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Surface wrinkling was used to determine the elastic modulus at ambient temperature of polystyrene (PS)
films of varying thickness and relative molecular mass (Mn). A range of Mn from 1.2 kg/mol to 990 kg/mol
was examined to determine if the molecular size impacts the mechanical properties at the nanoscale.
Ultrathin films exhibited a decrease in modulus for all molecular masses studied here compared to the
bulk value. For Mn > 3.2 kg/mol, the fractional change in modulus was statistically independent of
molecular mass and the modulus began to deviate from the bulk as the thickness is decreased below
z50 nm. An order of magnitude decrease in the elastic modulus was found when the film thickness was
z15 nm, irrespective of Mn. However, an increase in the length scale for nanoconfinement was observed
as the molecular mass was decreased below this threshold. The modulus of thin PS films with
a molecular mass of 1.2 kg/mol deviated from bulk behavior when the film thickness was decreased
below z100 nm. This result illustrates that the modulus of thin PS films does not scale with molecular
size. Rather, the quench depth into the glass appears to correlate well with the length scale at which the
modulus of the films deviates from the bulk, in agreement with molecular simulations from de Pablo and
coworkers [31] and recent experimental work [35].

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The influence of confinement of polymer chains to length scales
approaching their intrinsic dimensions has fascinated scientists for
decades [1]. In particular, the glass transition temperature (Tg) of
ultrathin polymers has been studied extensively [2,3]. The relative
ease of these measurements coupled with the strong correlation of
Tg on other properties of polymeric materials such as elastic
modulus, loss modulus, and the coefficient of thermal expansion
[4] has provided a wealth of information regarding the physical
properties of thin polymer films. In particular, polystyrene (PS) has
become a model system for thin film measurements [5e7], but
even for this system, there are inconsistent results regarding the
direction of deviations [8,9] in Tg of thin PS films and the influence
of molecular mass [10,11]. Thus for predicting mechanical stability
of polymeric nanostructures, more direct measurements of the
mechanical properties such as Young’s modulus is desired for
polymers when confined to nanometer dimensions, as the rela-
tionship between mechanical properties and Tg at the nanoscale is
unclear.
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Additionally, the physical origins of the deviations in properties
of thin polymer films are still being debated. Two potential origins
have been discussed based upon (1) the confinement of the poly-
mer chains [1,12] and (2) increased contributions from interfacial
effects as the film thickness is decreased [5] (increased surface area
to volume ratio). Typically the characteristic size used is the radius
of gyration, Rg. At film thicknesses of several Rg, deviations in the
physical properties of the polymer relative to the bulk are generally
observed for a host of different properties [13e15]. Thus, molecular
mass would be expected to significantly influence the behavior of
thin films [12]. However, there exists growing evidence that Tg is
independent of molecular mass in thin films [10,16]. Rather, the
influence of substrateepolymer interactions [17,18] as well as
polymer-free surface interactions [19,20] have been suggested to
cause the observed changes in Tg of thin polymer films. For
example, free standing PS films show a further reduction in Tg by
approximately 20 �C compared to analogous PS films supported on
siliconwafers [8,21]. Additionally, theory [21] and experiments [19]
have illustrated a gradient in Tg that extends from the free surface.
The relaxation of surface topography below bulk Tg also illustrates
the enhancedmobility at the free surface of polymers [22,23]. Using
random first order transition theory, Stevenson and Wolynes have
shown that dynamics near the surface of glasses is much faster than
in the bulk [24]. However, the mechanical properties of PS thin
films have been probed with contradictory results. In one case,
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Table 1
Physical characteristics of PS utilized in this study.

Mn (kg/mol) Mw/Mn Tg,bulk (�C) Ebulk (GPa)

990 1.05 106.3 � 2.0 3.81 � 0.22
492 1.03 106.1 � 2.5 3.92 � 0.27
9.4 1.06 94.1 � 2.3 3.90 � 0.21
3.2 1.05 76.1 � 2.2 3.44 � 0.21
2.3 1.05 62.3 � 1.5 3.37 � 0.26
1.3 1.13 29.9 � 3.1 1.76 � 0.24
1.2 1.13 21.3 � 3.2 1.30 � 0.17
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a 200% increase in the surface stiffness occurs within 200 nm of the
surface of PS as probed by nanoindentation [25]. This increased
modulus is attributed to polymer densification imposed by the
interfacial region between the indentation probe and the polymer
surface [25]. Conversely by using an atomic forcemicroscopy (AFM)
to control the indentation depth, the top 5e7 nm of PS films has
been shown to have a significantly reduced elastic modulus [26,27].
Alternatively, no apparent change in stiffness of PS for films as thin
as 29 nm was observed using Brillouin light scattering (BLS),
despite the large depression in Tg (60 �C) from bulk [28]. Using
wrinkling, the elastic modulus of high molecular mass PS films was
found to be depressed in thin films less than z40 nm thick [29].
Simulations by de Pablo and coworkers suggest the existence of
a surface layer at the airepolymer interface that leads to a reduc-
tion of mechanical properties that is dependent on the quench
depth (T � Tg,bulk) [30,31].

These experimental and simulation results call into question
some of the common assumptions regarding the relationship
between thin film Tg and mechanical properties [32,33]. Moreover,
McKenna and coworkers have demonstrated that the rheological
properties of thin polymer films can change in comparison to the
bulk even in the absence of any change in the Tg of thin films [34].
Similarly, we have recently reported that the elastic modulus of
poly(n-propyl methacrylate) thin films decreases at length scales
where no change in Tg is observed [35]. These results suggest that
changes in polymer Tg due to confinement is not necessarily
directly correlated with the moduli of polymer thin films.

In this article, the influence of molecular mass on the moduli of
polystyrene thin films is examined using a wrinkling based
metrology, which has been demonstrated for film thicknesses
down to 5 nm [35,36]. This metrology takes advantage of
a phenomenon known as Euler-type wrinkling instability, which
occurs upon compression of a soft substrate with an integrated stiff
polymer film. Due to a minimization of the total strain energy, the
resulting surface is comprised of sinusoidal undulations having
a dominant wavelength, l. When the substrate is much thicker than
the film (semi-infinite) and the modulus of the film is much greater
than the modulus of the substrate, the wavelength remains inde-
pendent of strain as long as the substrate is linear elastic [37]. This
strain invariance of l results in a simple route to deduce the thin
film modulus, Ef , if the modulus of the substrate, Es, and the film
thickness, hf, are known. The relationship between the film
modulus and the wrinkling wavelength is given by

Ef ¼ 3Es

 
l

2phf

!3

(1)

Previous studies for two highmolecular mass (Mn> 100 kg/mol) PS
films have showed that the thin films’ moduli are not strongly
dependentuponmolecularmass.However, understanding if there is
any dependence of the modulus on Mn for thin films is important
from both a fundamental and practical prospective. For example,
lowMn polystyrene nanostructures are typically formed using block
copolymer lithography [38,39]; their mechanical properties are
important to the ultimate stability of the nanostructures. To address
this issue, a wide range of PS molecular mass from 1.2 kg/mol to
990 kg/mol is examined to determine howmolecular mass impacts
the elastic modulus of thin polymer films.We demonstrate that low
molecular mass films exhibit a decrease in modulus at larger film
thickness, which scales with quench depth into the bulk glass.

2. Experimental

Note that certain commercial equipment, instruments, or
materials are identified in this document. Such identification does
not imply recommendation or endorsement by the National Insti-
tute of Standards and Technology (NIST), nor does it imply that the
products identified are necessarily the best available for this
purpose. PS with varying molecular mass was purchased from
Polymer Laboratories. The physical characteristics of these poly-
mers are listed in Table 1. The PS used in this study is synthesized
with butyllithium initiator and are methyl terminated. The
molecular mass of the PS samples were independently measured
by gel permeation chromatography (GPC) using a Waters Breeze 2
equipped with a Waters 1515 high-performance liquid chroma-
tography pump and a Waters 2414 refractive index detector. Two
size exclusion chromatography columns (Waters HT2 and HT6E)
with tetrahydrofuran as the mobile phase were used at a flow rate
of 1 mL/min to separate, identify, and quantify samples. Samples
were prepared at 2 mg/mL for GPC characterization. Data pro-
cessing was conducted using the GPC Isocratic Technique in the
Breeze software. A 3rd order calibration was conducted using
Polymer Labs Easical PS2B as the calibrant. The glass transition
temperature of each PS was measured using differential scanning
calorimetry (DSC), which was performed on a TA Instruments
Q1000 heat flux DSC under a dry nitrogen purge (50.0 mL/min). All
runs were performed at heating and cooling rates of 10 �C/min in
T4P mode, and temperature calibration for heating runs was ach-
ieved using an indium standard at the same heating rate. Silicon
wafers (450 mm thick) were used as substrates after being cut into
2.5 cm � 1 cm pieces and cleaned with ultraviolet/ozone (model
342, Jelight, Inc.). Dilute polymer solutions were spin-cast from
toluene onto the wafers to create thin films of uniform thickness.
Film thickness was controlled by PS concentration (0.2e2% bymass
PS) and spin speed (150 rad/s to 265 rad/s). The thickness of the
polymer film was determined using a Variable Angle Spectroscopic
Ellipsometer (VASE, J.A. Woollam Co., Inc.) over a wavelength range
from 250 nm to 1700 nm at three incident angles, 67�, 70�, and 73�.
The datawere fit using a Cauchy layer to represent optical constants
of the polymer.

Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) was
prepared at a ratio of 20:1 by mass of base to curing agent and cast
on float glass to a thickness of approximately 1.5 mm. The PDMS
was allowed to gel at room temperature for 3 h before curing at
100 �C for 2 h. After cooling the PDMS sheet was cut into
2.5 cm � 7.5 cm � 1.5 mm slabs. The modulus of the bulk PDMS
sheets was determined using a tensile test (Instron) at a cross head
speed of 0.01 mm/s along the long dimension. The PDMS was pre-
strained to 3% on a custom stage [40]. The polymer film supported
on the silicon wafer was placed in contact with the strained PDMS,
and then immersed in water. Due to differential adhesion in water,
the polymer film was transferred from the wafer onto the PDMS.
The sample was allowed to dry under vacuum at 10 �C below its
bulk Tg to prevent thermal wrinkling. The film thickness of some
samples was then re-measured with VASE. No statistical difference
in film thickness was observed after transfer. The pre-strain on the
PDMS was released at a rate of 0.1 mm/s. All samples were released
at ambient temperature (T ¼ 21 �C � 2 �C). To minimize the
compressive strain which is greater than the critical strain [29], the



Fig. 1. Optical micrographs of wrinkled 990 kg/mol PS films that are (a) 48 nm, (b) 62 nm, (c) 81 nm, and (d) 101 nm thick. The wavelength of the wrinkles increases as the film
thickness is increased.
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film undergoes periodic wrinkling. It is important to note that any
excess strain results only in an increase in the amplitude of the
wrinkles without changing the wavelength as long as the film and
substrate remain linear elastic. Furthermore, analytical expressions
for the stress field and finite element analysis indicate that the
modulus of the PDMS substrate is probed at depths of approxi-
mately several wavelengths. Since the wavelength is greater than
500 nm for the thinnest polymer films examined here, the inter-
facial mechanical properties of the PDMS should not impact the
measurement, as this interfacial modulus will be averaged with the
first micrometers of the bulk PDMS. For additional information
regarding the relative length scales probed by the wrinkles, see
supporting information in Ref. [35].

Thewrinkled surfaces were characterized using AFM and optical
microscopy. AFM micrographs were acquired at ambient temper-
ature on an Agilent Technologies 5500 system in tapping mode
using Pico Plus 1.0 software at constant scan size of 7.5 mm� 7.5 mm
and scan speed of 1 line/s. Optical micrographs were acquired on
a Mititoyo Ultraplan FS-110 with an image resolution of 768 pix-
els � 1024 pixels. The wrinkling wavelength was determined using
1-D fast Fourier transforms (FFT) of the micrographs.
3. Results

Fig. 1 shows optical micrographs of wrinkled 990 kg/mol PS
films for a series of different film thicknesses. As the film thickness
is decreased from 101 nm to 48 nm, the equilibrium wavelength
decreases from8.2 mm� 0.41 mm to 3.4 mm� 0.12 mm, respectively1.
1 The data throughout the manuscript and the figures are presented along with
the standard uncertainty (�) involved in the measurement based on one standard
deviation.
As expected from wrinkling mechanics (Eq. (1)), the wavelength
depends linearly on the film thickness. For thinner films, the
wrinkles cannot be resolved with optical microscopy and instead
AFM is utilized. As shown in Fig. 2, the equilibrium wavelength for
a 25 nm film of the 990 kg/mol PS decreases to 1.28 mm � 0.31 mm.
However, this reduction in wavelength is greater than expected
unless there is also a decrease in the modulus of the film. By
examining the thickness dependence of the wavelength, a more
comprehensive picture of how the moduli of the PS films vary with
thickness can be constructed. Fig. 3 illustrates how the wrinkle
wavelength, l, depends upon the film thickness, hf, for a series of
different molecular mass PS films where the substrate modulus, Es,
is nominally constant. The wavelength shows a linear dependence
upon the film thickness for all molecular masses examined, but the
slope of the data begins to decrease slightly when the molecular
mass is decreased below 3.2 kg/mol. The slope changes from
77.6 mm/nm for Mn > 3.2 kg/mol PS to 70 mm/nm for 1.3 kg/mol PS
to 65 mm/nm for 1.2 kg/mol PS. This change in slope corresponds to
a decrease in the bulk modulus of the films. This slope only directly
correlates to the elastic modulus of the film if the PDMS modulus is
constant and the film modulus does not vary significantly with film
thickness. Note that Tg of PS also decreases precipitously in this
molecular mass region (Table 1). It should be noted that the
modulus of PS might be expected to decrease at much higher
molecular mass (entanglement Mn) based upon bulk rheological
properties of PS melts. However in this case, the elastic moduli of
the PS glass are probed with small strain deformations. Only short
length scales are probed with this measurement; for entangle-
ments to become important larger deformations are necessary in
glassy films. The length scales probed and underlying polymer
physics involved in determining the elastic modulus of these glassy
PS films using wrinkling differs substantially from measurements
of PS film viscoelasticity [41] determined by dewetting kinetics. In



Table 2
Bilayer model fit for different molecular mass PS films with comparison of the
thickness of surface layer from the bilayer model (model) and the linear extrapo-
lation (linear) to zero wavelength.

Mn (kg/mol) Ef (GPa) E
*
f (GPa) h* (nm) (model) h* (nm) (linear)

990 3.81 � 0.22 0.171 � 0.037 5.4 � 1 5.5 � 0.5
492 3.92 � 0.27 0.139 � 0.045 5.6 � 1.2 5.7 � 0.5
9.4 3.90 � 0.21 0.095 � 0.079 5.9 � 1.6 5.9 � 0.3
3.2 3.44 � 0.21 0.086 � 0.046 7.0 � 1.9 6.0 � 0.7
2.3 3.37 � 0.26 0.052 � 0.014 10.3 � 1.9 10.1 � 0.1
1.3 1.76 � 0.10 0.046 � 0.010 27.5 � 1.6 18.2 � 0.1
1.2 1.30 � 0.17 0.026 � 0.003 59.1 � 2.5 37.3 � 0.2

Fig. 2. AFM images of wrinkled films of 25 nm thick 990 kg/mol PS film. Scan size is
7.5 mm � 7.5 mm and the height scale of the micrograph is 50 nm as shown.
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this later experiment, large scale chain motion is required and thus
themeasurement is sensitive to entanglements as well as the stress
state in the film. One advantage of the wrinkling method is that
residual stress only impact the amplitude of the wrinkles, not the
wavelength [42]. Additionally, the wavelength of the wrinkles is
stable over at least the timeframe of weeks as long as bulk Tg is not
exceeded. As the modulus of the film can be directly elucidated
from the wavelength, residual stress and the non-equilibrium state
of the spin coated film do not impact the measurement. Previous
studies have shown that annealing PS films above Tg does not
impact the thin film modulus determined fromwrinkling [36]. This
lack of sensitivity to thermal history is not entirely unexpected as
the elastic modulus of PMMA deep in the glass is unchanged by
annealing [43].

Another feature of the data in Fig. 3 is that the extrapolated
wavelength does not extend through the origin as would be
expected for films with a constant Ef and the intercept of the linear
fit shifts to larger thickness as Mn is decreased below 3.2 kg/mol.
Taking a cue from thin film Tg studies [8,17,19,21], this deviation in
the extrapolated wavelength is likely due to interfacial effects
arising from the free surface and/or the polymeresubstrate inter-
action that lead to a reduced modulus. A trilayer model consisting
of a surface layer, middle ‘bulk-like’ layer, and a substrate interface
layer has been successfully applied to understand the thin film Tg
behavior of polymer thin films [5] and a similar approach can likely
be applied to thin film moduli. However for Tg of PS thin films
supported on silicon oxide, selective fluorescence labeling has
Fig. 3. Wrinkle wavelength dependence on film thickness for (C) 990 kg/mol, 492 kg/
mol, 9.4 kg/mol, 3.2 kg/mol (-) 1.3 kg/mol, and (:) 1.2 kg/mol PS. The extrapolated
wavelengths intersect at thicknesses that are generally representative of surface layer
of reduced modulus. The dashed lines are linear fits to the data, and the error bars
represent one standard deviation of the data, which is taken as the experimental
uncertainty of the measurement. (Inset) The wavelength data for the 1.2 kg/mol PS
films can be fit by the bilayer model with the parameters shown in Table 2.
indicted that there is no change in Tg at the substrate interface and
the free surface dominates the reduction in thin film Tg. In this case,
a two-layermodel consisting of bulk-like polymerwith a reduced Tg
surface layer is sufficient. As the interaction between most poly-
mers and PDMS is non-attractive similar to PS and silicon oxide, the
non-zero intercept has been typically attributed to a free surface
layer having a reduced modulus [35,36,44]. From the linear fits of
the data, the thickness of this apparent free surface layer, h*,
increases with decreasing molecular mass, from approximately
5 nm for 990 kg/mol PS to nearly 35 nm for the 1.2 kg/mol PS films
as listed in Table 2. h* is obtained from extrapolation of the data to
zero l. It is possible that the PS modulus near the PDMS is also
reduced as the interaction between PS and PDMS is moderately
unfavorable. In this case, h* would represent the aggregate of the
thickness of the surface and interfacial layers with reduced moduli.
h* is significantly larger than the free surface layer that has been
reported for any other polymer in the literature [35,36]. A null
wavelength does not mean that the modulus of this surface layer is
zero, but rather that the critical strain (which depends upon the
ratio of the film to PDMS modulus) has not been exceeded [29]. As
the bulk Tg of the polymer is decreased (due to the decrease inMn),
h* increases for a fixed measurement temperature, in this case
21 �C� 2 �C. The increase in the length scale at which a deviation in
modulus occurs with decreasing quench depth agrees with
predictions from de Pablo and coworkers [30,31]. The length scale
for the deviation in bulk modulus actually increases as Rg
decreases; this result strongly suggests that the change in
mechanical properties of thin polymer films is due to increased
interfacial (free surface) effects, rather than being an intrinsic effect
from confinement of the polymer chains.

Using Eq. (1), the wavelength data can be used to quantify the
modulus of the PS thin films as shown in Fig. 4. The data in Fig. 4
show a similar pattern for each molecular mass PS. For thicker
films, the modulus is essentially independent of thickness.
However once a critical film thickness is reached, the modulus
decreases significantly from the bulk value. From Eq. (1), it is also
possible to interpret this change in wavelength as a result of
changes in the elastic properties of the PDMS. However, the probe
depth into the PDMS during the surface wrinkling is a multiple of l;
thus, the top micron of the PDMS must behave significantly stiffer
(order of magnitude) than the bulk in order to account for the
observed wrinkle wavelength if the modulus of the PS is unaffected
by film thickness. However, nanoindentation measurements of
PDMS yield moduli similar to those obtained by DMA and show no
indications of a stiff surface layer [45]. Furthermore, the base to
cure ratio in the PDMS has been varied from 10:1 to 20:1 and the
calculated moduli of the PS films is independent of the cure ratio. It
is highly unlikely that the surface modulus of PDMS is independent
of base to cure ratio; moreover, the film thickness at which devia-
tions in the wavelength occur is dependent upon the polymer as
shown in Fig. 4. These results indicate that the surface properties of
PDMS are not responsible for the deviations in the wrinkle



Fig. 4. Film thickness dependence of the modulus of PS thin films for molecular
masses of (a) 990 kg/mol (C, red), 9.4 kg/mol (-, blue), and 3.2 kg/mol (A, green), (b)
2.3 kg/mol, (c) 1.3 kg/mol, and (d) 1.2 kg/mol. The inset in (a) illustrates the collapse of
the reduced elastic modulus for a wide range of molecular masses down to 3.2 kg/mol.
The solid lines are bilayer model fits to the data. The error bars represent one standard
deviation of the data, which is taken as the experimental uncertainty of the
measurement. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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wavelength observed here, instead we attribute the variable
mechanical properties to film thickness dependent elastic proper-
ties of PS.

For PS films with Mn > 3.2 kg/mol, the reduced modulus
ðEs=Ef ; bulkÞ as a function of film thickness collapses onto a single
l ¼ 2phf
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curve, as shown in the inset to Fig. 4a. The thickness at which this
observed deviation in elastic modulus occurs is z50 nm, which is
consistent with prior reports for high molecular mass PS [36].
Additionally, simulations suggest a length scale of z40 nm for
deviations in mechanical properties when the polymer is quenched
deep into the glass [30,31]. ForMn of 3.2 kg/mol and 2.3 kg/mol, the
thick film (“bulk”) modulus is reduced relative to the higher Mn PS
films by approximately 10%. The thickness at which the deviation
from bulk behavior is observed is not greatly affected and still
occurs atz50 nm. However, a further decrease inMn to 1.3 kg/mol
results in a significant decrease in the bulk modulus as well as
a shift in the critical thickness to nearly 70 nm. In this case, the
quench depth into the bulk glass is less than 10 �C. Simulations have
suggested that near bulk Tg the mechanical properties of polymer
thin films will begin to deviate from the bulk at approximately
80 nm [30,31]. The experimental results reported here are in good
agreement with those simulations. Interestingly, when the quench
depth into the glass is z1 �C (i.e., 1.2 kg/mol PS) the polymer films
begin to exhibit deviations from bulk modulus values at approxi-
mately 100 nm. This length scale is extremely large for observing
nanoconfinement effects, although even longer length scales for Tg
deviations have been reported [10]. It is important to notewhen the
temperature is increased above Tg for this low Mn PS the wrinkles
begin to disappear, but without any change in wrinkle wavelength.
Further, the wrinkle wavelength is found to be stable over the
course of days (as long as T < Tg). Irrespective, it is compelling that
deviation in modulus at long length scales occurs for such a small
Mn PS. Thus, it appears that the quench depth into the bulk glass (Tg,
bulk � T) is a key parameter for determining the elastic moduli
behavior of thin glassy films.

To better assess the surface layer effect, a bilayer model has been
proposed and used in the past [44]. In this model, the polymer film
consists of two distinct layers: a surface layer of thickness h* and
elastic modulus E

*
f , and the remainder of the film of thickness hf

� h* and bulk elastic modulus Ef ; this model is used to extract the
relative size of a soft surface layer based upon the average film
modulus that can be directly assessed by application of mechanics
(Eq. (1)) to the wavelength data (Fig. 3). The moduli reported in
Fig. 3 are not dependent upon this bilayer model, but this model
can provide an estimate for the thickness of the soft surface of PS
that has been predicted [30,31] and observed experimentally
[5,17,19,22,23,27]. Additionally, h* is assumed to be a material
property and independent of hf. One potential shortcoming of this
model is that it neglects the polymeresubstrate interaction, which
can be dominant for thin film Tg in the case of attractive surfaces [2].
For this bilayer model, the film elastic modulus is then a function of
both the bulk Ef and the surface elastic modulus ðE*f Þ (both are
material properties and independent of film thickness) as [44]:

Ef ; Stretching ¼ Ef
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This bilayer simplification provides a model with a minimal
number of fitting parameters, where the thickness of the free
surface layer, h*, the bulk modulus, Ef , and the reduced modulus of
the free surface, E

*
f , are fit using Eq. (3) which accounts for both

stretching and bending modulus.
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It should be noted that there is likely a distribution of moduli
through the film thickness, similar to the distribution of Tgs
observed in thin films [19]. However, this bilayer model has been
shown to fit the experimentally obtained elastic moduli of thin
films of high molecular mass polystyrene and poly(methyl meth-
acrylate) [36] and as such has been applied here to provide an
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estimate of the surface effect as a function of molecular mass. The
fits to the bilayer model are shown by the dashed lines in Fig. 4.
Table 2 lists the thickness of the free surface layer as well as the
apparent modulus of both the free surface layer and the bulk layer
as a function of molecular mass that is obtained from the fits. The
free surface layer maintains a near constant thickness of approxi-
mately 5.7 nm and plane-strain modulus of z0.1 GPa for >3.2 kg/
mol PS. As the molecular mass decreases below 3 kg/mol, the free
surface layer thickness (h*) increases significantly. For high
molecular masses, the h* from the bilayer fits corresponds well
with the h* (intercept) obtained from linear fits of the wavelength
data, as shown in Table 2. However, the dependence of h* on
wavelength is non-linear [44]. While the curvature is small, this
leads to underestimation of the thickness of the soft surface layer.
As the thickness of the layer increases, the disagreement with the
extrapolated estimate increases. For example, there is disagree-
ment in h* for Mn ¼ 1.2 kg/mol between the two methods, with h*

from the fit and the extrapolation differing by a factor of 2 with
a smaller value from the extrapolation. The linear extrapolation is
only an approximation, but it provides an accurate estimate at
h* < 15 nm as shown previously [29,35]. The solid line in the inset
of Fig. 3 illustrates the excellent fit of the wavelength data by the
bilayer model using h* ¼ 59.1 nm. Due to the potential inaccuracies
associated with the extrapolated thickness for large h*, the surface
layer thickness obtained from the bilayer fit will be utilized for
additional analyses as it provides a better physical model for the
changes inwavelength. In addition to the changes in h*withMn, the
critical thickness where deviations in modulus from the bulk value
occur increases to larger thickness.

The increase in critical thickness with decreasing Mn for the low
molecularmass PS suggest the quench depth (T� Tg,bulk), rather than
finite chain confinement based upon molecular size, is a key
parameter in determining the mechanical behavior of polymer thin
films. Fig. 5 illustrates the dependencyof quenchdepth on the length
scaleswheredeviations in the elasticmodulusof thin PSfilms occurs,
as revealed by h*determined from the bilayerfit. For comparison, the
dependence of h* on quench depth for a series of poly(n-alkyl
methacrylate)s reported previously [35] are also included in Fig. 5.
Interestingly, these data quantitatively agree with PS here. The
interactions between PDMS and these polymers are not identical, so
Fig. 5. Free surface layer thickness as determined from the bilayer model is strongly
correlated with quench depth into the glass for (C) PS and (-) poly(n-alkyl meth-
acrylate)s. The data for the polymethacrylates are taken from [35]. The dashed lines are
exponential and linear (inset) fits of the data, and the error bars represent one stan-
dard deviation of the data, which is taken as the experimental uncertainty of the
measurement.
it is unlikely that the PDMSepolymer interface significantly impacts
the thin film moduli for these polymer films based upon the agree-
ment in h* shown in Fig. 5. Thus, we have utilized the simple bilayer
model in the analysis of the moduli data. At relatively large quench
depths for thePS, the surface layer thickness is essentially constant at
approximately 5 nm. This result suggests that there is a nearly
constant thickness soft surface layer for high Mn PS films. This
thickness is consistent with prior reports in the literature regarding
a soft surface layer that is approximately 5 nm thick [46e48]. AsMn
and Tg,bulk decrease, the thickness of the surface layer increases
dramatically.h* appears to divergenear Tg. AtTg, itwould beexpected
that the entire film irrespective of thickness would have a low
modulus,whichwouldbesimilar to thebulkmodulusof therubber. It
should be noted that Tg is rate dependent and thus the Tg determined
byDSCandthe Tgof thepolymer in regards towrinkle formation (rate
of strain release) may be slightly different. As shown in Fig. 5, h*

increases rapidly as Tg (DSC) is approached. This dependency of the
apparent surface layer thickness, as determined from our modulus
measurements, on the proximity of the bulk Tg may lend insight into
glass formation in polymers where the near surface remains more
mobile (lowermodulus) than thebulk. The expansionof the rubbery-
like surface layer as the bulk Tg is approached is reminiscent of the
growth of the liquid phase from the free interface into glassy tris-
naphthylbenzene [49]. The surface layer dependence on quench
depth can be fit equally well by an exponential and inverse (inset)
relationship as shown in Fig. 5. Simulations have suggested that fast
segmentalmotions [50e52]near the free surface initiate cooperative
motion of many segments and results in an enhanced polymer
mobility [53] that leads to a decrease in modulus [30,31]. However,
additional theoretical work on the relationship between quench
depth and the modulus of nanoconfined polymers is required to
understand exactly how the soft surface thickness scales. Nonethe-
less, the surface layer thicknessappears tobewell correlatedwith the
quench depth into the bulk glass for all molecular masses of PS
examined here.

4. Conclusion

The elastic modulus of ultrathin films for a series of varying
molecular mass (1.2 kg/mol < Mn < 990 kg/mol) polystyrene films
has been elucidated using surface wrinkling of a stiff polymeric film
on an elastic substrate. As expected, the modulus of the bulk of the
film decreases as Mn decreases below a threshold (z3.2 kg/mol).
However, a decrease in the modulus of the thin films with respect
to the invariant thick film modulus is found for allMn PS examined.
The modulus deviation from bulk values is attributed to a free
surface effect at the polymer/air interface. For high Mn (>3.2 kg/
mol), the deviation in modulus is independent of molecular mass
and begins when the film thickness is less than z50 nm. However
atMn¼ 1.2 kg/mol, themodulus decreases at much larger thickness
(z100 nm). This change in the length scales is directly related to
the layer thickness of the lower modulus surface. The thickness of
the soft surface layer determined from a bilayer model varies from
z5 nm deep in the glass to greater than 50 nm when the
measurement occurs within z1 �C of Tg,bulk. The deviation in the
modulus of thin films appears to scale directly with the quench
depth into the bulk glass.
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