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ABSTRACT: We employ a fluorescence bilayer method to
directly measure the glass transition temperature (Tg) of the
irreversibly adsorbed layer of polystyrene (PS) buried in bulk
films as a function of adsorption time, tads. This bilayer
geometry allows for the examination of interfacial effects on Tg
of the adsorbed nanolayer. In the presence of a free surface, we
observe a substantial reduction in Tg from bulk that lessens
with tads as a result of increased chain adsorption at the
substrate. Submerging the adsorbed layer and effectively
removing the free surface results in a suppression of the Tg
deviation at early tads, suggesting chain adsorption dictates Tg
at long tads. Annealing in the bilayer geometry promotes recovery of bulk Tg on a time scale reflecting the degree of adsorption.
Our data are quantitatively rationalized via the free volume holes diffusion model, which explains adsorbed nanolayer Tg in terms
of the diffusion of free volume pockets toward interfacial sinks.

■ INTRODUCTION

Thin polymer films in contact with a substrate serve as the
enabling material for a range of emerging technologies,
including nanoimprint and block copolymer lithography for
microelectronics,1,2 membranes for efficient separations3 and
drug delivery,4 and semiconductors for organic solar cells5 and
electronics.6 In these applications, the polymer thin film is often
prepared by solution casting directly atop the substrate.6 After
initial film formation, often a critical step in production is
thermal annealing the polymer film in the melt state to remove
excess solvent,7 relax residual stresses and thermal history
induced during the casting,8 andin the case of block
copolymer filmsinduce self-assembly.9,10 During prolonged
melt-state annealing, monomer−substrate interactions on the
order of kBT can lead to the formation of an irreversibly
adsorbed (or physically bound) nanolayer.11−13 The long-chain
nature of macromolecules, whereby multiple interaction sites
exist, stabilizes this adsorbed nanolayer against desorption.14,15

Though the nature of polymer adsorption onto surfaces from
solutions has been well-established,16−20 adsorption from the
melt state is still being studied in terms of its mechanism,21−23

structure,24 and influence on thin film properties.12,25,26

Recent work has focused on examining a connection between
the development of irreversibly adsorbed nanolayers during
melt-state annealing and the well-documented significant
deviations from bulk physical properties in ultrathin polymer
films.8,27−34 Several studies have demonstrated a correlation

between the growth of an irreversibly adsorbed nanolayer and
deviations in thin film properties from the bulk, including glass
transition temperature (Tg),

12 viscosity,26 dynamics,24 dewet-
ting, and diffusion.25 Additionally, these adsorbed layers have
been studied in terms of their stability.35 In particular, it was
shown that the Tg in polystyrene thin films could be controlled
solely by adjusting the annealing time and temperature, which
influenced the development of the adsorbed nanolayer.12 The
current understanding of the properties of the irreversibly
adsorbed nanolayer (including Tg) has been obtained by
performing studies on the exposed nanolayer, i.e., after the
removal of unadsorbed polymer and in a capped geometry.12

Unfortunately, experimental challenges have prevented the
analysis of adsorbed nanolayer properties buried within the thin
film, i.e., in situ analysis, and the examination of interfacial
influences. As a result, understanding the critical role that the
formation of adsorbed nanolayers plays in determining the
properties of ultrathin polymer films remains a fundamental
challenge.
To address this challenge, we employed a unique

fluorescence bilayer method to directly measure Tg of the
irreversibly adsorbed polymer nanolayers. This measurement
was achieved by forming an adsorbed nanolayer covalently
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labeled with a fluorescence dye molecule capable of reporting
polymer Tg

36 and incorporating it into a bulk polymer film. The
study was undertaken using polystyrene (PS) as a model
polymer, for which Tg in the thin film geometry has been
thoroughly investigated.8,27,36,37 By performing studies in both
the exposed and buried adsorbed nanolayer geometries, we are
also able to examine the influence of the free surface on the
nanolayer Tg. Our results reveal a suppression of the free
surface influence and increased deviation of Tg in submerged
adsorbed layers with longer annealing. The development of
these trends is attributed to increased chain adsorption at the
substrate interface. Furthermore, bilayer-annealing studies show
a marked increase in the time scale of bulk Tg recovery with
enhanced degree of adsorption. These findings stand to expand
the understanding of how irreversible adsorption contributes to
thin film Tg through in situ experiments and the examination of
interfacial effects. An appreciation for this relationship enables
prediction of the impacts of melt-state annealing on
technologically relevant polymer thin film properties.

■ EXPERIMENTAL SECTION
Polymer Synthesis and Characterization. The fluorescent

probe incorporated into labeled polystyrene, pyrenebutyl methacrylate,
was synthesized via an esterification reaction of methacryloyl chloride
(purchased from Sigma-Aldrich) with 1-pyrenebutanol (Aldrich) in
tetrahydrofuran (THF) (Sigma-Aldrich) and purified by recrystalliza-
tion in ethanol (Fisher Scientific). It was characterized by 1H NMR on
a Bruker Avance III 500 MHz spectrometer. Pyrene-labeled PS (lPS)
(Mw = 155 × 103 g/mol; Mw/Mn = 1.9) was synthesized by bulk free
radical polymerization of styrene (Sigma-Aldrich) with 0.16 mol %
pyrenebutyl methacrylate at 75 °C under nitrogen with benzoyl
peroxide as the initiator. Afterward, the polymer was dissolved in
toluene (Fisher Chemical) and precipitated in methanol (Fisher
Chemical) three times to remove any excess monomer. Molecular
weight and dispersity were measured by size exclusion chromatog-
raphy (SEC) in THF relative to PS standards. The labeling amount
was determined to be 0.2 mol % by absorbance measurements on an
Agilent Technologies Cary 5000 UV−vis−NIR spectrophotometer.
Unlabeled PS (116 × 103 g/mol; Mw/Mn = 1.9) was synthesized and
characterized similarly without the addition of pyrenebutyl meth-
acrylate. Similar synthesis routes were followed to achieve identical
end functionality and comparable dispersity for both polymers. Bulk
Tg for lPS and neat PS were measured to be 106 and 104 °C,
respectively, via differential scanning calorimetry (DSC) on a TA
Instruments Q2000 DSC on second heating at 1 °C/min. These
measurements were in agreement with the bulk Tg of 106 °C
measured by fluorescence.
Irreversibly Adsorbed Nanolayer Preparation. To prepare the

irreversibly adsorbed layer at different stages of development, 200 nm
thick films of lPS and neat PS were spin-coated from a polymer−
toluene solution onto piranha-treated (soaked in a 70:30 solution of
H2SO4 to H2O2, at 90 °C for 1 h) substrates. Films for fluorescence
measurements were spin-coated on silica and films for ellipsometry
measurements were spin-coated on silicon substrates. These films were
then annealed at 150 °C under vacuum for various times tads (0.5−20
h) to promote chain adsorption and the resulting growth of adsorbed
layers. After the annealed films were rapidly cooled to room
temperature, they were rinsed with toluene and soaked in fresh
toluene for 10 min. This rinsing and soaking procedure was repeated
twice more to thoroughly remove any unadsorbed chains, for a total of
three wash cycles. Figure 1 shows that the fluorescence intensity of the
toluene soaking solutions decreases below that of pure toluene after
two soaks, indicating three soaking cycles are sufficient to remove
unadsorbed lPS. In the remainder of the text, adsorbed layers will be
referred to by the initial annealing time required to make them,
adsorption time tads. For example, an adsorbed layer produced after
annealing a 200 nm spin-cast film for 8 h at 150 °C and then washing

it in toluene is an 8 h adsorbed layer. This classification will persist
regardless of further treatment (see bilayer film preparation). These
exposed nanolayers were then dried under vacuum at room
temperature overnight to remove any excess solvent before
fluorescence, thickness, or surface topography measurements.

Bilayer Film Preparation. In order to prepare bilayer films, 400
nm neat PS overlayers were spin-coated from a toluene solution onto
mica and annealed above Tg to remove residual solvent and stresses.
These unlabeled bulk films were then floated onto previously prepared
lPS adsorbed layers in a bath of deionized water. After drying
thoroughly, the stacked films were annealed at 120 °C for 20 min in
order to remove wrinkles induced during floating and create a
consolidated bilayer film. We note that both this consolidation
temperature and annealing time are considerably less than those used
to make the adsorbed nanolayer, thus ensuring minimal modification
of the adsorbed amount during consolidation. We therefore do not
count consolidation steps toward bilayer annealing time. The bilayer
films at this stage are referred to as containing buried, or submerged,
adsorbed layers of tads (shown in Figure 6).

Several of these bilayer films were then later annealed further at 150
°C under vacuum for bilayer annealing time tBann (shown in Figure 7),
where tBann = 0 is the state at which bilayer films are consolidated but
not further annealed. These further annealed bilayer systems are
referred to by both tads and tBann. Hence, a 6 h irreversibly adsorbed

Figure 1. (A) Fluorescence spectra of subsequent soaking solutions for
an 8 h irreversibly adsorbed layer compared to that of toluene. (B)
Integrated fluorescence intensity of soaking solutions for 8 h
irreversibly adsorbed layers. Error bars (smaller than data points)
represent ±1 standard deviation of the integrated fluorescence
intensity of soaking solutions from identically prepared films.
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layer (tads = 6) that has been capped with neat PS, consolidated, and
further annealed for 2 h is a 6 h bilayer system with tBann = 2.
Thickness and Morphology Measurements. Thicknesses of

lPS and neat PS adsorbed layers were determined using a Woollam M-
2000 spectroscopic ellipsometer and fitting with a two-layer model
(native oxide and PS layers). The surface topography of lPS and neat
PS irreversibly adsorbed layers was studied using an Asylum Research
MFP-3D-SA atomic force microscope (AFM) in tapping mode. The
AFM probes were silicon with force constants = 11−54 N/m and
resonance frequencies = 200−400 kHz. All images were taken at room
temperature with 512 × 512 pixel resolution and analyzed using
Gwyddion software.
Glass Transition Temperature Measurement. A Horiba

Scientific Fluorolog-3 spectrofluorometer was employed to measure
Tg of the nanolayers. The lPS adsorbed layers were excited at λ = 340
nm (with 3.8 nm band-pass), and emission spectra were collected from
λ = 350 to 500 nm. The fluorescence emission spectra of lPS adsorbed
layers were obtained upon cooling from 140 to 30 °C in 5 °C
increments after initially holding at 140 °C for 20 min to remove
thermal history. To ensure equilibration and isothermal measure-
ments, films were stabilized for 5 min at each temperature prior to
collecting spectra; this resulted in an effective average cooling rate of 1
°C/min. The integrated spectra were plotted as a function of
temperature, and Tg was identified as the intersection of linear fits to
the rubbery and glassy regimes (R2 > 0.99), i.e., a pseudo-
thermodynamic approach.38−40

■ RESULTS AND ANALYSIS

Growth of Adsorbed Nanolayers. In recognition of
structure−property relationships inherent to adsorbed
layers,12,41 an understanding of their surface topography and
thickness at different stages of development is essential to
relating trends in Tg and interfacial influences to their growth.
As such, we characterized the growth of our adsorbed layers in
context of the literature. Figure 2 shows AFM topological
images of lPS after annealing for different times, tads. In
agreement with prior literature studies, a smooth nanolayer was
observed after a critical adsorption time.11 In line with the work
of Bal et al. on the stability of PS adsorbed layers,35 we observe
that immediately after rinsing, adsorbed layers with tads less than
2 h (corresponding to a thickness of 3.1 ± 0.2 nm) were
unstable and spinodally dewetted, as recognizable by the
characteristic pattern shown in Figure 2. Because of this
dewetting, adsorbed layers formed after less than 2 h of
annealing have an enhanced surface area due to this instability;
the implications of this on Tg will be discussed later.
Adsorbed layer growth has been shown to be dependent on

both polymer molecular weight and annealing temper-
ature.11,12,42 The thickness of the irreversibly adsorbed
nanolayer, hads, for both lPS and neat PS as a function of
adsorption time is shown in Figure 3. Films were annealed on
silicon and thickness measurements were obtained by
ellipsometry. For films annealed less than 2 h, in which
incomplete nanolayers were formed, the average film thickness
was determined by averaging the thickness across the film, to
match average thicknesses reported by ellipsometry. Within
experimental error, the growth rates of the adsorbed nanolayers
for both the labeled and neat PS are identical and follow a trend
consistent with the literaturesmall differences due to their
respective molecular weights are expected.11 The dotted lines in
Figure 3 indicate plateau thicknesses, h∞, for each polymer,
representing average thicknesses of adsorbed layers after
leveling out at tads = 6 h. The Rg of labeled and neat PS used
in this investigation were calculated according to the correlation

reported by Fetters et al. for PS in cyclohexane at 34.5 °C
(theta solvent and temperature):43

Figure 2. 5 × 5 μm AFM surface topography images of lPS irreversibly
adsorbed layers annealed for different times: (A) 0.5 h (5 nm height
scale), (B) 1 h (5 nm scale), (C) 2 h (2 nm height scale), and (D) 4 h
(2 nm height scale). White lines indicate the section of the image
represented by the inset profiles.

Figure 3. Adsorbed layer thickness measured via ellipsometry as a
function of tads for lPS and neat PS on silicon. Thicknesses of lPS
adsorbed layers on silica substrates (green circles) were measured via
AFM. Error bars represent ±1 standard deviation of hads for multiple
samples. Lines show h∞ for each polymer, obtained by averaging
adsorbed layer thicknesses after 6 h of annealing at 150 °C.
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= × −R M2.42 10g
2 0.512

(1)

Using the weight-average molecular weights measured by SEC,
Rg is 11.0 and 9.5 nm for lPS and neat PS, respectively. Dividing
h∞ by Rg for each polymer gives scaling factors of 0.49 ± 0.05
and 0.55 ± 0.03 for lPS and PS, respectively. These scaling
factors are within error of each other and are in agreement with
the scaling relationship h∞ = 0.47Rg reported by Fujii et al. for
PS adsorbed layers on SiOx.

42 These growth profiles are
presented in Figure 3 and confirm that the pyrene molecules
labeled to PS (at less than 0.2 mol %) do not alter its adsorbed
layer growth kinetics or h∞.
We note that also plotted in Figure 3 are hads for select

nanolayers formed on silica in which film thickness was
measured via AFM. The thicknesses of select adsorbed layers
formed on silica were within error of corresponding thicknesses
on silicon, indicating no discernible difference between the
influences of the two substrates on irreversibly adsorbed
nanolayer formation.
Tg of Exposed Adsorbed Layers. Once the growth and

development of these adsorbed layers were characterized, we
exploited the fluorescence of lPS to measure their Tg via
fluorescence spectroscopy.36,44,45 Figure 4A plots the normal-
ized integrated fluorescence intensity as a function of
temperature for an irreversibly adsorbed nanolayer obtained
by washing a 200 nm thick film of lPS previously annealed for
10 h at 150 °C. Linear fits of the fluorescence data at high and
low temperatures (corresponding to rubbery and glassy
regimes, respectively) intersect at 90 °C. This intersection
has been previously shown to be an accurate measurement of
Tg in bulk and confined polymers.36,44,45 Hence, we define Tg
for the 10 h adsorbed nanolayer to be 90 °C. Insets in Figure
4A show the temperature-dependent fluorescence spectra for
this 5.5 nm thick adsorbed nanolayer and structure of the
pyrenebutyl methacrylate label incorporated into lPS.
Using this fluorescence technique, we determined the Tg of

the exposed adsorbed nanolayers as a function of tads. The
results are presented in Figure 4B and are represented by the
blue diamonds. At tads = 1 h, Tg is reduced by 30 ± 4 °C

compared to the bulk. Upon continued annealing up to tads = 6
h, Tg of the adsorbed nanolayer gradually increases to 89 ± 3
°C, a 17 ± 3 °C reduction from bulk Tg. Interestingly, the
magnitude of the Tg deviations reported for the adsorbed
nanolayers are quite different from those of spin-cast films. For
instance, Tg − Tg(bulk) ∼ −30 °C for adsorbed nanolayers
with hads ∼ 1.5 nm and for spin-cast films when film thickness h
∼ 15 nm.36 This difference is even more noteworthy when one
considers that the 1.5 nm thick film is not homogeneous but
textured and, hence, exposed to additional free surfaces which
are considered to be a key requirement to observe a Tg

reduction in confined polymer systems. Hence, the adsorbed
nanolayers have a greater Tg in comparison to spin-cast films of
comparable thickness. We believe this difference is due to the
immobilization of the chains at the substrate from irreversible
adsorption. We note the elevation of Tg for the adsorbed
nanolayers is reminiscent of the rigid amorphous fraction in
semicrystalline polymers that possesses a higher Tg due to chain
immobilization.46,47

Further annealing beyond 6 h results in no change in Tg,
within error. The Tg and thickness of the irreversibly adsorbed
layers show strikingly similar development with tads = 6 h also
being the approximate time at which hads ceased to grow. To
demonstrate the similarity, in Figure 5 we have plotted Tg

against hads. Here, a positive correlation between the two
parameters is observed.
Also plotted in Figure 4B (squares) are the only previous Tg

measurements of irreversibly adsorbed PS nanolayers, reported
by Napolitano and Wübbenhorst.12 Here, PS (M = 97 kg/mol)
adsorbed layers were sandwiched between two aluminum
substrates with no free surface present. The initial reduction in
adsorbed layer Tg was attributed to additional free volume
resulting from packing frustration during low-density chain
adsorption and the increase in Tg of the adsorbed layers upon
annealing to the gradual densification of chains at the
substrate.21 Remarkably, Tg of these capped irreversibly
adsorbed nanolayers completely recovered (and exceeded)
bulk Tg.

12 In our system, Tg(bulk) is never recovereda

Figure 4. (A) Temperature dependence of fluorescence intensity for a 10 h irreversibly adsorbed layer, with solid lines being linear fits to the high
and low temperature data. Lower inset shows temperature dependence of its spectra. Upper inset shows molecular structure of pyrenebutyl
methacrylate monomer copolymerized with styrene at low concentrations in lPS. (B) Exposed adsorbed layer Tg at different tads as measured by
fluorescence (diamonds) and as reported for capped adsorbed layers by Napolitano and Wübbenhorst12 (squares), shifted to match respective
Tg(bulk) values. Error bars on fluorescence data correspond to ±1 standard deviation of Tg for multiple samples. Dashed line illustrates Tg predicted
by FVHD with fitting parameters (Afree/Atotal)max = 0.55 and a = 0.0083 h−1.
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striking difference in behavior that highlights the key role of the
free surface in modifying adsorbed nanolayer Tg. This large
influence of the free surface on confined Tg is consistent with a
multitude of studies reporting negative Tg deviations in the
presence of a free surface.8,27,28 However, similarities in growth
kinetics suggest that free volume also contributes to adsorbed
layer Tg in the presence of a free surface. These comparisons
with supported films and capped adsorbed layers suggest that
the Tg behavior we observe is due to competition between the
influences of chain adsorption and free volume at the substrate
and enhanced mobility at the free interface.
Tg of Buried Adsorbed Nanolayers. To better under-

stand the origins of Tg depression in the exposed adsorbed layer
and remove any competing free surface effects, we focused on
studying buried layer dynamics, i.e., in situ analysis of the
adsorbed layer, by fabricating bilayer films in which only the
adsorbed nanolayer is labeled with the fluorescent dye molecule
capable of reporting Tg; see Experimental Section for the
procedure to make bilayer films. Figure 6 compares the Tg of
the adsorbed nanolayer in the exposed and buried-layer
geometries as a function of tads, where again tads represents
the annealing time directly after spin-casting used to grow the
adsorbed nanolayer. The insets in Figure 6 illustrate the two
different geometries investigated: one of the exposed nanolayer
and the other of the bilayer film consisting of the adsorbed
nanolayer and neat PS overlayer. At shorter tads, there is a
dramatic difference in Tg of the exposed and buried nanolayers.
Placement of the neat PS overlayer atop the adsorbed
nanolayer (to create the bilayer film) resulted in the effective
removal of the free surface and a near complete recovery of
bulk Tg, within experimental error. Therefore, the bilayer
geometry can be considered as effective model for in situ
analysis of the adsorbed nanolayer Tg. In this case, the results
indicate that removal of the free surface leads to recovery of
bulk Tg. We argue that this is due to relatively loose binding of
the adsorbed nanolayer formed at short tads that can be
infiltrated by the overlayer film.
In contrast, placement of the neat PS overlayer atop the

adsorbed nanolayer formed with tads greater than 6 h had a
minor effect on the adsorbed nanolayer Tg. While placement of

the overlayer atop the adsorbed nanolayers formed at larger tads
resulted in the removal of the free surface, we argue that
overlayer could not effectively infiltrate the nanolayer. This is
because nanolayers formed at long annealing times are tightly
bound to the substrate, thus preventing interdiffusion of chains
and interchange of dynamics between the two layers. This
finding also suggests the gradual decrease in the influence of the
free surface on the buried nanolayer Tg with increasing degree
of adsorption. That is, Tg of the adsorbed nanolayer is
unchanged with and without the overlayer film. To the best of
our knowledge, this is the first study to demonstrate this
phenomenon. Since prior work suggested an increase in
adsorption density and decrease in free volume within adsorbed
layers at longer adsorption times,22,41,48 it is reasonable to
deduce that strong chain adsorption likely reduces the influence
of the free surface on nanolayer Tg. Hence, excess free volume
resulting from chain packing frustration within the adsorbed
layer exerts a stronger influence on nanolayer Tg than the free
surface in the long-anneal regime.

Tg as a Function of Annealing Time of Bilayer Films.
We aimed to provide further insight into the Tg of buried
adsorbed nanolayers by systematically annealing the previously
consolidated bilayer films at 150 °C under 10−2 Torr vacuum in
order to promote chain interpenetration and the recovery of
bulk dynamics. Hence, the bilayer films were annealed
isothermally at 150 °C and Tg of the buried adsorbed layer
was measured as a function of bilayer annealing time, tBann.
Figure 7 plots the Tg of the submerged adsorbed layer as a
function of tBann. The adsorbed nanolayer incorporated into
each bilayer film in panels A, B, and C was originally prepared
by 4, 6, and 10 h of respective annealing. Annealing each bilayer
system at 150 °C resulted in an increase in Tg as a function of
tBann. In fact, for each bilayer film bulk Tg of the adsorbed
nanolayer was eventually fully recovered. Strikingly, the critical
bilayer annealing time required for the attainment of bulk Tg,
tBann*, in adsorbed nanolayers was dependent on adsorption

Figure 5. Exposed adsorbed layer Tg (as measured by fluorescence)
plotted against adsorbed layer thickness (as measured by ellipsom-
etry). The dotted line serves as a guide to the eye. Error bars represent
±1 standard deviation in thickness and Tg measurements for multiple
films.

Figure 6. Irreversibly adsorbed layer Tg with and without a free surface
as a function of tads. Error bars represent ±1 standard deviation of Tg
for multiple samples. Insets illustrate exposed and buried adsorbed
layer geometries. Lines show Tg predicted by FVHD for exposed and
submerged adsorbed layers. Predictions for submerged adsorbed layers
shown are with fitting parameter (Afree/Atotal)min = 0.05 and hads as
measured (dash-dotted) and set at 5.4 nm (solid) to account for
swelling.
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time tads (4, 6, and 10 h) in which the adsorbed nanolayer was
formed. To obtain tBann*, we fit each curve in Figure 7A−C to
an exponential function (see Supporting Information). In
Figure 7D, we plot tBann* as a function tads and confirm that
tBann* is strongly influenced by tads, with the 4 h adsorbed layer
requiring the least amount of bilayer annealing to recover bulk
Tg. However, we note that tBann* should not be interpreted as
the time for complete interpenetration of the upper layer within
the adsorbed nanolayer. This is because the apparent diffusion
coefficients, based on the use of tBann*, are of order 10

−10 cm2/s,
as predicted by the scaling argument:

∼
*

D
h

t
ads

2

Bann (2)

These estimated apparent diffusion coefficients are much higher
values than to be expected for the bilayer films.49 Therefore, we
suggest that while chain interdiffusion likely contributes to
recovery of bulk Tg within the adsorbed nanolayers during
bilayer annealing, it cannot be entirely responsible for the
observations presented in Figure 5. Previous studies have
shown that interfacial influences on Tg penetrate length scales
greater than chain interpenetration,50,51 but the apparent

dependence of these interfacial influences on degree of chain
adsorption warrants further explanation.
We performed two sets of experiments in order to verify that

these bilayer annealing experiments did not result in any
adsorption of the bulk overlayer, desorption of the irreversibly
adsorbed underlayer, or chain exchange between the two layers.
To confirm that additional adsorption of the lPS adsorbed layer
or neat PS overlayer was not responsible for observed bulk Tg

recovery, bilayer films were soaked in toluene for 8 h to
thoroughly remove unadsorbed chains and then Tg was
remeasured. As seen in Figure 8, no significant change in Tg

of the adsorbed layers, within error, took place prior to bulk Tg

recovery for the 4 and 6 h bilayer systems. In films annealed
longer than tBann*, increased scatter led to uncertainty in the
accuracy of Tg measurements and prevented confident reports
of Tg. The fact that the increase in Tg toward Tg(bulk)
commences much sooner than tBann* supports the claim that
additional adsorption is not responsible for the gradual recovery
of bulk Tg in these systems. Additionally, the relative availability
of interface at lower adsorption times implies that additional
adsorption or desorption would be more likely at lower tads, in
the 4 and 6 h systems.

Figure 7. Recovery of bulk Tg in (A) 4 h, (B) 6 h, and (C) 10 h irreversibly adsorbed layers when annealed in the bilayer geometry, as measured by
fluorescence. Error bars represent ±1 standard deviation of Tg for multiple samples. (D) Bulk Tg recovery time as a function of tads. Errors are
propagated from exponential fit parameters. Solid lines in panels A−C show Tg predicted by FVHD.
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In order to investigate if chain exchange (desorption of a
labeled chain paired with adsorption of a neat chain) was
occurring during bilayer annealing, we analyzed the fluores-
cence content of the rinsing and soaking solutions to detect
desorption of lPS. Desorption would be indicated by a
fluorescence response of the toluene soaking solutions resulting
from desorbed lPS. Again, more desorption would be expected
in loosely bound adsorbed layers characteristic of low tads.
Therefore, we examined a 2 h bilayer system. Figure 9 shows
overlays of the spectra of toluene soaking solutions after
soaking the bilayer films for 8 h to remove the bulk overlayer.
Minimal change in the fluorescence response is detected, with
no trends present. One would expect a higher fluorescence
response to correlate with longer tBann in the presence of chain
exchange. Minimal fluorescence response and lack of trends
combine to indicate a lack of chain exchange or lPS desorption.
Interpretation by Free Volume Holes Diffusion Model.

Deviations in Tg of irreversibly adsorbed layers from bulk have
been attributed to the presence of excess free volume and its
gradual displacement at longer tads due to an increased degree
of chain adsorption at the substrate. The amount of free volume

at the substrate interface has been quantified in capped
adsorbed layers using the free volume holes diffusion (FVHD)
model, which defines a relationship between the diffusion of
free volume out of a film and the Tg:

48,52

= −⎛
⎝⎜

⎞
⎠⎟

h
D T q

2
2 ( )eff

2

g
1

(3)

where, for our system, heff is an effective length scale of the
adsorbed layers, D(Tg) is the diffusion coefficient of free
volume holes at adsorbed layer Tg, and q is the experimental
cooling rate. Comparing our Tg data at long adsorption times
(tads > 6 h) to the diffusion coefficient of free volume holes in a
bulk PS matrix48,52 reveals D(Tg)ads ≈ D(Tg)bulk/350: a 2 order
of magnitude difference, consistent with the literature.53 Details
on FVHD calculations are outlined in the Supporting
Information. The model allows us to predict how Tg changes
with tads, employing the relationship between the diffusion of
free volume holes within adsorbed layers and the amount of
“free interface” (free volume present at the free surface and
substrate interface), Afree, available as a sink for said holes
(which is related to heff). Incorporating a linear decrease in the
fractional free interface with adsorption time, as consistent with
previous studies,41 we are able to describe its progression using
the equation

= −
⎛
⎝⎜

⎞
⎠⎟

A
A

A
A

atfree

total

free

total max
ann

(4)

where Afree/Atotal is the fractional free interface, a (≈0.01 h−1) is
the rate of free interface filling, and (Afree/Atotal)max is the
maximum amount of free interfaceachieved at tads = 0. We
then evaluated eqs 3 and 4 using measured hads and optimizing
fitting parameters to obtain Tg values. Figure 4 shows Tg
predicted by FVHD overlaying experimental Tg. Close
agreement of the data suggests that the reduced ability of
free volume to diffuse to sinks at the substrate and free surface
with tads is a plausible explanation of our observations. It is
worth remarking that applying the FVHD model requires
adjusting the parameter (Afree/Atotal)max, which gives (Afree/

Figure 8. Change in irreversibly adsorbed layer Tg after conducting
bilayer annealing experiments and rewashing to remove the bulk
overlayer (postwash Tg) from initial exposed irreversibly adsorbed
layer Tg (original Tg) for (A) 4 h and (B) 6 h irreversibly adsorbed
layers as a function of bilayer annealing time (tBann). Shaded areas
indicate when Tg(bulk) is recovered for each system (tBann*), reported
as the lower error limit in Figure 7. Error bars represent ±1 standard
deviation of postwash Tg minus original Tg from multiple samples with
the same annealing conditions.

Figure 9. Fluorescence spectra for the toluene soaking solutions used
to remove neat PS overlayers as a function of bilayer annealing time
for a 2 h irreversibly adsorbed bilayer system. The spectrum for a
toluene blank is shown in red.
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Atotal)max = 0.55 for exposed adsorbed layers. Given the
boundary condition (Afree/Atotal) = 0.5 at long adsorption
time, it is therefore worth pointing out that at tads = 0 the
substrate interface provides a source of free volume that is
about one-tenth as strong as that being provided by the free
surface. This result is in the same order as that found in ref 48,
where the FVHD was applied to Tg depression data of Al-
capped PS films.
Following similar logic, the FVHD model was used to

describe both removing the free surface (Figure 6) and bilayer
annealing experiments (Figure 7). Figure 6 shows that the
FVHD model is not consistent with measured Tg of submerged
adsorbed layers when using heff derived from measured values
of hads, likely due to swelling of the submerged adsorbed layers
resulting from interpenetration of the two layers. In order to
account for this swelling, hads was fixed at the average plateau
thickness (5.4 nm), thereby representing a decrease in the
amount of swelling to zero at tads = 6 h, when no
interpenetration is expected. This modification, also pictured
in Figure 6, results in much better agreement between the
model and experimental Tg. The FVHD fits to Figure 7 reflect
the recovery of bulk Tg with bilayer annealing. Curves in the fits
approaching tBann* result from the combination of VFT and
Arrhenius components to D(T) in the model.43,47 At tBann* the
fit is truncated due to diverging heff when (Afree/Atotal)
approaches zero (see Supporting Information). Despite
qualitative agreement between FVHD predictions and exper-
imental data, differences in the approach to Tg(bulk) indicate
additional levels of complexity in the system. For one, the
FVHD model assumes that Dads(Tg) is consistent for all degrees
of chain adsorption and is independent of the molecular weight
of the polymer matrix. Additionally, in the Tg(bulk) recovery
experiments it is likely that some degree of chain interdiffusion,
suggested by the swelling of the submerged adsorbed layer
predicted by FVHD (Figure 6), also contributes to the rate of
recovery.

■ CONCLUSIONS

We have examined the glassy dynamics of the buried
irreversibly adsorbed nanolayer within PS thin films by
selectively labeling adsorbed layers at different stages of
development within bilayer films and employing fluorescence
to measure their Tg. Our approach allowed us to report the first
investigation of the influence of a free surface on adsorbed layer
Tg. Through this study, we were able to observe the
competition of interfaces and how the free surface largely
influences adsorbed layer Tg at short tads, but its influence is
diminished with increased degree of adsorption at longer tads.
Further examination of bulk Tg recovery through bilayer
annealing experiments indicates that an increased degree of
chain adsorption extends the time for bulk Tg recovery. Our
investigation of the influence of interfaces and free volume
diffusion on irreversibly adsorbed layer Tg serves as a
foundation to further the understanding of the interplay
between processing, structure, and dynamics in polymers
confined to the nanoscale.
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