
pubs.acs.org/Macromolecules Published on Web 11/10/2010 r 2010 American Chemical Society

9892 Macromolecules 2010, 43, 9892–9898

DOI: 10.1021/ma101743u

Glass Transition Behavior of PS Films on Grafted PS Substrates

Hoyeon Lee,† Hyungju Ahn,† Sudhakar Naidu,† Baek Seok Seong,‡ and Du Yeol Ryu*,†

†Department of Chemical and Biomolecular Engineering, Yonsei University, Seoul 120-749, Korea, and ‡Korea
Atomic Research Institute, Daejon 430-200, Korea

David M. Trombly§ and Venkat Ganesan*,§

§Department of Chemical Engineering, University of Texas at Austin, Austin, Texas 78712, United States

Received July 31, 2010; Revised Manuscript Received October 22, 2010

ABSTRACT: We present experimental results for the glass transition behavior of polystyrene (PS) films on
grafted PS layers of the same chemical identity as a function of film thickness. Our results suggest that the Tg

of PS films on brush substrates decreases with decreasing film thickness. The thickness dependence of Tg was
observed to be more pronounced for the films on the shorter brushes with the high grafting density. We
propose a qualitative rationalization of the observations by invoking both interfacial energy considerations
as well as by adapting the percolation model for the glass transition of polymer films.

Introduction

The glass transition temperature is one of the key parameters
determining the mechanical properties of polymers for different
applications. Indeed, at the glass transition (with increasing
temperature), the storage modulus (or melt viscosity) drops re-
markably by a factor of thousands, while the volume and enthalpy
begin to discernibly increase.1 Not surprisingly, many prior studies
have investigated a variety of phenomena and properties near the
glass transition temperature of different polymeric materials.

More recently, research efforts have directed their efforts
toward the impact of confinement, and specifically, the role of
interfacial interactions upon the glass transition behavior of
polymermaterials.2-8 Several experimental techniques have been
used to probe this transition due to the changes in the volume and
physical properties, including ellipsometry,9-17 X-ray and neu-
tron reflectometry,18-25 atomic force microscopy,26-28 Brillouin
light scattering,2,29 positron annihilation lifetime spectroscopy,30-32

and fluorescence spectroscopy.33-35

Keddie et al. pioneered these researches where they observed a
film thickness dependence of glass transition temperature (Tg) for
polystyrene (PS) films on hydrogen-passivated Si wafers.3 Com-
pared to the Tg (∼100 �C) of the bulk material, a noticeable
decrease in Tg was found as the film thickness (e100 nm) was
reduced. A similar but more significant decrease in Tg for free-
standing PS films was observed by Forrest et al,2,5 and Torkelson
et al.33-35 They suggested potentially two different mechanisms,
arising from either the polymer chain confinement or a finite size
effect depending on the characteristic molecular length scale.
More insights into the influence of interfacial interactions were
provided by the experiments of van Zanten et al., who observed
an increase inTg for poly(2-vinylpyridine) (P2VP) films on native
oxide substrate of Si wafer with decreasing film thickness.8 They
attributed these trends to the fact that the substrate interactions
are favorable with the polar P2VP. Furthermore, Keddie et al.
demonstrated both an increase and decrease inTg (with changing
film thicknesses) can result for the same material by controlling

the substrate interactions.4 Explicitly, thin films of poly(methyl
methacrylate) (PMMA) on a gold substrate that is unfavorable
with PMMA displayed a decrease in Tg with decreasing film
thickness, whereas for the films on native oxide substrate of Si
wafer that is favorable with PMMA, they showed an increase in
Tg with decreasing film thickness.

Many theoretical studies and computer simulations have also
addressed the role of interfacial interactions upon the glass
transition temperatures of polymer films6,19,36 and have been
discussed in a number of review articles.37,38 Pertinent to the
present study are the results by Torres et al. which indicated an
increase or decrease inTg (compared to the glass transition of the
bulk) in ultrathin films strongly dependent on the strength of the
interfacial interactions between the substrates and the polymer
chains.6,36With decreasing film thickness, their results showed an
increase inTg for polymer filmswith the stronger surface energies,
while a decrease inTg was seen for polymer films with the weaker
surface energy and for freestanding films. These results yet again
have confirmed the importance of the interfacial interactions
between the polymer chains and the substrate in influencing the
confinement-induced glass transition behavior.

Grafting polymers to surfaces is commonly used as a means to
tune the surface interactions with surrounding polymer matrices.
Free polymer chains in contact with the grafted (or brush)
polymer layer can show either wetting or dewetting (or seg-
regation) behavior depending on the ratio of molecular weights
of the matrix component to grafted polymer chains and the
grafting densities of the brush component.39-56 For polymer
chains on the brushes of the same chemical identity, this behavior
(termed “autophobic dewetting”) can be attributed to the en-
tropic effects of the matrix polymer and the grafted polymer
chains.40-44,47-56 More recently, we have investigated the dewet-
ting behavior of a polymer matrix of different chemical identity
on the brush substrates. Specifically, we studied the dewetting
behavior of PMMA melts on grafted PS layers as a function of
brush thickness (or grafting density),57 and found, in agreement
with theoretical calculations, that the behavior of this pair of
chemically distinct melts was qualitatively similar to that ex-
pected for autophobic dewetting behavior.
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In this study, we probe the inter-relationship between the
interfacial interactions arising from grafted polymer layers and
the Tg behavior of thin polymer films. This effort is motivated by
two objectives: because grafting polymers is a common approach
for dispersing particulate fillers in polymer matrices, it is of
interest to know themanner in which the interfacialTg properties
of the polymer melt (i.e., the properties of the polymers matrix
near grafted surface) differ from the bulk regions of thematrix. A
second objective of this study is to probe whether interfacial
energy considerations that have been used to explain the Tg

behavior of thin polymer films near substrates can equally well be
extended to rationalize the Tg behavior of thin polymer films on
brush substrates.

We note that, in an earlier work by Tsui et al., a grafted
random copolymer approach to surfacemodificationwas used to
study the Tg behavior of PS films. In their study, the interfacial
interactions on the substrate were controlled by the composition
of random copolymers of styrene (S) and methyl methacrylate
(MMA).7 They presented intriguing results which are yet to be
satisfactorily rationalized in terms of the interfacial energies. As
another study pertinent to our work, Tate et al. considered theTg

of grafted PS polymers and noted a significant elevation in the Tg

of brushes (relative to the bulk polymers) whose magnitude
increased with increasing confinement.58

Ourworkpresented in this article dealswith conceptuallymore
straightforward case of a polymer melt of the same chemical
identity as that of the brush. With this model system, we
investigate the glass transition behavior of PS films on a brush
layer of the same chemical identity as a function of film thickness,
where the brush thickness and grafting density of underlying PS
layers are adjusted by the molecular weight of hydroxyl-termi-
nated polystyrene (PSOH) that anchored onto the native oxide
substrate of Si wafer. It was found that for the PS films the Tg

decreases with decreasing film thickness of the polymer melt.
Interestingly, the decrease in Tg turns out to be more significant
for the films on the shorter brushes with higher grafting density.
We provide a rationalization of the results by using mean-field
theory to compute the melt-brush interfacial energy for the
experimental parameters probed. Such considerations are also
used in a percolation model for the glass transition to explain the
observed thickness dependence.

A. Experimental Section

Polystyrene (PS) was synthesized by the living anionic polym-
erization of styrene in cyclohexane solution at 45 �C under
purified argon using sec-butyllithium as an initiator. Number-
average molecular weights (Mn) and polydispersity (Mw/Mn) of
PS, characterized by size-exclusion chromatography (SEC) with
multiangle laser light scattering (MALLS), were 100000 g/mol
and 1.02, respectively. Four monodisperse hydroxyl-terminated
polystyrenes (PSOH; purchased fromPolymer Source, Inc.) were

used to prepare grafted PS layers on the native oxide substrate of
Si wafer, as listed in Table 1.

The “grafting-to” surface modification was accomplished by
spin-coating a film of PSOH from toluene solution then thermal
annealing thin films at 170 �C under vacuum for 3 days. During
annealing well above the glass transition temperatures (Tg) of PS
(∼100 �C), end-functional hydroxyl groups of PSOH diffuse and
attach to the native oxide layer. After rinsing with toluene to
completely remove the nonanchored chains, the thickness of the
grafted PS layers was measured by ellipsometry.

The thickness of PS films was controlled from 30 to 140 nm on
the grafted PS layers of various molecular weights of PSOH.
After spin-coating, the PS films were annealed at 120 �C under
vacuum for 12 h to remove the residual solvent in the films. This
process produced the smooth surface topology of PS films within
the surface roughness of 0.3 nm, which was observed by optical
microscopy and scanning force microscopy (SFM ; Dimension
3100, Digital Instrument Co.) in tapping mode.

A heating chamber under vacuum was devised at the stage of
a spectroscopic ellipsometry (SEMG-1000,NanoviewCo.),which
is operated at an incidence angle of 70�withhalogen light source of
wavelength (λ) ranging from 350 to 850 nm (or 1.5-3.5 eV). Two
ellipsometric angles (Ψ and δ) related to the film thickness were
continuously monitored while heating the film samples at a
constant rate of 2 �C/min. A thick film (300 nm) of crystalline
polycaprolactone (PCL; 42500 g/mol) was used as a standard
material for temperature calibration because it allowed a discern-
ible melting temperature (∼57 �C in the second run) in differential
scanning calorimetry (DSC) even in the case of thin films. To
obtain the precise spectroscopic changes in the sample films, we
directly analyzed the temperature dependences of Ψ and δ at
constant λ (553-563 nm) as a reference rather than thickness.

B. Results

Figure 1 shows the characteristic brush thickness and grafting
density (σ) for grafted PS layers as a function of the number-
averagemolecular weight (Mn) of PSOH, as presented in Table 1.
Grafting density of underlying PS layers was evaluated by σ
(chains/nm2) = Fd0NA/Mn, where F and NA denote the mass
density of PS (1.05 g/mol) and Avogadro’s number, and the
parameters d0 and Mn represent the brush thickness and the
number-average molecular weight of PSOH, respectively. It can
be seen that the lowmolecular weight PSOH-04 (3700 g/mol) has
a brush thickness of 4.0 nm, at which PS chains are grafted
densely at the substrate (0.688 chains/nm2). With increasing
molecular weight of PSOH, the brush thickness is measured to
increase to 12.6 nm for PSOH-38 (38000 g/mol), while the
grafting density decreases to 0.210 chains/nm2, the latter decrease

Table 1. Characteristics of PSOHs for the Surface Modification and
PS in This Study

sample code Mn Mw/Mn

Rg
a

(nm)
grafting density b

(σ; chains/nm2)
brush thickness

(d0; nm)

PSOH-04 3700 1.08 1.666 0.688 4.0
PSOH-10 10000 1.05 2.739 0.554 8.8
PSOH-20 19500 1.05 3.824 0.379 11.7
PSOH-38 38000 1.09 5.339 0.210 12.6
PS (100K) 100000 1.02 8.660

aRadius of gyration calculated by assuming linear PS chains. bGrafting
density of underlying PS layers was evaluated by σ= Fd0NA/Mn, where F
and NA denote the mass density of PS (1.05 g/mol) and the Avogadro’s
number, and two variable parameters such as d0 and Mn indicate brush
thickness and the number-average molecular weight of PSOH, respec-
tively.

Figure 1. Brush thickness and the (calculated) grafting density (σ) for
grafted PS layers as a function of the number-averagemolecular weight
of PSOH.
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is likely due to the low concentrations of the end-hydroxyl group
and the slow diffusion of high molecular weight PSOH-38.

PS homopolymer of 100000 g/mol was spin-coated on grafted
PS substrates and was followed by thermally annealing the PS
films at 120 �C under vacuum for 12 h to remove residual solvent
and to equilibrate thin films at interfaces. To reasonably evaluate
the glass transition in polymer films, we first demonstrate the
temperature dependence of ellipsometric parameters and data
resolution. Figure 2 presents the changes in ellipsometric angles
such as Ψ and δ for the PS film of 110 nm on a grafted PS layer
prepared with PSOH-10, as a function of wavelength in a range
350 to 850 nm depending on the temperature measured. We
selected two wavelength zones of 553-563 nm (indicated by A)
and 734-744 nm (B) to avoid less temperature dependence at
lower wavelength and the noise perturbation at higher wave-
length, respectively. As temperature elevates from 30 to 170 �C,
the values ofΨ decrease at A zone but increase at B zone due to a
curve shift toward higher wavelength, while the values of δ
increase at both zones. This temperature dependence on ellipso-
metric angles at two selected zone of wavelength ranges enable us
to evaluate the glass transition in polymer films. It should be
mentioned that ellipsometric angles are significantly influenced
by the film thickness because decreasing film thickness drifts the
curve toward lower wavelength.

Figure 3a and b show ellipsometric angles for the PS film of
110 nm on a grafted PS layer prepared with PSOH-10 as a
function of temperature, which were analyzed at two wavelength
zones ofA andB, as described inFigure 2.At 102 �C, the identical
value ofΨ atA zonebegins todecrease remarkably, and the value
ofΨ at B zone also begins to increase. A similar trend is seen in
the values of δ with temperature, as shown in Figure 3b, leading
to the identification of the glass transition temperature (Tg) for
the film, determined by the intersection of the two linear regres-
sions of glassy and rubbery temperature ranges in PS film. The
changes of the slopes in ellipsometric angles, observed at a
temperature (102 �C), prove that the glass transition is indepen-
dent of wavelength we selected in ellipsometry. This behavior
consistent with the Tg of the film is seen in the change of the film
thickness displayed in Figure 3c, which is caused by the difference
in the thermal expansion between glassy and rubbery states of
amorphous polymers. For better characterization, we hereafter
will consider the value of Ψ rather than δ to evaluate the Tg of
thin films, because the changes in the slopes for the values of Ψ

(especially at A zone) are more discernible than those for the
value of δ.

Figure 4 shows the temperature dependence of the ellipso-
metric angle Ψ at a wavelength zone of A for the PS films of
different thicknesses on a grafted PS layer prepared with PSOH-
04. The Tg of the PS film of 110 nm was observed at 101 �C. It
corresponds to the point of a rapid decrease for the value of Ψ
because a wavelength zone ofA for the filmof 110 nm is placed at
the left side of the maximum Ψ. In contrast, placing at the right
side of themaximumΨproduces a rapid increase for the values of
Ψ with temperature, as are the cases for the other PS films of 70,
50, and 30 nm.With decreasing film thickness to 30 nm,Tg is seen
to decrease to 81 �C. Such measurements were repeated for the
different grafted PS layers, film thicknesses, and temperatures.

Figure 5 summarizes our results for Tg of the PS films on the
various grafted PS layers as a function of film thickness. For a
fixed grafted PS layer (or PSOH), a decrease in Tg of PS films is
seen with decreasing film thickness. However, the variations with
thickness are seen to be more significant for films on the shorter
brushes with the higher grafting densities. Indeed, the confine-
ment effects upon the Tg are seen to follow the sequence in this
experiment: PSOH-04>PSOH-10>PSOH-20>PSOH-38. The
Tgs of thick PS films like 140 nm are constant (103 �C) and close

Figure 2. Ellipsometric angles ofΨ and δ for the PS film of 110 nm on
agraftedPS layer preparedwithPSOH-10 as a functionofwavelength in
a range 350 to 850 nm, which were measured at 30, 80, 130, and 170 �C.
Two wavelength zones are indicated by A (553-563 nm) and B
(734-744 nm).

Figure 3. Ellipsometric angles of Ψ (a) and δ (b) for the PS film of
110 nm on a grafted PS layer prepared with PSOH-10 as a function of
temperature, which were analyzed at two wavelength zones of (553-
563 nm) and B (734-744 nm). (c) The corresponding film thickness
evaluated by both ellipsometric angles and refractive index of the film.
The dotted line indicates a consistent Tg at 102 �C for the film.
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to that (102 �C) of the bulk regardless of the brush thickness (or
grafting density of underlying PS layers). In the next section, we
provide a qualitative rationalization of the experimental observa-
tions.

C. Discussion

We note that there is still a lack of complete understanding of
the origins of the Tg behavior of thin polymer films. A number of
(not necessarily mutually exclusive) candidate explanations have
been proposed, including effects such as density and/or free

volume perturbations19,59 arising from interfacial interactions,
polymermobility perturbations resulting from confinement and/or
interfacial interactions,38,60 confinement-induced changes in the
energy landscape, and so on.36 Below, we draw upon these earlier
advances and propose two speculative hypotheses for rationaliz-
ing the experimental observations.

Our first hypothesis relies on considerations of interfacial
energies. Despite the lack of consensus on the mechanistic
underpinnings of Tg of thin films, it is generally accepted that on
surfaces with which the polymer exhibits favorable interactions,
the Tg of thin films tends to be enhanced with respect to bulk and
increases further with confinement.6,19,37,38 In contrast, for situa-
tions where the polymer is repelled by the substrate, theTg of thin
films tends to be lowered with respect to the bulk and decreases
upon confinement. Keeping in mind that in the present study
grafted PS layers screen the interactions from the native oxide
layer of Si substrate, the mechanism responsible for the decrease
in Tg with decreasing film thickness for the PS films is likely
distinct from that arising due to the unfavorable interactions
between the polymer and the bare substrate. Instead, the inter-
facial interactions between the polymer matrix and the brush is
likely responsible for the experimental results in this study.

To verify the above hypothesis, we characterize the polymer
brush-matrix (or melt) interfacial interactions by an “effective”
interfacial tension parameter γb-m (the term “effective” is used
to emphasize that the interfacial tension is not between two bulk
phases). Prior researchers have used scaling theories,61 strong
segregation approximation,57,62 and polymer self-consistent field
theories47,50 (SCFT) to quantify γb-m between a polymer brush
and melt of the same chemical identity. Explicitly, γb-m has been
computed as a function of the ratios of the molecular weights of
the brush to matrix polymers and grafting densities of the brush.
Such calculations have been used to shed light on the wet-
ting-dewetting transitions of the matrix polymer. In the
present work, we adapted the SCFT calculation methodology
proposed by Matsen and Gardner50 to calculate the interfacial
tension γb-m for the experimental parameters. Because the
accompanying theory and calculation procedures are very similar
to that detailed in the article byMatsen and Gardner, we eschew
repeating the details here. Shown inFigure 6 are the so-calculated
γb-m for the four different polymer brushes considered in this
study. The cases PSOH-04, PSOH-10, and PSOH-20 correspond
to the dewetting situation, while PSOH-38 corresponds to a
partially wetting situation (in this case the interfacial tension
was obtained based on the free energy per unit area difference
between an infinitely thick film and the coexisting polymer film
of finite thickness).50 It is evident that the interfacial tensions

Figure 4. Ellipsometric angles of Ψ at a wavelength zone of A
(553-563 nm) for the PS films on a grafted PS layer prepared with
PSOH-04 as a function of temperature. Each film thickness of PS films
is indicated. The dotted line indicates a Tg (101 �C) for the PS film of
110 nm to guide eyes.

Figure 5. Tg as a function of film thickness for PS films on the various
grafted PS layers (or PSOHs).
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follow the sequence γb-m (PSOH-04)>γb-m (PSOH-10)>γb-m

(PSOH-20) > γb-m (PSOH-38). This result can be explained
physically in terms of the lower stretching free energy incurred by
longer brush chains to accommodate the interpenetration with
the matrix chains. Because a larger interfacial tension correlates
to stronger unfavorable interaction, the preceding results qualita-
tively rationalize the trends seen in the experimental observations
in Figure 5.

An alternative, albeit more tentative, quantitative explanation
for the shape of the curves in the experimental observations can
be proposed based on dynamical considerations relating to the
interpenetration between the polymer melt and the brush. To
provide a physical picture of this hypothesis, we note that in the
extreme situation of very high grafting densities and small
molecular weights of the brush polymers, the melt chains have
very little interpenetration with the brush chains. In such a case,
the brush surface may be viewed as a “hard” repelling surface,
and the matrix polymer mobilities near the brush surface may be
expected to be enhanced relative to the bulk unperturbed state.
Upon increasingmolecular weights of the brush polymer, there is
a thickening of the interpenetration zone between the matrix and
the brush polymer. This result is quantitatively demonstrated in
Figure 7a, which displays the interpenetration widths deduced
from the SCFT volume fraction profiles for the melt and brush
chains for the experimental parameters. The enhanced penetra-
tion between the matrix polymer and the brush is expected to
increase the friction on thematrix chains and lead to a retardation
of the dynamics of the matrix chains near the brush-melt
interface relative to the case of no or little interpenetration. In
an earlier work, a quantitative demonstration of such retardation
effects was provided in the context of melt dynamics of block
copolymer compatibilizers at polymer blend interfaces.63-65 The
results of the preceding work suggested that the length scale over
which the retardation of dynamics persists correlates with the
extent of brush-melt interpenetration, whereas the strength of
such retardation effects were shown to correlate with the grafting
density of the brush (expressed in units of squared radius of
gyration of the brush chains, also shown in Figure 7a). An
alternative physical picture that leads to a similar hypothesis is
suggested by the experimental results of Tate et al.58 in which the
authors demonstrate a significantly elevatedTg for a filmof grafted
polymers. The latter results also indicate that the melt polymers in
the interpenetration zone are in an environment of significantly
reduced mobilities. Below, we adapt a simple phenomenological

model for glass transition to demonstrate the manner in which
such dynamical retardation effects can rationalize the experi-
mental results.

To provide a schematic illustration of the impact of the above
effects on the Tg of thin polymer films, a static percolation model
of glass transition was adapted,66 which was previously used to
model phenomena in thin films and polymer nanocomposites.65,66

Such percolation models are based on the hypothesis that glass
transition inmaterials occur as a result of the percolation of slow,
immobile domains through the system. In a recent work,66 Long
and Lequex used such an idea in conjunction with bounding
surfaces that accelerate and decelerate the dynamics to success-
fully explain the thickness dependence and the long-range nature
of Tg changes in thin polymer films. While more recent work has
cast doubts on whether such percolation models can suffice
quantitatively to explain the phenomena,67 nevertheless, we use
it here for an illustration of the manner in which the above-
discussed effects can lead to trends which qualitatively mirror the
experiments. For this purpose, we followour recentwork65,66 and
incorporate the above surface interaction effects in such percola-
tion models by including a “skin” of influence around the surface
in consideration. Physically, such a skin represents the zone over
which the polymer (matrix) dynamics is affected by the surface.
Such a skin is characterized by two parameters, namely, the
strength of influence and its thicknesses. Based on our discussion
in the preceding paragraph, it is evident that in transitioning from
shorter brushes to longer brushes, both these parameters are

Figure 6. Brush-melt interfacial tension γ (normalized by β=(kBT)
-1,

number of segments in the polymer melt Nm, the molecular volume of
segments F0, and the radius of gyration of the melt polymers Rg

m) as
a function of molecular weight of grafted PS brushes (or PSOHs)
considered in this study.

Figure 7. (a) Brush-melt interpenetration thicknesswb-m (normalized
by Rg

m) and the grafting densities (expressed in units of (Rg
B)2) as a

function of molecular weight of grafted PS brushes (or PSOHs)
considered in this study, and (b) Percolation model results for ΔTg

(defined asTg(h)-Tg(h=¥), expressed in arbitraryunits) as a function
of film thickness (expressed in lattice units) for different skin thicknesses
denoted by Δ.



Article Macromolecules, Vol. 43, No. 23, 2010 9897

enhanced. However, in the purely schematic spirit of this discus-
sion, we just consider the influence of increasing the zone of
influence of the substrate while keeping its strength a constant
(allowing the strength of interaction to vary would only serve to
enhance the effects reported below). TheAppendix presentsmore
details on the manner in which the percolation model is imple-
mented, while the outcome of such analysis is depicted in the
results displayed in Figure 7b. It is seen that the dynamical
retardation effects tend to enhance the Tg relative to the un-
perturbed case. Such effects are seen to becomemore pronounced
as the thickness (of the polymer film) is reduced and approach the
bulkTg for large thicknesses.More importantly, larger skin zones
of influence are seen to lead to more significant effects. Taken in
conjunction with the results presented in Figure 7a (which
quantifies the “skin thickness” as a function of the brush
molecular weights), the result of Figure 7b rationalizes the
experimental result of Figure 5 and provides a qualitative picture
which is strikingly similar to the trends noted therein.

D. Summary

In summary, in this work we presented an experimental
investigation of the Tg of polymer films on grafted substrates of
the same chemical identity. Our objective was to shed light on the
influence of the different physical parameters upon the overall
confinement-dependent Tg of polymer films. These results in-
dicated that the Tg of the polymer films on such substrates were
lowered relative to the bulk. More interestingly, the confinement
effects were seen to become diminishedwith increasingmolecular
weight (and brush thickness) of grafted PS layers. These trends
were rationalizedby invoking twopossible explanations.The first
explanation relied on the interfacial free energies at the interface
of brush and melt and its variations with increasing brush
thickness of grafted PS layers. The second explanation relied
on the dynamical effects which may arise in the overlap zone
between the brush and melt polymers. It is likely that the
experimental trends are a result of a combination of the preceding
effects.

Our results suggest that brush substrates may serve as a facile
means to tune the confinement effects upon Tg (and aging) of
polymer films. Indeed, a variety of physicochemical interactions
can be achieved by changing the grafting densities, molecular
weights and the chemical identities of the brush polymers.51 In
addition to the practical importance, such studies may provide
valuable insights which may allow one to sort through the
different mechanisms speculated to be responsible for the con-
finement effects on the glass transition of polymer films.
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Appendix

In this section, we discuss the implementation of the percola-
tion model used to generate the results of Figure 7b. Because

much of the details are identical to those expounded in earlier
publications,66,68,69 we eschew repeating them here and instead
refer the interested reader to the original references. Briefly, the
percolation approach ascribes glass transition to a percolation
of slow, immobile domains in the system. In a computational
framework, this is accomplished by considering the site percola-
tion transition on a lattice of the slow domains. The probability
for occurrence of a slow domain is representative of the material
characteristics and the temperature. The probability (temper-
ature) at which there is a site percolation transition is ascribed
as the glass transition temperature. Confined freely suspended
films (repelling surfaces) are represented in this framework by
considering the influence of bounding surfaces that possess lower
probabilities for forming slow domains (representing the surface-
induced enhancement in polymer mobilities). In such cases, the
percolation of slow domains (in the direction parallel to the film)
is expected to occur at a higher probability, representing a
confinement-induced lowering of the Tg. Such a model was used
by Long and Lequex66 to explain the long-range nature of
confinement-induced Tg effects (albeit, see Lipson and Milner67

for some caveats regarding the quantitative nature of such
effects).

In this work, we adapted the above model while incorporating
interfacial zones near one of the confining surfaces (modeling the
brush substrate). The other substrate was modeled similar to
the case of freely suspended film. These interfacial zones were to be
characterized by a length scale parameter Δ representing the
thickness (in lattice units) of the interfacial zone. In addition, the
skin zone was characterized by a parameter δ representing the
(dynamical) strength of the interfacial interactions. Explicitly, the
probability of forming a slow domain in the interfacial zones was
assumed to be enhanced (relative to the bulk) by a factor 1 þ δ.
When this framework was used, the site percolation probability
pc(h) for a two-dimensional lattice was determined as a function of
the confinement thickness (in lattice units) h and the interfacial
zone thickness Δ (as mentioned in the text, we chose to retain δ
fixed at δ= 0.1 in all the results). While the so-determined pc(h)
can be related to the actual Tg pending knowledge of some
phenomenological material parameters,66 such an effort is un-
necessary for the purely illustrative spirit in which we have used
the percolation model. Whence, we ascribe pc(h = ¥) - pc(h)=
Tg(h)- Tg(h= ¥) up to an arbitrary prefactor. These results are
displayed in Figure 7b.
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