivity ! - \ 197
X-ray reflectivity ! - V 156
neutron reflectivity ! ! \ V 198
enamblaion o
X-ray reflectivity - ! \ \ 47
ellipsometry - - 155
ellipsometry -/1 - \ \ 70
capacitive dilatometry 1 ! \ 196
ellipsometry ) - \ 30
ellipsometry ) - \ 17
Free-standing PS
Technique R R Ref.
ellipsometry - ! 55
BLS - ! 36
X-ray reflectivity ! ! 62

As previously discussed for free-standing films, there is already a limited number
of T, studies and even fewer of those are with a technique able to measure the thermal

expansion as shown in Table 5.1.*>>* Additionally, the reproducibility of the TCEs was
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reported to be poor with BLS* and ellipsometry55 such that only aiiquid/@glass ratio data
were shown in the BLS study (and only for low MW) while only qualitative descriptions
were given in the ellipsometry study. Both the BLS and ellipsometry”” study reported a
relatively constant a<r, while a-1, was reported to qualitatively decrease with decreasing
film thickness. The X-ray reflectivity study saw a decrease in both a<r, and a-t, for both
low and high MW PS films,** as previously discussed in this section.

To make sense of all of the literature reports on the thickness dependence of TCE
in thin PS films, we can attempt to evaluate the results with the popular layer model of
depth dependent dynamics in thin polymer films. For simplicity, and in the interest of
brevity, we will use a layer model in which the layer thickness is constant as a function of
temperature. This temperature-independent layer model has successfully been employed
in the past,” but it should be noted that several results require a temperature-dependent

24,36,135

layer thickness for successful modeling, including our own physical aging

measurements on thin supported PS films.** Evidence also points to a gradient in

48120 The commonly employed layers are a so-

dynamics as opposed to discrete layers.
called “dead layer” near the substrate that exhibits a zero or glassy TCE, and a liquid-like
surface layer with a liquid TCE at all temperatures. We can calculate a film’s measured
TCE by averaging the TCEs as a function of depth or layer.

If a polymer film has a dead layer that is bound to the substrate such that it shows
no thermal expansion, then both the measured aiiquia and oglass Will be reduced from the

bulk values in agreement with Ref. 198. If the substrate layer simply maintains aé’}fllfs at

all temperatures, with no 7, in the measured temperature range, then aiiquia Will be

reduced and a,ass Will show no change in agreement with Refs. 34,47,156,197. A liquid-
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like free surface layer that exhibits albi%kid at all temperatures, with no 7, in the measured

temperature range, would cause aiiquia to show no change with film thickness and oyjass to
be increased in agreement with Refs. 17,30,70. Finally, if a film has both a dead
substrate layer and a liquid surface layer then aiiquia Will be reduced and agjass Will be
increased, unaffected, or decreased depending on the relative size of the altered layers, in
agreement with Refs. 34,47,70,196,198. This layer model analysis of the results is
summarized in Table 5.1. Examining the layer model analysis results in Table 5.1, it
appears that measurements performed with X-ray reflectivity, neutron reflectivity, and
positron annihilation lifetime spectroscopy can be interpreted with at least a dead
substrate layer while measurements performed with ellipsometry, for the most part, can
be interpreted with a liquid surface layer. We will not speculate on the reason for this
grouping.

Puzzlingly, the reported TCEs for free-standing films>*~>** do not match with the
(constant thickness) liquid-like surface layer model as expected. A constant thickness
liquid-like surface layer on each free surface would lead to no change in ajqig and an
Increase in dglass, but measurements on free-standing films have only reported a decrease
In aiiquia and either no change or a decrease in agass, both inconsistent with a liquid-like
surface layer. However, we showed previously®® and earlier in this chapter that there are
two transitions and thus three TCEs in high MW free-standing PS films: agjass, Gmiddie
and ajiquia. This makes the application of the layer model more ambiguous. In the BLS
study®® and the M,, = 303 kg/mol data in the X-ray reflectivity study,*® the reported
behavior of a<ry and a-1g are for low MW free-standing films. This means that the

mechanism of high MW T, reduction may not be active, leading to only one transition
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that corresponds to our upper transition such that a<r, and o>t are the same as o,1ass and
aiiquia- The conflict with the liquid-like layer model prediction of TCEs still stands (even
with a temperature dependent liquid-like layer thickness). In the ellipsometry study™ and
M,, = 2890 kg/mol data in the X-ray reflectivity study,’” the reported behavior of a<rg and
a-t1g are spanning transitions likely corresponding to our lower transition such that a<t,
corresponds with our oglass and a-t, corresponds with our amigqie.  Since the liquid-like
layer model analysis has previously been successfully applied to supported (with constant
layer thickness) and low MW free-standing films (with temperature dependent layer
thickness), it seems likely that the liquid-like layer would be contained entirely in the
upper transition and may not contribute at all to the lower transition. Further work on
TCE behavior in ultrathin polymer films would be recommended, but what is needed
most is a way to reconcile these results with some insight into the response of the various
techniques or experimental variables that lead to the disparity. Of note, some recent
progress has been made towards a better understanding of the length scales associated
with the liquid-like layer of enhanced mobility, specifically that a liquid-like layer may
not be a useful definition of the depth from the free surface to which dynamics are
enhanced.”**1%

In the present results on ultrathin free-standing PS films, we have not just a liquid
and glass TCE, but also an intermediate TCE between the two transitions we observe. By
comparing the TCEs above, in-between, and below the transitions, we can determine the
relative strength of the two transitions. To do so, we calculate the fraction of the total
change in TCE that occurs on passing through the lower transition (Omiddie — Oglass) / (Ottiquid

— Oglass). We consider this a measure of the fraction of the film that is still mobile
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between the two transitions. This calculation assumes that both of the transitions are true
glass transitions such that the film is not completely liquidy or glassy between the two
transitions. This assumption will be tested in the next section via physical aging
measurements. For the ultrathin films for which two transitions are visible (2 < 60 nm),
the mobile fraction was found to be 11 £ 5 %. We interpret this result as indicating that
~90% of the film solidifies on cooling through the upper transition and ~10% of the film
remains mobile to much lower temperatures (up to 60 K below the upper T;), finally
solidifying at the lower transition. Given the spread in our TCE data, we cannot make
any statements about the thickness dependence of the mobile fraction beyond the fact that
if one exists, it is fairly weak.

The ~10% mobile fraction that exists between the two transitions is likely not due
to the center of the film solidifying at the upper transition with the free surface
solidifying at the lower transition. The complete argument and literature discussion of
this point is contained in Chapter 2 (Ref. 66). Strong support for this argument is in the
quantitative match between the thickness and (lack of) M, dependence of the upper
transition we measure with the 7,(4) observed in low MW free-standing films, which
were modeled as the average of a reduced 7, at the free surfaces and a bulk 7, at the
center of the film.*® The free surface and associated gradient in dynamics, often observed

as a broadening of the glass transition as the film thickness is reduced in supported

17,70,199 24,36,48

films, is contained entirely within the upper transition.
The fact that we are able to perform these 7, measurements at all is confirmation

that the majority of the film is glassy between the two transitions. If the lower transition

was the true and only glass transition, then one would expect the films to rapidly



Chapter 5 109

disintegrate through hole formation and growth as they are brought tens of degrees above
T, g.36’55’83’84 We propose that the majority of the film, including the near free surface
region, solidifies at the relatively broad upper transition, providing a rigid matrix in
which some small portion of the film remains mobile to much lower temperatures. A full
discussion of this interpretation of the films and literature is in Section 2.3 (Ref. 66). We
next test whether the two transitions are both actual glass transitions, and the
interpretation of a ~10% mobile fraction between the two transitions, by performing

physical aging measurements below and in-between the two transitions in ultrathin, high-

MW free-standing PS films.

5.3.2 Physical aging below and between the two transitions

The first and potentially most important question to ask about these two reduced
T,s we have observed in ultrathin, high MW, free-standing PS films is whether they are
both actual glass transitions, and if not, then which one is actually the film’s glass
transition? Since one of the most important and fundamental properties of the glass
transition is the non-equilibrium state of the material below 7, physical aging
measurements of films held between and below the two transitions is a critical test of the
film’s glassy state. To illustrate the parameters of the physical aging measurements
required to perform this test, we diagram the relevant information in Figure 5.3. For a
particular film thickness (below ~70 nm), a sample will exhibit two transitions. The
thickness dependence of the upper transition is given by the dashed blue and cyan curve

in Figure 5.3. The thickness dependence of the lower transition depends on the molecular
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weight and is shown for the two MW used in this study, My, = 2,257 kg/mol (solid blue

line) and M, = 11,000 kg/mol (solid cyan line).
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Figure 5.3: Illustration of the 7,s for high MW free-standing PS films and the relative
location of the aging experiment performed in this work. Physical aging measurements
were performed with parameters given by the green star: Tyee = T, gbulk -584K=313K
and 4 = 63 nm. The dashed blue/cyan curve represents the low MW free-standing PS
Ty(h) film data from Mattsson et al.”® which matches the upper transition we previously
observed in high MW free-standing PS films.®® The two solid lines represent the 7, o(h,
M,,) from the scaling provided by Dalnoki-Veress ef al. in Ref. 55 of the MW used for
our physical aging measurements, M,, = 2,257 kg/mol (blue) and M,, = 11,000 kg/mol
(cyan). For the M,, = 2,257 kg/mol film physical aging (green star) is performed below
both transitions while for the My, = 11,000 kg/mol film, the physical aging measurement
(green star) takes place between the two transitions.

On first glance, one may propose to vary the film thickness with a constant aging
temperature or vary the aging temperature with a constant film thickness such that the
physical aging data span across the thickness/temperature region in which the lower

transition occurs for a given MW. However, this type of data would require a large
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number of measurements to be collected and either multiple levels of analysis or
significant assumptions. This is due to the temperature dependence of the aging rate that

exists even in the bulk!®?*!%3

and the thickness dependence of the aging rate in supported
films that we previously showed was due to the T,(/) reduction that occurs in ultrathin
supported films.** Distinguishing the unknown effect of the lower transition on physical
aging behavior in ultrathin, high-MW, free-standing PS films from the dependence of
aging on thickness due to just the upper transition and/or temperature in general would
likely be quite difficult, if not impossible given the experimental uncertainty of the aging
rate we can measure for these ultrathin free-standing films.

To form a simpler and more elegant test, we have chosen to perform physical
aging measurements at one aging temperature on films with identical film thickness but
of different molecular weights. Note that physical aging is inherently independent of
molecular weight as it represents only very local motion of chain segments. As such, by
varying only the molecular weight we can alter the corresponding location of the lower
transition for the two sets of films. This allows a more straightforward determination of
the effect of the lower transition on the physical aging behavior on ultrathin high-MW
free-standing PS films. All physical aging measurements were performed with the aging
temperature 7, = 313 K and film thickness /# = (63 + 1) nm represented by the green star
in Figure 5.3. For a film with M,, = 2,257 kg/mol, the two transitions are given by the
dashed blue/cyan line and the solid blue line such that the aging temperature is below
both transitions for a film with 2 = 63 nm. For a film with M, = 11,000 kg/mol, the two

transitions are given by the dashed blue/cyan line and the solid cyan line such that the

aging temperature is between the two transitions for a film with 2 = 63 nm. The solid
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lines representing the lower transition for the M,, = 2,257 kg/mol (blue) or M,, = 11,000
kg/mol (cyan) films is calculated using the scaling from Dalnoki-Veress et al. for Ty(4,
M) of high MW free-standing films.”> We have previously measured T, o for M, = 2,257
kg/mol films® and found that the lower transition we measure is in agreement with,
though slightly higher than, the predicted values from the Dalnoki-Veress et al.
scaling.” We are in the process of performing 7, . measurements to confirm that at the
aging temperature used here, Thg. = 313 K, the ~63 nm, M,, = 11,000 kg/mol films are
between the two transitions.

Figure 5.4 shows the normalized film thickness A/hy as a function of logarithmic
aging time for (63 + 1) nm thick free-standing PS films of M,, = 2,257 kg/mol (open blue
symbols) and M,, = 11,000 kg/mol (closed cyan symbols) aged at 313 K. When plotted
in this manner, the physical aging rate f = — 0(h/ho)/0(log ¢) is the slope of the

23,24,113,135,200
data,

where /ois the film thickness at an aging time of 10 minutes and ¢ is the
aging time. For comparison, the black line in Figure 5.4 represents the physical aging
rate expected for bulk, 500 nm thick films aged at the same aging temperature of 313 K,
Pou = (5.2 £ 0.3) x 10™*.""* The average physical aging rates measured are SZM,, = (5.4
+0.2) x 10 for the M,, = 2,257 kg/mol films aged below both transitions and S .., =
(3.4 £ 0.3) x 10™* for the M,, = 11,000 kg/mol films aged between the two transitions.
These data are limited due to the extreme difficulty in preparing the ultrathin free-
standing samples and performing the physical aging measurements. However, one of the
11,000 kg/mol films was successfully run a second time and showed the same aging

behavior, indicating that we were observing physical aging and not some other, non-

reversible process.
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Figure 5.4: Normalized film thickness A/hy vs. logarithmic aging time for (63 + 1) nm
thick free-standing PS films of M,, = 2,257 kg/mol (open blue symbols) and M, = 11,000
kg/mol (closed cyan symbols) aged at 313 K. Multiple measurements for each MW are
shown as different symbol shapes to demonstrate reproducibility. The solid black line is

what would be expected for a bulk film aged at the same temperature (based on our
previous temperature dependent aging measurements of ~500 nm free-standing films).' "

It should be noted that the annealing protocol to remove thermal history used here
for physical aging measurements on ultrathin free-standing films is significantly reduced
from that for the bulk data used for comparison in the previous paragraph and Figure 5.4.
In previous physical aging measurements on supported films of all thicknesses and bulk
free-standing films, samples were annealed at 7, + 20 K = 383 for at least 20 minutes to
completely remove any previous thermal history.”**!">!32% Thjs annealing protocol
unfortunately leads to hole growth almost immediately in the ~63 nm thick free-standing

films studied here. To allow for erasure of thermal history while eliminating hole
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nucleation and growth, we adopted an annealing protocol similar to the temperature
profile we previously used in 7, measurements on ultrathin free-standing films in Chapter
2 (Ref. 66). The reduced annealing protocol consists of heating from 363 — 383 K at 0.5
K/min and holding for 1 min followed by a quench at 90 K/min. This annealing resulted
in aging rates for bulk films equivalent to previous aging measurements. Unfortunately,
this reduced annealing protocol still produced tiny holes in the ~63 nm thick films. On
reducing the maximum temperature of the protocol to 379 K holes were no longer formed.
This further reduced annealing protocol has not yet been confirmed to produce the same
aging rates in bulk films as the more aggressive annealing does, therefore comparison of
aging rates with bulk films should be done with caution.

Since we observe physical aging in high MW free-standing PS films even when
held at a temperature below the upper transition but above the lower transition, we
conclude that the upper transition is an actual glass transition. This agrees with several
previous results in the literature and our TCE findings that ~90% of the film solidifies at
the upper transition. The ability to hold these ultrathin films tens of degrees above the
lower transition for near perpetuity without hole formation indicates that a large part of
the film or mode of relaxation is frozen to flow. Previous hole growth measurements on
ultrathin high MW free-standing PS films would be consistent with the upper transition

83,84

controlling the properties of flow. Paeng et al. have done a series of studies using a

photobleaching dye reorientation to measure the dynamics in thin free-standing films of

- 46,88
various polymers.™

They found a relaxation that corresponds to the bulk a-relaxation
as well as a faster population that they attributed to the free surface.*® However, both of

these relaxations were MW independent, are the same for both low (M, = 170 kg/mol)
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and high (M, = 955 and 6,041 kg/mol) MW, and are the same in supported and free-
standing films. In addition, all of the measurements were performed at temperatures well
above where the lower 7, would be expected for the film thicknesses and high MWs they
studied. Thus, the fast dynamical population they observed, and associated with the free
surface, occurs within the temperature range of our upper transition. Lastly, O’Connell
and McKenna have determined 7, from the creep of high MW (M,, = 994 kg/mol) free-

standing PS nanobubbles.>'®

The T,(h) values they find are closer to the upper
transition than the Ty(%) expected for their high MW.

Ngai and coworkers have recently used the Coupling Model to propose an
explanation for our finding of two 7,s in high MW free-standing films, although only
qualitative discussion of the effect of film thickness on the different coupling parameters
for a-relaxation and sub-Rouse mode relaxations was included.””’ They propose that the
lower transition is the “true” a-relaxation, while the upper transition corresponds to
motion of sub-Rouse modes inherent in the Coupling Model. Sub-Rouse modes are
relaxations that occur between the segmental relaxation and the shortest Rouse mode
relaxation.””> Such a theoretical explanation seems to be in contradiction to our findings
here of physical aging occurring above the lower transition because the freezing out of a-
relaxations leading to non-equilibrium structural relaxation has long been associated with
the glass transition.'***

The mechanism by which Ngai and coworkers propose the a-relaxation exhibits
an increase in mobility, and concomitant decrease in the lower T;, is due to chain

orientation as the film thickness becomes smaller than the radius of gyration R, of the

polymer.®" However, chain orientation effects would be the same in supported and free-
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standing films, yet no lower transition has been reported in supported films to date. An
unintentionally direct test of the chain orientation basis of the lower 7, was performed by
fluorescence measurements of multi-layer high-MW free-standing PS films by Kim and

Torkelson.**

They found that free-standing films of # < 60 nm report the same average
and individual layer 7, when made out of one, two, or three layers. The amount of chain
orientation in such a multi-layer sample should increase with increasing number of layers
as the chains are restricted to relatively smaller portions of the film, yet no effect on 7§ is
observed. In addition, the exceedingly high quality 74(4, M) data by Dalnoki-Veress et

al.” allowed them to perform a detailed analysis™>®

of the MW dependence of what we
observe as the lower transition. They found that the data do not scale as M,,"* but that
the slope of Ty(#) is a logarithmic function of M,, indicating that the 7} reduction is not
directly related to the chain size (Rg ~ Mwl/z).

The only other theoretical proposal specifically designed to explain the high MW
free-standing 7, reductions is based on the “sliding model” idea by de Gennes.*™®  As
the film thickness approaches the size of the polymer (roughly 2R,) significant numbers
of chains have large “loops” that meet the same free surface at two points and “bridges”
that span the thickness of the film from one free surface to another. In the sliding model,
the enhanced mobility at the free surface is able to propagate into the depth of the film
along the backbone of the chain through these loops and bridges such that enhanced
mobility reaches much further into the film than the immediate free surface, with the
distance and magnitude of enhancement increasing with MW. Later, Lipson and Milner

worked out a quantitative test of de Gennes’ sliding mode picture in what they called a

delayed glassification model.>”* The results of this effort showed a T, o(h, M) reduction
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that was linear in film thickness as experiments observe. However, the Ty(h, M)
prediction for different molecular weights intersected at a single point of small film
thickness such that the difference in 7, between different MWs became smaller as
thickness was reduced.”” This is in direct contrast with experiments in which the Ty(%,
M,,) data intersect at larger film thickness and different MWs show increasingly different
T, as film thickness is reduced.”

Returning to the results of our physical aging measurements, we find that the
physical aging rate we measure for a M,, = 11,000 kg/mol film held between its two
transitions, SEe .en = (3.4 £ 0.3) x 107, is significantly less than that for a M,, = 2,257
kg/mol film held below both of its transitions, 82X, = (5.4 + 0.2) x 10 which itself is
nearly identical to that predicted for 500 nm thick free-standing PS films based on our
previous A(T) measurements in Chapter 4 (Ref. 112), Soux = (5.2 £ 0.3) x 10™. While
small differences in annealing protocol between the ultrathin and bulk free-standing films
still need to be verified, we discuss here the importance of these results. In Chapter 3
(Ref. 24) we found the aging rates of (29 = 1) nm thick supported PS films to be reduced
at all aging temperatures compared to bulk films because a portion of the film near the
free surface, whose length scale increases with decreasing temperature, does not
participate in aging due to a gradient in local 7,. For supported films aged at 313 K there
is a large reduction in the physical aging rate from fsuppux = (8.2 £ 1.3) X 10 for bulk
films to fsup.29nm = (3.4 = 1.0) X 10™* for (29 £ 1) nm thick films. This is a nearly 60%
reduction in aging rate for the thinner films due to the presence of the free surface. For
the 63 nm thick, My, = 11,000 kg/mol free-standing films aged between its two transitions

we will suppose, for the purpose of a simple comparison, that the ~90% fraction of the
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film solidified at the upper transition would age with a rate similar to a supported film of
half the film thickness (two free surfaces vs. one free surface), and the ~10% mobile
fraction with much lower 7, does not age. Conveniently, the thickness of the thin
supported films we previously measured (29 nm) is about half the thickness of the thin
free-standing films measured in this chapter (63 nm), facilitating a simple comparison.
Based on this reasoning we might expect an aging rate of glass fraction X (Binsup/
Pinicksup. X Pouikrs) = 90% x (40% x 5.2 % 10'4) = 1.9 x 10™*. However, our measured rate
of BAIM . =(3.4+0.3) x 10 is significantly faster than this simple comparison would
predict.

It is unclear what the temperature dependence would be of the aging behavior for
the portion of the film solidifying at the lower transition but we will assume for now that
at 313 K this ~10% mobile fraction of the film exhibits an aging rate of no more than the
maximum we measured for bulk free-standing films, ~8 x 10™. If the 10% mobile
fraction of the film ages at this maximum rate in the M,, = 2,257 kg/mol film aged below
both transitions, then we can combine this with the type of analysis done in the previous
paragraph. Starting from the supported film measurements we would expect an aging
rate of glass fraction X (Binsup. Pihicksup. X Pouikes) + mobile fraction x Bioy, = 90% x (40%
x 52 x 10+ 10% x 8 x 10*=2.7 x 10™*. Again, this is much lower than the measured
rate of BN, = (5.4 £ 0.2) x 107, Alternatively, we could start with the aging rate we
measure for the My, = 11,000 kg/mol films aged between the two transitions. In such a
case, assuming that only 90% of the 11,000 kg/mol film ages between its two transitions,
we could back out the aging rate of that portion of the film Bogy, = Biamt cen/glass fraction

=3.4x 1090% = 3.8 x 10™*. Applying this to a similar aging rate prediction would give
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M+ mobile fraction X Pmax=3.4 x 107" +10% x 8 x 107 =4.2 x 107, still lower
than our measured aging rate of BZM,,, = (5.4 = 0.2) x 10™. So it appears that this basic
analysis is not sufficient to explain the physical aging rates of our ultrathin high MW
free-standing films. Further measurements may be more successful with a more thorough
analysis. However, at present we still conclude that the aging rate for ultrathin high MW
free-standing films held both between and below the two transitions appears to be
anomalously high given our previous analysis of film thickness dependent aging rates in
supported PS films. Additionally, the difference between the aging rate of a film held
between the two transitions and a film held below both transitions is much larger than

one would expect given that the TCE results indicate that only ~10% of the film solidifies

at the lower transition.

5.4 Conclusions

The results presented here further support our previous finding that ultrathin high
MW free-standing films exhibit two glass transitions.”® The lower, MW dependent
transition we measure matches that previously seen in high MW free-standing films while
the upper, MW independent transition we measure matches the 74(/) reduction observed
in low MW free-standing films. In this chapter we further measured the thermal
coefficient of expansion (TCE) above, between, and below the two transitions. We find
that ~90% of the film solidifies on passing through the upper transition, while only ~10%
of the film remains mobile until freezing out at the second transition, and that there is

only a minor decrease in all of the TCE values as the film thickness is reduced.
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We have also performed physical aging measurements on films held between and
below the two transitions. Since we observe physical aging of a film held between the
two transitions, we conclude that the upper transition is an actual glass transition and thus
associated with the a-relaxation, in contradiction with the recent Coupling Model
prediction of our two observed T, gs.201 The aging rate we measure for a film held between
the two transitions is significantly slower than that held below both transitions, indicating
a stronger effect than would be expected given the ~10% mobile fraction finding from the
TCE measurements. Both of the aging rates are also faster than one would expect based
on a simple analysis following our previous physical aging measurements on ultrathin
supported PS films. The combined conclusion from our measurements of 7,, TCE, and
physical aging rate of ultrathin high MW free-standing PS films is that the upper MW
independent transition is an actual glass transition that accounts for solidification of most
of the film (below which physical aging occurs), the lower MW dependent transition is
due to some smaller fraction of the film solidifying at a much lower temperature, and that
the lower transition contributes to the physical aging rate in a potentially stronger than

expected way.
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Chapter 6

Summary

6.1 Introduction

There has been a long history of work on confinement effects in polymers and I
hope to have contributed to the advancement in understanding the glass transition and
physical aging behaviors of thin and ultrathin supported and free-standing polystyrene
(PS) films. While I, of course, believe each of the chapters in this dissertation are
important and have provided a significant contribution to the field, the real test is through
the reception by others in the field. The results of Chapters 2 and 3 were published in
2011° and 2010*, and have since gathered significant numbers of citations. However,
the results of Chapter 4 have only recently been published,''? while Chapters 5 and the
Appendix are currently unpublished. This Summary Chapter describes the main impacts
of this work on the field, as judged by the literature, and highlights outstanding questions
related to these important findings.

The first significant impact is measurement and discussion of what is the length
scale associated with the free surface dynamics of PS as determined by physical aging

measurements on ultrathin PS films.**

We find that because the physical aging rate is
reduced in thin PS films, with a larger reduction at lower temperatures, the depth to

which the physical aging rate is perturbed by the free surface must increase with
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decreasing temperature. This is in agreement with confinement being related to the idea
of cooperative motion, known to occur in glassy systems.’>*

A second main impact of this dissertation work is the discovery of two
simultaneous mechanisms of 7, reduction in ultrathin high molecular weight (MW) free-
standing PS films leading to two reduced 7, gs.66 The lower transition is MW dependent
and has previously been observed in these high MW free-standing films,” while the
upper transition is MW independent, has not been seen before in these films, and matches
the 7, reduction previously measured in low MW free-standing films.”® We anticipate
that our measurement of physical aging between the two reduced T,s described in
Chapter 5 will further strengthen the finding of two 7,s in ultrathin high MW free-
standing PS films.

The final significant impact we cover in this summary chapter is the finding that
when a free-standing PS film is stressed as it is cooled into a glass, the resulting physical
aging rate is increased by nearly a factor of two compared to a film cooled into the glassy
state nearly stress free. This significant change in physical aging rate is brought about by
a stress that is simply due to the thermal expansion mismatch between the polymer film
and the frame on which it is held. Finally, the Appendix will hopefully provide the
background and methods necessary for future students and researchers to perform the full
thermoviscoelastic calculation of this thermal expansion mismatch based stress in

polymer films, should they so desire.
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6.2 Free Surface Length Scale

In 2010, the thin film physical aging results of Chapter 3 were published,*
reporting that the depth to which the enhanced free surface mobility propagates into the
film decreases with increasing temperature. This finding is in agreement with the
magnitude and temperature dependence of previous estimates of a length scale of
enhanced dynamics determined by 7, measurements on low MW free-standing films*®
and nanoparticle embedding experiments.”> Since then, there have been several other
reports on the temperature dependence of a free surface length scale in polymer
films. 04133204205 Hswever, all of this recent work has determined a free surface length
scale that increases with increasing temperature.

Anisotropic photobleaching based dye reorientation measurements on ultrathin
free-standing®® and supported®* PS films by Paeng et al. found two populations of
relaxations, one with bulk-like dynamics and one with much faster dynamics. Assuming
the fast population is located near the free surface, they calculated the thickness of a
“mobile surface layer” and found that it grew with increasing temperature, reaching 7 nm
at T,. This “mobile surface layer” thickness did not depend on MW or film thickness for
free-standing films and showed the same behavior in supported films less than 28 nm
thick. Nanoparticle embedding experiments performed slightly below 7, similarly show
two relaxations with a two step embedding process corresponding to relaxation of bulk
and the free surface.’**" The embedding due to the free surface relaxation stops at a depth
that increases with increasing temperature, reaching 5 nm at 7,. Another mechanical
measurement that probes the elastic modulus behavior, compared to the viscous behavior

from nano-embedding experiments, are the surface wrinkling measurements developed at
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NIST."** By varying T, . via MW or side group’, Torres et al. were able to
characterize the reduction in modulus as a function of distance from 7,. By fitting their
data to a bilayer model with a reduced modulus surface layer, Torres ef al. also found that
the size of such a “soft surface layer” increased as the experimental temperature
approached the material’s bulk 7.

Particularly illuminating in comparison with our work is the reported increase in a
“mobile free surface layer” thickness in PS films with increasing aging temperature as
measured by methods nearly identical to those previously developed in our lab* and used
in the ultrathin supported PS film physical aging study of Chapter 3 (Ref. 24). Frieberg
et al.”®® measured the physical aging rate for thin films of linear or star shaped PS
molecules as a function of temperature and film thickness. They modeled their data by
assuming that material at a depth z into the film will age with a rate given by the distance
from the aging temperature to the local Ty(z): f(z) = f[Tage — To(2)] using a Ty(z) that is
described by a slightly less commonly used 1/h type function from Kim e al.''® In this
analysis, their “mobile free surface layer” thickness is defined as the depth into the film at
which the local aging rate is explicitly zero. This is quite different from our definition®*
where a two layer model was used to determine what layer thickness A(7) near the free
surface does not exhibit a bulk aging rate. Although not appreciated at the time, our
enhanced dynamics layer thickness 4(7) is equivalent to the fraction of the film that does
not exhibit bulk-like aging dynamics, assuming a monotonic increase in aging rate from a
reduced (or zero) aging rate at the free surface to a bulk, temperature-dependent aging

rate deep in the film.
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Given these different temperature dependences of a length scale describing free
surface effects in PS films as reported by several authors, including from near identical
measurements by different groups, it is imperative to be explicit about how these length
scales are being defined. Some recent efforts have been made in this direction, ***%'3
and their terminology and descriptions are adapted here to describe the problem. There
are essentially two main ways to define a free surface length scale: the depth to which
the film has liquid-like dynamics A, and the depth to which the film has enhanced
dynamics Ax. A more precise way to define a liquid-like layer size A, is the depth at
which the local relaxation time is equal to a chosen time scale 7, typically the
experimental time scale. Similarly, a depth of enhanced dynamics A can be defined as
the depth where the local relaxation time is a specified amount faster than the bulk value
(e.g. Tiocal = 80% puik) as described in Ref. 28.

The significant difference between these two definitions becomes apparent when
one considers the very strong temperature dependence of relaxation times near 7,. As
temperature is increased, the constant time liquid-like length A7) must, by definition,
diverge at the temperature where the bulk relaxation time is equal to the chosen time
scale (i.e. when 7y = T*). This increase and divergence occurs regardless of whether or
not the fundamental length scale of surface effects has any temperature dependence at
all.'”*® Therefore, measurements of A(7) based on a fixed relaxation time 7, such as the
dye reorientation, nanoparticle embedding, or modulus experiments discussed above,
which see an increasing A7) with increasing temperature do not provide a reliable
measure of the depth to which dynamics are perturbed by the free surface. Nevertheless,

Ref. 28 argues that if 4(7) is determined at many different time scales 7, then AA(7) can
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be extracted from these depth dependent relaxation times. Since nearly all length scales
associated with the glass transition in the bulk decrease with increasing temperature,” it is
reasonable to expect that the depth to which enhanced free surface dynamics propagate
into a polymer, A5(7), will also decrease with increasing temperature. We thus conclude
that the mobile surface length scale we calculate in Chapter 3 (Ref. 24) from our physical
aging measurements, representing the fraction of the film not exhibiting bulk-like
dynamics, is a reliable measure of Aa(7).

As is discussed in Ref. 28, it may be possible to collect data that measures the
liquid-like layer size A(T) (based on a fixed relaxation time) in a way to calculate the
more relevant enhanced dynamics layer size 14(T). Such a type of analysis was done in
Ref. 39 to convert a liquid-like layer size A(T) from nanoparticle embedding depths to a
measure of an enhanced dynamics layer size Ax(T). This discussion of the significant
difference between possible surface length scales suggests that any new measurements of
such surface length scales and their interpretation must clearly define the relevant length
scale. Additionally, physical aging measurements performed to equilibrium could in
principle be able to provide not only another measure of the free surface length scale, but
would also provide information about the nature of the equilibrium state in thin films.
However, measurements to equilibrium are unfortunately limited to typically a few
degrees below 7, with equilibration at lower temperatures not possible in accessible

timescales.?'
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6.3 Two T,s in Ultrathin High MW Polystyrene Films

In 2011, we published the results of Chapter 2,°° showing the first direct
experimental evidence that two separate mechanisms act simultaneously in high MW
free-standing PS films leading to two reduced 7,s. While this is likely the most

1058.137.169207211 4t has yet to be directly

significant new finding of this dissertation,
confirmed by another group. However, several groups have noted indirect agreement
with our results. The result most immediately comparable is from ellipsometric
measurements contrasting high MW free-standing and supported PS films by Bdumchen

1.°® who commented that “The low contrast in the reduced transitions in freestanding

eta
films could signify that this transition is not the only (or even main) structural relaxation
of the polymer films, an observation that is consistent with those made by Pye and Roth
[Ref. 66].”

As outlined in Chapter 2 (Ref. 66) and Chapter 5, we have previously found
support for our upper transition from the dye reorientation measurements on ultrathin
free-standing films by Paeng et al.,*® which found a fast population in their films that is
independent of MW, similar in both free-standing®® and supported®* films, and exists in
the thickness and temperature range of the upper transition. In a recent review, Ediger

137
and Forrest

describe a very similar argument to the one we have previously articulated.
“Some ideas for how to reconcile these results are suggested by recent ellipsometry
experiments on free-standing polystyrene films[Ref. 66], these measurements utilized an

extended temperature range in comparison to earlier measurements” concluding that

“If we focus attention on the stronger transition, there is reasonable qualitative
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agreement between the new ellipsometry results and the results in Figures I [Ref. 46, dye
reorientation measurements| and 2 [Ref. 40, nanoparticle embedding measurements]. ”
Continued support is also found from the nano-scale creep measurements by

5,190,212
McKenna and coworkers.®>!%

An effective measure of reduced T,(/) values for
ultrathin high MW free-standing PS was obtained from their nanobubble inflation
measurements by identifying 7, from the transition from glassy to rubbery compliance
behavior of the film.* Such T, o(h) values determined for high MW (M, = 994 kg/mol)
free-standing films were in closer agreement with those 74(/4) values previously measured
in low MW free-standing films, consistent with our upper transition. If ~90% of a high
MW free-standing PS film solidifies at the upper transition as we observed in Chapter 5,
it seems reasonable for compliance from McKenna’s creep measurements, a measure of
the film’s entire mechanical properties, to be in closer agreement with our upper
transition.

Additionally, a recent set of physical aging measurements by Cangialosi et al. *''
on bulk PS found a two-step enthalpy recovery, interpreted by the authors as due to two
equilibrium time scales. In their paper,”'' Cangialosi ef al. make an analogy with our two
Tys observed in high MW free-standing films proposing that our data suggest “... the
presence of two equilibration time scales, since two jumps in second order
thermodynamic properties were detected...”. More recently, in a topical review on
polymer glasses,”'® Cangialosi elaborates that “This suggests that two equilibration time
scales exist in thin PS films, which is a result analogous to that found in bulk by

monitoring the enthalpy recovery of several polymer glasses in the physical ageing

regime. Here, the only difference is that the more efficient equilibration of thin films
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allows us to probe the presence of two mechanisms of equilibration over significantly
shorter time scales (seconds [Ref. 66] as compared to years [Ref. 211]).” It should be
noted that Koh and Simon®' have not observed the first aging plateau reported by
Cangialosi and coworkers,”® expressing concern with their analysis protocol. Thus, it
may be premature to relate the two equilibration times observed by Cangialosi et al.*"!
with our two T¢s in free-standing films.

The only proposal specifically designed to address the MW dependent mechanism
of high MW free-standing films is the sliding model (described in Chapter 5) by de

80,81
Gennes.

However, Lipson and Milner found that when the model was fully borne out,
it did not give qualitative or quantitative agreement with experimental results.””*® The
sliding model was also recently shown to be invalid by fluorescence measurements of
multilayer high MW free-standing films, which still observed a 7, reduction for layers
that do not have the free surface loops and bridges required by the sliding model.**
Prevosto, Capaccioli, and Ngai*®' have also very recently applied the Coupling
Model to our two measured 7,s of Chapter 2 (Ref. 66). They propose that only the lower
transition is associated with the true o-relaxation and that the upper transition
corresponds instead to sub-Rouse modes. However, only a qualitative description of the
effect of film thickness on the two relaxations is provided with no form for 7, or 7, as a
function of MW or film thickness. From the agreement of our upper transition with the
dye reorientation®® and nanobubble inflation measurements® discussed above, the
physical aging we observe between the two T,s in Chapter 5, and other reasons described

in Chapter 5, we do not agree with Ngai and coworkers’ assignment of our lower

transition to the a-relaxation and our upper transition to their sub-Rouse modes.
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Efforts to determine additional parameters associated with the mechanism
responsible for the MW dependent lower transition we observe in ultrathin high MW
free-standing films are warranted, though it is uncertain what the clearest path towards
this goal entails. The first step would be independent confirmation of our results, by
another group, observing two mechanisms that result in two reduced transitions from a
direct measurement on high MW free-standing films. A commonly suggested direction is
to study different polymers, but in the case of free-standing films, choice of polymer
should be made carefully. High enough MW must be used for the lower 7, to show a
significant reduction and there must be enough of a separation between the two
transitions that they are distinguishable from one another. Since we do not believe that
the second mechanisms is simply due to the freezing out of the surface modes of
relaxation (Chapter 2 and Chapter 5), efforts should be made to identify the location of
the mobile fraction in the film by using novel sample geometries, molecular architecture,
or techniques able to isolate mobile population fractions. Due to the very strong MW and
thickness dependence of the lower transition (7, changes by several degrees from a
change in film thickness of only 1 nm),> the choice of M,, film thickness, and

temperature range of an experiment is very important.

6.4 Quench Stress Effects on Physical Aging

Our work on the physical aging of free-standing PS films in Chapter 4 (Ref. 112)
found that the thermal expansion mismatch between the free-standing polymer film and
the rigid frame strongly affects the physical aging rate. This thermal expansion mismatch

generates a stress in the film that builds up as the film is passes through the glass
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transition and is cooled further into the glassy state. The effect of the stress applied to a
polymer film as it is quenched into the glassy state on the resulting physical aging rate of
the film, and a possible interpretation in terms of the potential energy landscape picture,
is being further pursued in our lab by Laura Gray. She has found that even after the
stress has been removed, a glass that has been formed under a state of stress can exhibit a
faster physical aging rate.”” The most intriguing aspect of her results is that there is a
minimum threshold stress below which there is no change in the aging rate with
increasing stress.””’ The significant and potentially long-term modification of aging
behavior in a film that is stressed as it is formed into a glass provides another interesting
avenue to explore in terms of deformation effects on glassy behavior. These combined
results showing that the physical aging rate can increase by nearly a factor of two just by
changing the stress applied to the film, both when the stress is maintained during and
removed before the aging process, indicate that future work may need to consider the
stresses being applied to the film as a possible compounding factor with the parameters

being studied.
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Chapter 7: Appendix

Thermoviscoelastic Stress Calculation

7.1 Introduction

This appendix is an overview on the background, theory, and data needed to
perform a thermoviscoelastic calculation of the stress developed in thin polymer films
during a quench from a high temperature equilibrium state through 7, to a glassy state
due to the thermal expansion mismatch between the film and the frame, either free-
standing or supported. The goal is to provide the information necessary for others to
perform similar calculations or to evaluate the veracity of work encountered in the
literature. Viscoelasticity is one of the most significant aspects of polymer behavior and
should be considered any time there is a rapid change in size or shape of a polymer melt.
Often times the effects are not significant but it is important to know when they must be
taken into account. It turns out that the elastic calculation of the stress built up in a PS
film supported on a substrate agrees fairly well with experimental measurements in which
the system was cooled through 7, to the measurement temperature.'**'**  One of the
intentions of this appendix was to explore the limits of the elastic solution.

Stress ¢ is a measure of the forces within a material due to either externally
applied forces or internally due to residual stresses. For a purely elastic material in the
linear regime, the stress is proportional to the strain & with a proportionality factor given
by the modulus (E, G, K, etc.) of the material and geometry of deformation, e.g. 0 = F ¢.

3214

In elastic theory as described by Tschoegl and Riande (others may have different
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notation conventions) the full strain tensor &; = Oui/Ox; is broken into an antisymmetric
component w;; = "2 (Oui/Ox; - Ou;/Ox;) that represents rigid body rotation and a symmetric
component y; = 2 (Ou;/Ox; + Ou;/0Ox;) that represents the deformation free of rigid body
rotation. The normal components of the full strain and symmetric component are equal
&ii = Yi = Oui/Ox;, but the shear components are different by a factor of two, e.g. for simple
shear in one direction &;, = 2y;, = Ou;/0x,. Since the deformation geometry used in this
chapter does not include any shear, we will simply refer to & as strain to match
experimental convention for the rest of the Appendix that follows after the next
paragraph.

In a fully three dimensional representation, the stress o; and strains y; and g; are
second order tensors (3x3) and the modulus is a fourth order tensor Cy (3x3x3x3) with

81 terms of which 21 are independent such that*'*

0ij = CijaYr (7.1)
For the form of the equations in this paragraph, the symmetric strain component y; is

used following Tschoegl and Riande.**'*

In isotropic materials, the tensor equation can
be simplified greatly with only two independent constants left in the modulus tensor for
the shear and bulk responses. The other terms in Cyy are important for materials with

various forms of anisotropy. The generalized stress-strain Hooke’s law for linear

isotropic solids is

01 A+ 2G A A 0 0 0 Y1
/02\‘ / A+ 2G A 0 0 0 \l Y2
o3 | A+2G 0 0 0 V3
oy | l 26 0 0 | Va4 (7.2)
Og \ 26 0 / Vs
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(Eq. 4.47 from Riande)’ or more compactly written as (Eq. 4.75 from Riande and Eq. 1.4-
55 from Tschoegle)**!*

o;j = AAd;j + 2Gy;; (7.3)
where G is the shear modulus, 4 is Lamé's first parameter, A = trace y;j = y11 + V22 +
V33 = &1 + &, + £33 = AV /V, (where V' is the volume), and §; is the Kronecker delta (1
when i = and 0 otherwise).

Moduli have been defined for several specific geometries of deformation. In
uniaxial tension there is only stress in one direction, oj;, the strain in the two other
directions are equal, &, = €33, and the Young’s (tensile) modulus is defined by E = o11/¢1;.
By plugging these definitions for uniaxial tension into Eq. 7.3, E can be written in terms
of G and 4. The same procedure can be done for any deformation geometry and it should
now be clear that any elastic parameter can be written in terms of any two other elastic
parameters. The four most common elastic parameters are Young’s modulus E for
uniaxial tension, the shear modulus G = o1,/¢, for parallel plate shear, the bulk modulus
K = -0y/p for isotropic pressure p changes, and Poisson’s ratio v. Poisson’s ratio is the
ratio of the contraction in the transverse direction to the elongation in the direction of
applied stress in a uniaxial tension experiment: v = -g11/€2;. More simply, it is how much
a material shrinks in one direction when you pull it in another direction. The last defined
parameter is the P-wave modulus (or longitudinal bulk modulus) M, useful for acoustic
pressure waves. These elastic parameters and conversion relations are defined and valid
in the same limits in which Eqgs. 7.1-7.3 are valid, i.e. for solid materials that are

homogeneous, isotropic, and under the linear range of deformation.
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Table 7.1: Conversion between elastic parameters for homogeneous isotropic linear
elastic solids. Formulae available from any textbook covering elastic theory.*'*

(K, E) (K,A) (K, Q) (K,v) [(E,G@) (E,v) (NG| (Av) (G, v) | (G, M)

K= K KK K wn mtm A% M ey g
E— E 91;;.:{_—;) 3?1?+GG 3K(1-20) E E G(ej\féa) »\{1+vL{1—2u) 2G(1 + v) G{i}}f_—éf}’]
A= EEEKE) -y K- e jelEae) o s ) A e M-2G
v= %% @S 23{';\;-:—3?) v 26— 1 v m v v e
M=MEERK - K+ M SR A 26 A Y M

The geometry we are interested in consists of a thin polymer film held as a free-
standing membrane over a circular hole in a rigid frame or supported on a rigid substrate.
We will use support to refer to both the free-standing frame and supported substrate from
now on. When the system is cooled, both the film and the support shrink according to
their respective thermal expansion coefficients. However, the thermal expansion of the
polymer film is larger than that of the support and thus the support prevents the film from
contracting as much as it would like to in the plane of the film. Thus, there is a strain,
and therefore stress, applied to the film as the system is cooled. If the film is flat and
does not have any non-uniform flow during the experiment, the free-standing and
supported geometries are equivalent as equibiaxial plane stress systems. This means that
there is no stress in the direction perpendicular to the plane of the film and that the stress

is equal in all directions in the plane of the film:'>
E
o, = 0, o = ESH (74)
We will now only be referring to the stress in the plane and will drop the parallel

subscript.
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7.2 Elastic Stress Calculation

The most basic and common calculations of stress are those using the linear
elastic approximation. In this approximation the material is deemed elastic, i.e. the
moduli do not depend on time with no viscous flow, and linear, i.e. the moduli do not
depend on the amount of strain (no yield, strain hardening, strain softening, etc.).
However, in most materials the moduli change as a function of temperature and for
polymers in particular, they cannot be approximated as constants as a function of
temperature, especially near 7,. This means that the stress must be calculated as an
integral over the relevant temperatures. The derivation and calculation for the elastic
case of a film held in either a free-standing state or supported on a substrate was already
covered in Section 4.3.2 and published.''? To summarize, since the film is bound to the
support, the strain is defined by the mismatch in thermal expansion coefficients, such that

Eq. 7.4 becomes

0(Ty Taging) = J;%, 1725 [aps(T) — @qup(D]AT  (4.9) & (7:5)
when integrated from 7, where stress starts to build up in the elastic approximation, to
Tiging Where the quench is stopped. aps and oy, are the thermal expansion coefficients of
the polystyrene film and support (either the free-standing frame or substrate), respectively.
This elastic calculation of the stress built up in a PS film supported on a substrate has
been found to agree fairly well with experimental measurements in which the system was
slowly cooled through T to the measurement temperature.' "'

A side result of this stress calculation is that the thermal expansion coefficient

measured by ellipsometry is different from what would be measured in a stress free state,

such as in a dilatometer. The Poisson’s ratio effect causes the strain in the out-of-plane z



Appendix 137

direction to be affected by the equibiaxial in-plane stress giving a measured thermal

expansion coefficient of

2
Ameasured = Aps + 1_1;:2 [aPS - asup] (4.7) & (7.6)

The “true” (or corrected) linear thermal expansion coefficient of the PS can be obtained

from ellipsometric measurements by simply inverting Eq. 7.6

Ups = (ﬂ) Ameasured T (2 L ) Tsup (4.8) & (7.7)

1+vps 1+vpgs
Most polymers have a Poisson’s ratio approaching 1/2 above 7, and a Poisson’s ratio
approaching 1/3 far below T, allowing us to use Eq. 7.7 to calculate the approximate

corrections for the thermal expansion above and below 7,:

[uny

1 2
far above Ty: Vps = = = aps = 3 Fmeasured + 3 Fsup (7.8)

N

[y

1 1
far below Ty: vpg = 37 @ps ¥ 5 Ameasured T35 Tsup (7.9)

7.3 Viscoelastic Effects
7.3.1 Basics of Viscoelasticity

The two ideal material types from a mechanical perspective are an elastic solid
and a viscous liquid. As described above, in a purely elastic solid the stress is directly
proportional to the strain with the proportionality constant being the elastic modulus, as
in a bed of springs. In a purely viscous liquid the stress is directly proportional to the rate
of strain o = 5 de/dt where the proportionality constant # is the viscosity of the liquid, as
in the proverbial dashpot. When a stress or strain is imposed on a viscoelastic material
such as a polymer melt, the components of the material respond and in real materials
these responses require a finite time. If these times are far shorter than the experimental

time scale, the material responds in a viscous manner and all the deformation energy is
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dissipated as heat. If the response times are far larger than the experimental time (or
infinite), the material exhibits an elastic response and all the energy of the deformation is
stored within the material, recoverable when the forces used to deform it are removed. In
principle, all real materials are viscoelastic and exhibit both viscous and elastic responses
due to finite relaxation times, but in many cases the pure elastic or viscous treatment is
more than adequate. This can be expressed with the Deborah number Np = Tmai/Texp
where a purely viscous material has Np = 0 and a purely elastic material has Np = . The
closer Np is to one, the more viscoelastic a material is.>'*

The main consequence of viscoelasticity is that the previously described stress
and strain relations cannot be made using material constants. The behavior of
viscoelastic materials is described by material functions and the stress (strain) depends on
the entire strain (stress) history. This is commonly expressed with time dependent
moduli [E(?), G(f), etc.]. At short times in viscoelastic liquids, you have an elastic
response that decays to a viscous response at longer times. This leads to stress relaxation
as beautifully exemplified by Silly Putty. There have been many models to describe
various viscoelastic systems, typically made up of purely viscous (dashpot) and purely
elastic (spring) components. The most basic models are the Maxwell element with a
spring and dashpot in series to represent a viscoelastic liquid and the Voigt element with
a spring and dashpot in parallel to represent a viscoelastic solid. The standard
viscoelastic solid and liquid are represented by three and four elements respectively but
only accurately represent special materials or limited situations.

Polymers have many relaxation times associated with the numerous Rouse modes

of the chains as well as the additional long times associated with entanglement and
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reptation. The large difference in relaxation times between the longest Rouse mode and
reptation leads to an often long period of time where a polymer melt shows solid-like
behavior known as the rubbery plateau. The distribution(s) of relaxation times can often

be approximated by a stretched exponential (or double stretched exponential)*'"

G(£) = G + (Gy — Gop) T2y W, EXP [— (i)ﬁi] Wy Fwy =1 (7.10)

Ti
where G(?) is the modulus of interest, G, is the relaxed modulus, Gy is the unrelaxed or
glassy modulus, and w; are the relative strengths of the distributions with average

relaxation times 7; and stretching exponents f;.

7.3.2 Time-Temperature Superposition

As most real materials do, polymers exhibit temperature dependent moduli.
However, the time dependent moduli of most polymers exhibit a special temperature
dependence that follows what is called time-temperature superposition. “If all molecular
motions contributing to the response have the same temperature dependence, temperature
alters only the timescale of the response and the material is thermorheologically simple;
that is, the behavior conforms to the time-temperature superposition principle”*'® This is
also based on the idea that if all motions underlying a specific property of a material are
governed by the same friction coefficient, the changes in temperature are equivalent to a
change in timescale. Practically, if two modulus (or compliance) curves are collected at
slightly different temperatures, one curve can be shifted along the (log) time axis such
that it will overlap the other curve for some range of times. This can be done over a
range of temperatures to give what is called a master curve with the modulus
(compliance) of the material at a specific temperature over a much larger range of times

than can be collected at that temperature by any single technique, often reaching 15
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orders of magnitude in time or frequency. The amount that each curve is shifted
horizontally along the time axis is called the shift factor ar(7) and can be used to generate
master curves at any of the measured temperatures.

As a caveat, this method is only valid for what are called thermorheologically
simple materials in which the shift factors are the same for all relaxation times.
Polystyrene and most ordinary polymers, are typically considered a thermorheologically
simple material although there is some evidence that the viscosity and segmental
relaxation may have different temperature dependences.” This is not likely a big concern
for our calculations since we are staying well below the viscous flow regime. Another
approach to test time-temperature superposition is by comparing the temperature
dependence of a material’s response to different kinds of deformation. Although not
much work has been done on the subject, it has been shown recently that for linear
entangled polystyrene, the bulk and shear responses have the same molecular

mechanisms at short times.>'"'®

The bulk response is narrower and disappears before
the shear response, presumably because the long-time chain mechanisms (e.g. reptation)
available to the shear response are not available to the bulk response, as tested in star
polymers.”'’ Consequently, the bulk response can often be modeled by a single KWW
function while the shear response requires a double KWW function.?'>**

Transformations to and from the other moduli are not as simple as in the elastic case and

will be discussed in the next section.

7.3.3 Working with Viscoelastic Functions

In linear viscoelastic materials, the stress at a given time depends on the entire

strain history. If the material is linear, stress added at one time causes a strain response



Appendix 141

that adds linearly to all other strain responses from stresses added at any other time. The
statements above and below are also true with stress as the control parameter and strain
as the response. This is known as the Boltzmann superposition principle and can be

expressed with Boltzmann superposition integrals:

d t
"W gy = [JE(t — u)de. (7.11)

o) = [[E(t—w)
The first part of Eq. 7.11 is a convolution integral and it should be noted that care must be
taken to properly deal with the # = 0 terms in the various forms of Eq. 7.11.>'* The
Boltzmann superposition principle is based on the idea that all strains are additive, and in
a linear material, so are the responding stresses. The form of these integrals is derived
from taking a series of step strains in the continuous limit. This method is relatively
simple to implement if the applied strain (stress) is known and the appropriate
viscoelastic property (E(f), G(f), etc.) is known. However, the relevant viscoelastic
property may not be known. If we only have shear, G(#), and bulk, K(¢), moduli for a
material, it is incorrect to use the relations of Table 7.1 to write E(f) = [9K(¢)G(¢)] / [3K(¢?)
+ G(?)] and substitute it into Eq. 7.4 or 7.5. The relations among the elastic constants in
Table 7.1 cannot be used to directly calculate one viscoelastic property from two others
in the time domain.
The viscoelastic material properties can instead be manipulated relatively easily

214

with the help of the Laplace transform.”'* The Laplace transform, f(s), of the function

) is given by*"*

f(s) = LIF(0), t,5] = [, f(D)e™stdt (7.12)
where s = a + iw is the transform variable. (We will use the overbar notation when

referring to a function in the Laplace domain.) Time-dependent viscoelastic responses lie
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on the real axis with @ = 0 and frequency-dependent viscoelastic responses are on the
positive imaginary axis with a = 0 (roughly equivalent to a Fourier transform). The real
part a controls how strongly the response is increasing or decreasing with time.

The real power of the Laplace transform is through the correspondence principle.
The correspondence principle states that “if an elastic solution to a stress analysis
problem is known, substitution of the appropriate complex-plane transforms for the
elastic quantities supplies the viscoelastic solution to the same problem in the transform

99214
plane.

What is meant by the “appropriate complex plane transforms” is that since we
are dealing with time dependent material properties, the material’s response depends on
the method of excitation. The most common excitation modes are the step function and
harmonic excitation. Since any excitation shape can be built from a series of
infinitesimal step functions, it is used to derive the response to arbitrary excitations. For
a step excitation, the “appropriate complex plane transforms” are the s-multiplied Laplace

transforms (i.e. the Carson transforms) of the elastic constants:*'***°

9KG
E =

= 20 95K (s)sG(s) 5 —( ) = 9K (5)sG(S)

- sE(s) = 35K(s)+sG(s) " 3K(s)+G(s)

(7.13)

A significant limitation is found when viscoelasticity and the correspondence
principle are applied to Poisson’s ratio. In an elastic system, Poisson’s ratio has a single
clear definition v = -g1/e5;. However, in a viscoelastic system it is time, stress, and strain
history dependent with at least six different definitions depending on the mode of
deformation: constant strain, constant stress, sinusoidal, etc.”?*?* This means Poisson’s
ratio is not a fundamental material constant in viscoelastic systems and that a viscoelastic
Poisson’s ratio determined in one mode of deformation is not transferrable to calculations

involving another mode of deformation, especially in the glass to rubber transition zone
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of polymers.”® Because of this history and mode dependence, the correspondence
principle cannot be used with Poisson’s ratio except in extremely limited
circumstances.”'

Returning to the application of the correspondence principle, since only the elastic

constants are replaced by their Carson transforms, a basic stress equation such as o = E¢

simply becomes @(s) = sE(s) €(s). It should be apparent that the correspondence
principle makes it easy, in principle, to convert between various time-dependent moduli
or transform a solution to an elastic problem to one for viscoelastic materials. The
difficulty lies in performing the Laplace and inverse Laplace transforms on real time-

dependent moduli such as the KWW function, which can often not be solved analytically.

7.3.4 Thermoviscoelasticity

We have now separately covered the temperature-dependence and the time-
dependence of moduli in real materials. During the quench of a film on either a free-
standing frame or supported, both the temperature and applied strain are changing as a
function of time.  This makes the experiment a non-isothermal viscoelastic
(thermoviscoelastic) problem. All of the viscoelastic calculations of the previous section
were at constant temperature. If the viscoelastic material properties are temperature
dependent and temperature changes during the course of the experiment, it becomes a
nonlinear problem and much harder to solve.”* However, for thermorheologically
simple materials it is possible to keep the problem linear by using the time-temperature
superposition principle.

Since a change in temperature is the same as a change in time scale, we can write:

Er,(t) = Er, [— (7.14)

Tref(Tl)]
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where ar_(T;) is the time-temperature superposition shift factor for 77 with Tir as a
reference temperature. If 7 < Trer then ar (T;) > 1 and Eq. 7.14 can be interpreted such

that the E(¢) at 7} is the same as that at T,.r except that time passes more slowly by a

factor of 1/ar_(T;). We can then define a reduced time ¢ that is related to the

experimental time through®**

dt
ar,..(T()

dé = (7.15)

This can be integrated when the temperature is changing as a function of time, giving a

functional form for & that includes the entire temperature history:***

dtr

ar, o (T(t)) (7.16)

S((t' Tref) = fot

If the temperature does not change with time then &(¢) = ¢.
Now that we have a way to convert a temperature change to a time scale change,
we can replace ¢ with £ in the viscoelastic modulus term of the Boltzmann superposition

integral:

o(t) = [y EE[T(0)] - é[u, TR} 2 du (7.17)
Because the temperature is changing with time, the thermal expansion of the material
must be added as an additional term in the strain ¢. Fortunately, we have already
included the thermal expansion in the strain definition for this experiment. However, Eq.
7.17 is both explicit and implicit in ¢# and is thus no longer a convolution integral,
meaning that we cannot use the Laplace transform methods discussed previously on an
equation of this form.”** Luckily, ¢ is monotonically increasing with time and thus can
be inverted to obtain t = g(¢). This makes it possible (in principle) to rewrite the

Boltzmann superposition integral entirely using ¢
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) = [FEE - ) g (7.18)

ag’

but with different stress and strain functions defined using g (¢) through®**

a(t) = o(g(&)) = 6(&) and (t) = £(g(&)) = £(&) (7.19)
With these new definitions for the stress and strain in terms of the reduced time we
should be able to do manipulations in the Laplace domain, but with the reduced time

taking the place of the regular time in the Laplace transformations.

7.4 Thermoviscoelastic Solution for Free-Standing and
Supported Films

7.4.1 Analytical Solution
If the elastic solution to the problem is given by Eq. 7.4, then the viscoelastic
solution from blindly applying the correspondence principle would be

SE(s5)&(s)

O-(S) = 1-sv(s)

(7.20)

where the (inverse) Laplace transformation is done with respect to the reduced time ¢.
However, there are numerous problems with using this expression. It is inapropriate to
use the correspondence principle on Poisson’s ratio in this situation as discussed in
section 7.3.3 and even if we were to try, there is an almost complete lack of data for the
time and temperature dependent values of Poisson’s ratio v(z, T) for PS.**° There also
exist significant discrepancies among various reports [between static (limiting) values
reported in handbooks and dynamic measurements, as well as between different dynamic
measurements] of Young’s relaxation modulus E(¢, 7).>*+#>22%  Given these significant

problems, a better formulation of Eq. 7.20 is needed.
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Fortuitously, there is good quality data for the bulk relaxation modulus K(z,

215,217,218 215,229
T) T)

and shear creep compliance J(z, of polystyrene that has already been
successfully used for viscoelastic calculations.”’> Stress relaxation is a constant strain

experiment whereas creep compliance is a constant stress experiment, essentially

inverting Eqs. 7.1-7.3. This leads to the elastic and viscoelastic relations

~1/ 5sG(s)=1/_ SGCs)=1/ _
G=1/;-5G(s) /S] ©) G(s) /52] ©) (7.21)

Using Eq. 7.21, Table 7.1, the correspondence principle, and some algebra, we arrive at

_ 18sK(s)&(s)
(s) = 4+52]()K(s) (7.22)

S|

In principle, Eq. 7.22 can be solved for o(¢) by calculating the Laplace transform

of J(&), K(¢&), and £(&) with ¢ as the time variable, calculating 6(s) from these using Eq.
7.22, performing the inverse Laplace transform to get 6(¢), and reconverting back to o(¢)
using Eqgs. 7.16 and 7.19. This is likely impossible to solve fully analytically and must be
done at least in part by numerical techniques. By using interpolating functions for J(z),
K(?), (1), &(t), g(£), and at some intermediate points along the calculation, it should be
possible to calculate o(f) numerically. Care must be taken that all modulus data are at the
same reference temperature, that this reference temperature is also used in the calculation
of £, the stress and strain are properly rewritten in terms of £, and that the Laplace and

inverse Laplace transforms are performed properly with ¢ as the time variable.

7.4.2 Sources of Data And Complete Representation in Mathematica

To calculate the strain imposed on the PS as a function of time, we need the
thermal expansion of PS and the substrate as well as the cooling rate. Data for the

thermal expansion of silicon, asi(7) were taken from Okada & Tokumaru, Journal of
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Applied Physics 1984."° Their data from 300 K to 1500 K for single crystal silicon were
parameterized as: a(7) / (10° K™) = 3.725 x {1 — exp[-5.88x107 (T — 124 K) K]} +
5.548x10* TK ' These values were determined by measuring the lattice parameter at
a series of temperatures using an X-ray lattice parameter measurement system on both
float-zone and Czochralski-grown [111] wafers. The error in the measurement of the
thermal expansion coefficient is approximately 0.2x10° K.

The data used for the thermal expansion of PS were calculated from the average
of two measurements of 500 nm thick PS supported on silicon at a cooling rate of
1°C/min. These data were converted from a thickness measurement of PS confined to a
Si surface to the linear thermal expansion of a stress free unconstrained PS sample as
discussed in section 7.2. aps is calculated using Eq. 7.7 every 5°C and interpolated with
Mathematica.

For simplicity, the cooling rate was taken to be a constant 90°C/min with a
starting temperature of 120°C:

C L T(t) =120°C — t 90 —

q =190 minute minute (7'23)

A constant 90°C/min cooling rate is a reasonable approximation because it is the cooling
rate at and just above 7,, where the dynamics are most sensitive to the cooling rate.

Strain was then calculated using the thermal expansions and the constant cooling rate as

T
€= le((;?C (aPS (T) - asup (T)) dT

120°C—t 90——C
= f120°C mmute(aPS(T) - asup (T))dT (7.24)

The bulk modulus data, K(¢), were taken from the KWW fit given in Grassia,
D'Amore, Simon J. Rheol. 2010°"° to the data collected in Meng & Simon J. Polym. Sci.

Part B Polym. Phys. 2007°"7 and Review of Scientific Instruments 2009°'* on a
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commercial PS (Dylene 8), with M,, = 221 kg/mol and M, = 92.8 kg/mol. Since our
timescales are short, it does not matter that Dylene 8 has a much lower MW or is more
disperse than our PS because the viscoelastic respone before and at the beginning of the
rubbery plateau regime does not depend on MW.* The K(f) data were obtained from
pressure relaxation measurements performed at two elevated pressures (42 and 76 MPa)
and temperatures from T,(p) + 14°C to Ts(p) - 28°C by shifting downward to atmospheric
pressure using fits to the Tait equation (a PVT equation). For measurements above Ty,
the sample was cooled to the test temperature at 0.1 K/min and then held for 4 hours
before performing the pressure relaxation measurements. Near and below 7, Struik’s
protocol was applied with a waiting time of 7-10 days.** The reference temperature used
in the paper was the 7, they measured at a cooling rate of 0.1 K/min, 93.8°C. The master
curve constructed at Tier = 93.8°C, shown in Figure 7.1, covers the timescale from 107 to
10” seconds. There was a vertical shift employed to construct the master curve, but it is
too small to be worth including in the calculation (~3% upwards at Ty(p) - 30°C). 1
interpolated the KWW equation with their fit parameters from 102 to 10?° seconds using
log spaced interpolation points (Alog(f) = 0.1). Shifting to the T..r used for the

calculation will be discussed below.
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001 10 104 107
Figure 7.1: Bulk relaxation modulus Kosgc(¢f) (in MPa) vs. time (in seconds) at a

reference temperature of 93.8°C calculated from KWW fit in Grassia et al.*"” to the data
collected by Meng et al.*'"*'®

The recoverable shear creep compliance data, J(¢), were taken from Agarwal’s
1975 dissertation while working with Plazek and are shown in Figure 7.2.** They used

. 217,21
the same Dylene 8 as Simon.?'’?'®

The creep compliance was collected using a
frictionless magnetic bearing torsional apparatus from 97°C to 190°C. Except for lower
temperatures where the viscous contribution is negligible, all creep compliance
measurements were made of recovery upon removal of torque after steady state flow had
been achieved. The cooling rate was not reported, as far as I can find. The reference
temperature used for the master curve data is 100°C. Although it may be more
technically correct to use the total compliance, and not the recoverable compliance since
we are not performing a recovery experiment, the non-recoverable (viscous) part of the

compliance does not become significant until after 100 seconds at 125°C; thus, it does

not make a noticable difference since our quench starts at 120°C. The data were input
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from the tabulated values of the master curve in the Appendix which runs from 10™** to

10" seconds (although it does not change after 10'*® seconds).

1 ..‘....
. E 3 0 :
1l ..
2t ...
e ........-;3['0.

Figure 7.2: Shear creep compliance Jigoc plotted on a double logarithmic scale.
Horizontal axis is log(time) with units of log(seconds) and vertical axis is log(Ji00c) With
units of log(MPa™). Data from Agarwal’s dissertation.””’

The shift factors, ar , y (T), used for time-temperature superposition and the
calculation of ¢ were extracted from Meng & Simon JPSB 2007.>"" Above T, = 93.8°C,
the shift factors for both the shear and bulk data are very similar and Simon’s WLF fit to

Agarwal’s data is used:

-16.2(T—93.8°C)
30.4°C+(T—93.8°C)

108(“93.8%(”) = (7.25)

From T, = 93.8°C down to T, - 28°C, only bulk data exist and the data were selected
from Figure 8 in Meng & Simon JPSB 2007.>"" These were combined, with extra data
points at lower temperatures extending the leveling off of the shift factor due to
equilibrium not being reached. Simon ez al.*'’ used long waiting times of 7 days before

measuring, thereby reaching equilibrium down to temperatures of 7, - 10°C; whereas we
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fall out of equilibrium right at 7, such that it is likely the shift factors should level off
faster and sooner. However, this is an insignificant difference as ¢ essentially stops
changing before 7, as the modulus is effectively stuck at its glassy value. The calculation
may be more efficient if the shift factor below 7, 1is set such that £ does not asymptote
too much. The combined data were interpolated from -6.2°C to 170°C. It was then

shifted to i = 120°C, i.e. aTref=120°c(120°C) = 1 and is plotted in Figure 7.3:

log(arref=120°c(T)) = log(aTTef=93.8°C(T)) - log(aTref=93.8(120°C)) (7.26)
In practice, the interpolating function in Mathematica takes the temperature and outputs

log(arref=120°c (T)).

70 80 0 100 110 120

Figure 7.3: Shift factor ar F=120°C (T) vs. temperature (°C) with a reference temperature

of 120°C from Meng et al.’s WLF fit*"” to Agarwal’s data,229 shifted to T = 120°C. Fit
and shifting are described in the text.

K(?) and J(¥) at Ter = 120°C were generated using time-temperature superposition:

t

Ki200c(t) = Koz gec( (7.27)

] —g3 gor(120°C
10 0g<aTTef—93.8 c( ))
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g(aTTef=938T(12O%D)+4og<aTTef=9&8T(919%D>

lo
J120°c(t) = Jo7.90c(t 10 ) (7.28)

where J(f) had to be shifted from its 7, in Agarwal’s measurements>

to the 7, in
Simon’s measurements®> before being shifted to 120°C. (The T, . reported by Agarwal is
97.9°C and must be used for the shifting instead of his 7i.r = 100°C for it to match the
Jossec(f) data in Figure 6 of Grassia, D'Amore, Simon J. Rheo. 2010.>">) The Ji20:c¢(f)
data was interpolated from a log(Ji20°c(¢)) interpolation of Eq. 7.27, using log-spaced
interpolation points (Alog(f) = 0.1) with ¢ from 10 to 10'. This needed to be done to
ensure a smooth and accurate interpolation as Mathematica’s interpolation algorithims do
not handle the ~20 orders of magnitude in time and ~5.5 orders of magnitude in values

required to represent the complete J(¢) response. A comparison of shifted and unshifted

K(?) is shown in Figure 7.4 and J(¢) is shown in Figure 7.5.

3000:
2800:
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2400:
2200:

2000

Figure 7.4: Bulk relaxation modulus K(¢) (in MPa) vs. time (in seconds) for different
reference temperatures, calculated from KWW fit in Grassia ez al.?"” to the data collected
by Meng et al*'”*" and using the shift factor ar(7) from Meng et al.’s WLF fit*"" to
Agarwal’s data,m. Blue line is calculated with 7. = 93.8°C and maroon line is
calculated with 7,.r = 120°C.
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Figure 7.5: Shear creep compliance J plotted on a double logarithmic scale for two
different reference temperatures. Horizontal axis is log(time) with units of log(seconds)
and vertical axis is log(J) with units of log(MPa'). Data points from Agarwal’s
dissertation with Tier = 100°C.**° Curve is the interpolated data shifted to 7, = 120°C

using the shift factor ar(7) from Meng et al.’s WLF fit’"” to Agarwal’s data,”®’.

The reduced time £ is now represented by

£ = Iy Y1omog(ar,, -y @) 4 (7.29)

and the temperature history 7(f) must be input for &(¢) to be calculated. With the
assumption that the cooling rate is a constant 90°C/min, we can substitute 7(¢) from Eq.

7.23 into Eq. 7.28:

t1
Eoorcymin(t) =
soc/min(®) = Jy 10*log(ar,, ;120 (120°C — £ 90

o ) dt (7.30)
minute

Thus, we can now define g(¢) = t. However, this is analytically very difficult,
particularly if we use the actual, time-varying cooling rate. To get around this, we can

just calculate &(f) for the range of times we are interested in and interpolate the inverse

results:
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g(&) = Interpolation[{£(t), t}] (7.31)
Finally, we now have all the components needed to determine o(¢), treating PS as

a thermoviscoelastic material, and in principle can do so by calculating

A -1 [ 18sL[K120°¢(8).€,51L[8(9(8)).€.5]
O-(f) £ [4+5213[]120°c(f).f,S]L[Kumc(f)zf,S] 'S f] (7.32)

In practice, the difficulty lies in making sure that all of these functions are defined and
the calculations specified in Mathematica such that the Laplace transforms are properly
done with . Mathematica is unable to do the complete calculation in Eq. 7.32 either
analytically or via numerical integration of the equivalent convolution integral
representation. To do the calculation would likely require much more involved
numerical calculations or more intelligent choices of approximate modulus functions so

as to allow analytical calculation.
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