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Abstract

Uncovering the Unexpected Role Chain Connectivity has on Altering Dynamics of
Thin Glassy Polymer Films Near Interfaces

By Michael F. Thees

Polymer glasses are a widely studied system in thin films, with perturbations to
dynamics due to the presence of interfaces being a topic of ever growing interest.
Such interface confinement effects have generally been understood as being enthalpic
in nature, with these property changes at interfaces forming a gradient in dynamics
propagating into the film. However, recent studies have begun reporting differences in
confinement effects associated with chain length, stiffness, and architecture indicating
that entropic effects may play a modifying role to dynamics near interfaces. Here,
we explore the effects that chain connectivity and entropy have on the local and film
average glass transition dynamics near interfaces.

We measured the average glass transition temperature (Tg) and aging rate (β) in
bulk (>200 nm thick) and thin 31 nm thick films for molecular weights (MWs) up
to 10,100 kg/mol, where β is observed to decrease in all thin films. For thin films
of ultra-high molecular weight PS (MWs>6,500 kg/mol) an increased β is observed
compared to thin films of merely high molecular weight PS (MWs<3,500 kg/mol).
This increase in β for thin films is attributed to a diminished gradient in dynamics
at ultra-high molecular weights, associated with chain connectivity.

Motivated by studies recently proposing that chain adsorption may be altering
dynamics in thin films, we evaluate the procedure for forming adsorbed layers by
washing off unadsorbed chains from melt annealed films, called the “Guiselin experi-
ment”. We demonstrate that the adsorbed amount measured is highly dependent on
the substrate cleaning and solvent washing protocol used. Measuring the effect that
these adsorbed layers have on average dynamics, we observe no significant change
to either the average Tg or average β. Adsorption and desorption of layers formed
directly in solutions was also investigated at different concentrations for comparison
with those formed by washing off melt annealed films. Local Tg adjacent to adsorbed
layers formed by washing off melt films for different times or grown directly in solu-
tion were examined to determine how different adsorbed layers affect local Tg. We
found that the local Tg adjacent to adsorbed layers only increased for adsorbed lay-
ers formed by washing for short times well-annealed melt films, provided good chain
interpenetration was obtained for the system. Adsorbed layers well equilibrated in
solution showed no corresponding changes in Tg.
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1

Chapter 1

Introduction and Scope

1.1 Introduction to Polymer Glasses

Glasses are non-equilibrium materials that are highly prevalent in everyday life. The

glass transition is characterized by large changes in dynamics (∼10-14 orders of mag-

nitude increase in viscosity) of a liquid during cooling over a small range in temper-

atures (∼50 K) with minimal corresponding changes in structure.1–3 Glasses do not

form long range order but instead remain amorphous in their solid state, compared

to crystals which exhibit long range order upon transitioning from a liquid to a solid.

Glasses vary from small molecule glass formers such as SiO2 (window glass) to poly-

meric glass formers (plastics) which are mass produced for industrial purposes every

year. While the material properties of glasses have been well characterized, the fun-

damental understanding of how such large changes in dynamics on cooling can occur

with minimal change in structure for glass forming materials remains largely an open

question.

The glass transition is characterized by a departure of material properties (e.g.

density) from their temperature dependent equilibrium values when cooling from high

temperatures relatively quickly to avoid crystallization. Figure 1.1 shows the behav-
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ior of a material’s volume during cooling, which is shown to decrease on cooling in the

equilibrium liquid. As the material passes through the glass transition temperature

Tg the slope of the line, which corresponds to the thermal expansion of the mate-

rial, changes indicating that the system has departed from the equilibrium liquid

properties of the material. This transition is often reported as a single temperature

corresponding to the midpoint of the transition on cooling. However several studies

also make an effort to identify the onset of the transition on cooling called T+
g , as well

as the temperature where the system is entirely glassy T−g .4 The state of the glass is

frequently characterized by a quantity called the departure from equilibrium δ, where

δ is typically defined volumetrically (or similarly calorimetrically) as the difference

in the time dependent volume V (t) from the equilibrium volume, normalized to the

equilibrium volume: δ = (V (t) − V∞)/V∞.5 The transition also is known to depend

on the specific conditions under which the glass is formed, where cooling rate,6 and

many other factors can increase or decrease Tg. This change in Tg means that at a

given temperature, the departure from equilibrium for the glass will also depend on

the conditions under which the glass was formed.

The molecular relaxation of glasses has been studied by various techniques down

to only a few degrees, <10 K. Historically the relaxation mechanisms discovered have

been labeled α, β, γ, and δ with decreasing temperature.7 Greiner and Schwarzl

discussed changes in the slope of specific volume on cooling at a constant cooling

rate in the context of these various relaxation mechanisms which they and others

measured.7,8 They noted the coincidence of the α relaxation with the largest change

in slope of specific volume, corresponding to Tg for the system. The slowing down

of the primary α relaxation process on cooling has also been associated with the

increased necessity of cooperative motion for the molecular structure to rearrange.9

This need for cooperation is believed to result from a packing frustration at the

monomeric or segmental level in polymers.1 Further cooling will result in additional
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Figure 1.1: Cartoon depiction of how material properties undergo a continuous change
as they pass through the glass transition. Plotting volume as a function of temper-
ature the glass transition can be seen as the change in slope of the data. The black
dashed line is a continuation of the equilibrium liquid line from high temperatures.
The purple dashed line represents the phase transition to the crystal state. The
cartoon insets are intended to illustrate how structure differs in various states. The
departure from equilibrium is shown by the red double arrow and the physical aging
behavior is given by the orange arrows indicating how one glass may evolve towards
equilibrium.

molecular motions being locked out, with the δ relaxations often being attributed to

the vibrational orientation of side groups at the monomeric level and γ relaxations

having no clear molecular interpretation.

The locking out of the α relaxations near Tg for polymeric glasses associated with

packing frustration on the segmental level also implies that there is an arrest of mo-

tions for a polymer chain at longer length scales than the segmental length scale at

Tg. In general the glass transition is independent of chain connectivity effects with Tg

for high molecular weight polymers being independent of chain length. Low molec-
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ular weight polymers (oligomers) show a chain length dependence only up to some

value.10 This dependence on the molecular weight has been interpreted as being due to

polymer chains being too short for the chain conformations to exhibit Gaussian statis-

tics.1,10,11 Above this molecular weight there is no dependence of molecular weight to

Tg as one would expect due to the local nature of the glass transition.12 Studies have

examined Tg in bulk ranging from a few kg/mol up to several thousand kg/mol finding

that above the molecular weight (MW) needed for the conformation of the polymer

chain to exhibit Gaussian chain statistics (Mn & 20 kg/mol for polystyrene) there is

no dependence of the glass transition on MW.1,12 We can also then infer, that so long

as we are above this MW there is no dependence of Tg on the total chain size and

that glassy behavior and properties of polymeric glasses also should not depend on

the molecular weight of the polymer being used.

Figure 1.2: Depiction of the evolution of volume or departure from equilibrium (left)
as a function of log time during physical aging. The linear regime is defined as
the physical aging rate β for the system. Physical aging rate β versus the aging
temperature (right), where the peak in physical aging rate is seen to occur at the
temperature where the available thermal energy for relaxation begins to overcome
the increasing enthalpic drive upon cooling to evolve to equilibrium.

The process of material properties such as density, modulus, enthalpy, or volume

evolving towards their equilibrium values below Tg on logarithmic time scales is called

physical aging. In Figure 1.1, the departure from equilibrium δ is shown by the red

double arrow, where the associated physical aging behavior is shown by the orange
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arrows depicting the evolution of the system at constant temperature back towards

equilibrium. Figure 1.2 (left) shows a schematic depicting the physical aging behavior

of materials, where the volume (or other material properties) evolve over time to the

equilibrium value. The physical aging rate β is defined as the slope of this evolution

in the linear portion on a log scale away from any curvature at short times or long

times, β = −dδ(t)
d log(t) .

5 This definition can be written in terms of any material property

that is sufficiently carefully measured but has been commonly expressed in terms of

the evolution of the volume as β = (−1/V∞)( dV
d log(t)) as measured by dilatometry.5

The curvature at short and long times is understood to be due to the distribution

of relaxation times necessary for aging to occur, where at short times aging will not

occur until the shortest relaxation time for physical aging is reached and at long times

aging will slow and stop once equilibrium for the system is reached.13 However, it is

almost impossible to reach equilibrium through physical aging at temperatures more

than a few K below Tg.

Physical aging is facilitated by an enthalpic drive in the material due to the de-

parture from equilibrium on cooling, because the system wants to be in equilibrium

in order to minimize its free energy. As you cool further below Tg the departure from

equilibrium δ increases as measured by the difference in the volume at a given tem-

perature compared to the extrapolated equilibrium volume from a continuation of the

equilibrium liquid line, causing the associated enthalpic drive for physical aging to

also increase. However, as you cool further below Tg the thermal energy available to

facilitate physical aging also decreases, relaxations become harder to achieve and the

lack of thermal energy eventually overcomes the increase in the enthalpic drive to re-

turn to equilibrium. Figure 1.2 (right) shows the physical aging rate β as a function of

the aging temperature, where initially when cooling below Tg the aging rate increases

due to the increase in the departure from equilibrium and resulting enthalpic drive.

The competition between increasing enthalpic drive and the decreasing availability
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of thermal energy to facilitate relaxation creates a curve in aging rate where upon

cooling the physical aging rate then reaches a peak physical aging rate and begins to

decrease. It is worth noting that the exact molecular mechanism for physical aging

is unknown, but the peak in aging rate is often close to the β transition.7

Measuring the aging rate for polymer films in our lab is done by measuring linear

changes in the film thickness as a function of log time with spectroscopic ellipsometry,

where Baker er al.14 previously showed that this measure of physical aging was equiv-

alent to measuring volume directly. This analogous measurement of physical aging

is derived from Struik’s original definition for volume, but with the added constraint

that because the film is attached to a silicon substrate the area will not contract

and the densification will occur only from the decrease in the perpendicular direction

to the substrate (film thickness) as: β = − 1
h0

dh
d log(t) , where h0 is the film thickness

at an initial time of 10 min. Although the original work by Struik used the equi-

librium volume at infinite aging times V∞ to normalize physical aging data, Baker

et al. showed that the measured aging rate using this h0 to be equivalent to that

normalizing the film thickness at the extrapolated equilibrium h∞.14 Spectroscopic

ellipsometry is used to measure the relative change in the state of polarization Ψ

and ∆ after elliptically polarized light reflects from the sample. These changes in

polarization are then modeled using a Cauchy layer model (n(λ) = A+B/λ2 +C/λ4)

on top of a SiOx–Si substrate, where film thickness and index of refraction of the

Cauchy layer are fit. This ellipsometry method used to measure aging is based on the

Struik definition of physical aging, where for measurements on the ellipsometer the

evolution of the film thickness is understood as being the only element of a volumetric

evolution of the system as a supported polystyrene (PS) film is effectively constrained

by the substrate from contracting. I developed a method that further streamlined the

process by using the temperature stage to control the quench rate for the film during

aging. This allows us to measure aging times significantly shorter than previously
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measured in our lab. Samples are heated above Tg for long enough to erase thermal

history, then quenched using liquid nitrogen at a rate of 55 K/min to the desired

aging temperature.

Simon et al. examined the aging behavior near Tg in PS and saw that as they

aged isothermally further below Tg it took longer to reach equilibrium, with equilib-

rium being hard to reach on experimental timescales as little as 10 ◦C below Tg.15,16

Other measures of physical aging have been done by measuring the excess enthalpy

on heating in either a differential scanning calorimeter, or using an ellipsometer to

measure the excess thermal expansivity. When done on heating with these techniques

the fictive temperature Tf is defined as the temperature at which the volume crosses

the equilibrium line on heating, where if the sample has not aged at all this will be

the same value as Tg. Furthermore if the sample has aged significantly below Tg the

behavior on heating will show a large overshoot in the enthalpy or thermal expansiv-

ity above Tf , which can be used as a measure of how much the sample has aged. Fully

characterizing aging curves more than a few degrees below Tg is impossible because

most glasses will never age to equilibrium. Recent work by McKenna and coworkers

observed that for amber that had been aged for 20 million years there was a Tf 40 ◦C

below Tg, but the amber was still not in equilibrium. For this reason when measuring

physical aging using ellipsometry well below Tg we will only observe the initial por-

tion of the aging curve presented in Figure 1.2 out to long enough times that we have

reached the linear portion of the aging behavior to characterize our physical aging

rate.

1.2 Confinement Effects in Thin Polymer Films

Previously work by Keddie et al.17 showed that for ultra-thin supported films of PS,

there is a thickness dependent decrease in the average glass transition temperature
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Tg(h) as measured by ellipsometry. Ellison et al. also looked at the local Tg near the

interfaces using a fluorescence technique, noting large Tg reductions at the free sur-

face with bulk Tg being recovered only about ∼ 30 - 40 nm into the film.18 This work

showed that interfaces, such as the polymer-air ‘free-surface’, can affect dynamics

tens of nanometers into a polymer glass and also that for PS on SiOx there is no local

change to Tg at the polymer substrate interface. These observations strongly support

the interpretation prevalent in the field that the free surface imparts some enhanced

mobility to the film greatly reducing Tg in thin films. Furthermore, these long length

scales for perturbations to bulk Tg are somewhat surprising when compared to other

length scales that one typically associates with glassy dynamics, such as the length

scale of an alpha relaxation which is the fundamental length scale for the glass tran-

sition. Work by Ellison et al. in 2005 showed that this Tg(h) decrease in thin films

was independent of the polymer molecular weight (up to 3 × 106 g/mol) confirming

that glassy dynamics, even near interfaces, do not depend on the size of the polymer

chain.19 Other efforts have been made to measure properties like the modulus of the

polymer film on confinement with mixed results showing there may be an increase,20

decrease,21–23 or no change24 to the polymer modulus in thin films.

Despite decades of study, the glass transition in bulk materials is still not well

understood with many open questions remaining. We suspect for instance that a

growing length scale for cooperative motion as you approach Tg exists and is an

underlying principle of several theoretical treatments. Early confinement studies were

motivated by the idea of perturbing this cooperative length scale for glass formation

by making films or confining glass formers into areas that are comparable to the

size scale for cooperative motion. However, interface effects become important in

thin films that are much thicker than the thicknesses necessary for perturbing the

length scale of cooperative rearrangements. These interface effects have led to a

wealth of knowledge and understanding about glasses in their own right as well.
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Enhanced mobility at the polymer-air free surface for instance helps us to understand

the modifying effect that the extra mobility due to a lack of packing frustration has

on the glass transition locally. While it is not a direct perturbation of the length scale

for cooperative motion, examining these interfaces clearly holds some importance for

better formulating and understanding ideas of bulk glasses that have been theorized

but are hard to test.

Recently our lab has worked on exploring the changes to properties of glassy films

under confinement and in the presence of interfaces. We have worked specifically on

exploring the effects that interfaces have on both the average and local glass transition

in polymer films. Several studies have built on the fluorescence method developed by

Torkelson et al.25 to measure the local glass transition in the presence of a particular

interface, with Baglay et al.26,27 looking at polymer-polymer interfaces and Huang

et al.28 exploring the effects that end grafted chains have on the local Tg of the

polymer films. Both studies saw large gradients in the local Tg in their systems over

hundreds or tens of nanometers contrary to what would be expected based on long

standing ideas in the literature. We also use spectroscopic ellipsometry to measure

the physical aging behavior of thin films under different conditions. Pye et al.29 noted

that β was reduced at all temperatures for thin PS films and interpreted this as a

layer or gradient of enhanced mobility at the polymer air interface contributing less

or no physical aging to the thin films. Work by Rauscher et al.30 studied the effect

that a rubbery polymer layer of poly(n-butyl methacrylate) (PnBMA) would have on

the physical aging rate and glass transition temperature of thin PS films, finding that

the decrease in Tg observed for PS atop a rubbery PnBMA layer did not correspond

to a similar decrease in the physical aging rate of the thin PS films. In this thesis I

will be building on these works and techniques to address some new questions in the

literature which have become topics of debate about polymer interfaces and glassy

dynamics.
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Interfacial interactions have been understood as enthalpic and local in nature, with

the literature showing that for the glass transition there is largely no molecular weight

effect to the Tg reduction reported. This viewpoint has been supported and confirmed

by many studies which have primarily focused on the reduction in Tg in thin polymer

films. However, recent works have shown molecular weight and chain connectivity

may play a modifying role in the glassy dynamics at interface.31–38 indicating chain

architecture, and chain adsorption all could affect the glassy dynamics at the interface.

We will aim to directly explore the effects that chain connectivity have on physical

aging in thin polymer films by varying the molecular weight of polymer films and

by exploring the effects that polymer adsorption have on the glassy dynamics at

interfaces.

Some recent works in the field of confinement have claimed that polymer chains

in the melt state can “irreversibly adsorb” to the substrate supposedly creating large

changes in the dynamics of thin polymer films.39–44 Reports have claimed that these

adsorbed layers are formed by annealing far above Tg for extended periods of time

and then placing the films in a solution of good solvent for some amount of time to

supposedly remove the unadsorbed chains. These measurements are often correlated

with measurements done to measure properties of the glass such as Tg or dielectric

relaxation in films similarly annealed for long times, but on separate samples which

have not been washed in solvent to directly measure their adsorbed layers. These

reports appear to be in conflict with the 25 years of reports about changes to dynamics

in thin confined polymer films presented above where enhanced mobility from the free

surface along with a largely neutral interaction between PS and the SiOx substrate

create a decrease in the Tg(h) behavior in thin films. We will therefore explore the

effects of these adsorbed layers have on the average and local Tg of the polymer

material as well as the physical aging rate in thin polymer films.
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1.3 Outline

Chapter 2 will discuss direct evidence that chain connectivity alters glassy dynamics

in confined polymer systems. Recently there were several groups who published works

suggesting that entropy and chain connectivity may alter glassy dynamics in confined

polymeric systems. We used physical aging measurements in thin PS films at high

and ultra-high molecular weights as a means of testing if chain connectivity and

molecular weight in these systems could alter the physical aging behavior in films

of weight average molecular weight Mw = 97 to 10,100 kg/mol. We found that at

ultra-high molecular weights, well above those previously studied, the physical aging

behavior in thin ≈ 31 nm thick PS films is faster by as much as ∼ 45 % at an aging

temperature of 40 ◦C. However there was no corresponding dependence of Mw on the

Tg(h) seen in the these thin films. We also briefly examined if an exposed and capped

adsorbed layer at the polymer-substrate interface could be altering the average chain

dynamics with no such alteration observed. A version of this chapter was published as

Michael F. Thees, and Connie B. Roth, Journal of Polymer Science, Part B: Polymer

Physics 2019, 57, 1224–1238.

Chapter 3 will review the literature understanding of polymer adsorption in the

cases where the adsorbed layer was both formed in solution and formed in the melt

state. We will then discuss the reproducibility of the procedure used in the literature

for isolating adsorbed layers supposedly formed in the melt state and discuss the

contributions of each step in the procedure for measuring the adsorbed layers. Re-

cent works have claimed that dynamics in confined polymeric glasses are dominated

by the presence of adsorbed layers formed during annealing of melt film (above Tg).

We will critically examine the underlying assumptions surrounding the experimen-

tal procedures used by these groups as presented in the literature and the resulting

reproducibility of these procedures. We will present a series of measurements that

characterizes the precision with which ultra thin polymeric films may be measured
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via ellipsometry and discusss the various sources of error and uncertainty inherent in

doing these adsorption experiments. We will then provide our best and most repro-

ducible procedure for examining adsorbed layers and present the controlling factors

in their formation. We also raise questions and concerns about the role of solvent

washing in the procedure, a step that is often overlooked due to now longstanding

assumptions about the irreversible nature of the adsorbed layer. These results are

interpreted using the understanding that was historically developed for adsorbed lay-

ers grown in solution showing that in fact, many of the underlying assumptions made

by people studying adsorbed layers supposedly grown in the melt are misguided. A

version of this chapter was published as Michael F. Thees, Jennifer A. McGuire, and

Connie B. Roth, Soft Matter 2020, DOI: 10.1039/D0SM00565G.

Chapter 4 will demonstrate the importance of solvent washing on the formation

of adsorbed layers from the melt and the effect that adsorbed layers formed in both

solution and by solvent washing of films annealed in the melt have on the local Tg of

PS films. Following our work on determining the reproducibility of forming adsorbed

layers in the melt and exposing them using solvent washing, we begin by showing

that solvent washing is the critical step in formation of these adsorbed layers. We find

that the adsorbed amount is determined primarily by the solution concentration when

washing off of melt films. Furthermore, we show that these findings are in remarkable

agreement with adsorbed layers grown directly in solutions of similar concentrations.

We then conclude by addressing whether or not the adsorbed layers grown by solvent

washing of melt films for various amounts of time and the adsorbed layers grown

directly in solution have any effect on the local Tg using the local fluorescence label

technique previously used by our lab.
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Chapter 2

Unexpected Molecular Weight

Dependence to the Physical Aging

of Thin Polystyrene Films Present

at Ultra High Molecular Weights

A version of this chapter was published as Michael F. Thees, and Connie B. Roth,

Journal of Polymer Science, Part B: Polymer Physics 2019, 57, 1224–1238.

2.1 Introduction

For more than two decades the field has been struggling to understand the causes

behind so-called ‘confinement’ effects in thin polymer films and other confined ge-

ometries, where large property changes occur in the material with decreasing system

size, at size scales of tens to hundreds of nanometers.17,45–54 Understanding of this

behavior would contribute to our knowledge of the glass transition and associated

length scales55–64 and to surface effects and boundary phenomenon,65–73but also has



14

important implications for understanding thin film applications,74,75 matrix reinforce-

ment in nanocomposites,76–81 rubber toughening,82 and nanostructured blend mate-

rials.26,83–88 At present, the property changes associated with confinement effects are

primarily understood as being enthalpic in origin with ample evidence showing that

interfacial interactions alter the local dynamics at the boundary,65–70 which sets up a

local gradient in dynamics near the interface that propagates into the material over

some depth before bulk-like dynamics are recovered.26,55,58,59,66,67 The depth or length

scale of the gradient appears to depend on temperature, as well as the type of dynam-

ics being investigated.55,57,58,89,90 Although the nature of the interfacial interactions

are not fully understood, good correlations have been observed with interfacial energy

of the substrate69,91,92 and specific hydrogen bonding interactions.65,68,93–95 Overall,

the behavior, especially in supported films, has appeared to be predominantly inde-

pendent of molecular weight17,19,96,97 (MW) suggesting a primarily enthalpic effect.

However, several recent studies have reported differences in confinement behav-

ior associated with chain length,36,98–103 stiffness,104,105 entanglements,89,106–109 and

chain architecture110–122 that are unexpected given the primarily enthalpic under-

standing developed over the years. This suggests that entropic effects may also play

a modifying role in understanding confinement effects. For example, changes in dy-

namics due to tethering94,123–135 and adsorption39,41–43,136–144 of chains to substrates

have been reported, as well as variations for different chain architectures such as

stars110–114,116,117,119–121 and cyclic chains115,118,122 that otherwise have identical chem-

ical composition, suggesting that the presence of a boundary or interface alters the

available entropic conformations and influences the local dynamics, altering the na-

ture of the dynamical gradient. Recent studies have also reported unexpected MW

dependences36,99–102 and chain stiffness104,105 effects to the glass transition tempera-

ture (Tg) and surface dynamics89,98,106–108,145 that contradict the general understand-

ing that had historically been formed. All these observations indicate that we need
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to revisit our understanding of what factors control local dynamics near interfaces

and consider how entropy and chain connectivity alter the gradient in dynamics near

interfaces that result in large material property changes with decreasing system size

(confinement).

Some of the largest and most confounding effects associated with confinement have

been related with the glass transition and glassy dynamics, both of which are still not

fully understood in bulk systems. Glasses are nonequilibrium materials characterized

by the dramatic slowing down in dynamics, more than 12 decades in time over a

modest temperature range of ∼50 K,2,3 prior to the system vitrifying and effectively

freezing into place. In polymers, these dynamics are associated with cooperative

motions of segmental units146 that become more tightly packed as the density is

increased upon decreasing temperature. The many-body nature of the collective

particle dynamics makes it complicated to understand, but there is believed to be

a growing length scale with decreasing temperature that characterizes the number

of units moving cooperatively together.147,148 Some studies suggest that the length

scale of the dynamical gradient near the interface is related to cooperative length

scales in glasses, primarily when considering gradients in local Tg values, cooperative

α-relaxation times, and other glassy dynamics such as physical aging.55–64,66,149–153

Physical aging represents the slow structural evolution of the nonequilibrium

glassy material towards equilibrium and is characterized by a logarithmic time de-

pendence of state-like variables such as density, volume, enthalpy, or other property

changes.5,7,154,155 The speed of these glassy dynamics are often characterized by the

physical aging rate β = − dδ
d log t , originally defined by Struik,5 where δ represents

the departure from equilibrium (e.g., δ = V (t)−V∞
V∞

for volume V ). In 2010, Pye et

al.57 measured the temperature dependence of the physical aging rate β(T ) of thin

polystyrene (PS) films supported on silicon using ellipsometry where, at a given tem-

perature, β was determined from the time dependent decrease in film thickness h(t)
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as β = −d(h/h0)
d log t , previously shown to provide an equivalent aging rate for bulk films

compared with traditional volumetric measurements.14 By comparing the measured

β(T ) for 30 nm thick films with those for bulk films, Pye et al.57 found that the β(T )

values were reduced relative to bulk for all temperatures, not consistent with the av-

erage Tg(h) decrease of these films, but consistent with a gradient in local Tg(z) with

depth z that had been previously measured66 in these films. Analysis of the β(T ) data

using both a gradient and simplified two-layer model, allowed Pye et al. to extract a

characteristic length scale describing the depth to which local aging dynamics were

perturbed from bulk, a measure of the size of the gradient in dynamics near the free

surface.57 The temperature dependence of this length scale was found to grow with

decreasing temperature from a few nanometers near bulk Tg (T bulk
g ) to several tens of

nanometers deep in the glassy state (T bulk
g − 60 K), indicating that glassy dynamics

are perturbed to greater depths further from T bulkg .

In the present work, we revisit these thin film physical aging measurements by

Pye et al.57 that had only been done with a single MW of PS (Mw = 245 kg/mol,

Mw/Mn = 2.0), and demonstrate an unexpected MW-dependence to the physical

aging response present only in thin films of very high MW polymer. Physical aging

in bulk polymers is traditionally associated with local segmental motions as larger

cooperative motions and certainly chain dynamics are frozen out below Tg. As such,

physical aging in bulk is independent of chain length for MWs where Tg(Mn) has

saturated to its long chain-length limit.156 This Tg(Mn) saturation effect is attributed

to when the chain is long enough to exhibit Gaussian chain statistics,157,158 and occurs

at rather modest MWs (Mn & 20 kg/mol for PS10,11,159,160). As expected we confirm

that bulk films show no MW-dependence to the physical aging behavior. However, to

our surprise we have found an unexpected MW dependence to the physical aging rate

β(T ) for thin, PS films that is not present in bulk films. Thin films with thicknesses

h < 80 nm of exceedingly (ultra) high MWs ≥ 6,500 kg/mol PS are observed to
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exhibit an ∼45% faster physical aging response than equivalent films of MWs ≤

3,500 kg/mol. Consistent with the Pye et al.57 work, PS films with MWs ≤ 3,500

kg/mol show a reduced physical aging rate relative to bulk indicative of the gradient

in dynamics present in these films caused by the reduced Tg near the free surface.

The faster physical aging we observe for the ultra-high MWs ≥ 6,500 kg/mol thin

films, which exhibit a more bulk-like aging response, suggests that the depth over

which the gradient in dynamics propagates from the free surface is diminished relative

to that in thin films of MWs ≤ 3,500 kg/mol. These results strongly imply that

chain connectivity plays some modifying role in controlling dynamical gradients in

polymer glasses near interfaces. We demonstrate that this MW-dependent change in

the physical aging response of thin films is not associated with a measurable change

in the film-average Tg(h) dependence or effective average film density (molecular

packing).

2.2 Experimental Methods

Five different MWs of polystyrene were purchased as listed in Table 2.1, where all

MWs were determined by the manufacturer using gel permeation chromatography

(GPC). PS was dissolved in toluene (Aldrich) at different concentrations (0.4–8 wt

%) and spin-coated onto (1,0,0) silicon substrates (2 × 2 cm in size) with native

oxide layer (WaferNet), where films were made to desired thickness by varying both

concentration and the spin speed. Prior to spin-coating, silicon wafers were washed

with toluene. All films were then annealed under vacuum at 120 ◦C (Tg + 20 ◦C)

over night to remove residual solvent and produce films with a consistent thermal

history. To examine whether sample preparation could be a contributing factor to

the unexpected MW dependence of the physical aging rate, annealing time (2-72 h

at 120 ◦C) and spin-speed (750-3000 rpm) were varied, but no difference in physical
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Mw (g/mol) Mw/Mn Supplier
97,400 1.01 Scientific Polymer Products

400,000 1.06 Pressure Chemical
1,444,000 1.04 Polymer Laboratories
3,239,000 1.05 Polymer Laboratories
6,793,000 1.09 Polymer Laboratories
10,100,000 1.09 Polymer Laboratories

Table 2.1: Polystyrenes used in the present study listing their weight average molec-
ular weight Mw, polydispersity Mw/Mn, and supplier.

aging behavior was observed within experimental error. The reasoning behind these

controls will be discussed in detail below.

Physical aging measurements were initiated by annealing films on the ellipsometer

heat stage (Instec HSC 302) at 120 ◦C for 25 min in order to reset the thermal history.

Films were then quenched from above Tg to the desired aging temperature of 40 ◦C at

a constant rate of 55 ◦C/min using the liquid nitrogen cooling capability of the HSC

302 heater. Zero aging time is defined by when the heater temperature stabilizes at

the desired aging temperature, where this was identified by following the quenching

protocol using a 1000-nm SiOx–Si control, and is verified for each sample run. During

aging, spectroscopic ellipsometry (J. A. Woollam M-2000) was used to measure film

thickness every 2 min, averaging over a 45 s period, as previously described in Baker

et al.14 Plots of normalized film thickness h/h0 vs. log aging time were normalized

with thickness h0 corresponding to an aging time of 10 min, where h0 is the average

of thickness data over a 10 min period on either side of this value. In addition, the

data were subsequently smoothed by doing a five-point adjacent average.

The glass transition temperature Tg(h) values were also measured by ellipsometry

on cooling, typically at 1 ◦C/min unless otherwise specified, while dry nitrogen gas

was flowed (1.5 L/min) over the sample to prevent condensation. Following common

convention in the literature, Tg was identified from the intersection of two linear fits

above and below the transition. All ellipsometry Ψ(λ) and ∆(λ) data were fit for
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λ = 400−1000 nm to a layer model comprised of a Cauchy layer, n(λ) = A+ B
λ2 + C

λ4 ,

for the PS layer, where A, B, and C were fit along with the PS film thickness h,

atop a 2 nm thick native oxide layer as part of the silicon substrate. For the Tg

runs on 20 nm thick films, the Cauchy C parameter was held constant at 0.00038

µm4 following our recent work by Huang and Roth.160 In addition, for the thinnest

films of ∼10 nm, we found it necessary to hold the Cauchy B parameter constant at

0.00745 µm2, a value also determined from the average of bulk films. Holding these

parameters constant for the thinnest films is reasonable because most of the change in

polarization that the ellipsometer measures occurs upon reflection at the interfaces,

and not via the wavelength-dependent dispersion of the material as the path length of

the light through the film decreases. (Note we are following the common convention

used within ellipsometry texts and the Woollam software where the values of A, B,

and C for the Cauchy equation are quoted for the wavelength λ calculated in microns.)

2.3 Results and Discussion

2.3.1 Qualitative observations of differences in physical aging

for thin films of ultra-high molecular weight polystyrene

Figure 2.1a plots the normalized film thickness h/h0 versus log aging time for PS films

on silicon substrates held at an aging temperature of 40 ◦C, following a temperature

quench at 55 ◦C/min from well above Tg. Data are shown for bulk (500-1200 nm)

and thin films (31 ± 1 nm) for three different molecular weights Mw = 97 kg/mol,

400 kg/mol, and 3,240 kg/mol. No difference is observed in the aging behavior for

this range of MWs, as one would expect. Previously, Pye et al.57 characterized the

temperature dependence of the physical aging rate β(h, T ) for thin supported PS

films, where the aging rate of h ≈ 30 nm thin films was observed to be reduced

relative to bulk at all temperatures. This observation was understood as resulting
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from the gradient in dynamics near the free surface previously demonstrated to be

present in these films,66 where the local aging rate β(z) as a function of depth z could

be considered to be correlated with the locally reduced Tg(z).57,112 From the difference

in the temperature-dependent aging rate β(h, T ) between the thin and thick (bulk)

films, Pye et al.57 chose to extract temperature-dependent length scales characterizing

the breadth of the gradient in dynamics near the free surface. These measurements

were done with a single, broad MW ofMw = 245 kg/mol,Mw/Mn = 2.0.57 Figure 2.1a

shows that the same results are obtained for a series of narrow, monodisperse MWs.

However, surprisingly, upon examination of higher MW films, we observe an

anomalous behavior in the physical aging rate of the thin films. Figure 2.1b shows

a second plot of h/h0 vs. log(t), but this time for ultra-high MWs of Mw = 6,790

kg/mol and 10,100k g/mol, where we are again comparing data for bulk (500-1200

nm) and thin (31 ± 1 nm) films. Both of these two ultra-high MWs show the same

aging behavior, but are distinctly different for thin films than the lower MWs ≤ 3,500

kg/mol shown in Fig. 1a. Black lines have been added to Fig. 2.1b to represent the

data from Fig. 2.1a: the two dashed lines represent the range of aging rates (standard

deviation) measured for all the thin films with MWs ≤ 3,500 kg/mol; the dotted curve

representing the bulk data was created by combining and smoothing the bulk datasets

shown in Fig. 2.1a. The bulk films show no MW dependence, even for these ultra-high

MWs, as one would anticipate. However, unexpectedly, the aging rates for the thin

(31 ± 1 nm) films of ultra-high MW ≥ 6,500 kg/mol show a noticeably larger aging

rate (higher slope) than the dashed lines representing the (merely) high MWs ≤ 3,500

kg/mol. This difference in the 31-nm-film aging behavior between the high and ultra-

high MW thin films are clearly outside of experimental error: β = 3.4 ± 0.6 × 10−4

for MWs ≤ 3,500 kg/mol shown in Fig. 2.1a vs. β = 4.9 ± 0.7 × 10−4 MWs ≥ 6,500

kg/mol in Fig. 2.1b.

We observe a noticeable and reproducible molecular weight dependence to the
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Figure 2.1: Plot of the normalized film thickness h/h0 versus log aging time at 40
◦C comparing the physical aging response of 31 ± 1 nm thick PS films with those
of bulk (>500 nm thick) films. (a) Plots weight average molecular weights Mw = 97
kg/mol (black), Mw = 400 kg/mol (blue), and Mw = 3, 240 kg/mol (red), while (b)
plots Mw = 6, 790 kg/mol (green) and Mw = 10, 100 kg/mol (purple). The dashed
lines in (b) identify the range of data for the 31 nm thick films (circles) with MWs
≤ 3,500 kg/mol in (a), and the dotted line in (b) represents the bulk data (squares)
from (a).

physical aging of polystyrene only present in thin films. This MW-dependent change

in aging behavior is only occurring at extremely high MWs, somewhere betweenMw =

3,500 kg/mol and 6,500 kg/mol. In terms of chain size, the two bounds for where this

MW-dependent change occurs both have radius of gyration Rg values much larger

than the 31-nm film thickness: Rg = 54 nm for Mw = 3, 500 kg/mol and Rg = 74
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nm for Mw = 6,500 kg/mol.161 For both these high and ultra-high MWs, twice Rg

is significantly larger than the film thickness (2Rg � h), implying that chains of

these MWs must both be distorted in order to fit inside a 31-nm thick film. Yet,

the range of MWs shown in Fig. 2.1a, which all exhibit the same physical aging

response, encompasses both high (Mw = 3,240 kg/mol, Rg = 52 nm) and much lower

(Mw = 97.4 kg/mol, Rg = 8.7 nm) MW chains, where the shortest chains likely

experience no deformation to fit inside a 31-nm thick film. This reasoning suggests

that the anomalous MW-dependent physical aging behavior observed for the ultra-

high MW thin films is not simply due to changes in chain conformation associated

with the finite size of the film, providing no immediate insight into the cause of this

anomalous aging behavior. In Section 2.3.3, we will discuss, and in some cases negate,

other possible causes.

How should we be interpreting this difference in physical aging response between

the high and ultra-high MWs? We believe this MW dependence of the physical aging

rate in thin films informs us about the breadth of the gradient in dynamics near the

free surface. This follows from the analysis put forward by Pye et al.57 to interpret

the difference in the temperature dependence of the aging rate β(h, T ) between thin

(h ≈ 30 nm) and thick (bulk) films. Their analysis was based on the gradient in

local Tg near the free surface of PS that was quantitatively established by Ellison

and Torkelson demonstrating a depth of approximately 30-40 nm is required in thick

films before bulk Tg is recovered,66 in addition to several studies who have argued

that the free surface itself may always be liquid-like.46,162 Given the significantly

reduced local Tg near the free surface and its possible liquid-like nature, Pye et al.57

reasoned that the physical aging rate must go to zero at the free surface, while a

bulk physical aging rate βbulk(T ) would likely be recovered at some depth deeper into

the film. Experimentally only a single quantity is measured, β(h, T ) representing

the film-average of the local aging rates β(z) at that aging temperature; thus, the
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explicit functional form for the depth-dependent local aging rate β(z) is not known.

For this reason, Pye et al.57 interpreted their results using both a simple two-layer

model and a more realistic gradient model, both of which assumed some correlation

between the local β(z) and the depth-dependent local glass transition temperature

Tg(z).57,112 Such assumptions are consistent with local fluorescence measurements

of physical aging in poly(methyl methacrylate) (PMMA) films.67 By quantitatively

comparing the average aging rate of the thin films β(h ≈ 30 nm, T ) with what would

be expected for thick (bulk) films βbulk(T ) at each aging temperature, length scales

characterizing the breadth of the gradient in dynamics near the free surface were

extracted. Both analyses were quantitatively equivalent within experimental error

and gave good agreement with the β(h, T ) data. These length scales were found

to increase with decreasing temperature suggesting that deviations from bulk glassy

dynamics propagate deeper into the film at lower temperatures further from bulk

Tg.57,146 Based on this reasoning, we believe it is reasonable to interpret differences

in the physical aging rate between thin (31 nm) and thick (bulk) films as indicative

of the breadth of the gradient in local dynamics near free surfaces. Thus, the larger

aging rate of the ultra-high MWs ≥ 6,500 kg/mol thin films in Fig. 2.1b, which are

closer to that of bulk aging, relative to the high MWs ≤ 3,500 kg/mol thin films in

Fig. 2.1a, suggests the depth over which the gradient in dynamics propagates near

the free surface is diminished in the ultra-high MW films.

One additional qualitative observation we want to highlight before moving on to

quantitative evaluation of the physical aging rates is the stark qualitative difference in

the thin film physical aging behavior compared to that of bulk. Figure 2.2 plots h/h0

vs. log(t) for the full range of MWs measured at 40 ◦C and includes a linear yellow-

dashed line to separate the high MWs ≤ 3,500 kg/mol from the ultra-high MWs ≥

6,500 kg/mol thin films. This yellow line also helps to highlight that all of the thin

film data show a linear response in physical aging on this logarithmic time scale.
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In contrast, the black-dotted curve, representing all the bulk data (same as shown

in Fig.2.1b), exhibits the distinctive initial curvature typical of most bulk physical

aging response at low aging temperatures far below Tg. This initial curvature in aging

behavior at low temperatures is associated with the longest relaxation times of the

glassy state becoming larger than the starting time of the aging measurement.7,163–165

Data for the thin films have been collected out to 4000 min (2.8 days) in aging time

and still do not show any evidence of curvature. This suggests the thin film data do

not exhibit any initial curvature because the all relaxation times are always shorter

than the starting time of the aging measurement, presumably faster due to enhanced

mobility near the free surface. The reduced aging rate in the thin films relative to

bulk occurs because some near free-surface region that is effectively liquid-like at

the aging temperature does not contribute to aging. We believe it is unlikely that

the thin film data have an initial curvature (delay in aging) regime exceeding 4000

min, as this would imply that the longest relaxation times of the glassy state in the

thin films exceeds those in the bulk by more than an order of magnitude. We also

observe a progressive shortening of this initial curvature with decreasing film thickness

below 80 nm (as shown in Fig. 2.4). Although the aging measurement is unable to

differentiate between a lack of physical aging occurring because some fraction of the

film is effectively liquid-like versus some immobile chains are present in the film, we

simply believe the former is most likely given our data and existing literature studies.

2.3.2 Quantitative description of differences in physical aging

for thin films of ultra-high molecular weight polystyrene

We proceed now with quantifying the physical aging rates for bulk and thin films to

make quantitative comparisons between the high MWs ≤ 3,500 kg/mol and ultra-high

MWs ≥ 6,500 kg/mol data. As just described at the end of Section I, measurements

at low aging temperatures, where relaxation times are longer, typically exhibit an
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Figure 2.2: Comparison of 31 ± 1 nm thick PS films where the dashed yellow line
delineates the slower aging response of MWs ≤ 3,500 kg/mol (circles) from the faster
aging observed for MWs ≥ 6,500 kg/mol (triangles). All thin films exhibit a linear
decrease in film thickness h/h0 on this logarithmic scale, in contrast to the curvature
exhibited by bulk films (dotted curve) at this low aging temperature of 40 ◦C, sug-
gesting that the distribution of relaxation times in thin films are shifted to shorter
timescales.

initial curvature to the aging response associated with the onset of the distribution of

relaxation times that contribute to physical aging in the glass. The linear decrease of

h/h0 in log(t) observed at long aging times that is characteristically used to quantify

the aging rate β, as originally defined by Struik,5 begins once all the relaxation times

are active. In contrast, for exceedingly short measurement times (less than those

measured in the current study) before even the shortest relaxation times begin to

age the sample, no physical aging will occur and the initial aging response would

be flat. This initial flat regime has recently been robustly observed by Simon and

coworkers164–166 using flash differential scanning calorimetry (Flash DSC) where they

could begin aging measurements at aging times as short as 0.01 s.164 In our present

measurements, we do not directly observe this flat initial plateau seen in the Flash

DSC work because the measurement time at which we begin collecting data (when

the temperature stage has stabilized at the aging temperature) corresponds to when
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the shortest, but not the longest, relaxation times have begun aging the sample.

(Note, our new quench protocol performed directly on the ellipsometer allows us to

begin measurements of the aging response earlier than our previous works,14,57,167

making the initial curvature more distinct.) This initial curvature has typically been

quantified by what is called the induction time tind,7,163,164,168 determined by the

intersection of linear fits (on a log time scale) to the initial flat region and the long

time aging behavior that is linear in log(t). Estimates of the induction time from our

data appear to be consistent with literature values given differences in cooling rate

and aging temperature.

Figure 2.3 shows the physical aging response of bulk films for several MWs where

the normalized film thickness h/h0 vs. log aging time was measured at an aging

temperature of 40 ◦C and 65 ◦C. As previously mentioned, we observe no MW depen-

dence to the aging response for bulk films; those shown in Fig. 2.3 are representative

of the aging behavior for all MWs. The initial curvature of the aging response is more

prominent in the 40 ◦C data at low aging temperatures, as would be expected. To

quantify the physical aging rate β for these data with the initial curvature associated

with the delayed aging response, we introduce a functional form that allows us to fit

the entire range of aging times to only three parameters. This empirical equation,

h(t)
h0

= 1 + A(1− e
−x
τ )− βx where, x = log( t

10 min) (Eq:2.1)

was arrived at by treating the initial curvature as an exponential decay on a loga-

rithmic time scale, recalling the thickness data h(t) are normalized to h0, the thick-

ness at an aging time of 10 min. The physical aging rate β comes from the long-

time aging response that is linear in log(t), τ is a characteristic parameter that

describes the range over which the initial curvatures dissipates, and A is the off-

set of the normalized film thickness h/h0 representing where the slope of the long-
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time aging response intercepts 10 min. Fitting Eq 2.1 to representative datasets

determined from the compilation of multiple samples with different MWs, we obtain

best fit parameters of βbulk = 10.8 × 10−4, A = 11.4 × 10−4, τ = 1.3 at 40 ◦C and

βbulk = 10.4 × 10−4, A = 2.9 × 10−4, τ = 0.4 at 65 ◦C, shown as dashed curves in

Fig. 2.3. Note these values of aging rate β could also be obtained by simply fitting the

slope of the data at long aging times. When this is done, we do obtain comparable

values of β; however, this method is subject to a user-defined choice of which range

of data to fit at long times.

Figure 2.4 shows a series of physical aging curves collected at 40 ◦C for samples

at different film thicknesses for Mw = 400 kg/mol, a representative lower MW, and

Mw = 6, 790 kg/mol, a representative higher MW. All data are shown and fit for aging

times out to 1000 min (16.7 h) to be consistent for comparison purposes. Although

some of our longest data sets are out to aging times of 4000 min (2.8 days), it is

not reasonable to collect data for multiple days on each sample because of limits in

instrument time. The Mw = 400 kg/mol data in Fig. 2.4a show a clear progressive

trend of decreasing aging rate with decreasing film thickness, while the Mw = 6, 790

kg/mol data in Fig. 2.4b show a smaller decrease in aging response with decreasing

film thickness. The fit parameters τ and A are found to decrease with decreasing film

thickness, eventually reaching values near zero for the 31 nm thick films, consistent

with the visual observation of these thinnest films exhibiting only a linear trend in

h/h0 with log(t). Note that we have specifically chosen to focus our comparisons

between the thin film and bulk aging response in this study at an aging temperature

of 40 ◦C because Pye et al.57 demonstrated that lower temperatures showed the largest

differences in aging behavior between bulk and thin films. We have also collected some

data with different MWs at 65 ◦C, the peak in the temperature-dependent aging rate

β(T ) for bulk PS,14,57 that appear to show similar trends, but are less conclusive

because the overall difference between bulk and thin films is smaller.
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Figure 2.3: Comparison of bulk physical aging response measured at an aging tem-
perature of 40 ◦C (a) and 65 ◦C (b) for representative molecular weights, where the
black dashed curves are fits to Eq 2.1. The initial curvature in normalized thickness
h/h0 decrease is more prominent at lower aging temperatures as expected.

Figure 2.5 plots the physical aging rate β determined from fits of Eq 2.1 to datasets

out to 1000 min in aging for all samples with Mw = 400 kg/mol and 6,790 kg/mol.

For the thinnest films of 31 nm, the h/h0 data are observed to be linear in log(t), as

shown in Fig. 2.2; thus for these data, a simple linear fit to obtain β is used instead

of Eq 2.1 to avoid overfitting. For bulk films with film thicknesses h > 80 nm, we

observe no difference in physical aging response between the MWs (as was shown in
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Figure 2.4: Plot of normalized film thickness h/h0 versus log time for a series of
samples with decreasing film thickness for (a) Mw = 400 kg/mol and (b) Mw = 6, 790
kg/mol.

Fig. 2.3) with βbulk = 9.2± 0.5× 10−4 for aging times fit out to 1000 min. However,

below 80 nm in film thickness, the physical aging rate β decreases with decreasing

thickness, with the aging rates for the two different MWs found to differ. For a given

film thickness h, the aging rate β(h) is observed to be consistently higher by ∼45% for

the Mw = 6, 790 kg/mol films than the Mw = 400 kg/mol films. This faster physical

aging for the ultra-high MW samples suggests that the ultra-high MW films are more

bulk like, with a smaller region of the film not contributing to physical aging of the

sample compared to the (merely) high MW films. We speculate that the extensive
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chain connectivity of these ultra-high MW samples may be altering the dynamical

gradient in these films. This transition around h ≈ 80 nm is consistent with where

changes in Tg(h) begin to occur, as discussed below in Fig. 2.8. However, no difference

in Tg(h) with MW is observed outside of experimental variability suggesting that the

changes in β(h) we observe for thin films at a low aging temperature of 40 ◦C may

be more sensitive to small differences in the dynamical gradient of these films.

Figure 2.5: Thickness dependence of the physical aging rate measured at an aging
temperature of 40 ◦C for two representative MWs: Mw = 400 kg/mol (blue circles)
and ultra-high Mw = 6, 790 kg/mol (green triangles). The horizontal dashed lines
represent the average and standard deviation of the bulk physical aging rate βbulk =
9.2± 0.5× 10−4 for aging times out to 1000 min.

We now examine more carefully the molecular weight dependence observed in the

physical aging rate of these thin PS films. By comparing the physical aging rate β for

thin (31 ± 1 nm) and thick (bulk) films we can quantify the magnitude of the reduced

physical aging rate observed in these films. Figure 2.6 plots the physical aging rates

(from typically an average of 4-7 samples) for the thin film data as a function of the

logarithm of the weight average molecular weight Mw, while the range of aging rates

for the bulk data (βbulk = 9.2± 0.5× 10−4) are indicated by the horizontal gray bar.
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The thin film data exhibit two distinct plateaus highlighted by the horizontal blue

dashed lines that represent the average aging rate of all the runs within the given MW

regime: β = 3.4±0.6×10−4 for the high MWs ≤ 3,500 kg/mol and β = 4.9±0.7×10−4

for the ultra-high MWs ≥ 6,500 kg/mol. These aging rates are both much lower than

those observed for the bulk films, and are noticeably different from each other outside

of experimental error.
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Figure 2.6: Average physical aging rate β for 31 ± 1 nm thick PS films measure at 40
◦C as a function of weight average molecular weightMw on a logarithmic scale, where
the error bars designate the standard deviation observed between multiple (typically
4-7) samples. MWs ≤ 3,500 kg/mol give an average aging rate of β = 3.4±0.6×10−4,
while ultra-high MWs ≥ 6,500 kg/mol show a noticeably higher aging rate of β =
4.9±0.7×10−4 outside of experimental error. The horizontal gray bar designates the
range of aging rates for the bulk data, βbulk = 9.2± 0.5× 10−4.

As discussed qualitatively above, we believe the relative difference in aging rate

between the thin and bulk films are indicative of the reduced physical aging response

due to the presence of the free surface. This was previously interpreted as a length

scale characterizing the breadth of the gradient in dynamics near the free surface,57

such that the smaller difference in aging rates between thin and bulk films observed

for the ultra-high MWs ≥ 6,500 kg/mol suggests a diminished breadth to the en-
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hanced dynamics emanating from the free surface in these films. Quantifying such

length scales describing how deep into the film the effects of the free surface propa-

gate presuppose some functional form for the depth-dependent local aging rate β(z).

Pye et al.57 interpreted their data using two such possible β(z) forms, as described

above. Green and coworkers have noted that β(z) could even be non-monotonic with

depth depending on the aging temperature and local Tg(z) profile because of the

non-monotonic temperature dependence to the β(T ) aging curve.112 In the present

work, we choose to more conservatively characterize this relative difference in aging

rate between thin and bulk films as a fractional loss of aging missing in the thin films

relative to an equivalent material with bulk aging response. We define this fractional

loss of aging as Fβ = βbulk−β(h,T )
βbulk

. Note, this is mathematically related to the A(T )

length scale previously used by Pye et al.57 where Fβ = A(T )
h

, but this definition does

not rely on any assumptions of how the reduced aging is distributed in the thin films.

We observe the fractional loss of aging increases with decreasing film thickness as the

impact of the free surface becomes more prominent in thinner films reducing physical

aging. Figure 2.7 graphs this fractional loss of aging as a function of the logarithm of

the weight average molecular weight Mw for the 31 ± 1 nm thick films measured in

this study. The error bars are calculated via error propagation from those shown in

Fig. 2.6, and represent the sample-to-sample variation in the measured aging rates.

The decrease in the fractional loss of aging from 0.63 for the high MWs ≤ 3,500

kg/mol to 0.47 for the ultra-high MWs ≥ 6,500 kg/mol 31-nm thick films is indica-

tive of the ultra-high MWs ≥ 6,500 kg/mol films behaving more bulk like, suggesting

the perturbing influence of the free surface to reduce the physical aging rate in these

thin films is diminished. Given the current understanding in the literature, we in-

terpret this as the ultra-high MWs ≥ 6,500 kg/mol thin films having a diminished

gradient in dynamics emanating from the free surface relative to the (merely) high

MWs ≤ 3,500 kg/mol thin films. What the possible causes are for this unexpected
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difference will be discussed in the following subsection.
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Figure 2.7: Fractional loss of aging Fβ missing in 31 nm thin films relative to an
equivalent material with bulk aging response, defined as Fβ = βbulk−β(h,T )

βbulk
from the

data shown in Fig. 2.6, as a function of weight average molecular weight Mw. We
believe the difference in aging response between thin and bulk films results from
the presence of the free surface and the extent to which the gradient in dynamics
propagates into the film. The smaller fractional loss of aging for the ultra-high MWs
≥ 6,500 kg/mol films suggest a diminished gradient in dynamics across the film.

2.3.3 Attempting to understanding differences in physical

aging for thin films of ultra-high molecular weight polystyrene

We explore now what factors might be causing this unexpected MW dependence

to the physical aging rate of thin (h = 31 nm) supported PS films between these

high (Mw ≤ 3,500 kg/mol) and ultra-high (Mw ≥ 6,500 kg/mol) MWs. Since the

physical aging rate is known to shift with depth below Tg, we start by investigating

if the Tg(h) values of these thin films are different for the ultra-high MWs. Note that

previous studies that have examined the possible chain length dependence to the

Tg(h) of supported PS films, have only measured MWs up to Mn = 3,000 kg/mol.19

For h = 31 ± 1 nm thick films, we have measured via ellipsometry on cooling at 1
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◦C/min: Tg(31 nm) = 89.0 ± 1.0 ◦C for Mw = 400 kg/mol, Tg(31 nm) = 91.0 ±

1.5 ◦C for Mw = 3,240 kg/mol, and Tg(31 nm) = 91.0 ± 1.5 ◦C for Mw = 6,790

kg/mol (based on an average of typically 5 runs on nominally identical samples),

showing no difference in Tg with MW outside of experimental variability for 31 nm

thick films. Bulk Tg was measured to be 96.4 ± 0.7 ◦C. However, one could argue

that 31 nm thick films do not yet deviate substantially from bulk behavior in terms

of Tg(h) values, and that some more subtle difference with MW could perhaps be

seen for thinner films, or within the temperature-dependent thickness h(T ) behavior.

Thus, in Figure 2.8a we plot the film thickness h (normalized at 120 ◦C to overlap

the liquid-line of each data set) as a function of temperature, comparing h(T ) for

films with near equivalent thickness for two representative MWs: 10.5 and 23 nm

thick films of Mw = 400 kg/mol, 11.4 and 21 nm films of Mw = 6,790 kg/mol, as

well as bulk (200 nm) films of each. By examination of the curves in this manner, we

see that the two MWs (high and ultra-high) collapse atop each other within typical

experimental sample-to-sample variability, indicating no MW dependence to the h(T )

behavior, even for these very thin films out to these ultra-high MWs. In Figure 2.8b,

we have compiled literature data from ellipsometry measurements to compare the

film-thickness dependence of the measured average glass transition temperature Tg(h)

by various studies17,36,96,127,128,160,169–171, and included our own data from this study.

To facilitate comparison all data have been referenced to the bulk Tg value reported

in that study. We have colored-code the data based on MW, grouping them into four

categories: low Mw < 300 kg/mol (black), intermediate 350 kg/mol < Mw < 1,000

kg/mol (blue), high 1,500 kg/mol < Mw < 3,500 kg/mol (red), and ultra-high Mw >

6,500 kg/mol (green). Within the variability of the Tg(h) values, no trend is observed

with MW, consistent with previous reports.19 Thus, there is no evidence for a Tg(h)

change with MW in these films that can be used to explain the difference in physical

aging rates observed.
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Figure 2.8: (a) Temperature dependence of the film thickness h(T ) collected on
cooling at 1 ◦C/min, where the data of the liquid-line has been superimposed at
T = 120 ◦C. Films of near equivalent thicknesses of 11 nm, 22 nm, and 200 nm (bulk)
are compared for a representative high Mw = 400 kg/mol (blue data) and ultra-high
Mw = 6, 790 kg/mol (green data). Collapse of the h(T ) data within sample-to-
sample variability indicates no MW dependence to the glass transition behavior even
in very thin films. (b) Compilation of the average Tg(h) values measured by ellip-
sometry from the literature17,36,96,127,128,160,169–171 and this work, referenced to their
given studies’ T bulk

g value. Data have been color-coded based on MW: low Mw < 300
kg/mol (black), intermediate 350 kg/mol < Mw < 1, 000 kg/mol (blue), high 1,500
kg/mol < Mw < 3, 500 kg/mol (red), and ultra-high Mw > 6,500 kg/mol (green).
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We have also inspected more closely the cool rate dependence and thermal ex-

pansion coefficient α(T ) = 1
h
dh(T )
dT

looking for some systematic difference between the

high and ultra-high MWs. Comparing 31 ± 1 nm thick films for a representative high

Mw = 400 kg/mol and ultra-high Mw = 6, 790 kg/mol, we find curves of normalized

h(T ) overlap within typical sample-to-sample variability for the different MWs at all

cooling rates inspected between 0.2 – 55 ◦C/min, where 55 ◦C/min is the fastest our

instrument can accomplish with liquid nitrogen cooling and the cooling rate used to

initiate the aging measurements. For cooling rates of 5 ◦C/min or less we are able to

collect enough data on cooling to meaningfully inspect α(T ) and measure Tg(h) as

shown in Figure 2.9, but find no difference in the breadth or shape of the transition

between the high and ultra-high MWs. The Tg (h = 31 nm) values are the same

to within experimental error and demonstrate the slight increase of ∼ 2 ◦C with in-

creasing cooling rate one would expect. Even though we do not see a difference in

the 31-nm thick films with MW, we note that there is a recent study by Glor and

Fakhraai,36 who examined the cooling rate dependence of very thin PS films for a

range of MWs: Mw = 22 kg/mol to 7,200 kg/mol. They also did not see a difference

for ∼30 nm thick films, however they did report a subtle, but systematic difference in

cooling rate dependence with MW for 8 nm thick films (see their Figure 2.5). Their

trends are consistent with our MW-dependent physical aging results that higher MWs

exhibit a more bulk-like response with a slightly higher glass line, where the higher

MW films have dynamics that appear to be less perturbed by the presence of the

free surface. (Note that our previous study determined that it was not feasible to

collect physical aging measurements on films much below ∼30 nm.57) These results

on ultrathin films of ∼8 nm support our conclusions and demonstrate that isothermal

physical aging measurements are more sensitive to small differences in dynamical gra-

dient across thin films than cooling rate measurements, where it appears that much

thinner films are required to observe measurable differences between MWs.
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Figure 2.9: (a) Temperature dependence of the thermal expansion coefficient α(T )
of 31-nm thick films collected on cooling at three different cooling rates, where the
data for the higher cooling rates have been offset vertically for clarity: high Mw =
400 kg/mol (blue circles) and ultra-high Mw = 6, 790 kg/mol (green triangles). (b)
Cooling rate dependence of the glass transition temperature Tg(h) for these 31 nm
thick films.

Physical aging measures the slow densification of the glass on logarithmic timescales.

Consequently, one could imagine that the measured aging behavior could be particu-

larly sensitive to changes in packing frustration within the material. As the molecular

weight increases, the global chain conformation must distort itself more to continue

to be constrained in a thin film of a given thickness h. Typically confinement of
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global chain conformations have not been associated with changes in film Tg(h) or

other local measures of mobility like physical aging, with relaxations of local chain

conformations being sufficient to obtain reproducible measurements.45,172,173 However,

rarely have experiments been carried out on thin films made of such high MWs of

order 10 million g/mol. Thus, we have checked whether there is any measurable

change in material packing with increasing MW by examining the index of refraction

data collected simultaneously during the aging measurements. The Lorentz-Lorenz

equation,
n2 − 1
n2 + 2 = αNA

3ε0M0
ρ , (Eq:2.2)

has routinely be used to obtain a measure of material density ρ from index of refraction

n data as all other quantities are considered to be constants: monomer polarizability

α, monomer molecular weight M0, Avogadro’s number NA, and permittivity of free

space ε0.56,174,175 We have evaluated the index of refraction n(λ) at a wavelength of

632.8 nm (corresponding to a HeNe laser) from the measured Cauchy parameters,

in an analogous manner to which the initial thickness h0 was defined at the start

of the aging run, corresponding to an aging time of 10 min, averaged over a 10

min period, on either side of this value. This initial index of refraction value was

used to calculate the quantity n2−1
n2+2 in the Lorentz-Lorenz equation that is directly

proportional to the film density. Figure 2.10 plots the percent change in this measure

of effective average film density as a function of molecular weight for the 31 nm

thick films. The data show no measurable difference in average film density with

increasing MW, outside of an experimental variability of ± 0.27 % indicated by the

shaded gray region in Fig. 2.10. This suggests there is no strong change in molecular

packing with increasing MW that could be the explanation for the observed change

in physical aging response. Intuitively, this result does not seem surprising given

how extended and diffuse three-dimensional random-walk chain conformations are; a

significant amount of global chain confinement could easily occur without impacting
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local segmental packing. We note that ellipsometry is only able to provide a measure

of the effective average film density, and the data in Fig. 2.10 does not preclude

there being a subtle depth-dependent change in local film density responsible for the

observed changes in physical aging behavior. As dynamics in glasses are strongly

dependent on density (free volume),176 even a small unmeasurable change in local

density could have a strong impact on local dynamics.
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Figure 2.10: Percent change in the effective average film density as a function of
molecular weight for 31 nm thick PS films. Effective density was determined from the
index of refraction at an aging time of 10 min based on the Lorentz-Lorenz equation
(Eq. 2).

Historically, there were a number of other factors that were considered possi-

ble concerns when studying very high molecular weight thin polymer films made by

spin-coating. For example, initial studies expressed concerns that spin-coating high

molecular weight chains could cause chain alignment within the film, especially at

higher spin speeds.177 The importance of annealing time and temperature necessary

to relax chain conformations and get reproducible measurements was also debated.45

These concerns have long since been addressed in the field, but since most studies

have measured MWs only out to a few million g/mol, we revisit here some of these
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arguments as they pertain to ultra-high MWs of order ten million. As such we have

done a number of experimental checks to determine if any of these initial concerns are

relevant at these much higher MWs, but do not find any evidence for differences with

the ultra-high MWs. For example, we observe the same aging behavior for 31 nm thick

films regardless of whether the spin-speed is varied during spin-coating, or whether

the annealing time at 120 ◦C prior to the aging measurement is varied between 2 - 72

hours. Early on it was thought that annealing times should be longer than the repta-

tion time in order to relax chain conformations.45 However with high MW chains, it

is frequently not possible to anneal longer than the reptation time. For the range of

MWs used in this study, the reptation time τd at 120 ◦C varies between 50 seconds for

Mw = 97 kg/mol to 11 years for Mw = 10, 100 kg/mol.178–180 We typically anneal our

samples for 15 h at 120 ◦C, which is comparable to the reptation time of a Mw ≈ 770

kg/mol, while the change in physical aging behavior occurs somewhere between Mw

≤ 3,500 kg/mol (τd ≈ 3.5 months) and Mw ≥ 6,500 kg/mol (τd ≈ 2.4 years). Thus,

the change in physical aging behavior observed in the ultra-high MWs is uncorrelated

with reptation time. This is consistent with existing literature that has long since

determined that annealing times relative to reptation are not relevant.45 In contrast,

studies have argued that only local chain relaxations via Rouse modes are likely nec-

essary to achieve reproducible glass transition measurements, a relatively local chain

property.45,172,173 Other annealing concerns have focused on residual stress relaxation

from spin-coating or thermal expansion mismatch.53,173,181,182 Although Pye and Roth

demonstrated that the physical aging rate of films are strongly dependent on stress

imparted to the film from thermal expansion mismatch,57 the thermal expansion co-

efficient is independent of MW, as is clear from the h(T ) and α(T ) data plotted in

Figures 2.8 and 2.9.

More recently, several studies have suggested that adsorption of polymer chains

to the underlying substrate during annealing may influence the dynamics of thin
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films.39,41–43,136–143 Chain adsorption of polymers to surfaces can occur readily because

even weak favorable monomer-substrate interactions can be enough to overcome the

free energy loss associated with non-ideal chain conformations when many monomers

from a single chain are in contact with the interface.183–186 It has been suggested

that higher MW chains can adsorb more readily,41,144 raising the possibly that the

unusual MW dependence to the physical aging rate we observe in the thin films of

ultra-high MWs could be associated with chain adsorption. We have done a series

of different tests to ascertain whether changes in physical aging behavior of thin

films are affected by sample preparation conditions that would, according to existing

literature,41,141 lead to more or less chain adsorption. The physical aging rate of 31

nm thick films have been compared for samples of both Mw = 400 kg/mol and 6,790

kg/mol that were annealed for either only 2 h at 120 ◦C or for 72 h at 150 ◦C. The same

physical aging response, to within normal experimental variability, was observed in

these films regardless of annealing conditions, with the ultra-high MW samples always

exhibiting a faster physical aging rate. We note a recent study by Napolitano et al.

has found that the total amount of chain adsorption is reduced in thin films.187 We

have also spin-coated and annealed films on mica that were then floated off onto silicon

substrates, presumably severing any adsorbed chains from the mica substrate. These

samples, subsequently annealed for only 25 min at 120 ◦C to reset the thermal history

and start the aging measurement, also give the same physical aging response as films

directly spin-coated onto silicon wafers and annealed for different lengths of time. In

addition, we have also created samples where an explicit adsorbed layer was made

following literature protocols41,141 by annealing initially bulk (200 nm thick) films

with Mw = 400 kg/mol and then washing them off with solvent (30 min in toluene)

and measuring the resulting adsorbed layer thickness hads with ellipsometry. Films of

near equivalent thickness ≈ 30 nm were then created by floating on a layer of thickness

hfloat to produce films with total thickness htotal = hads +hfloat, where the capped films
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were annealed for 2 h at 170 ◦C to heal the interface and ensure good interpenetration

of the capped layer with the underlying adsorbed layer.123,188,189 Figure 2.11 compares

the physical aging response of three different samples with total thickness htotal ≈ 30

nm: (1) htotal = 33.1 nm with hads = 3.2 nm, (2) htotal = 34.3 nm with hads = 6.9 nm,

and (3) a regular spin-coated film of thickness htotal = 31.0 nm. No difference in the

physical aging response, decrease in normalized film thickness h/h0 vs. logarithmic

aging time, was observed between these three different types of samples with and

without different amounts of explicit adsorbed layers. It does not appear to us that

the presence or absence of an adsorbed layer has any impact on the measured average

aging rate of thin polymer films. Thus, we conclude that the anomalous physical

aging response observed for ultra-high MWs ≥ 6,500 kg/mol thin films is not caused

by differences in chain adsorption.
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Figure 2.11: Plot of normalized film thickness h/h0 vs. logarithmic aging time com-
paring the physical aging response of three different samples of Mw = 400 kg/mol
with total thickness htotal ≈ 30nm = hads + hfloat: (blue down triangles) htotal = 33.1
nm with hads = 3.2 nm, (green up triangles) htotal = 34.3 nm with hads = 6.9 nm, and
(black circles) a regular spin-coated film of thickness htotal = 31.0 nm.
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2.4 Conclusions

We have observed an unexpected MW dependence to the physical aging behavior of

thin (h < 80 nm thick) supported PS films that is only present for ultra-high MWs ≥

6,500 kg/mol. Physical aging in bulk polymers is traditionally associated with local

segmental motions and as such does not exhibit any MW dependence above where

Tg(Mn) has saturated with chain length. Consistent with this, we do not observe

any MW dependence to the physical aging response for thick bulk films for the entire

range of molecular weights we have studied, Mw = 97 kg/mol to 10,100 kg/mol. In

thin films, no molecular weight dependence is observed for MWs ≤ 3,500 kg/mol as

would be expected, only for ultra-high MWs ≥ 6,500 kg/mol are differences observed

with the ultra-high MWs consistently exhibiting an ∼45 % faster aging response.

In agreement with our previous work,57 the physical aging rate for the thin (h ≈ 30

nm) films is reduced from that of bulk, which has been attributed to the presence

of the free surface and the enhanced mobility it imparts.57,112 This reduced physical

aging rate in the thin films relative to bulk was interpreted57 as providing a measure

of the depth to which the glassy dynamics are perturbed by the free surface as a

function of temperature, a distance much larger than similar measures of liquid-like

dynamics, and found to be quantitatively consistent with the local glass transition

temperature Tg(z) reductions near the free surface expected for these films.66 In the

present work, we more conservatively interpret this reduced aging in the thin films as

simply a fractional loss of aging Fβ = βbulk−β(h,T )
βbulk

missing in the thin films relative to

an equivalent material with bulk aging response. In contrast to thin films with MW ≤

3,500 kg/mol, we find that equivalent thin films with MWs ≥ 6,500 kg/mol exhibit an

∼45 % faster physical aging rate, closer to that of bulk, but still reduced. We interpret

this faster physical aging at ultra-high MWs ≥ 6,500 kg/mol as a diminished breadth

to the gradient in dynamics near the free surface relative to that in (merely) high

MW ≤ 3,500 kg/mol.
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Differences in physical aging between the high MW ≤ 3,500 kg/mol and ultra-

high MWs ≥ 6,500 kg/mol samples occur for film thicknesses h < 80 nm where the

physical aging rate begins to deviate from a bulk MW-independent response. In

this study, we primarily focused our ellipsometry measurements that characterize the

time-dependent densification of the glassy films to an aging temperature of 40 ◦C as

the aging response between thin and bulk films are largest at lower aging tempera-

tures,57 but we also observe a similar, weaker response at an aging temperature of

65 ◦C. As is common for glasses aged well below their glass transition temperature,

an initial curvature is observed prior to the linear decrease in sample thickness h/h0

with logarithmic time associated with the onset of physical aging by a distribution of

relaxation times. We observe this initial curvature characteristic of the onset of physi-

cal aging in both bulk and thicker films, where we have introduced a three-parameter

functional form that allows us to fit the complete h/h0 vs. log(t) aging behavior.

However, we find that the physical aging behavior of the thinnest (31 ± 1 nm thick)

films always appears linear on a logarithmic scale and does not show the initial cur-

vature at short aging times exhibited by bulk films at low aging temperatures. This

observation is consistent with these thinnest films having faster relaxations than bulk

such that all relaxation modes contributing to physical aging are active at the start

of the aging measurement.

In an effort to ascertain the origin of this anomalous aging response present in

ultra-high MWs ≥ 6,500 kg/mol PS thin films, we have investigated a number of

difference factors. The MW range over which the change in physical aging response

occurs, between MWs of 3,500 kg/mol and 6,500 kg/mol, is very large and unrelated to

the films’ thickness in comparison to the radius of gyration Rg of the chains. We have

tested, but do not find any change in the observed aging behavior in these thin films

with varying annealing time, spin-speed, or the possible presence/absence of adsorbed

layers. No measurable change is observed in the average film density (molecular
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packing), as determined from the refractive index data through the Lorentz-Lorenz

equation at the beginning of the aging run. For the range of film thicknesses studied

by physical aging, we do not observe any change in the cooling rate dependence of the

film-average glass transition temperature Tg(h) or temperature-dependent thickness

h(T ) behavior to within normal experimental variability even out to these ultra-high

MWs. However, we note Glor and Fakhraai36 have previously reported a slight MW

difference to the cooling rate dependence of very thin films, where ∼8 nm thick films

show a slightly higher glass line for higher MWs consistent with the trends from

our physical aging measurements. These observations suggest that the isothermal

physical aging measurements are more sensitive to small differences in dynamical

gradients across thin films. It is possible, although not testable experimentally at

present, that the local, depth-dependent Tg(z) may be altered slightly for thin films

of ultra-high MWs. Based on our experimental investigations we attribute the ∼45

% faster physical aging response ofs ultra-high MWs ≥ 6,500 kg/mol thin PS films,

relative to equivalent films of (merely) high MWs ≤ 3,500 kg/mol, to a diminished

gradient in dynamics near the free surface of these films. These results contribute to

the growing reports in the literature36,89,98–108,110–122,145 that chain connectivity and

entropy are additional factors influencing interfacial effects and dynamical gradients

in thin films beyond the well-characterized enthalpic interactions.
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Chapter 3

Review and Reproducibility of

Forming Adsorbed Layers From

Solvent Washing of Melt Annealed

Films

A version of this chapter is in press to be published as Michael F. Thees, Jennifer A.

McGuire, and Connie B. Roth, Soft Matter 2020, DOI: 10.1039/D0SM00565G

3.1 Introduction

In recent years a few groups have suggested that adsorption of chains to substrate in-

terfaces occurs in melt films acting to modify the anomalous dynamics observed in ul-

trathin films and other ‘nanoconfined’ systems. These reports typically correlate some

observed change in dynamics after prolonged annealing at an elevated temperature

with parallel measurements of the thickness of a residual layer after a given solvent

washing protocol on films that have been nominally annealed under equivalent condi-
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tions.44,134,136,137,190–198 This residual adsorbed layer thickness hads(t) as a function of

annealing time at elevated temperature is frequently reported under the assumption

that the solvent washing procedure used “reveals” the adsorbed layer structure formed

in the melt (termed “Guiselin’s experiment” or approach).138,190,193,195,199–204 Thicker

residual layers after solvent washing are found for films that have been annealed

longer, from which authors have concluded that adsorbed layers are responsible for

perturbations to the glass transition temperature Tg(h) in thin films,137,190,193,205,206

increased viscosity of thin films,134,191 as well as other anomalous property changes

observed in thin films spanning deviations to density,207 thermal expansion,201 dewet-

ting,44,204 crystallization,195,208 and water uptake.209 Given the prevalence of observa-

tions being attributed to chain adsorption in melt films, we believe it is imperative

that the reliability and reproducibility of the experimental method used to ascertain

such conclusions is evaluated.

In this work, we summarize this recent literature comparing the various results re-

ported for the residual adsorbed layer thickness hads(t) measured after solvent washing

as a function of annealing time at 150 ◦C for polystyrene (PS) films on piranha cleaned

silicon wafers, the most commonly reported case. We attempt to distill and test a

coherent common protocol for the formation of adsorbed layers used in these various

studies. In particular, we evaluate the impact of substrate cleaning method, solvent

washing procedure used, ellipsometry measurement precision, and various other ex-

perimental protocol details on the reproducibility and reliability of forming adsorbed

layers. We discuss these results in the context of the older, well-established 1950s-

1990s literature on polymer adsorption in solution, and the two and a half decades of

literature on anomalous dynamics in nanoconfined thin films. Our primary focus is

to address the reliability and understanding associated with forming adsorbed layers

hads(t) from the melt, from which inferences have been made about the importance

of chain adsorption for modifying dynamics in thin films. We do not review or eval-
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uate the reported changes in dynamics attributed to adsorption themselves, which is

beyond the scope of the present work.

3.1.1 Summary of Recent Investigations on Adsorbed Layers

Formed from Melt Films

The recent reports in the literature that claim to correlate large changes in dynamics

with the presence of an adsorbed layer utilize, in general, a common experimental

protocol for obtaining adsorbed layers from melt films, but vary widely in the details

of exactly how each step is performed. According to these studies, the basic proce-

dure for creating an adsorbed layer involves cleaning the substrate, spin-coating a

(typically bulk) polymer film on top, annealing the film at an elevated temperature

for some extended length of time t, and then using a good solvent to wash away

“unadsorbed chains”.192,199,200,206,210,211 The remaining residual adsorbed layer thick-

ness hads(t) left behind on the substrate after the solvent washing procedure is then

measured, most often by ellipsometry.138,190,199,202,203,206,210,211 Although frequently not

explicitly stated, the refractive index parameters for these ellipsometry measurements

are typically held constant at the bulk value,201,202 because these films are very thin,

frequently less than ∼10 nm, and ellipsometry has difficulty independently resolv-

ing thickness and refractive index for such thin films.160,212 A couple of groups have

also used atomic force microscopy (AFM) to confirm the hads values measured by

ellipsometry match those obtained from a step-height measurement.199,211

In studies of chain adsorption from the melt, silicon substrate cleaning has most

frequently been done with piranha solution (7:3 H2SO4:H2O2),192,203,206,211 which strongly

oxidizes organics allowing them to be rinsed away by water, leaving a highly hy-

drophilic SiOx surface. Other studies have used a hydrogen fluoride (HF) treatment

of silicon substrates, which strips the native oxide layer, and usually shows higher

amounts of chain adsorption.210,211 Alternately, some groups use a progressive series
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of organic solvents to clean substrates.199,200,213 After cleaning, bulk polymer films

are spin-coated onto the substrates, and the samples are then annealed at an el-

evated temperature, usually under vacuum192,203,206,210 or in some works on a hot

plate.200,202,208,211 This annealing step is thought to facilitate the growth of the ad-

sorbed layer as the measured residual thickness hads(t) is found to increase with

increasing annealing time t.44,138,190,192,194,199,202,203,206,210,213 A solvent washing proce-

dure where the annealed films are immersed in a good solvent for some prolonged time,

in some cases multiple times, is then used to “reveal” the adsorbed layer that was

presumed to have formed in the melt.192,199,200,204,210,213 Most frequently the solvent

is that used for spin coating the initial film (e.g., toluene),199,200,206,210,211 although

occasionally a stronger solvent like chloroform is used instead.192,201,204

This solvent washing step varies widely in the literature both in the length of time

a film is washed and in the total number of washes conducted. As we will demonstrate

that solvent washing is a defining step in the resulting hads(t) measured, we summarize

here the various washing procedures used by the existing studies. Napolitano et al.

and Koga et al., two groups who have made significant claims in the recent literature

on polymer adsorption from the melt, have developed similar, but distinctly differ-

ent protocols for washing off unadsorbed chains. Napolitano et al. frequently report

changes in film properties as a function of annealing time that are then correlated

with separate measurements of the adsorbed layer thickness.136,137,190,194,197 For these

experiments, they report using one 30 min wash in toluene199 or one 30 min wash in

chloroform201 to remove the unadsorbed chains. However, several studies do not re-

port details for their washing protocol, with some stating simply that “non-adsorbed

chains were washed away in the same good solvent used for spin-coating (toluene)”,190

or instead refer to a previous publications for experimental details.138,194,200,202 In con-

trast, Koga et al. report the most extensive and detailed washing procedure believing

that extended solvent washing further reveals different structures of the adsorbed
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layer in the melt. An initial series of washes, 3-5 times 30 min in toluene,203,204,210

is used to expose the “interfacial sublayer”.192,203,204 The more loosely bound chains

can then also be removed by a “further prolonged leaching process (up to 150 days)”

in toluene, exposing the more tightly bound “lone flattened higher density layer”.210

More recent works have replaced the 150 days in toluene with only “a couple of days”

in a stronger solvent, chloroform,192 or more recently three times 30 min in chloro-

form.204 Other groups have used three 10-minute washes in toluene to obtain the

residual adsorbed layer.206,211

Given the large differences in experimental protocol for producing residual ad-

sorbed layer thicknesses, we directly compare in Figure 3.1 reported literature data

for hads(t) as a function of annealing time t at an elevated temperature above Tg

from a number of different studies.192,199,206,210,211 For this comparison, we primarily

chose hads(t) data representing what appears to be the most common experimental

protocol, PS films on piranha cleaned silicon substrates annealed at 150 ◦C under

vacuum44,192,203,204,206 or in air.211 We also include the closest comparable data from

Napolitano’s group of PS films on solvent cleaned silicon substrates annealed at 140 ◦C

on a hot plate.199 Solvent washing of these PS films were all done in toluene under

roughly comparable conditions: three 10-min washes,206,211 one 30 min wash,199 or

5+ (likely 10-min) washes.192 As shown in Figure 3.1a, the trends in hads(t) typi-

cally show an initial rapid increase in hads that saturates at some long-time plateau

hads(t =∞) = h∞ after a few hours (5-10 h) of annealing,192,206,210,211 with larger h∞

values being observed at higher molecular weights.210,211 The hads(t) data are most

simply fit to a function having the general form of

hads(t) = h∞(1− e−t/τ ) (3.1)

to determine the final long-time plateau h∞ value, where τ represents some charac-
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teristic time.

The study from Tsui et al. provided only final long-time plateau h∞ residual

thickness values for a range of molecular weights spanning from Mw = 13.7 to 940

kg/mol,211 plotted to the far right side of the graph in Fig. 3.1a. They demonstrated

that these h∞ values scaled linearly with the radius of gyration Rg (h∞ = 0.47Rg)

as plotted in Figure 3.1b, where it was assumed that Rg ∼ N1/2 for melts.211 Similar

data collected on HF treated silicon showed larger h∞ values also scaling with Rg,

h∞ = 0.81Rg.211 These data, as well as complementary data by Koga et al.210 are also

plotted in Figure 3.1b. This scaling of the long-time plateau h∞ residual thickness

with the radius of gyration Rg of the chain was previously demonstrated by Durning

et al.,214 who appear to be the first to investigate the formation of residual polymer

layers formed from solvent washed melt films. In their study 1 µm thick poly(methyl

methacrylate) (PMMA) films were annealed at 165 ◦C for up to 120 h in an argon

atmosphere on quartz substrates that were initially cleaned with a hydrochloric acid

(HCl) based treatment. The annealed films were then washed three times for 3 h in

benzene, the spin-coating solvent, followed by sonicating for 5-10 min, prior to mea-

suring the dry residual layer thickness remaining (i.e., hads) with neutron reflectivity.

Films were made from a range of molecular weights, Mn = 13 − 1230 kg/mol, with

the final adsorbed layer thickness reached at long times scaling as h∞ ∼ N0.47±0.05.

The hads(t) data shown in Fig. 3.1a from Napolitano’s group are for an annealing

temperature of 140 ◦C. This study by Housmans et al. compared Mw = 325 kg/mol

at three different annealing temperatures (140, 170, and 180 ◦C) finding that hads(t)

increases faster with increasing temperature.199 Data forMw = 1460 kg/mol at 140 ◦C

showed that hads(t) also increases faster for higher molecular weights. Not enough

data is provided to estimate the final adsorbed amount h∞ at long times, but as the

data can be collapsed by scaling only the time axis, it appears that the final adsorbed

amount would be independent of temperature. Koga et al. has also shown that h∞
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Figure 3.1: (a) Comparison of literature data for the residual adsorbed layer thickness
hads(t) remaining after solvent washing with toluene as a function of annealing time at
150 ◦C for PS films on piranha cleaned silicon wafers: data from Tsui et al.211 (purple
diamonds at long annealing times for a range of molecular weights Mw = 13.7 −
940 kg/mol) and Priestley et al.206 (orange circles,Mw = 116 kg/mol) are for three 10
min washes, while that from Koga et al.192 (green squares, Mw = 290 kg/mol) are for
three 30 min washes. Data from Napolitano et al. (blue triangles, Mw = 325 kg/mol)
at 140 ◦C, the closest comparable temperature, are also included, where samples
were washed once for 30 min.199 (b) Final residual thickness plateau h∞ obtained
at long annealing times on both piranha cleaned silicon (closed symbols) and HF
treated silicon (open symbols) plotted as a function of radius of gyration, assuming
Rg ∼ N1/2. Data are replotted from Tsui et al.,211 with additional data from Koga et
al.210 and estimated from Priestley et al.206 and Koga et al.’s 2014 study.192
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is independent of annealing temperature from 40-150 ◦C.210 Napolitano et al. fit the

slower growth of hads(t) they observe to a two-stage functional form:

hads(t) =


h0 + vt, t < tcross

hcross + Π log(t/tcross), t > tcross

(3.2)

where h0 is the initial adsorbed amount at t = 0, while tcross and hcross identify a

transition point between a linear and logarithmic regime with respective growth rates

v and Π.199,200,213

This basic protocol of annealing and then solvent washing films as a method of

obtaining adsorbed layers has been frequently referred to as following “Guiselin’s ex-

periment”138,190,193,199–202 or “Guiselin’s approach”,195,203,204 citing the 1992 study by

O. Guiselin.215 This Guiselin work is a theoretical treatment using scaling analysis to

determine the concentration profile of adsorbed chains in contact with a surface.215

In particular, Guiselin proposes the thought experiment of starting with an equili-

brated melt film in contact with a surface that is then washed with solvent to leave

behind an adsorbed layer. In the theoretical treatment, Guiselin makes two critical

assumptions:215 (i) that the melt chains initially in contact with the substrate surface

have an equilibrated Gaussian distribution, which is used to define the set of chain

segments in contact with the surface, and (ii) that these contact points are then

“irreversible” such that each polymer segment–surface contact remains permanently

bound during the solvent washing step where all unadsorbed chains are removed. It

is this thought experiment that drives the experimental procedure and interpretation

of results described above, where the extended annealing time at elevated temper-

atures prior to solvent washing is thought to be required to reach the equilibrated

melt state envisioned by Guiselin and that the solvent washing procedure merely

“reveals” the structure of the adsorbed layer that was formed during this melt state

annealing.190,192,199,200,203,205,210,213
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In the remainder of this work we address whether or not this interpretation is

correct: first by summarizing the extensive body of literature and understanding

that was developed from the study of polymer adsorption in solution, then second

by experimentally evaluating the reproducibility and reliability of forming hads(t)

curves as shown in Figure 3.1. As we cannot possibly evaluate all permutations of

the experimental protocols used in the literature, we instead investigate the most

common procedure used and address the impact of varying what we believe are the

most key factors. Figure 3.2 outlines the basic set of experimental steps we will

follow and evaluate for producing and measuring adsorbed layers formed from solvent

washing melt annealed films. Silicon wafer substrates with a native oxide layers will

be rigorously cleaned with piranha solution, or later with an HCl solution found to

produce equivalent results. Other common substrate cleaning methods using organic

solvents will also be addressed. Bulk films with thicknesses h > 200 nm of PS (Mw =

400 kg/mol) will be spin-coated onto the freshly cleaned substrates and then annealed

above Tg under vacuum for some period of time t, most typically at 150 ◦C for up to 60

hours. These samples will then be washed in toluene, a good solvent, most commonly

for a single 30 min wash; however, we will also explore the impact of multiple solvent

washes. The final dried films remaining after the solvent washing procedure will be

measured using spectroscopic ellipsometry to determine the residual adsorbed layer

thickness hads(t). As the evaluation of all steps will rely on the accuracy of measuring

the thickness of these very thin hads(t) layers, typically less than ∼ 10 nm, we will

start by addressing the reliability of the spectroscopic ellipsometry measurement and

the data analysis of fitting to the common optical layer model of a Cauchy layer with

a fixed refractive index.
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Figure 3.2: Illustration of the basic experimental steps to be evaluated for forming
adsorbed layers hads(t) by solvent washing films that were annealed at an elevated
temperature for some length of time t.

3.1.2 Summary of the Understanding Developed of Chain

Adsorption in Solution

The study of polymer adsorption has a long history with investigations dating back

to the 1950s.216 A great deal of work in the field was done from the 1970s-1990s, with

major advances occurring in the experimental characterization and theoretical de-

scription of polymer adsorption in solution, culminating in the seminal 1993 book by

Fleer, Cohen Stuart, Scheutjens, Cosgrove, and Vincent.186 There are also several ex-

cellent reviews by de Gennes,183 Cohen Stuart and Fleer,184,217 Granick,185,218 Douglas

et al.,219 and an excellent pedagogical chapter in Jones and Richards book, Polymer

Surfaces and Interfaces.220 These early efforts on chains in solution set the stage for

studies on protein adsorption where additional electrostatic interactions need to be

incorporated to account for charges on both the chain and in solution.221,222 Sur-

face science textbooks223,224 also describe numerous types of adsorption behavior for

a range of different systems, with extensive work on gases demonstrating complex

isotherms depending on neighboring interactions and other factors, having long since

expanded beyond the original simple Langmuir adsorption model.225 In contrast, ad-
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sorption isotherms for polymers are usually so steep that there is little ability to char-

acterize features. In the present review, we focus on summarizing the understanding

developed for polymer adsorption in solution that would be relevant to interpreting

the experimental studies of polymer adsorption in melts. Most of this comes from

the earlier literature on uncharged systems.

The basic adsorption mechanism results from a favorable energy gain for polymer

segments to be in contact with the surface over a solvent molecule. This is despite

an entropic conformational energy penalty for partially unfolding the chain to make

these polymer segment–surface contacts. There is also translational entropy lost by

an adsorbed species in contact with the surface where larger molecules can make more

surface contacts per molecule for the same translational entropy loss. However this

is not the primary reason why high molecular weight chains adsorb preferentially in

solution; instead, the main driving force comes from the strongly reduced entropy

of mixing for large chains in solution.186 Overall it is the free energy balance of the

entire system that makes it entropically more advantageous to have small solvent

molecules free in solution with larger polymer chains at the surface, unless there is a

much stronger favorable interaction between the solvent molecule and the surface.

There have been numerous theoretical approaches over the years for treating poly-

mer adsorption to surfaces.186,220 The main approaches have been a self-consistent

mean field theory (SCFT) treatment extensively developed by Scheutjens and Fleer,226,227

based on a lattice theory similar to the standard Flory-Huggins formulation for blends,

and a scaling theory formulation with an initial treatment by de Gennes228 and then

subsequent work by Guiselin and Aubouy.215,229 The scaling approach is considered

better for diffuse adsorbed layers found in dilute solutions, technically only rigorously

valid in the limit of long chains at very low solution concentrations.183,220 The concern

with mean-field treatments like SCFT is that they tend to only work well for systems

with weak fluctuations as in concentrated solutions and melts. However, as polymer
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concentration within the adsorbed layer near the surface is usually high this may

be less of a concern; mean field treatments also have the advantage of being readily

adaptable computationally.220

Initially developed to explain classic adsorption experiments in solution, these

models provide statistical descriptions of adsorption isotherms and segment density

distributions as a function of distance from the surface for adsorbed layers in equilib-

rium. Chain conformations of surface attached chains are typically characterized in

terms of trains, loops, and tails; terminology dating back to Jenkel and Rumbach in

1951.216 The loop-train-tail model classifies segments of an adsorbed chain as being

part of either a train, series of segments in direct contact with the surface, a loop, set

of segments tethered between two adsorption points, or a tail, chain ends dangling

into the solution (see depiction in Figure 3.3a). The classic adsorption experiments

in solution characterized the amount of polymer adsorbed to a surface in the equi-

librium limit for solutions of different concentration.186,216 Figure 3.3b depicts the

typical shape of such an adsorption isotherm where the axes usually correspond to

the adsorbed amount Γ as a function of bulk solution concentration c. The thickness

of the resulting adsorbed layer has been experimentally found to scale with chain

length as ∼ N0.4−0.8,186 depending on solvent quality and the extent to which the

chains stretch out into solution. For a dried film where all solvent has been removed,

the resulting adsorbed layer thickness would be expected to scale as hads ∼ N0.5, as

was shown in Fig. 3.1b. The adsorbed amount Γ (mass per unit area) can be deter-

mined for a dry film from its residual thickness hads based on Γ = ρhads, where bulk

density is usually assumed for ρ.28,202,230 One can also calculate an effective number

density of chains per unit area σads by dividing Γ by the mass of a single chain leading

to σads = ρNAhads/Mn, equivalent to the standard formula used for grafted chains.220

The key parameter that underpins essentially all theoretical formulations of poly-

mer adsorption to interfaces is the adsorption energy parameter χs, often thought
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Figure 3.3: (a) Cartoon of an adsorbed chain depicting trains, loops, and tails. (b)
Schematic of a classic adsorption isotherm in solution, equilibrium adsorbed amount
Γ as a function of solution concentration c. (c) Diagram illustrating the different
interaction energies in the system, where the segmental “sticking” energy χs, eq. 3.3,
is defined as the difference in interaction energy between a polymer segment–surface
contact and solvent–surface contact.

of as a segmental “sticking” energy for a given polymer segment to the substrate

surface. Although often obscurely or abstractly defined, almost all studies cite the

original definition formulated by Silberberg in 1968:226,231,232

χs = −(us − u0
s)/kT, (3.3)

where us and u0
s are the interaction energies for a polymer segment–surface contact

and a solvent–surface contact, respectively. Eq. 3.3 expresses χs in terms of the

thermal energy kT to make it unitless, similar to how the Flory-Huggins interaction

parameter is defined. For polymer solution studies, the thermal energy reference
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temperature was almost always room temperature, and used simply to define the

energy scale, where “weak adsorption” was considered to mean χs is comparable to

kT , while “strong adsorption” implied χs is several times kT .228 Granick pointed out

in his 2002 Perspective185 that this customary definition “implies that it [χs] scales

with temperature, which is unlikely; it is a misleading convention, because these values

are usually determined near room temperature.” In fact, the equilibrium adsorbed

amount Γ is observed to decrease with increasing temperature as more thermal energy

is available to overcome the likely temperature-independent χs adsorption energy, as

was shown by Granick et al. measuring at 35 ◦C only 40% of the surface coverage

present at 25 ◦C.233

The second issue with the χs definition that is frequently obscured is that the

adsorption energy parameter χs corresponds to the difference in free energy to trans-

fer a polymer segment from the bulk to the surface relative to transferring a solvent

molecule from the surface to the bulk (see depiction in Figure 3.3c). In eq. 3.3,

this exchange of surface contacts is written as the difference (us − u0
s) in interac-

tion energy between a polymer segment–surface contact us and a solvent–surface

contact u0
s, with a positive χs corresponding to preferential adsorption of polymer

segments.217,226,231,234 The meaning of this exchange energy is especially unclear when

some texts simply define some abstract interaction parameter (e.g., δkT ) to represent

the “sticking” energy of the polymer chain to the substrate surface,228,235 frequently

citing the original Silberberg paper[231] in the process.

Reference to theoretical works of polymer adsorption in solution that are formu-

lated based on Silberberg’s definition for the adsorption energy parameter χs is often

cited to justify adsorption in melts,44,192,210 even though no solvent is present in the

system. Alternatively, others just assume some favorable polymer segment–surface

interaction energy of ∼ kT without justification for there even being attractive in-

teractions.138,213 However, by Silberberg’s definition for χs (eq. 3.3), the adsorption
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energy parameter χs for melts with no solvent would be strictly zero as the differ-

ence in free energy would be to exchange one polymer segment–surface contact with

another equivalent polymer segment–surface contact. A more proper definition of

some “sticking” energy parameter χs for a melt system would likely benchmark the

difference in interaction energy between a polymer segment–surface contact us with a

polymer segment–segment contact in the bulk u0
b , although the theoretical framework

would need to be revised because this does not correspond to an equivalent definition

in the way eq. 3.3 is used. We also note that the main driving force for polymer seg-

regation to surfaces in solution, the reduced miscibility of large chains in solution,186

would not be applicable in melts. Leaving only this, likely weak, “sticking” energy to

drive adsorption in melts against the entropy cost of unfolding the chain near the sur-

face. Thus, unless there is some strongly favorable interaction like hydrogen bonding

between the polymer segments and substrate surface, it is unclear if sufficient driving

force for chain adsorption even exists in melts.

The kinetics of chain adsorption to a surface in solution has also been extensively

studied.184,186,218 The complete adsorption process involves a number of steps: start-

ing with bulk mass transfer of chains diffusing to the surface; the “sticking” of chains

to the surface, a largely unknown process, but assumed to be very fast; subsequent

changes in chain conformation of surface attached chains; and finally the exchange of

surface chains with those in solution. Migration and detachment of surface attached

chains are considered the slowest processes such that significant non-equilibrium ef-

fects are often observed experimentally. Initial chain adsorption to a bare surface is

often treated as a “parking problem” where the first chains impinging on the surface

are thought to spread out and maximize the number of segment–surface contacts

made, while subsequent chains are left to occupy smaller “footprints” on the surface,

filling in the remaining adsorption sites.185,219,236,237 This has led to the view that

there can be two populations of surface attached chains, one “tightly” bound with
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many surface contact points per chain and the other more “loosely” bound.218,236

Some experimental evidence supports this view where exchange experiments have

observed two stages to desorption, an initial rapid decrease in the population of sur-

face attached chains followed by a slower decrease at longer times, interpreted as an

initial desorption of more “loosely” bound chains followed by a slower desorption of

the more “tightly” bound population.218,234,238 However, extensive studies by Granick

et al. have found that this desorption rate can depend substantially on how long after

the newly adsorbed layer was formed that the exchange experiment was started.234,239

It appears that an extensive surface residence time of many hours can be required to

equilibrate adsorbed layers in solution,239 substantially longer than the rapid time to

reach constant adsorbed amount Γ,218 during which the number of contact points per

chain will evolve. These experimental challenges of determining whether the system is

in equilibrium or not substantially complicate comparisons with theory that typically

assume equilibrium conditions.218

A related conundrum has been the question of whether adsorption is reversible or

irreversible, which was already deemed a long-standing dispute more than 30 years

ago.183 The classic argument for irreversibility is based on a Boltzmann factor and

has the following reasoning:183 For a given adsorbed chain with N segments, some

fraction f of these segments will be in contact with the surface. Even if this fraction

is small (f ∼ 0.1), the probability of all fN segments detaching from the surface at

once is exponentially small, ∼ e−fNUb/kT , where Ub represent the appropriate sticking

energy per segment. As de Gennes stated in his 1987 review,183 “this argument is

utterly wrong”, as it assumes that chain desorption must occur with all segments de-

taching simultaneously. However, there is nothing preventing chains from desorbing

piecemeal, by unzipping from the surface with the fN bound chain segments being

slowly replaced by segments from different chains.239,240 By no means would the dis-

placement of all fN bound segments occur quickly, and certainly some segments will
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detach and reattach multiple times, but as individual segments exchange readily over

time, an adsorbed chain could easily detach from the surface and drift away into the

solution. Studies by Douglas and Granick have shown that the rate limiting step

is frequently diffusion of the chain away from the surface and not the energetics of

surface detachment.241,242

This view of reversible adsorption is supported by numerous experiments.184,186,238,240,243

Some of the most compelling are exchange experiments with isotopically labeled

chains of equivalent molecular weight, where the concentration of radioactive chains

on the surface decreases with time as equivalent, but non-radioactive chains in so-

lution exchange with those on the surface.238,243 The original experimental support

for the concept of irreversible adsorption was based on observations that the total

adsorbed amount Γ at the surface is strongly conserved and does not decrease when

adsorbed layers are rinsed with pure solvent. However, as explained by de Gennes,183

this constancy of Γ does not represent irreversibility of adsorbed chains, but instead a

strong driving force to maintain the saturation of chains at the surface in equilibrium.

Even though the total adsorbed amount Γ is strongly conserved, individual chains

can readily exchange.218,240 Experiments by van der Beek et al.244,245 have demon-

strated that the displacement of surface bound chains can even be driven by small

molecules if the “displacer” has a stronger binding energy u0
s to the surface than

the bound polymer segment us, thereby reducing the adsorption energy parameter

χs representing the difference in binding energy between the polymer segment and

solvent molecule.217

Granick’s group has done some of the most extensive characterization of the sur-

face mobility of adsorbed chains. Direct measurements of the surface diffusion of ad-

sorbed chains have demonstrated that surface bound chains in solution are extremely

mobile.233,240,246–248 As would be expected, surface rearrangements occur more readily

for weakly bound chains, compared to more strongly adsorbed chains.219 The surface
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mobility of chains also depends on surface coverage where molecular crowding of

chains on the surface can strongly reduce the measured diffusion constant.246 Surface

hopping of chains that detach and reattach to the surface some distance away has

been directly observed with weakly bound chains.247,249 Even for strongly adsorbed

chains with sticking energies greater than kT , chain diffusion across the surface can

be readily measured.233,248 These strongly adsorbed systems demonstrate crawling of

surface bound chains with a heterogeneous distribution of diffusion coefficients reflect-

ing a range of chain mobilities associated with varying fractions of bound segments

per chain. A given bound chain “may be adsorbed firmly even though the individual

repeat units are in thermal equilibrium between the adsorbed and unadsorbed states”,

meaning even strongly bound chains change conformation readily.240 The picture that

emerges from all these experiments is that individual repeat units are not irreversibly

attached, but instead, taken as a whole, the adsorbed layer in equilibrium is in essence

“irreversibly” present on the surface because of the strong driving force to maintain

a constant surface coverage Γ.183

As is evident, there is a disconnect in conceptual understanding and interpretation

between this older literature on chain adsorption in solution and the more recent liter-

ature on forming adsorbed layers by solvent washing melt films. We find that there is

much experimental evidence from this older literature of how mobile adsorbed chains

are in solution that invalidates the Guiselin assumptions in his proposed thought ex-

periment. In particular, chains are not irreversibly adsorbed at the polymer segment

level, but change conformation readily in solution even for strongly bound chains.

3.2 Experimental Methods

Silicon wafers were cleaned with one of three different procedures, all commonly

used in the literature. Following most studies on chain adsorption,192,203,204,206,211
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piranha cleaning was done by submerging silicon wafers in a mixture of 70% by

volume H2SO4 and 30% by volume H2O2 (which is itself 30 vol% H2O2) for 30 min,

with the temperature of the solution kept between 100-120 ◦C. Piranha solution is a

strong oxidizer commonly used to remove organics and hydroxylate the surface. After

removal from the solution, the substrates were rinsed liberally in hot deionized (DI)

water, then dried with N2 gas and placed in a closed clean container. Efforts were

made to spin-coat polymer films onto these substrates within 10 min to minimize

substrate recontamination. Alternatively, silicon wafers were cleaned with 10 vol%

hydrochloric acid (HCl) for 30 min,28 before being rinsed liberally and sonicated

in DI water for 5 min, then dried with N2 gas and spin-coated within ∼ 1 min.

This acid cleaning procedure also removes organics and hydroxylates the surface,

but is safer and logistically easier than piranha cleaning. As we demonstrate, both

these acid cleaning procedures give comparable results of hads(t). Some samples were

also simply cleaned using toluene by dropping the solvent onto the spinning silicon

wafer immediately prior to spin-coating to remove organic contaminants and dust

from the surface. This limited toluene cleaning procedure is common to much of

the literature on Tg confinement and other property changes in thin films when no

cleaning procedure of silicon wafers is specified. It effectively recognizes that silicon

wafers from the manufacturer come extremely clean, in most cases packaged in a

cleanroom environment.

Polystyrene (Mw = 400 kg/mol,Mw/Mn = 1.06, Pressure Chemical) was dissolved

in toluene and spin-coated onto the cleaned (2 cm× 2 cm) Si wafers to create 200+ nm

thick films. To be consistent, all samples were spin-coated at 800 rpm from 2.5

wt% solutions. However, we do not believe that differences in spin-speed or solution

concentration would have a big impact on the measured adsorbed layer thickness

hads formed after solvent washing because the compilation of hads(t) results shown

in Figure 3.1 are rather consistent (especially Fig. 3.1b) and come from a number of
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different groups who would not have all used the same spin-speed and concentration.

We do note that a recent study by Napolitano et al.202 has shown that hads(t) values

do decrease with decreasing film thickness for very thin films, h < 5-10Rg, which

is why we have consistently started with bulk 200+ nm thick films, which are >

10Rg for our 400 kg/mol Mw. Samples were then annealed for 0-50+ h at 150 ◦C

or 120 ◦C under vacuum, or stored at room temperature. To remove the PS film

and create adsorbed layers, annealed samples were then subjected to an iterative

washing procedure,192,203,204,210,211 with one to three toluene washings, each performed

by submersing samples individually in 50 or 100 mL of toluene for 30 min in covered

glass containers. After washing, samples were blown dry with N2 gas prior to being

measured by ellipsometry.

Spectroscopic ellipsometry (Woollam M-2000) was used to determine the film

thickness hads of adsorbed layers. Measurements were done at three angles of incidence

from 55◦ to 65◦ every 5◦, after being aligned at 65◦, where data at different angles

were fit simultaneously. The Ψ(λ) and ∆(λ) data for λ = 400 − 1000 nm were

modeled using a standard three layer optical model comprised of a Cauchy layer,

n(λ) = A + B/λ2 + C/λ4 , for the polymer film atop a Si substrate with a 1.32 nm

native oxide layer, where this native oxide thickness was determined from the average

of measurements on three 4–inch diameter wafers at five different points. Because

ellipsometry has difficulty independently resolving thickness and index of refraction

for very thin films less than ∼ 10 nm,212,250 the index of refraction was held constant

at values of A = 1.563, B = 0.0079, and C = 0.00038, based on an average over

multiple PS films of bulk thickness.160 Note, these Cauchy parameter values of A, B,

and C are quoted for the wavelength λ in microns following the common convention

used within the Woollam software.
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3.3 Results and Discussion

We now evaluate experimentally the reproducibility and reliability of forming ad-

sorbed layers by solvent washing melt films, following the most commonly used pro-

tocol in the literature (depicted in Fig. 3.2). Section 3.3.1 starts with ascertaining

the reliability of using ellipsometry to accurately measure the absolute thickness of

hads corresponding to very thin films . 10 nm, as well as the accuracy with which

zero thickness of hads can be verifiably established. From these control tests we deter-

mined that a single measurement of hads is accurate to within ±0.2 nm (which defines

the symbol size used for hads in all subsequent figures), and that an adsorbed layer

thickness hads below 0.24 nm is impossible to distinguish from zero. This minimum

adsorbed amount we find reliably measurable is represented by a gray bar at a level

of hads = 0.24 nm in Figures 3.4, 3.5, 3.7 and 3.8. Section 3.3.2 then addresses the

reproducibility and reliability of creating hads(t) curves as depicted in Fig. 3.1a fol-

lowing the experimental protocols outlined in the literature. We discuss the various

experimental factors found to affect this process and provide some interpretation for

the unexpected variability. Section 3.3.3 continues with addressing the impact of mul-

tiple solvent washing stages, as well as the initial substrate preparation and cleaning

method. Section 3.3.4 evaluates the film average glass transition temperature Tg(h)

and physical aging rate β for h ≈ 30 nm thick films made with and without varying

hads layers. We end with a summary and discussion of the implications of our findings

with respect to the existing literature in thin films and polymer nanocomposites, and

provide an outline of open questions still remaining to be addressed.
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3.3.1 Reliability of Measuring Adsorbed Layer Thickness hads

with Ellipsometry

As we are interested in investigating the reproducibility of forming adsorbed layers,

we start by determining the accuracy and error with which ellipsometry can reliably

measure the absolute thickness hads of such thin films. It is well known that ellipsom-

etry has difficulty accurately measuring very thin films . 10 nm because the signal

becomes primarily determined by the reflection at the interfaces when the path length

of the light through the film becomes much less than the wavelength λ, minimizing the

dispersion (wavelength dependence) contribution to the change in polarization.212,250

This is often illustrated using ∆ vs. Ψ plots where, for a given angle of incidence,

the trajectories of different curves, corresponding to different refractive index values

of the film, converge to the same film-free point as the film thickness decreases to

zero.250 We address this limitation by measuring three different angles of incidence

(55◦, 60◦, 65◦) for each sample, and globally fitting Ψ(λ) and ∆(λ) values at all three

angles for the wavelength range λ = 400− 1000 nm to an optical layer model of a PS

film on silicon. Following what is typically done for very thin films (h . 10 nm), we

hold the index of refraction n(λ) Cauchy parameters fixed at the bulk value.

Since there is always some uncertainty with which bulk refractive index values can

be known, one could ask how sensitive the measured hads values are to the particular

bulk value used. The Cauchy parameter values we determined from an average of

multiple bulk samples have average and standard deviations of A±∆A = 1.563±0.004

and B ±∆B = 0.0079± 0.0004. (As the fitting is quite insensitive to the Cauchy C

parameter, it was simply held fixed at the bulk value, C = 0.00038, although it quite

reasonably could have been held fixed at zero too.) When we vary the Cauchy A and

B parameters within one standard deviation of their bulk values (±∆A,±∆B), we

find the measured values of hads vary by less than ±0.01 nm. This demonstrates that

the best fit values for hads are not particularly sensitive to the specific refractive index
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values chosen, assuming they are appropriate bulk values. We note that some works

have suggested that adsorbed layers could have different properties from bulk, e.g.,

increased density,136,192,194,204,210,251such that the choice of using bulk values for n(λ)

parameters may not be the most appropriate. However, given that these suggested

property differences are still uncertain, bulk refractive index parameters seem to be

the most reasonable to use. The choice of bulk parameters is supported by the

works of Napolitano et al.199,202 and Tsui et al.211, which demonstrated film thickness

values for adsorbed layers measured by AFM gave the same results to those measured

by ellipsometry using a fixed bulk value for n(λ) during their layer model fitting.

We have also done some AFM measurements verifying that hads thickness values by

ellipsometry match. However, with its larger spot size, ellipsometry does a better job

of characterizing the adsorbed layer thickness across the sample surface than AFM

which is restricted to a small area. We do note that similar to previous reports we

observe some dewetting of the hads layers after solvent washing.204,206,252 All together

these holes make up less than 10 % of the total surface area for very thin films < 4

nm, and less than 1 % of the total surface area for thicker films. The ellipsometer

beam size on the sample spans a few mm by few mm thus easily averaging over these

small holes.

It is well known that the largest instrument error associated with measuring the

absolute film thickness with ellipsometry is often associated with the precision with

which the angle of incidence to the sample is known.212,253 As this angle can be readily

affected by sample tilt and alignment that can easily vary slightly from measurement-

to-measurement or sample-to-sample due to anything from dust on the back of the

sample to an individual researcher’s alignment protocol, a series of different samples

were measured repeatedly under varying conditions. We found that the error associ-

ated with measuring the thickness of a single sample is ±0.13 nm on average with a

maximum value of ±0.17 nm. Thus, we conservatively conclude that the error in hads
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for any given measurement of a sample is ±0.2 nm, and have consequently chosen to

depict the size of the symbols (error bars) associated with any single measurement of

hads as this value on the figures in this study.

Another point of consideration is the uncertainty associated with measuring zero

hads adsorbed layer thickness, particularly because we aim to characterize the pres-

ence or absence of adsorbed layers. All silicon wafers have a native oxide layer that

naturally forms when the silicon is exposed to oxygen in the atmosphere. Although

technically this native oxide layer has a gradient composition, it is typically fit in

ellipsometer optical layer models as a homogeneous SiOx layer atop the silicon with

a thickness varying between 1-2 nm in the literature. We specifically measured the

thickness of the native oxide layer of our silicon wafers to be hSiOx = 1.32± 0.03 nm

(based on an average of five measurements each at different locations on three differ-

ent 4–inch diameter wafers) using a homogeneous SiOx layer with standard optical

constants from Ref. 254 provided by Woollam in our ellipsometer software. This hSiOx

value was for a single batch of silicon wafers at one point in time. Our lab has also

previously done this test a few years prior finding160 hSiOx = 1.25 nm and several

years before that measuring29 hSiOx = 2 nm. Thus, for any given batch of silicon

wafers (all purchased from the same supplier), it would not be unusual for the SiOx

native oxide layer thickness hSiOx to vary between 1.25-2 nm. As the refractive index

parameters for SiOx are not that distinct from that for the polymer, a variation in the

native oxide layer thickness hSiOx will affect the measured adsorbed layer thickness

hads, especially influencing the thickness of hads that would be considered zero. If we

take a bare silicon wafer, for which we know there is no adsorbed polymer, and vary

the hSiOx layer thickness in the optical model between 1.25-2 nm, we find that the

optical model fit returns an adsorbed layer thickness hads of up to 0.24 nm. Thus,

we conclude that any adsorbed layer thickness hads below 0.24 nm is impossible to

distinguish from natural variations in the native oxide layer thickness. We note that
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this value is close to, but above the ±0.2 nm error we determined above for a single

ellipsometry measurement of hads. To indicate this uncertainty in measuring zero hads

adsorbed layer thickness, we have added a gray bar to Figures 3.4, 3.5, 3.7 and 3.8 at

a level of hads = 0.24 nm, which represents the minimum adsorbed amount we find

reliably measurable.

3.3.2 Reproducibility of Measuring Adsorbed Layer Thick-

ness hads

With a solid foundation from Section 3.3.1 of how reliable a single ellipsometry mea-

surement of hads is and how accurate zero thickness can be determined, we proceed

now with evaluating the reproducibility of forming adsorbed layers by solvent washing

melt films. We follow the sample preparation protocol depicted in Figure 3.2 repre-

senting that most commonly used in the literature with hads evaluated as a function

of annealing time at an elevated temperature above Tg. Figure 3.4 shows a plot of

adsorbed layer thickness hads versus annealing time at 150 ◦C under vacuum for PS

films (>200 nm thick, Mw = 400 kg/mol, Mw/Mn = 1.06) spin-coated onto piranha

cleaned silicon wafers. Each open symbol in the graph represents an individual sam-

ple where the value hads measured by ellipsometry was determined after a single wash

of the sample for 30 min in 100 mL of toluene (a good solvent). This corresponds to

the solvent washing procedure most frequently used in the literature that uses either

one 30-min wash or 3+ 10-min washes in toluene.192,199,201,206,210,211 We have verified

that a single 30 min wash gives the same final adsorbed layer thickness hads as three

repeated washings of 10 min each.

Because of experimental limitations in the number of 2 cm × 2 cm silicon wafer

pieces that can be piranha cleaned at one time, samples were prepared in batches

with a maximum of 15 samples at a time. The maximum batch size was dictated

by safety concerns about the amount of acid being used, as well as the logistics of
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Figure 3.4: Reproducibility of the measured adsorbed layer thickness hads as a function
of time the film was annealed at 150 ◦C under vacuum prior to solvent washing for
30 min in toluene. Data are for PS films (>200 nm thick, Mw = 400 kg/mol) spin-
coated onto piranha cleaned silicon wafers, where the symbol size represents the error
of ±0.2 nm for an individual ellipsometry measurement of hads, while the gray bar and
dashed line across the bottom of the graph represent the uncertainty in measuring
zero adsorbed layer thickness, hads ≤ 0.24 nm. Open symbols highlighted in orange,
cyan, and magenta are for individual batches of samples that were piranha cleaned
and measured together, where dashed curves are drawn to guide the eye through
the trends in the individual batches. Gray open symbols represent data from other
batches collected. Solid blue symbols and associated error bars are the average and
standard deviation for all batches binned together where the solid blue curve is a fit
to eq. 3.4, the most simple functional form used in the literature for hads(t).

minimizing the time between cleaning and spin-coating in order to prevent possible

contamination of the freshly cleaned substrates. Batch sizes were also frequently

smaller than the maximum batch size to help better control the quality of samples.

In Figure 3.4, three batches have been highlighted in orange, cyan, and magenta,

where data from additional batches are simply shown in gray. Dashed curves have

been drawn to guide the eye through the trends of each highlighted batch. Although

all batches show a similar trend, there is considerable variability from batch to batch,

even though all were collected under nominally identical conditions. This batch-

to-batch variability is noticeably larger than the ±0.6 nm error in sample-to-sample
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reproducibility within a batch (see discussion below of Fig. 3.8) and the±0.2 nm single

measurement error described above. Although the different batches in Figure 3.4 show

qualitatively similar trends, there is significant quantitative differences such that a

quantified hads(t) trend determined from an analysis of the data would be highly

dependent on the amount of data and, in particular, the number of batches collected.

To overcome this batch-to-batch variability in order to quantify trends in hads(t),

we bin together the data for similar annealing times from different batches, where

the solid blue data in Figure 3.4 represent the average and standard deviation of this

binned data. The binned data show that the adsorbed layer thickness hads increases

with increasing annealing time and saturates out at some long time value, consistent

with literature reports as depicted in Figure 3.1.192,199,200,206,210,211 Following what

seems most reasonable from other studies,190,192,200,206,210,211,213 we fit the solid blue

binned data to a function of the form

hads(t) = ∆h(1− e−t/τ ) + h0 (3.4)

to described the increase in hads observed with increasing annealing time, where the

long-term plateau hads(t = ∞) = ∆h + h0 is given by two constants. The initial

thickness at zero annealing time, hads(t = 0) = h0, accounts for the uncertainty in

measuring zero adsorbed layer thickness as described above, and that not all polymer

chains may be completely washed off even for films that were never annealed (as

demonstrated below in Fig. 3.8). The best fit parameters for the blue curve shown

in Figure 3.4 are h0 = 1.5 ± 0.4 nm, ∆h = 3.3 ± 0.4 nm, and τ = 4 ± 1 h, with the

long-term plateau corresponding to hads(t =∞) = ∆h+h0 = 4.8±0.8 nm. Note that

if the individual batches are fit separately to eq. 3.4, the variability in the parameters

would be significant, with τ varying by more than an order of magnitude.

When we first started to reproduce curves of hads(t) following the basic litera-
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ture protocol outlined in Figure 3.2, we did not get as reproducible data as shown

in Figure 3.4. Figure 3.5 shows a second graph of adsorbed layer thickness hads ver-

sus annealing time at 150 ◦C where the black open symbols are data collected by

two separate people following the Fig. 3.2 literature protocol, but without particular

attention paid to collecting data in consistent batches with progressively increasing

annealing time within the batch. The data shown in Figure 3.5 were often collected

under conditions where several samples within a batch were intended to fill-in data

on the graph at particular annealing times. For efficiency, it was common to solvent

wash a group of samples at the same time resulting in samples frequently being left in

a drawer overnight (or even a weekend) after or even prior to annealing at 150 ◦C for

a few hours. As can be seen in Figure 3.5, this produces hads(t) values with consider-

ably more scatter than that shown in Figure 3.4. (For reference, the blue binned data

of Fig. 3.4 are also plotted on Fig. 3.5.) After considerable sleuthing, we determined

that time spent by samples ‘sitting in a drawer’ either prior to or after annealing at

150 ◦C, before solvent washing, have a large and reproducible impact on the mea-

sured hads thickness after solvent washing. Figure 3.5 highlights purple data for which

the time spent by the samples ‘sitting in a drawer’ prior to annealing at 150 ◦C was

systematically increased from zero to 3, 6, 9, 24 hours (open-crossed diamonds) and

48 hours (solid diamonds), where the data clearly show a progressive increase in hads

thickness with increasing time ‘sitting in a drawer’. For these samples, we specifically

ensured that the samples were solvent washed immediately after annealing at 150 ◦C.

We separately found that time ‘sitting in a drawer’ after annealing at 150 ◦C also

tended to increase the measured hads thickness after solvent washing. In contrast,

the data shown in Figure 3.4 are for samples where we specifically ensured that the

samples were not left ‘sitting in a drawer’ either prior to or after annealing at 150 ◦C.

What is particularly perplexing about the purple data highlighted in Figure 3.5

where the samples were simply left in a drawer prior to annealing at 150 ◦C, is that
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Figure 3.5: Wider range of adsorbed layer thickness hads data (black open circles)
plotted as a function of time the film was annealed at 150 ◦C under vacuum prior to
solvent washing for 30 min in toluene, where no particular effort was done to make
the samples in batches or minimized the time between steps in the experimental
protocol outlined in Fig. 3.2. In contrast, the solid blue data and error bars are the
binned data from Fig. 3.4 where effort was made to minimize the time samples spent
‘sitting in a drawer’ either prior to or after the annealing step at 150 ◦C. Purple
data highlight the increase in hads observed when the time spent ‘sitting in a drawer’
prior to the thermal annealing step is systematically increase from zero to 3, 6, 9,
24 hours (open crossed diamonds) and at 48 hours (solid purple diamonds). Again
data are for PS films (>200 nm thick, Mw = 400 kg/mol) spin-coated onto piranha
cleaned silicon wafers, where the symbol size represents the error of ±0.2 nm for
an individual ellipsometry measurement of hads, while the gray bar and dashed line
across the bottom of the graph represent the uncertainty in measuring zero adsorbed
layer thickness, hads ≤ 0.24 nm.

one would expect that the extended annealing at 150 ◦C, a temperature well above

Tg, would erase all thermal history of the sample. It is well known that glassy poly-
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mer films undergo physical aging (densification) as a function of time, even at room

temperature ‘sitting in a drawer’. Typically in experimental studies we do not pay

particular attention to this because the amount of aging that occurs is minimal and

most experiments start with an annealing step immediately prior to data collection

to reset the thermal history of the sample. However, in this case, we find that this

aging at room temperature has an impact on the ability of the solvent to wash away

the film. We can rationalize this observation by recognizing that the ability of the

solvent washing step to remove chains from the glassy polymer film will depend on

how much the film has densified.

Dissolving of glassy polymer films with solvent typically occurs through a Case-II

diffusion process220,255–257 where the solvent must first penetrate and swell the glassy

material through a diffusion front before there is sufficient mobility of the chains to

be dissolved away. The speed of this dissolution process will be reduced for films

that have undergone densification due to physical aging of the glassy film.258,259 For

the purple data shown in Fig. 3.5, the time ‘sitting in a drawer’ prior to annealing

at 150 ◦C occurs after spin-coating. These glassy films formed by a solvent quench

initially contain a significantly reduced density as the glassy film solidified during spin-

coating when solvent was still present in the film, after which the solvent evaporated

leaving behind voids. Thus, these solvent-quenched glassy films would be expected to

undergo a significant amount of densification over time ‘sitting in a drawer’. Similarly,

films stored in a drawer after the annealing step at 150 ◦C will undergo physical aging

after their thermal quench to room temperature, also densifying over time.

Figure 3.6 compares the densification of bulk PS films after a solvent and thermal

quench into the glassy state by plotting normalized film thickness h/h0 as a function

of aging time on a logarithmic axis. The solvent quenched data are for a sample

placed on the ellipsometer at near room temperature (30 ◦C) immediately after spin-

coating, while the thermally quenched data show a traditional physical aging curve at
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an aging temperature of 40 ◦C, a near room temperature value, and at 65 ◦C, where

the maximum in aging rate occurs.38,253 Both curves in Figure 3.6 were normalized

to their respective film thicknesses at 10 min after the quench process such that the

y-axis provides a measure of the film’s percentage decrease in thickness. Freshly

spin-coated films show a large ∼ 3.5 % decrease in film thickness immediately after

spin-coating, which is significantly larger than the ∼ 0.5 % decrease for film that

undergo a thermal quench from the equilibrium liquid state. This is because spin-

coated films undergo vitrification into the glassy state via a solvent quench while some

solvent is still present in the film, which then evaporates out of the film leaving behind

voids that then collapse over time. The thermally quenched film, in contrast, has no

such voids and thus the resulting time-dependent densification after vitrification is

much less. A similar comparison was published previously by Keddie et al.260,261

for solvent and thermally quenched PMMA films also demonstrating a much larger

densification for solvent-quenched vs. temperature quenched films. Note that we

chose to normalize the data in Fig. 3.6 at the h(t) curve’s initial value h0 because

this value is well defined. However, in the long time limit h(t → ∞) all curves tend

towards the same equilibrium value for a given temperature,260,262 but as this long

time equilibrium limit cannot be reached experimentally, it is less well defined.253 The

data in Fig. 3.6 should not be misinterpreted to imply that solvent quenched films

are denser than thermally quenched films; in fact, the opposite is true.260

We believe this densification of solvent-quenched films at room temperature ex-

plains why films with zero hours of annealing at 150 ◦C show a larger hads thickness

if left ‘sitting in a drawer’ for some length of time. Such densification would signif-

icantly slow solvent penetration and swelling of the glassy film, making it harder to

wash off. For a given 30-min solvent washing procedure, a larger hads layer would

remain. This interpretation is consistent with data by Koga et al. (inset of Fig. 1 in

Ref. 210) showing that the maximum adsorbed layer thickness reached at long times
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Figure 3.6: Decrease in film thickness h, normalized to the initial thickness h0, ob-
served for bulk PS films (Mw = 400 kg/mol) as a function of aging time demonstrating
the densification of the film that occurs following a solvent quench (purple diamonds)
where the film immediately after spin-coating was placed on the ellipsometer hot
stage held at 30 ◦C, compared to an equivalent film that underwent a thermal quench
from 120 ◦C to an aging temperature of either 40 ◦C (gray squares) or 65 ◦C (black
circles), the temperature at which the physical aging rate is maximum.

hads(t = ∞) is independent of annealing temperature from 140 ◦C all the way down

to 40 ◦C (near room temperature). These data demonstrate that annealing above Tg

is clearly unnecessary to form adsorbed layers by solvent washing films off substrates.

The interpretation of why densification of solvent-quenched films when ‘sitting in

a drawer’ prior to annealing at 150 ◦C also leads to larger hads thicknesses is less

clear. By examining the data in Fig. 3.5, it appears that extended annealing of films

at elevated temperatures above Tg (>20 h at 150 ◦C) leads to less variation in the

residual hads(t) thickness remaining after solvent washing, where perhaps the sample

history of ‘sitting in a drawer’ prior to annealing is slowly erased. This slow evolution

of the hads(t) data at long annealing times is suggestive of a slow restructuring of

chains within the film that may be occurring near the substrate interface, where

perhaps the fraction of chains with monomers in contact with the substrate interface
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may be changing. It would be reasonable to conclude that films which were densified

significantly after solvent quenching by ‘sitting in a drawer’ prior to being thermally

annealed may have considerably slower exchange kinetics of monomers in contact with

the substrate. Studies of chain diffusion near substrates have reported slower than

bulk dynamics,263–265 which would be consistent with this interpretation. However,

these hads(t) values are for films that were rinsed with a specific solvent washing

protocol (30 min in toluene), which makes the interpretation of any restructuring of

chain conformations that could be occurring in the film during annealing indirect as

what is actually being measured is the ability of this solvent washing protocol to swell

and rinse off the glassy film resulting from this sample history and annealing protocol.

A more direct approach to investigating such questions would be to directly measure

the exchange kinetics at elevated temperatures with something like neutron scattering,

an experiment which has been done recently by Kumar et al. for poly(2-vinyl pyridine)

(P2VP) chains bound to silica nanoparticles.266 For this strongly attractive hydrogen

bonding system, they observed a strong temperature dependence where surface bound

d3-P2VP chains slowly exchanged with h-P2VP chains in the matrix over ∼ 10 hours

at 175 ◦C, but not after 1000 h at only 150 ◦C.

We recognize that our Figures 3.4 and 3.5 look substantially different from the

hads(t) curves previously shown in the literature, as summarized in Figure 3.1. This

may be because other studies likely only collect one batch of data192,210,211,267 or

only graph binned data.199,200,206 The only statement we have found in the existing

literature that acknowledges that some samples may not infrequently have much larger

or different hads values is in a recent paper by Napolitano et al. that specifically

discussed sample preparation and analysis details with a section on data handling

stating:200

“In order to consistently obtain the adsorption kinetic parameters in Equa-

tion 1 [eq. 3.2 in Section 3.1.1], a number of steps is necessary for a proper
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analysis of the data sets (hads as a function of annealing time) experimen-

tally determined. First, the quality of the data is significantly improved

by averaging several measurements of samples prepared within identical

conditions (annealing temperature, type of substrate) and history (same

annealing times). When averaging, dataset clear outliers, e.g. result-

ing from improper handling of a sample, must be discarded. This can

be achieved by fitting a single saturating exponential to the data (i.e.

hads = h0 + ∆h[1 − exp(−t/tads)] where h∞ = h0 + ∆h and tads is the

characteristic time of the process) [eq. 3.4 above]. This fit can be used to

eliminate outliers in the data set (i.e. |hads − hfit| > 3σ), in addition to

provide a good estimate of the equilibrium adsorbed thickness h∞. The

uncertainty in the fit for h∞ can be used to discard data-sets in which the

annealing time was insufficient to achieve an equilibrium saturated value.”

This suggests to us that others have also observed considerable variability in the

measured hads(t) values after solvent washing, perhaps from similar variables we have

described in this section, but have instead chosen to interpret it in a different manner.

In our view, we would be concerned with this data analysis procedure described in

the quoted text where hads(t) data, perhaps comparable to those shown in Figures 3.4

or 3.5, were first fit to eq. 3.4 (a three parameter fit) and used to discard data which

fall outside of 3σ, prior to performing a second fit on the remaining data to a more

complicated two-stage functional form, eq. 3.2 with five fitting parameters.

From our experimental investigations, we find that the hads(t) results are strongly

impacted by the solvent washing protocol used and the prior history of the sample,

consistent with the interpretation that denser films require longer for a given solvent to

swell and wash off the glassy polymer film. Even though averaging and binning of data

do result in much nicer looking hads(t) curves closer to those compiled in Figure 3.1a,

we question whether this protocol meaningfully reveals information about the state
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of the melt film prior to solvent washing. As we will demonstrate in the next section,

continued solvent washing also further alters the measured hads(t) values consistent

with restructuring of the adsorbed polymer chains in solution as previously reported

in the earlier literature.

3.3.3 Impact of Multiple of Washings and Substrate Clean-

ing Method on Adsorbed Layer Thickness hads

We look now at the impact of multiple solvent washings on the hads(t) trends given

that several studies,192,203,204,206,210,211 especially those by Koga et al.,192,203,204,210 have

done multiple washing believing these procedures to provide more information about

the adsorbed layer structure. As it is logistically cumbersome to collect multiple

batches of data each time, we proceed now with our discussion using only a single

batch of data to represent the trends we observe recognizing that trends will be qual-

itatively similar if another batch were collected, but likely have quantitative differ-

ences. We also return now to the experimental protocol used in the collection of data

for Figure 3.4 where we ensure samples were annealed and washed immediately after

each step, without any time spent ‘sitting in a drawer’, the protocol which we believe

produces data that most closely resembles that shown in the literature. Figure 3.7

shows the hads(t) trend for a single batch of data upon repetitive washing, with the

open, half-filled, and filled symbols representing the first, second, and third 30-min

wash in 100 mL of fresh toluene, respectively. The curves shown, included as guides

to the eye through each dataset, demonstrate that hads(t) decreases progressively with

each subsequent washing. This decrease in the adsorbed layer thickness with only a

few increasing repetitions of washing indicates that the continued washing of annealed

samples affects the final adsorbed layer amount, even those samples annealed for long

times. However, the overall trend of increasing adsorbed layer thickness with increas-

ing annealing time remains unchanged, indicating that at longer annealing times the
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removal of the polymer film by solvent washing is more challenging.

Figure 3.7: Plots of the adsorbed layer thickness hads(t) as a function of annealing
time at 150 ◦C under vacuum for PS films (>200 nm thick,Mw = 400 kg/mol) on HCl
acid cleaned silicon wafers (made as a single batch) where the films were subsequently
solvent washed in 100 mL toluene for 30 min once (open circles), twice (half-filled
circles), or three times (filled circles). The curves through the data are guides to the
eye indicating the general trend of a progressive decrease in the hads(t) curve with
increasing number of washes. Again the symbol size represents the error of ±0.2 nm
for an individual ellipsometry measurement of hads, while the gray bar and dashed line
across the bottom of the graph represent the uncertainty in measuring zero adsorbed
layer thickness, hads ≤ 0.24 nm.

These data naturally lead to the question that if only a few repetitive washings

have such a significant impact on the measured hads(t) adsorbed layer thickness,

what does this procedure inform us about the state of the melt film prior to solvent

washing? Proponents of chain adsorption in the melt argue that solvent washing

films in a good solvent like toluene removes the unattached chains leaving behind

only the “irreversibly adsorbed” chains.138,190,193,195,199–204 This is a procedure that has

been termed “Guiselin’s experiment” or “Guiselin’s approach”, based on Guiselin’s

theoretical assumption215 that chain segments in contact with the substrate interface

in a film are irreversibly adsorbed and his proposition that solvent washing could

remove unattached chains to access this adsorbed layer from the melt. Koga et al.
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argues that further solvent washing (150 days in toluene210 or a couple of days in a

stronger solvent such as chloroform192) “reveals” additional buried structure of the

adsorbed layer in the melt that they have termed “flattened layers”.192,203,210

The Guiselin paper cited215 is a theoretical study following the scaling analy-

sis methods of Alexander268 and de Gennes269 for grafted chains in solution, where

Guiselin uses similar scaling arguments to calculate the concentration profile of irre-

versibly adsorbed chains in a good solvent. To make the theoretical analysis possible,

Guiselin assumes there are a set of chain segments permanently fixed to the sur-

face, the set of which is determined by the random walk (Gaussian) statistics of

chains in an initially concentrated solution or melt. The analysis relies on the the-

oretical assumption that all points in contact with the surface become permanently

(or irreversibly) adsorbed, while all other chains not in direct contact with the sur-

face can be removed without changing the initial permanent set of contact points.

Guiselin proposes that this could potentially be achieved experimentally by washing

out unattached chains with pure solvent, arguing this would be valid in the limit of

strong adsorption sites.215 However, this theoretical case treated by Guiselin requires

chains be sufficiently mobile in the initial concentrated solution or melt state to allow

equilibrium Gaussian random walk chain conformations to be achieved, yet then be

subsequently sufficiently immobile in the good solvent state to produce permanent,

irreversibly adsorbed chain segments. Experimentally such a mobile-then-immobile

situation could only be realistically achieved with some form of chemical bonding

or grafting, as in the case of polydimethylsiloxane (PDMS) that can crosslink with

silica substrates when heated to elevated temperatures, producing what is known as

a “pseudobrush”.270

Durning and O’Shaughnessy214 appear to be the first to attempt an experimental

realization of Guiselin’s mobile-then-immobile thought experiment, which they recog-

nized would be “difficult to achieve in practice”. They stated:214 “In principle, one has
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to equilibrate the melt or dense solution against an inert solid surface and then, by

some means, suddenly and permanently fix only the segments currently adsorbed.”

For their experiments they selected a PMMA/quartz/benzene system because the

segmental sticking energy would be of order several kT . PMMA films on quartz were

annealed at 165 ◦C for up to 120 h in an argon atmosphere, and subsequently washed

with benzene three times for 3 h, followed by sonicating for 5-10 min. The extended

annealing at 165 ◦C was believed to be necessary and sufficient to obtain reflected ran-

dom walk statistics of chain conformations in the melt prior to solvent washing, with

the hydrogen bonding between PMMA and the quartz surface then strong enough

to prevent rearrangement of bound chains during solvent washing. A later review

by O’Shaughnessy and Vavylonis271 cautioned that these “experiments raise two im-

portant issues which deserve further study: (1) Guiselin’s thought experiment which

envisions the instantaneous freezing-in of equilibrium melt configurations in practice

may require annealing over large timescales for many experimental realizations. If the

Guiselin predictions are to apply, this timescale, which depends on these unknown

chain dynamics, must be large enough for any non-equilibrium configurations gener-

ated at the interface during melt deposition to have disappeared. (2) After swelling

by solvent, one expects desorption–readsorption events and slow chain movements.”

Experimental works have shown that these two mobile-then-immobile require-

ments for Guiselin’s thought experiment are mutually exclusive, and appear to be ex-

perimentally unviable. The polymer solution literature summarized in Section 3.1.2

has extensively demonstrated that polymer chain segments adsorbed on a surface

are extremely mobile, readily desorbing and readsorbing, even for the case of strong

adsorption where the segment-substrate interaction strengths are several kT .233 Ex-

periments have measured the surface diffusion of adsorbed chains in solution trans-

lating across the surface via crawling and hopping mechanisms,233,246–249 and readily

exchanging with other species in solution.184,186,217–219,238,240,243–245 Thus, it is well
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documented that the structure of surface bound chains and their segment–surface

contacts change quickly in solution.

Rearrangement of segment–surface contacts in a melt state is more challenging

to interrogate experimentally and many open questions remain. As argued in Sec-

tion 3.1.2, the adsorption energy parameter χs as defined in most adsorption theories,

eq. 3.3, would be strictly zero in a melt system with no solvent present; thus, sim-

ple analogies with solution treatments cannot be made. Certainly dynamics in a

melt will be slower than that in solution. Several studies have demonstrated slower

than bulk diffusion for PS chains near silica substrates,134,191,263–265 attributed to seg-

ment–surface contacts increasing the friction for reptation,263,264 with effects reaching

extended distances from the interface.134,264 Most recently, Kumar et al. have inves-

tigated the exchange lifetime of surface bound P2VP chains to silica nanoparticles at

elevated temperatures, with results suggesting that in such strongly favorable systems,

surface bound chains can persist for weeks at 150 ◦C.266 Dielectric measurements by

Sokolov et al. have also found that the segmental mobility τ(T ) of P2VP near silica

nanoparticle interfaces is two orders of magnitude slower than bulk with a slightly

weaker temperature dependence.80 Thus, achieving equilibration of chain conforma-

tions in a melt state in the Guiselin sense seems doubtful.

The older literature on polymer adsorption in solution noted the importance of

substrate cleanliness on the resulting adsorbed layer amounts, where Granick et al. in

particular examined how various substrate treatments and cleaning methods altered

the resulting chain adsorption.272 This is also true for the hads thicknesses obtained

from solvent washing melt films, as is shown in Fig. 3.1b, where HF treatment consis-

tently results in larger hads layers than substrates cleaned with piranha solution, for

a given nominally equivalent solvent washing procedure. HF treated silicon results

in an altered surface chemistry of Si –H, while piranha cleaning simply oxidizes the

organics on the surface such that they can be readily washed off with water, and thus
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leaves the SiOx/Si surface chemistry of the silicon unchanged. The piranha solution

is a mixture of concentrated H2SO4 and H2O2 that results in an exothermic reaction

that can easily reach temperatures in excess of 120 ◦C, and as such it becomes highly

hazardous and potentially explosive. Most publications actually note safety warnings

associated with using piranha mixtures. We have found that HCl is a much safer

acid mixture for substrate cleaning that also strongly oxidizes organics and leaves the

silicon hydrolyzed. Figure 3.8 compares the adsorbed layer thicknesses hads measured

after one, two, and three 30-min toluene washes for substrates cleaned with different

methods. All films were vacuum annealed for 13 hours at either 150 ◦C or 120 ◦C,

as indicated. The data demonstrate that our safer HCl cleaning method (30 min in

10 vol% HCl) is equivalent within error to the standard piranha cleaning procedure

commonly used in the adsorption literature for samples annealed at both 150 ◦C and

120 ◦C, resulting in the same hads thickness after solvent washing. Data shown are the

average of four samples with the error bars drawn in the figure representing the aver-

age sample-to-sample variability within a batch. We find this sample-to-sample error

decreases progressively from ±0.6 nm to ±0.4 nm and ±0.2 nm for one, two, and three

toluene washes, respectively. We recognize that for the 150 ◦C annealed samples, the

HCl cleaned substrates appear to result in slightly reduced hads thicknesses on aver-

age, albeit with overlapping sample-to-sample error bars. The more proper error for

this comparison would probably be the batch-to-batch error of ±1 nm, which would

make the data for these two substrate cleaning procedures more equivalent. Given

that the adsorbed layer thicknesses are the same and because HCl is safer and easier

to use than piranha cleaning, Figure 3.7 was collected with HCl cleaned substrates.

Relevant to our discussion below that considers the impact of these hads(t) studies

on nanoconfinement investigations in thin films, in Figure 3.8 we also examined sub-

strates that were toluene cleaned. Much of the literature on nanoconfined systems

cleans silicon substrates by simply rinsing the silicon with toluene immediately prior
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Figure 3.8: Comparison of the adsorbed layer thickness hads after one, two, or three
30 min washes in 100 mL of toluene, following 13 hours of annealing under vacuum
at either 150 ◦C, 120 ◦C, or simply sitting at room temperature, on silicon substrates
cleaned with either piranha solution (red squares), HCl acid (blue triangles), or simply
toluene (green circles). Data shown represent the average and standard deviation of
four samples each, and the gray bar with dashed line across the bottom of the graph
represent the uncertainty in measuring zero adsorbed layer thickness, hads ≤ 0.24 nm.
The bottom portion is a zoomed in version of the toluene cleaned data.

to spin-coating the film. This minimalistic cleaning procedure is justified because

silicon wafers come from the manufacturer pre-cleaned typically with some type of

acid oxidizing solution and then packaged in a clean room environment. The most

common annealing procedure followed in nanoconfinement studies is overnight under

vacuum at T bulk
g + 20 ◦C, which for PS with T bulk

g = 100 ◦C means 120 ◦C. In our

lab, over the years “overnight” has meant anywhere from 13-18 h. This explains our

choice in Figure 3.8 for comparing annealing conditions at 120 ◦C for 13 hours, while

the temperature of 150 ◦C is that most commonly used in the adsorption literature for

PS. Compared to the more aggressive piranha and HCl cleaning procedures, toluene

cleaned substrates lead to consistently smaller residual adsorbed layer thicknesses hads
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under the same annealing and solvent washing conditions. The average sample-to-

sample variability within a batch for the toluene cleaned data are noticeably smaller

than what was observed for the piranha and HCl cleaned substrates, in most cases

these were around ±0.16 nm. As this would be smaller than the ±0.2 nm error that

we previously identified as the error for the ellipsometry measurement itself, we there-

fore opted to graph ±0.2 nm for the error bars of the toluene cleaned data. It is clear

that chain adsorption appears to be much less prevalent on toluene-cleaned compared

to acid-cleaned substrates, which implies that in much of the nanoconfinement litera-

ture polymer adsorption is likely significantly less prevalent than suggested by chain

adsorption studies done on acid-cleaned substrates and annealed under more aggres-

sive conditions. We believe this strong impact of substrate cleaning method likely

explains the slower growth and different shape of hads(t) observed by Napolitano et

al. in Figure 3.1a, which are for samples that were cleaned using organic solvents.200

Given the discussion associated with Figure 3.5 about the unexpected observations

that time ‘sitting in a drawer’ had impact on the measured adsorbed layer thickness

hads after solvent washing, we also include in Figure 3.8 data for films that were spin-

coated onto toluene cleaned substrates and then left ‘sitting in a drawer’ overnight for

13 hours. Again this would not be an unusual circumstance given that experimentally

it is common practice to leave samples ‘sitting in a drawer’ between measurements. As

the hads thicknesses for toluene cleaned substrates are exceptionally small, we magnify

this data in the lower region of Figure 3.8. We find that these samples never annealed

above Tg, but left ‘sitting in a drawer’ at room temperature for 13 h, have roughly the

same small adsorbed layer thickness hads ≈ 0.5 nm, as samples simply spin-coated and

washed off toluene cleaned substrates immediately. Tsui et al. previously measured

the residual thickness hads for PS films spin-coated onto either piranha cleaned or HF

treated silicon and immediately washed off, as a way to verify their solvent rinsing

procedure, claiming hads = 0 was achieved for films that were never annealed.211 We
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find the residual thickness hads after such a procedure is very small hads < 0.5 nm,

but non-zero. This naturally leads to the question of what hads thickness should be

properly considered hads > 0. As described above in Section 3.3.1 on the reliability of

measuring hads with ellipsometry, we determined that values of hads ≤ 0.24 nm should

be reasonably considered as hads ≈ 0 because it would be impossible to distinguish

from natural variations in the native oxide layer thickness. In Figure 3.8, we depict

this uncertainty in measuring zero hads adsorbed layer thickness as a gray bar. While

the toluene cleaned data for samples that were never annealed above Tg come close to

this hads minimum of 0.24 nm, they are still notably above it outside of experimental

error. This observation is consistent with the literature on polymer adsorption in

solution, where if you were to dip a clean silicon wafer into a dilute polymer solution,

chains would naturally adsorb to the substrate leaving behind a small, but non-zero

hads thickness.186 This older literature established that even though polymer chains

adsorbed on the substrate interface are quite mobile and can readily exchange with

those in solution, there is an equilibrium adsorbed amount quickly reached in solution

with a strong restoring force to maintain this surface saturation condition by balancing

adsorption/desorption rates.183

3.3.4 Impact of Adsorbed Layers on Film Average Tg(h) and

Physical Aging

Much of the recent literature on adsorbed layer formation in melt films has correlated

measurements of the residual layer thickness hads(t) after some given annealing and

solvent washing conditions, with parallel measurements on samples showing changes

in film properties and dynamics under equivalent annealing treatments.44,134,136,137,190–198

From this comparison, studies have argued that chain adsorption formed in the melt

during this annealing process is responsible for numerous changes in nanoconfinement

effects such as altering Tg(h) reductions,137,190,193,205,206 increasing viscosity,134,191 and
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altering other properties in thin films.44,195,201,204,208 Such a comparison on nominally

equivalent, but different samples assumes that hads(t) is a reliable and meaningful

measure of some characteristic of the melt film prior to solvent washing. However,

based on our observations, the adsorbed layer thickness hads seems to be largely deter-

mined by the solvent washing conditions used to expose it. Thus, to try and ascertain

the impact of hads layers on melt film properties, we directly test the impact of dif-

ferent adsorbed layer thicknesses on the average glass transition temperature Tg(h)

and physical aging rate β(h) of thin films by first explicitly forming a given adsorbed

layer thickness hads following the protocols we elucidated above, and then embedding

this known hads layer into a melt film.

In Figure 3.9, we compare the average Tg(h) and β(h) of h ≈ 31 nm thick films

that were formed by floating a PS layer of thickness hfloat atop a previously formed

adsorbed layer of a given thickness hads to create a total film thickness of htotal =

hads + hfloat ≈ 31 nm. Specifically, in Figure 3.9 we compare (i) htotal = 34.2 nm

with hads = 6.9 nm, (ii) htotal = 33.1 nm with hads = 3.2 nm, and (iii) a “regular”

film of htotal = 30.3 nm (hads = 0) directly spin-coated onto a toluene-cleaned bare

silicon substrate. The explicit preformed adsorbed layers were made by annealing

bulk (>200 nm) PS films on HCl cleaned silicon under vacuum at 150 ◦C for either

23 h (hads = 6.9 nm) or 3 h (hads = 3.2 nm) and then rinsing once in toluene for

30 min, equivalent to the most common procedure used to make adsorbed layers

from melt films. After capping with the additional PS layer, the htotal = hads + hfloat

films were annealed for 2 hours at 170 ◦C under vacuum in an attempt to ensure good

chain interpenetration between the top PS layer and underlying adsorbed layer. These

annealing conditions used for merging the hads +hfloat layers were chosen to match our

recent work where we capped end-tethered PS chains to investigate local Tg changes

near the grafted substrate interface,28 the conditions of which were based on literature

studies for the interpenetration of end-grafted PS chains into a PS homopolymer
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matrix, a system which has been well studied.220 For a matrix of high molecular

weight homopolymer chains, interpenetration of end-tethered grafted chains occurs

primarily via breathing mode relaxations of the grafted chains as they poke into the

matrix.188 Neutron reflectivity measurements by Clarke and Jones have characterized

these timescales for various end-tethered and homopolymer chain lengths.189,273,274

For adsorbed chains comprised of tails, loops, and trains, we believe this analogy

with end-grafted chains is reasonable for tails, but recognize that interpenetration of

high molecular weight homopolymer chains with loops, especially tightly bound ones,

would likely be a slower process and is still largely an open question.185,195 Neutron

reflectivity measurements by Koga et al. have demonstrated that matrix PS chains can

interpenetrate with “loosely adsorbed chains” (adsorbed layers comparable to those of

the present study) with no significant evolution in the composition profile between 15

min and 24 h of annealing at 150 ◦C.44 However, more recent adhesion measurements

primarily with poly(ethylene oxide) (PEO) found adhesion strength between matrix

chains and an adsorbed layer to be poorly correlated with interpenetration determined

from neutron reflectivity profiles, although good adhesion strength was reported for

PS matrix chains annealed with loosely adsorbed chains at 170 ◦C (T � Tg).195

Case (iii) in Fig. 3.9 of a “regular” film corresponds to a sample that was only

vacuum annealed overnight (13 h) at 120 ◦C, representing the most common sample

preparation conditions used in the nanoconfinement literature. According to our

data from Figure 3.8, when bulk films undergo this annealing condition and are then

solvent washed with toluene, the resulting hads value is ≈ 1 nm. For a much thinner

31-nm thick film, we can estimate that such an annealed film would have a reduced

hads value ≈ 0.5 nm after solvent washing based on the recent study by Napolitano

et al.202 demonstrating that hads(t) values are significantly reduced when the initial

film thickness is decreased. Small hads values ≈ 0.5 nm are comparable to hads values

obtained when simply washing off any film in solvent, including films that were never
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Figure 3.9: Comparison of PS films made with explicit adsorbed layers of thickness
hads preformed on the surface followed by floating a layer of thickness hfloat atop and
annealing to create films of total thickness htotal = hads + hfloat ≈ 31 nm. Green data
have hads = 6.9 nm, blue data hads = 3.2 nm, while black data are for a regular
30.3 nm thick film simply spin-coated onto the silicon wafer. (Top) Graphs the film
thickness, normalized at T = 110 ◦C, versus temperature used to determine the glass
transition temperature Tg = 93 ± 1 ◦C for all three samples. (Bottom) Graphs the
film thickness, normalized at the start of the aging run h0(t0 = 10 min), as a function
of aging time following a thermal quench from equilibrium above Tg to an aging
temperature of 40 ◦C. Collapse of the data demonstrate no difference in the average
glass transition and physical aging response for the three different kinds of samples.

annealed as shown in Fig. 3.8. The physics behind polymer adsorption in solution

implies that simply putting a clean substrate into a solution with some polymer chains
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will result in the chains coating the substrate and forming an adsorbed layer. Thus,

it seems reasonable to consider this case (iii) condition of “regular” films to have

hads ≈ 0.

Figure 3.9 compares these three different samples with and without explicit hads

layers, plotting the temperature-dependence of the film thickness h(T ), normalized

to h(T = 110 ◦C), measured on cooling at 1 ◦C/min, and the normalized thickness

h/h0 as a function of aging time following a rapid (55 ◦C/min) quench to an aging

temperature of 40 ◦C. The normalization condition h0 represents the film thickness at

an aging time of 10 min, following our previous works.29,38,253 All three samples show

equivalent results, as can be visually seen in the figure by the superposition of the data.

We note that multiple measurements on nominally identical samples typically show

at least this much variation in the data.38 The average glass transition temperature

Tg(h) of the films were determined in the usual manner from the intersection of linear

fits to the liquid and glassy regimes, giving an average of 93 ± 1 ◦C for all three

samples. The physical aging rate characterizing the stability and densification of the

glassy film as it evolves towards equilibrium is given by the slope of the data, and was

measured to be on average β = −d(h/h0)/d(log t) = 3.0 ± 0.5 × 10−4 for the three

samples, equivalent to our previous works.29,38

From these results, it appears that the presence or absence of an explicit adsorbed

layer at the substrate interface does not affect the average glass transition temper-

ature Tg(h) and physical aging rate β(h) of thin films. However, we recognize that

average values may not fully represent local differences in dynamics near the inter-

faces. For example, the average Tg(h) for PS films with PS chains end-grafted to the

silica substrate have frequently shown little to no change in average Tg(h) with the

addition of the end-tethered chains.127,275,276 Yet, recent localized fluorescence mea-

surements by Huang and Roth on samples designed to avoid competing free surface

effects found that the local Tg(z = 0) next to the silica substrate can increase by
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as much as +50 K with low grafting densities of only σ = 0.011 chains/nm2.28 This

apparent contradiction can be explained by the work of Lan and Torkelson277 that

chemically labeled pyrene dye to different locations of PS brushes, demonstrating

that the local Tg of the brush near the substrate interface was strongly increased by

+36 K while the local Tg near the free surface was strongly reduced by −14 K. These

strong differences in local Tg at different positions within the film occurred despite

measurements of the average Tg(h) of the brush being predominantly unaltered from

bulk, suggesting that local changes at the two interfaces largely canceled each other

out. Thus, measurements of the local Tg next to adsorbed layers would be warranted.

The closest such local Tg measurements that already exist in the literature is

that of Priestley et al. where adsorbed layers of pyrene-labeled PS were capped with

unlabeled PS films, measuring the Tg of the adsorbed layer itself.206 They reported

that depending on the initial annealing conditions used to create adsorbed layers of

pyrene-labeled PS after three 10-min toluene washes, the local Tg of the adsorbed

layer was found to be reduced from bulk when initially capped with the unlabeled

PS layer, after a short anneal of only 20 min at 120 ◦C. Subsequent annealing at

150 ◦C of the stacked films to amalgamate the two layers resulted in bulk Tg being

recovered within a few hours. This time scale for slow interpenetration of the surface

bound chains with an overlying polymer matrix is consistent with literature studies

from the 1990s investigating the kinetics of end-grafted chains interpenetrating high

molecular weight homopolymers.188,189,220,273,274 Adsorbed chains with some distribu-

tion of loops, tails, and trains could be expected to take even longer to achieve good

interpenetration.185,195 Whereas tails can utilize relatively rapid breathing modes to

penetrate into the overlying high molecular weight homopolymer,188 loops would re-

quire the threading of the homopolymer chains, which could be a particularly slow

process for small loops.185 These results by Priestley et al.206 demonstrating that ad-

sorbed chains recover bulk Tg with extended annealing conditions likely required to
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achieve good interpenetration of surface bound chains with the overlying PS matrix,

suggest that perhaps adsorbed layers within a melt do not exhibit Tg perturbations.

3.4 Conclusions: Summary, Implications and Open

Questions

We began our investigation into adsorbed layers in 2016 when trying to understand

some unexpected results demonstrating a molecular weight dependence to the physical

aging behavior of thin PS films.38 As the existing literature was proposing that chain

adsorption in melt films may be altering dynamics in such thin films44,134,136,137,190–198

and that the adsorbed layer thickness measured increased with increasing molecular

weight199,210,211 (as summarized in Fig. 3.1), we believed we should investigate and

address the possibility that adsorbed layer formation may be responsible for the

unexpected molecular weight dependent physical aging results we were observing in

thin films. Our conclusions from this study38 were that we could find no experimental

evidence to support the hypothesis that chain adsorption was responsible for our

observed molecular weight dependent aging behavior. No variation in the annealing

or preparation conditions that were reported to increase chain adsorption altered the

observed physical aging behavior, nor the pre-formation of explicit adsorbed layers

within a thin film as demonstrated in Fig. 3.9 of the present review.

During the course of that investigation, we needed to identify an appropriate

experimental protocol for forming adsorbed layers from melt films via solvent washing

and convince ourselves that we understood how to reliably form residual adsorbed

layers of a given thickness hads. This review is a summary of our understanding

from that process. In short, our main conclusion is that once the films have been

immersed in solvent, the resulting system of chains adsorbed to a surface in solution

is fundamentally equivalent to that used to grow adsorbed layers in solution, thus the
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same physics must apply.

3.4.1 Summary of Findings

Based on a survey of the disparate literature studies available at the time,192,199,206,210,211

we arrived at an experimental procedure most commonly used to form hads(t) curves

by solvent washing melt annealed films, where Figure 3.2 provides a summary of these

steps. From our experimental efforts, we were forced to conclude that the residual

adsorbed layer thickness hads(t) formed from this process, where hads is measured after

a given solvent washing condition as a function of annealing time t of the film at an

elevated temperature in the melt state prior to washing, are far less reproducible than

implied in the literature. The largest source of variability we found corresponds to

samples made in different batches, where a batch represents a group of silicon wafers

all piranha cleaned together. The logistics and safety of piranha cleaning means that

there are a finite number (≤ 15 samples) that can be made together in a single batch.

By binning data together from different batches, as demonstrated in Figure 3.4, we

were able to reproduce hads(t) curves comparable to those from the literature (as

shown in Fig. 3.1). hads(t) data where the entire curve is collected from a single batch

of samples, as in Fig. 3.7, appear to be the most like those reported in the literature.

From our investigation of forming hads(t) curves by solvent washing melt annealed

films, we found that the residual adsorbed layer thickness hads is almost entirely

dependent on the solvent washing conditions used. In our efforts to understand

this process, we consulted the extensive, well-established older literature on chain

adsorption in solution, reviewing in Section 3.1.2 the understanding developed about

chain adsorption that is pertinent to the interpretation of forming residual adsorbed

layers by solvent washing melt films. We found there to be a disconnect in conceptual

interpretation between the assumptions being made in the recent literature regarding

producing adsorbed layers by solvent washing of melt films and this older literature
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on how adsorbed chains behave in solution that provides direct experimental evidence

in contradiction to these assumptions. The recent literature believes that individual

polymer segment–surface contacts are irreversibly adsorbed such that unadsorbed

chains can be readily washed away from a film using a good solvent without disturbing

the adsorbed chains and thereby “revealing” the structure of the adsorbed layer that

is present within the film, a process which has come to be referred to as “Guiselin’s

experiment”138,190,193,199–202 or “Guiselin’s approach”.195,203,204 This interpretation is

based on a theoretical assumption by Guiselin215 that is experimentally invalid.

Numerous studies from the older literature demonstrate that adsorbed chains in

solution are quite mobile and readily exchange with those in solution,184,186,218,238,240,241,243

with more recent experimental evidence directly demonstrating adsorbed chains crawl

and hop across the surface, even in the limit of strong adsorption.233,246–248 Misunder-

standing about the reversible/irreversible nature of adsorbed chains is long standing,

with a 1987 review by de Gennes183 laying out the arguments and experimental evi-

dence for the reversibility of adsorbed chains despite the total equilibrium adsorbed

amount Γ of a given layer being strongly conserved, simply giving the illusion of irre-

versible adsorption. In his review, de Gennes explicitly argued that the countervailing

viewpoint in favor of irreversibility, which claims that all polymer segment–surface

contacts need to detached at once for a chain to desorb, is “utterly wrong”.183 The

correct picture that emerges from all the experimental evidence is that individual poly-

mer segment–surface contacts are not irreversibly adsorbed, but readily detach and

exchange with solvent or other polymer segments on the same or different chain. With

this continuous exchange of surface contacts, individual polymer chains can “unzip”

from the surface and diffuse away.183 Exchange experiments with a second “displacer”

solvent also demonstrate reversibility with additional displacement of polymer chains

observed when introducing a second solvent that has a more favorable interaction

with the substrate,217,244,245 as defined by Silberberg’s adsorption energy parameter
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χs (eq. 3.3).231 Such mobility of adsorbed chains in solution and these differences in

χs with solvent likely explain recent reports by Koga et al.204 and Beena Unni et al.252

that residual hads adsorbed layers can end up dewetting in solution under some solvent

conditions. Thus, the mobility of adsorbed polymer chains in solution means that

the resulting residual adsorbed layer thickness hads remaining after solvent washing

of films is primarily a representation of the solution conditions the films are washed

in and likely bear little resemblance to any adsorbed state in the melt film. We find

our experimental observations of the measured hads from solvent washing films to be

consistent with this understanding from the older literature of polymer adsorption in

solution.

We observe that part of the poor reproducibility of obtaining consistent hads(t)

values from following the experimental protocol outlined in Fig. 3.2 is that annealing

at elevated temperatures above Tg is not required to form a perceived hads(t) adsorbed

layer. Simply having the films sit at room temperature for a few hours leads to den-

sification of the films that make them harder to wash away, requiring longer exposure

for the solvent to penetrate, swell, and dissolve the glassy film. Thus, for a given fixed

solvent washing protocol, the remaining hads layer will be thicker giving the illusion of

higher chain adsorption. This observation is consistent with the data shown by Koga

et al.210 that the long-time adsorbed layer thickness h∞ is independent of annealing

temperature from 40-150 ◦C.

We also find that the substrate cleaning method strongly impacts the measured

hads thickness, which is consistent with earlier work by Granick et al.272 demonstrating

that substrate cleaning treatment affects polymer adsorption in solution. As shown

in Fig. 3.8, acid based cleaning methods like piranha and HCl solutions, typical of

studies reporting adsorbed layer formation in melt films, consistently lead to larger

hads values compared with simply rinsing the silicon wafer with an organic solvent like

toluene. Tsui et al.211 and Koga et al.210 have demonstrated that HF cleaned silicon
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leads to even larger hads values than piranha cleaned silicon, as shown in Fig. 3.1b.

For toluene cleaned silicon substrates, where the PS film was then annealed for 13

hours at only 120 ◦C, the sample preparation protocol most typical of studies in the

nanoconfinement literature investigating property changes in thin films, the measured

hads value is only ∼ 1 nm, barely above the hads ≤ 0.24 nm value we have concluded

should be reasonably considered to be hads ≈ 0 because it is impossible to distinguish

from natural variations in the native oxide layer thickness.

To assess if the presence of an adsorbed layer hads could alter dynamics in thin

films, we performed glass transition and physical aging measurements on samples

with adsorbed chains. Given our observations that solvent washing does not provide

a reliable measure of the possible presence of an adsorbed layer in films, we created

films with an explicit preformed adsorbed layer of known thickness hads. These known

hads layers were then placed in ≈ 31 nm thick films by capping the hads layer with

layers hfloat to create htotal = hads + hfloat ≈ 31 nm. As shown in Figure 3.9, the

average Tg(htotal ≈ 31 nm) of these films did not vary for films with different hads

thicknesses, including those with zero hads layer. The average physical aging rate

β(htotal ≈ 31 nm) at 40 ◦C also did not differ with or without the presence of different

hads values.

From this investigation into chain adsorption, we conclude that the use of some

protocol like that outlined in Figure 3.2 to measure an hads layer thickness is suf-

ficiently irreproducible, and more reflective of the solvent washing conditions used

to extract the layer, that to infer some role of chain adsorption in melt films from

correlations of such hads(t) values with measurements of dynamics on parallel sam-

ples seems questionable at best. It would also appear that the absence or presence

of placing an explicit adsorbed layer within a thin film does not alter the measured

average Tg(h) and β(h) dynamics.
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3.4.2 Open Questions

During this process, we also identified a number of open question which we believe

are worthy of further research:

• Just because the average film Tg(h) and β(h) dynamics do not change, does not

necessarily imply that adsorbed chains are not imparting some local change in

these properties. For example, Lan and Torkelson277 recently demonstrated that

PS brushes can have large gradients in local Tg with strongly elevated values near

the substrate interface counteracted by reduced values near the free surface such

that the average film Tg(h) barely deviates from bulk despite this large gradient in

local dynamics. Our group recently showed that low grafting density end-tethered

chains can substantially increase the local Tg(z) of the PS matrix near the substrate

interface by as much as +50 K for only σ = 0.011 chains/nm2.28 As adsorbed chains

contain an mixture of loops, tails, and trains, it is not not unrealistic to think

that tails could be acting in a similar fashion to grafted end-tethered chains, and

certainly the impact of loops bound to the surface is an open question. Thus, local

measurements of the impact of adsorbed chains would be warranted and something

our group is pursuing.

• An important open question related to the evaluation of whether adsorbed chains

are locally impacting the dynamics of a polymer matrix is the temperature-dependent

timescale needed for entanglement or interdiffusion of surface bound adsorbed

chains with an overlying polymer matrix. Although tails could reasonably be in-

terpreted in the context of end-tethered chains, for which much is known in this

context,188,189,220,273,274 the entanglement of loops in particular may be entirely de-

pendent on the homopolymer dynamics, which could be extremely long for high

molecular weight chains. This was already identified as an open question in the

context of adsorbed chains in polymer solution by Granick in 2002.185 The ex-

perimental evaluation of the local impact of adsorbed chains in melts would likely
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involve the assembly of some type of hads +hfloat sample with high molecular weight

chains used to localize a fluorescent probe layer. Such long timescales needed for

the interdiffusion of high molecular weight matrix chains with substrate bound

chains to obtain sufficiently consolidated samples to remove the initially present

free surface may explain the slow recovery of bulk Tg observed by Priestley et al.206

in their recent work. More recent work by Zuo et al. suggests that surface bound

loops can modify dynamics in thin films, although the relative impact of small vs.

large loops appears to be uncertain.193,278

• The driving force for polymer adsorption in solution implies that simply insert-

ing a clean substrate into a dilute polymer solution also results in a residual hads

layer upon removal and drying of the substrate from solution.186 These solution

grown hads layers can be comparable in thickness to residual hads values obtained

by solvent washing melt annealed films. Thus, a natural question would be to test

whether there is any difference between these two types of adsorbed layers, espe-

cially given the significant polymer mobility of surface bound chains that occurs in

solution.218,219,233,240,246–249 We have observed that films which were melt annealed

at 150 ◦C for longer do result in thicker hads(t) residual adsorbed layers after a

given solvent washing condition. This suggests there is something different about

these residual adsorbed layers that may reflect some slow evolution of substrate

bound chains within the melt. However, as we have also observed that other fac-

tors which reduce film solubility, such as densification of the glassy film, also result

in thicker hads(t) residual adsorbed layers after a given solvent washing condition, it

is possible that film annealing may simply reflect reduced film solubility requiring

longer solvent washing times. This is also an open question we are pursuing in a

subsequent publication.

• Theoretical efforts to understand polymer adsorption nearly all cite the same def-

inition for the segmental “sticking” energy χs representing the favorable enthalpic
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polymer segment–surface interaction that drives adsorption, eq. 3.3. This original

definition formulated by Silberberg231 is based on the difference (us − u0
s) in in-

teraction energies between a polymer segment–surface contact us exchanging with

a solvent–surface contact u0
s. However, as explained in Section 3.1.2, for a melt

film with no solvent present, the relevant exchange of surface contacts would be

between two equivalent polymer segment–surface contacts. As this would not have

any enthalpic energy gain, χs would be strictly zero by the definition of eq. 3.3.

Perhaps if there were some favorable (e.g., hydrogen bonding) interaction between

the polymer and substrate surface, there could be an enthalpic energy barrier that

would need to be overcome for the exchange of polymer segment–surface contacts.

This could conceivably be defined in terms of the difference in interaction energies

between a polymer segment–surface contact and a polymer segment–segment con-

tact in the bulk, but a different theoretical framework would be needed for this as

this would not be equivalent to eq. 3.3. The other main factor driving adsorption

in solution is the reduced miscibility of large chains in solution,186 which is also not

present in a melt film. Thus, it is not clear whether chain adsorption even occurs

within melt films.

• Consistent with recent literature reports,192,199,200,206,210,211 we do observe that the

residual hads(t) thickness increases with increasing annealing time, where t repre-

sents the length of time the PS films were held in their melt state at 150 ◦C prior

to being washed with some given solvent procedure. This is indicative of the films

being harder to wash off. From an examination of our hads(t) data in Figures 3.4,

3.5, 3.7, and 3.8, we do find some evidence suggesting that a slow restructuring of

chain conformations near the substrate interface may be occurring within the melt

films during this extended annealing at 150 ◦C. However, as any substrate bound

chains will have considerable mobility and change conformation as soon as they

are exposed to solvent, we believe inferring such information from any hads(t) data
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after solvent washing provides limited insight. There are some literature studies

that have tried to measure in-situ the dynamics of surface bound chains within the

melt as a function of different annealing conditions,134,191,206,265,279 but frequently

these measurements still involve interpretation where hads(t) data or literature re-

ports thereof are used to attribute the changes to increased adsorption in the melt.

There are also tracer diffusion studies reporting reduced mobility of chains near a

substrate interface. Early work from the mid-1990s by Rafailovich et al. reported

reduced diffusion from bulk of PS chains by up to 3 orders of magnitude near

a SiOx/Si interface, scaling as Dsurf ∼ N−1.5.263 In collaboration with Rubinstein,

this was interpreted at the time as a “stickiness” of the interface where polymer seg-

ment–surface contacts increased the friction coefficient for reptation, where N1/2

surface contacts per chain for Gaussian conformations gave the correct scaling.

However, reduced diffusion by an order of magnitude persisted for an extended dis-

tance of ≈ 100 nm away from the interface indicating that direct surface contacts

were not required.264 Split layer experiments suggested that entanglements with

matrix chains that can span to the substrate interface were required to slow diffu-

sion. At this point, all we can conclude is that this is still a major open question,

with several results indicating that dynamics are slower near a substrate interface

in the melt, although not all measurements are straightforward to interpret. It

is unclear if the system is meaningfully evolving to some equilibrium state, which

may or may not be different than the chain conformations of surface bound chains

obtained in theta-solvent conditions, or if the dynamics are simply so slow that

only non-equilibrium conformations are obtained.280

• Finally, given the commonalities between polymer–interface interactions in films

and polymer nanocomposites (PNCs), a better understanding of chain adsorption

in melts has broader implications than only in the film studies cited so far. Studies

of PNCs frequently interpret the impact of nanofiller interfacial interactions on the
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polymer matrix based on the presence of a “bound layer” at the surface of nanopar-

ticles (NPs).77,281,282 In fact, a widespread procedure for determining the thickness

δ of this bound layer is very similar to the Figure 3.2 procedure. A good solvent

is used to dissolve away any unbound matrix chains, after which thermogravimet-

ric analysis (TGA) is used to determine the remaining “bound” polymer to NP

fraction, with δ calculated assuming a spherical shell of polymer with bulk density

around the NP.77 Other common themes between films and PNCs include, the re-

quirement for good interpenetration between surface bound and matrix chains to

cause observable changes in dynamics,80,282,283 as well as the reduced mobility of

these surface bound chains. For PNC studies on P2VP/SiO2-NPs where attractive

hydrogen bonding interactions are present, reduced τα relaxation times of surface

bound chains by two orders of magnitude have been reported.284 However, even

in these strongly bonded systems, the surface bound chains are not irreversibly

adsorbed, but can exchange with matrix chains.266 The strong temperature de-

pendence observed for this exchange lifetime is consistent with reports from solu-

tion studies where surface coverage is shown to be reduced at higher temperatures

when more thermal energy is available to overcome the predominantly temperature-

independent binding energy of the surface bound chains.233 Given these similarities,

there may be much that can be learned from making connections to the previously

developed understanding about polymer adsorption in solution.
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Chapter 4

Role of Solvent Washing

Conditions on the Creation of

Adsorbed Layers from Melt Films

and Its Impact on Local Tg

Dynamics

4.1 Background

A number of studies have recently claimed that chain adsorption to substrate inter-

faces in the melt has strong impact on changing dynamics in thin films.44,134,136,137,190–198

The amount of chain adsorption in melt films is evaluated by measuring the resid-

ual thickness hads(t) remaining after a given solvent washing procedure on films that

were annealed for some extended time t at an elevated temperature.192,199,200,206,210,211

This procedure, which has become known as the “Guiselin experiment” or approach,

assumes the solvent wash removes unadsorbed chains, leaving behind only the “irre-
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versibly adsorbed” chains from the melt state.138,190,193,195,199–204 The most common

protocol is to anneal polystyrene (PS) films at 150 ◦C (50 K above the glass transi-

tion temperature Tg) for tens of hours and then wash the films for 30 min in toluene

(the spin-coating solvent).192,206,210,211 The measured values of hads(t) are then cor-

related with property changes measured as a function of annealing time t made on

parallel samples with nominally equivalent sample histories.44,134,136,137,190–198 Similar

procedures are done with polymer nanocomposites to ascertain the “bound layer”

by washing away matrix chains and assessing the amount of polymer remaining by

thermogravimetric analysis (TGA).77,281

We have recently reviewed this hads(t) procedure for films and tested its repro-

ducibility.285 From this evaluation we concluded that hads(t) is not as reliable a mea-

sure as suggested by the recent literature because the residual thickness hads(t) re-

maining is almost entirely determined by the solvent washing conditions used to

expose the melt annealed films. We found our results to be consistent with the

understanding developed on polymer adsorption in solution based on literature pri-

marily spanning from the 1950-1990s.184,186,218,220,238,240,241,243 This well-established

literature, as well as more recent studies, experimentally demonstrate that adsorbed

chains in solution are highly mobile, diffusing across the surface via crawling and

hopping mechanisms, even in the limit of strong adsorption (sticking energy χs ≈

several kT ).233,246–248 Already addressed in a 1987 review by de Gennes,183 the notion

of “irreversible adsorption” is a misnomer that arises from the strong driving force

to maintain a given surface coverage in equilibrium. Even though this equilibrium

adsorbed amount Γeq is strongly conserved, individual chains within the adsorbed

layer are highly mobile, readily exchanging with other chains in solution.217,238,243–245

Individual polymer segment–surface contacts are continuously detaching and reat-

taching in thermal equilibrium, exchanging with solvent or other surface contacts on

the same or different chain, resulting in an individual chain eventually “unzipping”
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from the surface and drifting away, leading to the exchange of chains with those in

solution. These experiments of adsorbed chains in solution invalidate the theoretical

assumptions made by Guiselin215 that have led to the above hads(t) procedure favored

by the recent literature.

In the present work, we follow up with measurements to address open questions

that were identified from our recent review and evaluation of the hads(t) procedure.285

What impact does continued solvent washing have on hads(t) adsorbed layers formed

by solvent washing melt films? Are there any differences between adsorbed layers

grown directly in solution with those formed by solvent washing films? Does the

presence of an hads layer have any impact on the local glass transition temperature

Tg dynamics in a film, and if so, does it matter what kind of hads layer it is? We

demonstrate that in the limit of long washing times, all hads(t) layers tend towards the

equilibrium desorbed amount Γdes
eq = hads/ρ, where hads = hsoln

∞ (c → 0) observed for

solution grown adsorbed layers upon decreasing solution concentration. This suggests

that in equilibrium there is no difference between solution grown adsorbed layers and

those formed by solvent washing melt films. However, we do observe that hads(t)

layers that were annealed for longer times in the melt (t > 20 h at 150 ◦C) are harder

to wash off, requiring much longer in solution to reach equilibrium. This may reflect

differences in chain conformations for surface bound chains or a significant pinning

of unadsorbed chains that require extended restructuring of the adsorbed layer in

solution before they can be released. Fluorescence measurements to evaluate the local

Tg next to hads layers formed in different ways finds local Tg can be perturbed by up

to ∼30 K higher than bulk Tg for adsorbed layers formed from melt annealed films

with little washing, provided good interpenetration is obtained with the adsorbed

layer. In contrast, adsorbed layers formed in solution and adsorbed layers from melt

films washed to equilibrium impart no perturbation to local Tg.
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4.2 Experimental Methods

Polystyrene (PS) films were spin-coated from a 2.5 wt % solution ofMw = 400 kg/mol

(Mw/Mn = 1.06) PS onto hydrogen chloride (HCl) cleaned Si at 800 rpm to produce

bulk films (>200 nm), which were subsequently annealed under vacuum at 150 ◦C

for up to 23 h and washed for 0− 30+ hours in 100 mL of toluene to form a residual

adsorbed layer following our established procedure based on literature protocols (see

Chapter 3).285 Adsorbed layers were also grown directly from solution by placing

HCl cleaned substrates into PS-toluene solutions of the same Mw = 400 kg/mol with

concentrations varying from 5 × 10−3 mg/mL to 1 mg/mL. Samples annealed for

long times and samples where the adsorbed layer were grown directly in solution

were both washed in toluene solvent until a constant hads amount h∞(c → 0) was

reached. During this procedure, samples were periodically removed from the solution

and blown dry with nitrogen and measured with ellipsometry to determine the current

adsorbed layer thickness hads before being placed back in the same solution, effectively

measuring the kinetics of desorption of the adsorbed layer in solution. Adsorbed layers

grown using the highest concentration solutions were also washed in pure toluene

after reaching the equilibrium adsorbed amount Γads
eq (c) to measure the evolution of

desorption in solution.

Adsorbed layers were also formed on HCl cleaned quartz substrates for use with

fluorescence measurements, following the same procedure. To ensure the accurate

measurement of the adsorbed layer thickness, equivalent adsorbed layers were simul-

taneously formed on SiOx–Si wafers and quartz substrates by placing both substrates

in the same solution. Samples for local fluorescence measurements were constructed

by floating a 12 nm thick pyrene-labeled-polystyrene (PS-Py) layer with 1.4 mol

% pyrene content (Mw = 672 kg/mol, Mw/Mn = 1.3) directly onto the previously

formed adsorbed layer, which was then capped by floating an additional 400 nm thick

layer of neat PS (Mw =1,920 kg/mol, Mw/Mn = 1.26, Pressure Chemical) above the
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labeled layer. After floating the PS-Py layer samples were dried for 20+ min under a

lamp to remove any residual water. Samples were then annealed following the proce-

dure developed by Huang and Roth28 for 2 h at 170 ◦C, which was designed to create

good chain interpenetration for their singly end-grafted chains. We further annealed

samples for 24 and 48 h at 170 ◦C to determine the annealing conditions needed for

good interpenetration between the adsorbed layer and the local dye-labeled probe

layer. After interpenetration of the dye layer with the adsorbed layer a bulk layer of

PS was floated on top to cap the system and remove any perturbation from the free

surface. The stack was then annealed for 20 min at 170 ◦C to consolidate the film

and heal the PS-Py/bulk interface formed by the final floating step.

Once assembled samples were placed in a PTI fluorimeter with an Instec HCS402

heat stage and MK1000 temperature controller. The samples were heated to 130 ◦C

(Tg+30 K) and the fluorescence emission spectrum was examined to determine the

first emission peak for the sample. The sample was allowed to sit at this temperature

for 10 min to ensure stability of the heater and fluorescence signal before measuring Tg

on cooling from a higher temperature, usually 170 ◦C. Tg was measured by capturing

the intensity at the first emission peak on cooling at 1 ◦C/min following our previous

work.30 After cooling the sample was reheated to the temperature of 130 ◦C and the

fluorescence emission spectrum was collected and compared to the spectrum prior to

measuring Tg. When measuring Tg from the higher temperature of 170 ◦C the heater

was allowed to sit at 170 ◦C for no more than 5 min to ensure the heater and sample

were thermally stable. Bulk Tg was measured on single layer PS films of 240 nm

thickness with fluorescence and found to be 99 ± 3 ◦C.
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4.3 Results and Discussion

4.3.1 Formation and characterization of adsorbed layers by

different methods

Figure 4.1: Plot of the adsorbed layer thickness versus the time samples spend in
solution of various concentrations. Adsorption curves: green upward triangles are
for a concentration of 1.0 mg/mL, blue triangles with dots are for a concentration
of 0.1 mg/mL and orange filled triangle for a concentration of 5 × 10−3 mg/mL.
Desorption curve: red downward triangles are adsorbed layers that were grown in a
1 mg/mL solution before being placed in pure toluene (a good solvent) after 15 h.
The resulting minimum adsorbed layer thickness measured on desorption hsoln

∞ (c→ 0)
appears to match within experimental error the adsorbed layer thickness grown from
the lowest concentration solutions. The dashed lines are fits to the adsorbed layer
thickness hads(t) for adsorption and desorption. The data at long times are determined
by averaging of data after the equilibrium adsorbed amount was reached at each
concentration and is shown by the filled symbols.

In Figure 4.1 we show the adsorption and desorption kinetics hads(t) for adsorbed

layers grown in solution measured with ellipsometry by placing HCl cleaned SiOx–Si

substrates in different concentrations of PS-toluene solutions. The adsorbed layer

thickness hads(t) is determined by ellipsometry for dried samples removed period-

ically from the solution. We plot the adsorbed layer thickness hads(t) versus the
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time the samples spend in the polymer solution for three concentrations of 5× 10−3

mg/mL, 0.1 mg/mL, and 1 mg/mL PS (Mw=400 kg/mol) in toluene. All concen-

trations show qualitatively the same behavior, where there is some initial growth

of the adsorbed layer that eventually reaches a plateau h∞(c), which represents the

equilibrium adsorbed layer thickness for the solution. At the lowest concentration of

5 × 10−3 mg/mL adsorption takes place on such a slow time scale that we only plot

the long time plateau found after 96 hours in solution, because in such extremely di-

lute solutions the kinetics for adsorption of the polymer chains is diffusion limited186

as the chains must first find the substrate prior to adsorption. A concentration of

5× 10−3 mg/mL was selected because it approximately corresponds to that for a 200

nm thick PS film (2 cm x 2 cm in extent) dissolved in 50 mL of toluene. A common

sample washing condition used for the formation of adsorbed layers formed by solvent

washing films.199,201,210,211,285

The dashed adsorption curves in Figure 4.1 showing growth of hads(t) are fits of

the data to the form hads(t) = h∞(c)(1− e−t/τ ), where the fits show good agreement

to the data. h∞(c) is the long time equilibrium adsorbed layer thickness of the

plateau and τ is a time constant that determines how long it takes for the adsorbed

layer to form. Using this equation we have determined the long time equilibrium

adsorbed layer thickness h∞(c) to be 5.1 nm and 1.0 nm for adsorbed layers formed

in the 1 mg/mL and 0.1 mg/mL concentration solutions respectively. We observe

a concentration dependence for the long time equilibrium adsorbed layer thickness

h∞(c), in agreement with the classic adsorption isotherms presented in the literature

where Γads
eq (c) = ρh∞(c), where ρ is the density of the dried film because h∞(c) comes

from measurements of hads(t), the dried film removed from solution. Additionally, the

concentration also affects the time it takes to reach h∞(c), which we determined from

the time constant τ as 0.8 h and 3.1 h for adsorbed layers formed in the 1 mg/mL

and 0.1 mg/mL concentrated solutions respectively.
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We further examine the effects of concentration on the adsorbed amount by plac-

ing the samples made from our highest concentration (c = 1 mg/mL) in pure sol-

vent after the equilibrium adsorbed amount Γads
eq (c) has formed. The red curve in

Figure 4.1 shows the kinetics of the desorption process. This immersion of the sam-

ples in pure solvent quickly alters the adsorbed layer thickness, reaching a minimum

limiting adsorbed layer thickness h∞(c → 0) on desorption. This new equilibrium

adsorbed amount on desorption Γdes
eq (c → 0) approaches that of the equilibrium ad-

sorbed amount Γads
eq (c) for low concentrations formed by adsorbing to the substrate.

The desorption of the adsorbed layer thickness hads(t) between concentrations was fit

to an exponential decay hads(t) = h∞(c → 0) + ∆h(e−t/τ ) where h∞(c → 0) is the

new limiting adsorbed layer thickness reached on desorption, ∆h is the change in the

adsorbed layer thickness, and τ is a time constant for the rate of desorption. We find

from our fit that τ = 0.02 h and h∞(c → 0) = 1.6 nm for 1 mg/mL grown layers

desorbed to this new equilibrium adsorbed amount.

Adsorbed layers grown in more dilute solutions at long times are also highlighted

in Figure 4.1. Data for an adsorbed layer formed in the limit of extremely dilute con-

centrations (c = 5× 10−3 mg/mL) is given by the orange filled triangle. These data

show the same h∞(c) as adsorbed layers grown from solutions with concentrations of

0.1 mg/mL (blue triangle). This adsorbed layer thickness is the adsorbed layer thick-

ness for polymers in the limit extremely dilute concentrations. Notably the minimum

limiting adsorbed layer thickness formed on desorption h∞(c → 0) (red triangle) is

equivalent within experimental error. These limiting values for the adsorbed layer

thickness formed in solution in the limit of extremely low concentration hsoln
∞ (c→ 0)

are highlighted by the dashed red box surrounding these data. We have averaged all

the data in the highlighted red box of Figure 4.1 and determined the thickness to be

hsoln
∞ (c→ 0) = 1.2 ± 0.4 nm.

These measurements shown in Fig. 4.1 are similar to the classic polymer adsorp-
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tion from solution experiments presented in the literature dating back to the 1950s.216

Historically these experiments were done such that the adsorbed amount was mea-

sured at some long-time equilibrium adsorbed value, where this equilibrium adsorbed

amount Γads
eq (c) was plotted versus concentration c producing what is called an ad-

sorption isotherm, which can be determined from our data as the long time plateau

values for the adsorbed layer thickness h∞(c) times density ρ, Γads
eq (c) = ρh∞(c),

where ρ = 1.05 g/cm3 is the bulk density for PS. The bulk density is used because

the adsorbed layer thicknesses are measured as dry films without solvent present.285

Although we focus primarily on the dilute regime, where few studies have examined

adsorption, we do note that at a concentration 1 mg/mL our data give an equilibrium

adsorbed amount consistent with literature reports.216,286

Figure 4.2: Schematic of the adsorption and desorption process by increasing then
decreasing the solution concentration based on literature experimental data.186 On
adsorption, very little solution concentration is needed to saturate the surface with
an adsorbed layer. On desorption, hysteresis is typically observed with a non-zero
limiting adsorbed amount remaining at zero concentration.

Desorption by reducing the bulk concentration of the solution to zero is far less

studied. Typically hysteresis is observed and the final adsorbed layer thickness

does not reduce to zero.186,287 Figure 4.2 illustrates a schematic of the adsorption-

desorption process based on experimental data in the literature.186 If one plots the
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adsorbed amount Γ as a function of bulk solution concentration, on adsorption (green

curve) Γ initially increases very quickly as chains in solution preferentially coat the

substrate surface and very little polymer is needed to obtain surface saturation. This

is why the limiting adsorbed layer thickness h∞(c) formed for the blue and orange

data at extremely low concentration are identical. Further increases in solution con-

centration will drive more chains to the surface such that surface crowding effects

will cause rearrangements and increases in the adsorbed layer thickness. However,

the Γads
eq (c) curve quickly saturates as the surface can only accommodate so many

chains. On desorption when the solution concentration is reduced, polymer chains

will desorb from the surface, which then add to the solution concentration and a

new equilibrium is formed Γdes
eq (c). Even when the bulk concentration is reduced

to zero, the desorption is not complete because very few chains need desorb before

the solution concentration is a small non-zero quantity again, and in equilibrium the

system prefers maintaining a high surface concentration of chains.186 Kinetically the

desorption process is a logarithmically limiting process where the rate of desorption

depends on the surface concentration of chains, which will become extremely slow as

the surface concentration decreases.186,288 Even though equilibrium is maintained on

desorption, complete desorption of the adsorbed layer into solvent is extremely slow

and can thus never be completed.186 Koga et al. has shown that a non-zero adsorbed

layer thickness remains even after solvent washing PS adsorbed layers in toluene for

up to 150 days.210

An alternative method of forming adsorbed layers is by solvent washing polymer

films.199,201,210,211,285 Films of initial thickness h > 200 nm were prepared by using

different annealing times of 3 h, 6 h, and 23 h at 150 ◦C under vacuum before being

placed in toluene to measure the dissolution of the polymer film. Figure 4.3 shows the

evolution of the adsorbed layer thickness hads(t) as a function of time the films spend

in solution, where films were placed in toluene and measured progressively throughout
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the washing process. If we compare the shortest washing times in the figure (∼ 1 h)

we see that there is an increase in adsorbed layer thickness with longer annealing time

at 150 ◦C, as shown in the inset of Figure 4.3, for samples annealed 3, 6, and 23 h,

as reported elsewhere in the literature.199,201,210,211,285 With progressive washing we

observe that films annealed for the shortest time of 3 h evolve to a limiting adsorbed

layer thickness hfilm
∞ (c→ 0) of ∼ 1 nm in less than 5 hours, where it exhibits a plateau.

Data annealed for 6 and 23 h also reach this same limiting adsorbed layer thickness

hfilm
∞ (c→ 0), but require longer washing to evolve to this limiting value, with the 23

h data requiring over 100 hours in solvent. The retardation of this process for films

annealed for long times well above Tg may be due to some evolution of the structure of

the polymer chains during annealing. We associate this plateau with the film reaching

its long time steady state adsorbed layer thickness hfilm
∞ (c) = 1.3± 0.6 nm.

For comparison, in Figure 4.3 we also plot the dashed fit curves to the solution

data from Figure 4.1. We find the limiting adsorbed layer thicknesses obtained from

solvent washing films hfilm
∞ (c) = 1.3 ± 0.6 nm to be experimentally equivalent to the

limiting adsorbed layer thickness obtained in solution hsoln
∞ (c → 0) = 1.2 ± 0.4

nm, both evolving to the same limiting value highlighted by the red dashed box

in Figure 4.3. We interpret this evolution of the adsorbed layer thickness as the

polymer chains in the film leaving the substrate in a process similar to desorption of

an adsorbed layer grown in solution. Upon dissolution of the film, an adsorbed layer in

solution is formed where the concentration is that of an extremely dilute solution with

c → 0. This perhaps should not be surprising as we chose our lowest concentration

to approximate the concentration of a bulk polymer film, with an area of 2 cm ×

2 cm, completely dissolved in 50-100 mL of solution. The continual evolution of

the adsorbed layers formed by washing melt annealed films, even for films that were

annealed for long times (23 h at 150 ◦C), to the hsoln
∞ (c→ 0) value for dilute solutions

indicates that these adsorbed layers are reaching the same limiting value and strongly
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suggests that these adsorbed layers may be equivalent. After many hours in solvent,

the system should be equivalent to an equilibrium adsorbed layer in solution. We

note previous literature works claiming to use solvent washing as a way of revealing

the adsorbed layer supposedly present within the melt annealed film typically stop

washing at much shorter times, citing an apparent plateau after only 30-90 min204 of

washing, contrary to what we observe here.

Figure 4.3: Plot of the adsorbed layer thickness versus the time spent in pure solvent
(toluene) after annealing films at 150 ◦C for 3 h (purple open circles), 6 h (gray
crossed circles), and 23 h (blue dotted circles). Adsorbed layers washed for extended
periods of time show a continual decrease in the adsorbed layer thickness until they
reach a minimum limiting adsorbed layer thickness hfilm

∞ (c → 0), where these long
time plateau values are shown as filled circles. The adsorbed layer thickness for the
long time plateau are the averages of data after reaching the long time steady state
adsorbed layer thickness where no further decrease in the adsorbed layer thickness
was detected. For reference, the dashed curves are the fits to the data in Figure 4.1
showing the trends for the adsorbed layers in solution. The inset shows the adsorbed
amount after 30 minutes of washing as a function of annealing time for the film at
150 ◦C .

While determining the exact structure of the adsorbed layers is not possible in

this work, for the adsorbed layers grown in solution prior literature provides some in-
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formation suggesting that we likely have two different regimes for adsorption.186 For

adsorption at our highest concentrations of 1 mg/mL the relatively fast adsorption

combined with the relatively weak favorability for adsorption (small sticking energy

χs
231) suggests that the adsorbed layer formed will likely be dominated by loop struc-

tures with relatively short trains to due polymer chains competing for space on the

surface. However, in the extremely dilute case for the concentration 5×10−3 mg/mL,

where chains are able to more easily spread out on the surface, the adsorbed layer

formed could be more train dominated with fewer loops. We consider below whether

such differences in the distribution of trains, loops, and tails in the structure of these

adsorbed layers may create differences in the local Tg dynamics of the system. We

also can consider potential differences in structure for films spin-coated from solu-

tion to those that were annealed for long times, where freshly spin-coated films could

have different conformations prior to annealing than after annealing for long times

well above Tg. This in turn could affect the time necessary for these structures to

equilibrate in solution to the structure of an equilibrium adsorbed layer in the limit

of extremely dilute solutions. Work by Dhinojwala et al.134 that used sum frequency

generation to look at the local surface orientation of monomers for adsorbed layers

grown from solution in comparison to spin-coated films, found no difference between

them. Thus, at least prior to annealing, local monomer contacts at the substrate

interface are initially the same. Our findings in Fig. 4.2 indicate that even though it

takes longer to wash films annealed for long times above Tg to the long time limiting

adsorbed layer thickness hfilm
∞ (c→ 0), the fact that these films have the same limiting

adsorbed layer thickness as adsorbed layers formed in solution hsoln
∞ (c → 0) suggests

that there are likely similarities in the final structure of these adsorbed layers.

Chain adsorption in solution is controlled by a competition between a favorable

sticking energy χs for monomers in contact with the surface and the entropy cost to

deform the chain. In the extremely dilute regime, chains are able to spread out on the
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substrate and find their independent equilibrium conformations without interacting

with other chains. However, at higher concentrations when more than one chain is

adsorbing to a given area of the substrate, surface competition between chains can

alter their conformations. Limited surface contacts will result in a distribution of

chain conformations with some chains more strongly or weakly adsorbed.236 Granick

et al. has shown that such film restructuring can take many hours in solution.218

When a polymer film is placed in pure solvent, solvent enters the film and chains

diffuse away. This process continues until a solvent swollen adsorbed layer remains

near the substrate surface. Initially the surface concentration of this adsorbed layer

is extremely high such that chains likely have limited mobility. It is also likely that

unadsorbed chains with no direct substrate contacts may be pinned under loops of

adsorbed chains. Even though this adsorbed layer may be far from an equilibrium

adsorbed layer formed in solution, the same physics must apply to the system. Over

time in solution, the adsorbed layer will slowly restructure with monomer-substrate

contacts desorbing and readsorbing on the surface allowing some chains to diffuse

away. As more chains diffuse away, the remaining chains will slowly form an adsorbed

layer that is similar to one formed in dilute solutions with the process being similar

to desorption.

Figure 4.4 presents a schematic summary of the evolution of the adsorbed layers

formed both in solution and by solvent washing of films annealed above Tg. We show

the adsorbed layer thickness hads(t) for different times in solution, comparing the

differences in how the adsorbed layer evolves for both melt films and adsorbed layers

grown in solution. We highlight the equivalence of the adsorbed layer thickness for

films annealed in the melt and washed for long times hfilm
∞ (c → 0) to the desorption

of adsorbed layers formed in solution hsoln
∞ (c → 0), as well as adsorbed layers grown

at extremely dilute concentrations.

The similarity in the limiting thickness of the adsorbed layer for films equilibrated
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Figure 4.4: Depiction of the regimes for creating adsorbed layers, where we show
representative curves to guide the eye of adsorbed layer thickness versus time in solu-
tion for various cases of annealed films washed in solvent and adsorbed layers grown
directly in solution. The solid curves illustrate the evolution of the adsorbed layer for
films annealed above Tg as a function of time the films spend in pure solvent (toluene)
after annealing. Slower kinetics of desorption is observed for films annealed longer
as indicated by the black arrow highlighting the effect of annealing on desorption
kinetics for these films. Dashed curves represent films grown in solution and thus the
adsorption and desorption kinetics in solution. The red box indicates the minimum
limiting adsorbed layer thickness h∞(c→ 0) in the limit of very low concentration.

in solution to the limiting adsorbed layer thickness found in solution suggests that

the underlying structure of these films is the same. We now consider whether this

similarity in structure is a possible indication of the local Tg dynamics being the

same irregardless of the way in which the adsorbed layers were formed. We cannot

say with any certainty why films annealed for the longest times require longer to reach

its limiting thickness, but we speculate this is due to differences in the structure of

adsorbed layers formed from washing off films that were well annealed. Thus it

would be reasonable to believe that well annealed films with minimal washing may

show differences in the local Tg dynamics to those grown in our lowest concentration

solution, which still yet may show different dynamics to films grown in our highest

concentration solutions.
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4.3.2 Local Tg(z = 0) next to an adsorbed layer

We consider now what impact the presence of these different adsorbed layers have on

the local Tg(z = 0) of a PS matrix next to such an adsorbed layer. We address this by

comparing Tg locally adjacent to the adsorbed layers with that for a local dye-labeled

layer adjacent to a Si–SiOx substrate with no adsorbed layer present, which we show

exhibits a bulk Tg = 100 ± 2 ◦C. We also consider whether there is a difference in

perturbation to the local Tg dynamics imparted by adsorbed layers either formed by

solvent washing melt annealed films or grown in solution, because if the structure of

these adsorbed layers are different they could possibly result in different impacts to

local Tg(z = 0). Thus a change in local Tg could perhaps inform us about differences

in the structure of these adsorbed layers. Comparing Tg for adsorbed layers formed by

solvent washing of melt annealed films at short and long washing times to adsorbed

layers grown directly in solution with similar adsorbed layer thicknesses hsoln
ads (c) may

indicate differences in local structure of the adsorbed layer as previously discussed.

We are especially interested in comparing adsorbed layers formed to reach hfilm
∞ (c→ 0)

and hsoln
∞ (c→ 0), which appear to merge to the same long time limiting value.

Figure 4.5: Schematic of the film geometry used to measure the local fluorescence
adjacent to the adsorbed layer.

To measure the local Tg dynamics adjacent to the adsorbed layer we will first
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form our adsorbed layers as described above, either directly grown in solution or by

annealing films above Tg and washing them in solvent for extended periods of time.

After this we will stack a 12 nm thick pyrene labeled PS layer (PS-Py) immediately

atop the adsorbed layer and anneal the system for a minimum of 2 h at 170◦C to allow

for tails and possibly loops of the adsorbed layer to interpenetrate the dye-labeled

layer. After the dye-labeled layer is interpenetrated with the adsorbed layer, a bulk

layer is placed on top to cap the film creating samples where the localized dye-labeled

layer is probing the Tg dynamics next to the adsorbed layer without any impact of

free surface effects. Prior to the Tg measurements, samples are further annealed for 20

min at 170 ◦C to ensure the individual layers formed a consolidated sample with no

air gaps. A schematic of the sample geometry is shown in Figure 4.5 for clarity. The

only things that will be changed between measurements is how we form our adsorbed

layers allowing us to compare the impact of different kinds of adsorbed layers on the

local Tg, and the amount of annealing for chain interpenetration, to inform us about

the potential differences that loops and tails may have on the local Tg dynamics.

One preparation condition we must consider first is what annealing is appropriate

to produce good chain interpenetration of the dye-labeled chains with the adsorbed

layer for both loops and tails of adsorbed chains. Previous work on end-grafted chains

has demonstrated that in the melt end grafted chains will extend into the the matrix

polymer by having the grafted chain ends ‘poke’ into the polymer matrix via chain

end “breathing modes”.188 O’Connor and McLeaish proposed a dynamical model con-

sisting of multiple timescales to predict how end grafted chains could intermix into a

cross-linked polymer elastomer matrix based on the grafted polymer chain ends being

able to quickly penetrate into the polymer matrix and then relax on a much slower

times scale to an equilibrium conformation via slower “breathing modes” similar to

the motion of star polymers.188 Clarke, then used neutron reflectivity to experimen-

tally determine the time scales for which such end-grafted chains interpenetrate with



121

a polymer matrix.274 These works led Huang and Roth to choose a time scale of 2 h

at 170 ◦C to create good interpenetration of their singly end-grafted polymer chains

with the polymer matrix.28 However, adsorbed layers consist of two main structural

elements that would require interpenetration: tails, which presumably behave similar

to the end-grafted polymer chains, and loops, which could require much more anneal-

ing to get good chain interpenetration due to their additional topological constraints.

The inability of loops to interpenetrate on the same time scale as tails arises due

to the requirement for the matrix to thread through the loop via reptation of the

PS-Py chains. This process is controlled by the dye-labeled layer molecular weight

(672 kg/mol) as well as the size of the loops, with relatively large loops being easier

for the labeled chains to thread than tiny loops that are more tightly bound to the

substrate and do not extend as far into the polymer layers. We therefore explore the

effect that interpenetration annealing time has on the local Tg to inform us about

the possible role chain interpenetration plays. The assumption here is that longer

annealing facilitates more interpenetration with loops due to reptation of the PS-Py

labeled layer, where tails likely are already well interpenetrated.

Figure 4.6 plots the normalized fluorescence intensity at a wavelength of 379 nm

for the sample geometry described above as a function of temperature on cooling for

two different kinds of adsorbed layers interpenetrated for either 2 hours or 24 hours

at 170 ◦C. The adsorbed layers were formed either directly in solution with 1 mg/mL

concentration or by washing films annealed for 23 h in the melt for 30 min. We then

varied the time that the dye-labeled layer was annealed to interpenetrate into this

adsorbed layer at 170 ◦C. For samples where the adsorbed layer was formed directly

in solution we observed that 2 h of interpenetration resulted in a reduction in Tg by

7 ◦C (Tg = 93 ± 2◦C) adjacent to the adsorbed layer compared to the Tg of a dye

labeled layer adjacent to a bare Si–SiOx substrate (Tg = 100 ± 2◦C), which we will

use as our measure of bulk Tg. However, when these films were instead annealed



122

Figure 4.6: Plot of the normalize fluorescence intensity at λ = 379 nm vs temperature
for a local probe layer adjacent to adsorbed layers formed in either a 1 mg/mL solution
(light green and dark green triangles) or by washing for 30 minutes films annealed
in the melt for 23 h at 150 ◦C (cyan and blue circles with a dot). The light green
and cyan data were made by annealing the dye labeled layer atop the adsorbed layer
for only 2 hours at 170 ◦C to get chain interpenetration following the procedure
utilized by Huang and Roth.28 The dark green and blue data are adsorbed layers that
were interpenetrated for much longer 24 hours at 170 ◦C, causing an increase in Tg
compared to the less well interpenetrated samples. Data are offset on the y axis for
easy reading.

for 24 h at 170 ◦C to facilitate further chain interpenetration we observed that films

with adsorbed layers grown directly in solution recover bulk Tg. In contrast, samples

formed by washing of melt annealed films interpenetrated for only 2 h at 170 ◦C

showed a modest increase in Tg of 5 K (Tg = 105±2◦C). Yet those melt washed films,

when interpenetrated for 24 h at 170 ◦C exhibited a large increase in Tg of almost 30

K (Tg = 128± 2◦C).

We verified that additional annealing to form good chain interpenetration does

not alter Tg further after 24 h of annealing. Figure 4.7 plots the measured Tg of the
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Figure 4.7: Plot of local Tg for a dye-labeled layer adjacent to the adsorbed layer as a
function of the time the dye-labeled layer was allowed to interpenetrate the adsorbed
layer at 170 ◦C. The blue circles with a dot are for adsorbed layers formed by 30
minutes of solvent washing films that were annealed for 23 h at 150 ◦C and the green
open triangles are for adsorbed layers grown directly in a 1 mg/mL solution. The
black solid line represents the local Tg for a Py-PS labeled layer on bare SiOx with
Tg = 100± 2◦C with the dashed lines giving the standard deviation reported in this
study. The dashed blue and green curves are to guide the eye.

local dye-labeled layer adjacent to adsorbed layers formed by either solvent washing

for 30 min films annealed in the melt for 23 h or grown directly in solution, at 1

mg/mL concentration. The plot shows that as you anneal longer to facilitate better

interpenetration of the dye-labeled layer into the adsorbed layer that Tg increases,

apparently reaching a plateau after 24 h. This plateau in interpenetration time in-

dicates that the chains are sufficiently interpenetrated, likely with loops, and further

interpenetration with the adsorbed layer may not be possible or may not affect Tg.

This increase in Tg locally adjacent to the adsorbed layer is likely due to the

interpenetration of tails and possibly loops, acting like end grafted chains.28,278 The

necessity for more annealing to create good chain interpenetration suggests that the

loops are somehow important to the local dynamics, where loops presumably are

harder to interpenetrate by the dye-labeled layer due to their topological constraints
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of being pinned on the surface on both ends. It is not clear what mechanism exists

for the loops to alter the local Tg dynamics, nor is it clear if the loops are capable of

allowing polymer chains to thread between individual loops or if they merely collapse

and extend into the polymer matrix as a looped strand similar to singly end grafted

chains.

Figure 4.8: Plot of the normalize fluorescence intensity at λ = 379 nm vs temperature
for a local probe layer adjacent to adsorbed layers made directly from a 1 mg/mL
solution (green triangles) or from films annealed at 150◦C for 23 h and washed for
30 minutes (blue circles with a dot), where both samples were interpenetrated for
24 h at 170 ◦C. The red diamonds are a local fluorescence measurement adjacent
to a chemically end grafted polymer brush from Huang and Roth,28 where a large
increase in Tg = 150 ◦C was observed at a relatively low grafting density σ = 0.011
chains/nm2. Data for a local probe layer adjacent to a HCl cleaned SiOx substrate
is shown as gray squares for reference, where the Tg measured is 100 ◦C, the same as
bulk. Data are offset on the y axis for easy reading.

These results suggest that adsorbed layers formed directly in solution may have a

different local structure than those formed by solvent washing of melt annealed films.
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The lower Tg for adsorbed layers formed in solution may be indicative of a highly loop

dominated layer that even with good chain interpenetration is fundamentally different

than singly end grafted chains, such that extensive annealing of the interface may be

required to properly heal. We have shown that after 24 h of annealing at 170 ◦C the

interface appears to be healed and Tg adjacent to the adsorbed layers formed directly

in solution exhibit bulk-like Tg. Figure 4.7 also shows that longer annealing has no

effect on the adsorbed layers grown in solution, where 48 h of annealing shows the

same local Tg as 24 h for adsorbed layers grown directly in solution. This indicates

that the adsorbed layers grown directly in solution may be highly loop dominated,

possibly by large loops, where interpenetration merely allows for recovery of bulk

Tg. In contrast, adsorbed layers formed by washing off melt annealed films show a

significant Tg increase when the adsorbed layer and Py-PS dye layer are allowed to

achieve good interpenetration. The timescale for this interpenetration suggests that

the adsorbed layers formed are also dominated by loops, however the large increase in

Tg above bulk suggests that if these adsorbed layers are similarly loop dominated like

the adsorbed layers grown in the 1 mg/mL solution, that the loops in these adsorbed

layers from well annealed films somehow behave differently than those present in

adsorbed layers grown in solution. This could be due to a difference in the size of

loops or distribution of loop sizes between these adsorbed layers formed by solvent

washing of melt annealed films or grown directly in solution. However, the exact role

of loops and loop size on the local Tg dynamics remains an open question.

We examine now the local Tg adjacent to adsorbed layers formed both by solvent

washing of melt annealed films and compare these to adsorbed layers grown directly

in solution, and to singly end grafted polymer chains from Huang and Roth28 and a

bare SiOx–Si substrate. Figure 4.8 plots the normalized fluorescence intensity at a

wavelength of 379 nm for four different sample geometries as a function of temperature

on cooling. Both the bare substrate and the film with an adsorbed layer formed
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directly in a solution of 1 mg/mL exhibit a Tg that is equivalent to bulk of 101 ± 2

and 100±2 ◦C, respectively. For adsorbed layers formed by washing of melt annealed

films we find that there is a substantial increase in Tg (Tg = 128 ± 2 ◦C) of ∼30 ◦C

compared to bulk Tg, similar to the (Tg = 150±2 ◦C) 50 ◦C increase seen by Huang and

Roth28 adjacent to singly end grafted polymer chains. The structure of the end grafted

polymer chains in the work of Huang and Roth are well characterized in the literature

as being dependent on the grafting density. Here we are comparing Tg for our adsorbed

layers to their largest Tg increase at their grafting density of σ = 0.011 chains/nm2.

This grafting density is relatively low compared to what would be considered a “true

brush” where the chains are forced to extend up from the substrate. Instead the

structure of the chains at the grafting density that showed the largest Tg increase

in the work by Huang and Roth are mushroom like within the mushroom-to-brush

transition region still having Gaussian random walk conformations. These end grafted

chains also show a 50 K Tg increase after only 2 h of annealing at 170 ◦C for chain

interpenetration, significantly less than the 24 h at the same temperature required in

this work for a more moderate increase in Tg of only ∼30 K. This is likely because

end grafted chains have no loop structures and as such are able to quickly penetrate

into the dye-labeled layer limited only by the grafted chain’s molecular weight.

We now can return to adsorbed layers washed in solution to their long time lim-

iting adsorbed layer thickness h∞(c→ 0). Figure 4.9 plots the fluorescence emission

intensity versus temperature measured on cooling at 1K/min, comparing the local

Tg imparted by adsorbed layers formed by washing films to the long time limiting

adsorbed layer thickness hfilm
∞ (c → 0) after being annealed for 23 h at 150 ◦C. For

these data the dye-labeled layer was allowed to interpenetrate the adsorbed layers for

either 2 h or 24 h at 170 ◦C. We find that Tg for these data are not strikingly different

unlike for the films washed for only 30 minutes described above. Interpenetration for

2 h shows a Tg = 109±2◦C, and 24 h of interpenetration shows a Tg = 107±2◦C. We
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Figure 4.9: Plot of the normalize fluorescence intensity at λ = 379 nm vs temperature
for a local probe layer adjacent to adsorbed layers formed by washing off melt annealed
films for 100+ h to the limiting adsorbed layer thickness hfilmads c→ 0 mg/mL (circles
with a dot). Data were collected for both 2 h (light blue dotted symbols) and 24 h
(blue dotted circles) of interpenetration at 170 ◦C. We also show data for an adsorbed
layer formed by washing a film to its limiting adsorbed layer thickness hfilm

ads (c → 0)
that was annealed in the melt for 3 h at 150 ◦C with 2 h of interpenetration for the
Py-PS layer (purple open circles). Data are also shown for adsorbed layers formed
in a 0.1 mg/mL solution (dotted dark blue triangles) that had been interpenetrated
at 170 ◦C for 2 h. The drop lines show the measured Tg for each data set showing
no significant shift to a higher Tg with more interpenetration for films annealed well
above Tg and washed to the limiting adsorbed layer thickness hads(c→ 0). Data are
offset on the y axis for easy reading.

also show data for the local Tg next to an adsorbed layer grown from a 0.1 mg/mL

solution, where the adsorbed layer was interpenetrated at 170 ◦C for 2 h, giving a

Tg = 100 ± 2◦C. Because Tg does not depend strongly on chain interpenetration for

films in the limit of hfilm
∞ (c → 0), we are able to compare these data to our data

for the local Tg adjacent to the equilibrium adsorbed layers grown in the limit of low

concentration hsoln
∞ (c→ 0) even with only 2 h of annealing at 170 ◦C to interpenetrate
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the dye-labeled layer. In both cases we see that Tg is equivalent to bulk, or slightly

higher than bulk by . 7 ◦C.

This indicates that an adsorbed layer grown in the dilute concentration of 0.1

mg/mL hsoln
∞ (c → 0) does not affect Tg, similar to adsorbed layers grown in solution

at the higher concentration of 1 mg/mL. Furthermore, adsorbed layers formed by

washing off melt annealed films in solution for sufficiently long times also appear to

only moderately at best affect Tg, despite adsorbed layers from melt films with only

30 min of washing increasing Tg by ∼30 K. It is worth noting, that by choosing a

long 23 h of annealing we have limited our ability to reach this long time limiting

regime by requiring extensive washing. For adsorbed layers annealed for merely 3

h and washed to the long time limiting adsorbed layer thickness hfilm
∞ (c → 0) we

observed no increase in Tg with 2 h of annealing at 170 ◦C the dye-labeled layer to

facilitate chain interpenetration. Therefore, it seems likely the slight increase in Tg

that appears to persist for the adsorbed layers formed by washing off melt annealed

films for 23 h may be due to insufficient washing to reach the long time limiting

adsorbed layer thickness hfilm
∞ (c→ 0). Overall it appears that adsorbed layers washed

to the h∞(c→ 0) limit do not affect Tg.

To understand why Tg is the same for all samples in the long time limit h∞(c→ 0),

we must consider again the potential structure of the adsorbed layer in this system.

Adsorbed layers formed in the limit of extremely dilute solutions hsoln
∞ (c → 0) are

known to be able to spread out on the surface and form long trains, with relatively few

loops. By forming long flat trains with few loops the fraction of the adsorbed layer that

can interpenetrate with the dye-labeled layer is reduced. As such, we would expect

that annealing to interpenetrate for longer would not affect Tg significantly because

there simply are not that many loops for the dye-labeled layer to interpenetrate with.

This is what we believe is also occurring for adsorbed layer formed by washing films

to the long time limiting adsorbed layer thickness hfilm
∞ (c → 0). At most there is
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only a modest increase in local Tg with relatively small amount of annealing for the

dye-labeled layer to interpenetrate and effectively no increase in Tg with additional

annealing to promote chain interpenetrate due to a lack of adsorbed layer structures

to interpenetrate with. This would mean that the dominant structure to affect Tg

may be the individual tails of the adsorbed layer. In that case Tg would increase

relative to the effective grafting density of these tails.

These results indicate that not only is the adsorbed amount the same for films

washed extensively to their limiting value as it is for adsorbed layers grown directly in

dilute solutions, but that their structures in this regime may be the same as well. This

is supported by the local Tg measurements in the presence of these adsorbed layers as

well as the lack of a strong dependence of Tg on the annealing time required for chain

interpenetration of the dye-labeled layers into the adsorbed layer. This hints that

while tails certainly affect local Tg, the difference between adsorbed layers structure

formed by washing off melt annealed films to their limiting adsorbed layer thickness

h∞(c → 0) and those washed for shorter times is key to altering the Tg dynamics

adjacent to an adsorbed layer. We have speculated that this difference is that one

structure may be loop dominated, however further work is required to solidify and

more carefully distinguish the impact that loops have from tails. This work likely will

involve better controlling of the structure at the surface by replacing the adsorbed

layers with some form of doubly end grafted chains as a substitute for loop structures.

4.4 Conclusions

We measured the evolution of adsorbed layer thickness formed from directly growing

an adsorbed layer in solution and from washing melt films after annealing for various

amounts of time. The evolution of the thickness of the adsorbed layer measured

suggests all adsorbed layers washed in pure solvent evolve to the same final thickness
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for sufficiently long washing times. This is because in solution, adsorbed layers are

mobile and evolve to an equilibrium desorbed amount Γdes
eq (c). The limiting adsorbed

layer thickness h∞(c→ 0) that remains is equivalent to the adsorbed layer thickness

grown in extremely dilute solutions.

We also examined the effects that these adsorbed layers have on the local Tg of

the polymer adjacent to the adsorbed layer using a local fluorescence technique. We

find that similar to singly end grafted chains, adsorbed polymers formed by solvent

washing 23 h annealed films for only 30 min there is an increase of up to 30 ◦C to

the local Tg, if the adsorbed layer is allowed to form good chain interpenetration

with the labeled dye layer. We also determined that for solution grown adsorbed

layers at 1 mg/mL there was no strong effect on the local Tg of the polymer film for

sufficiently well interpenetrated films. Furthermore, for adsorbed layers washed to the

long time limiting adsorbed layer thickness hfilm
∞ (c → 0) no large changes in Tg were

observed, and less annealing time at 170 ◦C was required for the dye-labeled layer to

interpenetrate, possibly due to the nature of the adsorbed layers in extremely dilute

solutions concentrations. The question of how loops may affect Tg in these adsorbed

layers compared to tails remains an open question that deserves further examination.

Adsorbed layers are an often discussed topic in the confinement community,199,201,210,211,285

with the adsorbed layer often being presented as having a large impact on the film

dynamics in confined films. Here we showed that specific pre-formed adsorbed layers

can alter the local Tg under certain conditions. However, many open questions re-

main about the exact mechanism for how these dynamics are altered. Furthermore we

show that you cannot merely decouple the effects of solvent washing from the effects

that the adsorbed layer has on Tg because as soon as a film is placed in a solvent,

whatever polymer chains are at the substrate will inherently follow the physics of

polymer adsorption in solution and evolve to the limiting adsorbed layer thickness at

low concentrations. What happens to the structure of the adsorbed layer from the
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beginning of washing until it reaches its final limiting adsorbed amount is an open

question that is beyond the current scope of this project.
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Chapter 5

Outlook and open questions

In this dissertation we presented a series of experimental results that demonstrated

the effects that chain connectivity and entropy have on glassy dynamics in confined

polymer systems. In this chapter we will conclude my putting these results into

context and summarizing the primary results of my work.

Chapter 2 presented a direct study of the effect that molecular weight has on the

physical aging behavior of thin polymer glasses. A representative ultra-high molecular

weight PS (Mw = 6, 790 kg/mol) showed ∼45% on average faster physical aging than

a representative merely high molecular weight PS (Mw = 400 kg/mol) for films with

a thickness less than 80 nm. However, bulk films showed no change to their physical

aging rate with molecular weight and furthermore no difference in the glass transition

temperature was found in bulk or thin films. The interpretation for this was con-

cluded to be due to chain connectivity altering the gradient in dynamics emanating

from the free surface, where physical aging was believed to be more sensitive to the

chain connectivity effects in confinement than Tg. The chapter ended with a rigorous

discussion of possible explanations for this surprising increase in β for thin films of

ultra-high molecular weights (MWs > 6,500 kg/mol) relative to nominally identical

films of merely high molecular weights (MWs < 3,500 kg/mol), which included sam-
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ple preparation procedure, comparisons of film thickness to Rg, and changes in film

density in thin ultra-high molecular weight films. The observed increase in β was

attributed to a diminished breadth in the gradient in dynamics emanating from the

free surface in thin ultra-high molecular weight films. Due to the literature sugges-

tions in the field at the time, chain adsorption was also considered as one possible

explanation for the faster physical aging in thin polymer films of ultra-high MWs >

6,500 kg/mol. However, our efforts to test this concluded that the possible presence

of adsorbed layers did not show any affect on the average physical aging rate β or Tg

in thin, 31-nm thick PS films. Due to potential differences in the average and local

properties in thin films, this work led to a more thorough exploration of polymer

adsorption presented in later chapters.

Chapter 3 presented a study on the reproducibility and reliability of the procedure

presented in the literature for forming adsorbed layers by solvent washing of films that

were previously annealed extensively in the melt. We found that the assumptions be-

hind the procedure known as “Guiselin’s experiment” were not experimentally viable

based on the historic literature of adsorption in solution. We explored the formation

of adsorbed layers by examining the effect that each step in the procedure has on

the reproducibility of the experimentally measured residual layer thickness hads(t),

finding that the experimental results were less reproducible than previously reported.

We also showed that the annealing of bulk films well above Tg to form an hads(t)

adsorbed layer appeared to be an unnecessary step as comparable adsorbed layers

could be formed merely by allowing samples to sit at room temperature for extended

periods of time prior to solvent washing. We concluded that much of the variability in

the measure of adsorbed layers stemmed from samples being allowed to sit in a drawer

between different steps in the procedure, where we showed that leaving samples in a

drawer created a denser less porous film that would be more difficult to wash off than

freshly spin-coated films. However, when we controlled for this parameter we still
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observed less reproducible hads(t) adsorption curves than commonly presented in the

literature. We go on to describe how these adsorbed layers are innately influenced

by the the exact solvent washing procedure they undergo prior to measuring the ad-

sorbed layer thickness. This finding was supported and discussed in the context of the

rich literature on polymer adsorption from solution. We concluded that once solvent

is present in the system the adsorbed layer must follow the same physics of adsorbed

chains in solution. The evolution of adsorbed layer thickness with additional washing

was consistent with how adsorbed layers behave in solution.

Building on the work in Chapter 3, Chapter 4 presented a series of experiments

that tested whether the adsorbed layers formed by solvent washing of melt annealed

films would create equivalent adsorbed layers to those grown in solutions. We began

by exploring the formation of adsorbed layers in solutions of different concentrations,

focusing primarily on extremely dilute solutions in the concentration regime similar

to dissolving a bulk film in 50-100 mL of pure solvent. We examined the effects that

extended solvent washing has on the adsorbed layers formed from washing of melt

annealed films and showed that for films washed for tens of hours the adsorbed layer

thickness formed is the same as the equilibrium adsorbed layer thickness formed in

such low concentration solutions. We then focused on the local Tg dynamics adjacent

to different adsorbed layers both grown directly in solution at varying concentrations,

but also formed by washing of melt annealed films for short (30 min) and long (10s of

hours) times. We found that the adsorbed layers formed by solvent washing of melt

annealed films for 23 h at 150 ◦C for short times (30 min) show a 30 K increase to

local Tg of PS, but only when the dye-labeled layer is well interpenetrated with the

adsorbed layer for 24 h at 170 ◦C. We interpret this as being the dye-labeled chains

achieving good chain interpenetration with the adsorbed layer structure, possibly due

to the dye labeled layer being able to thread through loop structures of the adsorbed

layer. The local Tg adjacent to adsorbed layers washed for tens of hours in solvent
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showed no changes to local Tg, as did adsorbed layers grown in solution, so long as

good chain interpenetration was achieved.

I end this thesis with a series of open questions that my research has lead to:

• What is the molecular mechanism for chain connectivity and entropic effects to

modify glassy dynamics near an interface?

• How do trains, loops, and tails individually impact the local dynamics of poly-

mer films? This question could be more directly probed if the structure could

be forced to be fixed in the system, perhaps by doubly grafting chain ends to

form fixed loops in the system to explore their contribution.

• Why do adsorbed layers formed by solvent washing films annealed in the melt

for extensive amounts of time require longer in solvent to reach equilibrium

than films annealed for less or no time in the melt state? Could there be

subtle differences in entanglements and local structure that prevent solvent

from penetrating as easily allowing individual chains to wash away?
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