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The isothermal swelling of polymer thin films by a supercritical fluid does not increase monotonically
with increasing chemical potential (pressure), but rather a maximum in swelling is generally observed
near the critical pressure. A reactive templating approach utilizing the condensation of silica within
hydrophilic domains of a swollen amphiphilic polymer film enables visualization of the qualitative
concentration profile of CO2 by the changes in the size of hydrophobic domains (pores) with cross
sectional TEM microscopy; specifically, isothermal swelling of poly(ethylene oxide-propylene oxide-
ethylene oxide) films by CO2 at 60 �C is examined. Films that contain thickness gradients are used to
avoid any uncertainties in the impact of thickness due to variations in the temperature or pressure
during the silica modification. A uniform pore size (local swelling) is observed for all film thicknesses
when the pressure is outside of the anomalous maximum in the film swelling, except for a small increase
at the buried interface due to preferential adsorption of CO2 to the native silicon oxide surface of the
substrate. However at this swelling maximum, a gradient in the pore size is observed at both interfaces.
These swelling gradients at interfaces appear to be responsible for the anomalous maximum in thin
films. As the film thickness increases beyond 350 nm, there is a decrease in the maximum swelling at the
free interface.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Supercritical carbon dioxide has been proposed as alternative
green solvent for the processing of polymeric materials due to
being environmentally benign with tunable solvent quality through
manipulation of the fluid density through temperature and/or
pressure [1,2]. However, most polymers are not soluble in CO2 [3],
but generally can be appreciably swollen [4]. The sorption of CO2

into polymers leads to changes in their physical properties
including a decrease in the glass transition temperature (Tg) [5], an
increase in the diffusivity of the polymer chains [6], and changes in
the phase behavior of multicomponent polymeric systems [7–9].
The improvements in the transport properties of CO2 swollen
polymers enable improvements in processing of some otherwise
intractable materials [10].

The potential for significant improvements in physical proper-
ties exists through the incorporation of nanofillers to create poly-
mer nanocomposites. These nanocomposites have been proposed
for use in a host of applications ranging from lightweight structural
materials to membranes for separations [11,12]. Their processing
All rights reserved.
can be difficult due to the presence of the filler materials, especially
when the nanomaterial is highly asymmetric such as in the case of
carbon nanotubes. CO2 has been recently explored as a green
alternative for aiding in the processing of polymer nanocomposites
[13]. However, it is still unclear how CO2 interacts within these
nanocomposites. One report for PMMA–clay nanocomposites
showed that swelling can be solely attributed to the PMMA and is
consistent with neat PMMA [14]; but the changes in viscosity of
polymer-fumed silica nanocomposites swollen with CO2 is depen-
dent upon the surface chemistry of the nanofillers [15]. Thus, an
improved fundamental understanding of the physical interactions
between CO2 and polymer nanocomposites would be useful.
Recently, several groups have reported on the equivalence of
polymer thin films and nanocomposites in regards to the thermo-
physical properties [16,17]. Therefore, thin films provide an
attractive surrogate to probe the fundamental properties of poly-
mer nanocomposites as both films and nanocomposites exhibit
large surface area to volume ratios. Understanding interfaces in
thin films can provide insight into the behavior of analogous
polymer nanocomposites. Additionally, CO2 processing of poly-
meric thin films has been shown to be advantageous for some
photoresist systems [18] and in the fabrication of low-k dielectric
films [19] for microelectronics. In these applications, precise control
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of the structure is required at the nanoscale. Thus, it is important to
understand where CO2 goes in these thin films, especially in
regards to the polymer interfaces.

These interfaces are thermodynamically distinct from the bulk
of the polymer and provide a different potential for absorbing
species. Supported polymer thin films can exhibit apparent changes
in the solubility of solvents. In particular, water in polymer thin
films has been examined extensively using neutron reflectivity
[20,21] and to a lesser degree using ion scattering [22]. An accu-
mulation (or depletion) of water at the polymer–substrate interface
measured with reflectivity can be directly correlated to changes in
the apparent solubility with decreasing film thickness [23]. A
qualitatively similar phenomenon has been observed for the
swelling of polymer thin films with carbon dioxide [24,25].
However, film swelling in this case is not monotonic; an anomalous
maximum in the swelling is observed at a CO2 activity near unity
[24–26]. Unlike water, the distribution of CO2 within the films is
difficult to quantify directly as the neutron contrast between most
polymers and CO2 is low.

Recently, we reported an indirect route to visualize the CO2

concentration profiles using an in-situ reactive templating approach
[27]. This is based upon the seminal work of Watkins and co-workers
that demonstrated that reactions with CO2 swollen polymers [28,29]
can be used fabricate well defined nanoporous structures using
amphiphilic templates [19]. After allowing an amphiphilic film to
equilibrate with CO2, the local swelling of the hydrophobic domains
can be determined by the selective in-situ condensation of silica
within the hydrophilic domains, which ‘‘locks’’ the swollen size into
the templated structure. This process enabled the identification of
long range gradients in the CO2 concentration in polymer films
swollen near the density fluctuation ridge [30] (near critical point). A
gradient extending approximately 150 nm into the film from the free
surface and a short (<10 nm) gradient at the buried interface is
found for a 350 nm thick film prepared at CO2 pressure corre-
sponding to the anomalous swelling maximum [27].

However, the CO2 swelling of polymer thin films appears to be
dependent upon initial thickness [25,31]. For example, Koga et al.
found that absolute swelling amount decreases as increasing film
thickness at anomalous swelling and levels off when initial thickness
h0 approaches 8Rg (polymer radius of gyration) for deuterated
polybutadiene (d-PB) polymer thin films [32]. In this work, the
impact of film thickness on CO2 concentration gradients is examined
using the previously described in-situ reactive templating approach.
To avoid difficulties in obtaining identical processing conditions,
thickness gradient films produced using flow coating [33] are
utilized to assess multiple thicknesses simultaneously. These results
Fig. 1. (a) Schematic of the flow coating process, where a is the glass blade angle to the subst
flow coater. Color variance indicates thickness difference.
provide insight into CO2 sorption at free and buried (polymer/native
silicon oxide) interfaces near the anomalous swelling maximum.

2. Experimental section

2.1. Materials and synthesis

Polymer templates were prepared from solutions containing
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide) (Pluronic F108, BASF), poly(p-hydroxystyrene) (PHOSt,
Mn¼ 8000 g/mol, DuPont Electronic Materials), and p-toluene-
sulfonic acid (p-TSA, Aldrich) dissolved in a mixture of ethanol
(Aldrich) and deionized water. The use of a hydrogen bonding poly-
mer blend yields a highly ordered template that is not possible from
the Pluronic alone [34–36]. This extended ordering simplifies the
identification of any gradients in the film after reaction. Silicon wafers
were utilized as substrates and were cleaned using UV/Ozone cleaner
(Jelight Company Inc. Model 42) for a cleaning time of 5 min prior to
film formation. A schematic of the flow coating [33] technique used to
create a gradient polymer template film is illustrated in Fig. 1(a). The
apparatus consists of a glass blade fixed above a movable stage. A bead
of the polymer solution is deposited between the glass blade and
substrate and then the stage is accelerated. The variation in frictional
drag with respect to blade velocity determines the amount of the
polymer solution left behind. A constant acceleration rate during the
flow coating results in a film with a near linear gradient in thickness
(Fig. 1b) until the blade decelerates.

The gradient polymer films are then placed in a closed stainless
steel vessel (25 mL, Thar) preheated to 60 �C and pressurized
slowly with CO2 to desired pressure. The polymer film was then
allowed to equilibrate with the CO2. Reactive modification of the
CO2 swollen polymer template used a fixed quantity of precursors
(10 mL of tetraethyl orthosilicate (TEOS, Aldrich) and 20 mL deion-
ized water) for all syntheses. All the reactions were allowed to
proceed for 30 min, then the reactor was slowly de-pressurized
to avoid foaming of the resultant silica–polymer nanocomposite. To
increase the robustness of the films for visualization, a post-
synthesis aging in a sealed vessel with saturated water vapor at
90 �C for 2 h was used to enhance silica network formation fol-
lowed by calcination at 450 �C for 5 h at a heating rate of 1 �C/min
in air to remove the organic template.

2.2. Film characterization

Spectroscopic ellipsometry (SE) and transmission electron
microscopy (TEM) were utilized to characterize the film
rate. The substrate is moving in the direction of the arrow. (b) A gradient film coated by
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morphology. Ellipsometry was used to characterize the evolution of
the film thickness and refractive index in processing with
a UV–visible–NIR (240–1700 nm) Variable Angle Spectroscopic
Ellipsometer (VASE M-2000, J.A. Woollam Co.). The Cauchy model
effectively approximates the optical properties of the polymeric
template, the silica–polymer nanocomposite after reaction and the
mesoporous silica film. The thickness gradient was mapped using
SE with step size of 1.5 mm along the direction of gradient change
using WVASE Manager (J.A. Woollam Co.). The Bruggemann
Effective Medium Approximation (BEMA) model was used to
calculate the film porosity (P) based upon the film refractive index
by assuming the mesoporous film consists of silica framework with
a fixed refractive index [37] and voids. TEM micrographs were
obtained using JEOL 2010F operating at 200 keV. TEM cross sections
were prepared by manual polishing of a cut section of the film/
substrate at different positions along the thickness gradient films.

The pore size distribution (PSD) of the film was determined
using ellipsometric porosimetry (EP) utilizing toluene (Aldrich) as
the probe solvent. Mass flow controllers (MKS) are used to mix
controlled fractions of saturated toluene vapor in air and neat
air streams to vary the relative partial pressure of toluene (0< P/
P0<1). Both adsorption and desorption isotherms were measured.
The EP data were analyzed on the basis of the change in refractive
index as a function of relative pressure [38] and the PSD was
calculated by application of the Kelvin equation.

3. Results and discussion

Processing through silica reaction and calcination to remove the
polymeric template creates changes in the thickness of the films as
quantified using SE (Fig. 2). Originally, these films vary nearly
linearly in thickness from approximately 1400 nm down to
200 nm; this graded thickness varies gradually over 80 mm across
the coating. Prior studies examining the anomalous swelling
maximum in polymer thin films have shown potential thickness
effects in this range [25,31]. After the TEOS condensation reaction,
the film thickness increases by approximately 50% compared to its
original thickness when the film is preswollen at 70 bar, but this
Fig. 2. Thickness of gradient film (B) as cast, (C) after reaction with TEOS, and (A) after ca
the films is calculated from the refractive indices. The porosity as a function of the porous fi
porosity is a convolution of reaction extent, pore size, and film contraction from calcinatio
thickness change decreases to z15% when swollen at 87 bar (near
anomalous maximum in swelling as reported previously [27]). This
change in thickness is related to variations in the reaction extent
within the film as a function of CO2 pressure. The partitioning of
small molecules between polymer and CO2 phases is highly sensi-
tive near fluid phase activities of unity [39], which leads to an
anomalous maximum in the swelling behavior of polymer films
near this chemical potential. Thus, we hypothesize that the differ-
ences in thickness between the two conditions are due to
a decrease in concentration of TEOS within the polymer film at
87 bar in comparison to 70 bar. Due to the differences in the silica
incorporation between these two conditions, comparison of total
porosity of the films will not provide any information regarding
pore size gradients that would be indicative of CO2 concentration
gradients.

During calcination, the films contract due to the polymer
template removal and additional condensation of residual silanol
groups in the silica network. For the gradient films prepared at
87 bar, this contraction is greater in the thinner region, up to 80%
decrease in thickness from the post-reaction film in the thinnest
sections. In contrast, the film processed outside of the anomalous
maximum region contracts less for the thinnest film region (z30%
contraction in thickness during calcination from that after TEOS
condensation reaction). From the refractive indices of the film, the
porosity can be determined using EMA model [40] as shown in
Fig. 2c and d. The film synthesized near the anomalous swelling
maximum at 87 bar yields a near constant porosity, which is
approximately 70%, in the thickest regions, but the porosity
increases when the porous film (after calcination) thickness is
decreased to less than 400 nm. A maximum in porosity (approxi-
mately 85%) is observed around a thickness of 200 nm. As the film
thickness further decreases, porosity then decreases down to
approximately 50% for a film that is nearly 30 nm thick. One reason
for the lower porosity for the very thin film below 100 nm is the
partial collapse of the film due to large film contraction in this
region as discussed previously. In Fig. 2d, the porosity of the
gradient film prepared at 70 bar is nearly constant through the full
thickness range at approximately 30%, but there is an increase in
lcination for films prepared at CO2 pressure of (a) 87 bar and (b) 70 bar. The porosity of
lm thickness is illustrated for synthesis at CO2 pressure of (c) 87 bar and (d) 70 bar. The
n.
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porosity for thicknesses less than 200 nm. This is consistent with
the decreased contraction for the thin sections of the film synthe-
sized at 70 bar. These differences in the contraction through the
film thickness and porosity suggests that there is a morphological
difference that is dependent upon the pressure at which the
polymer is swollen, but this cannot be de-convoluted from differ-
ences in the reaction extent.

A better measure of the swelling of the hydrophobic domains
prior to condensation of the silica network can be obtained through
the pore size distribution (PSD). To obtain PSD, ellipsometric
porosimetry utilizing toluene capillary condensation within the
pores was employed across the gradient at fixed spacings.
Adsorption and desorption isotherms as shown in Fig. 3 were
obtained by monitoring changes in the refractive index of the film
upon exposure to varying partial pressures of toluene as described
in previous studies [40]. By examining gradient thickness films
prepared at both 70 bar and 87 bar, the influence of film thickness
on the average pore size and its distribution in the mesoporous
Fig. 3. Adsorption and desorption isotherms for toluene in mesoporous silica films prepared
Isotherms were determined by the changes in the refractive index (l¼ 632 nm) of the silic
distribution based upon the desorption branch of the isotherms at (b) 87 bar and (d) 70 bar.
film at 70 bar.
silica films is elucidated as shown in Fig. 3. For the film exposed to
CO2 at 70 bar prior to silica condensation, the average pore size is
invariant with thickness. This is expected as CO2 swelling of thin
polymer films at this pressure do not exhibit the anomalous
behavior and thus the film is expected to be swollen uniformly. The
width of the pore size distribution is quite narrow, consistent with
a templated process; however the width does increase for the
thinnest film (115 nm) thickness examined. This is a relatively
minor change in the PSD, but does suggest that there might be
a small excess of CO2 at one of the interfaces, even away from the
anomalous maximum. From the previous work, an increase in pore
size (CO2 concentration) near the silicon substrate interface might
be occurring at this pressure, but it was not statistically significant
[27]. Conversely, the PSD for the mesoporous films prepared in the
vicinity of CO2 critical pressure at 87 bar exhibits a strong thickness
dependence as illustrated in Fig. 3b. The PSD significantly broadens
as the thickness is decreased. This result is consistent with a long
range CO2 concentration gradient within the polymer film prior to
at (a) 87 bar and (c) 70 bar. Measurements were performed on thickness gradient films.
a film as a function of the adsorbate (toluene) relative pressure. Calculated pore size
For the film synthesized at a CO2 pressure of 87 bar, PSDs are broader compared to the
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reaction with TEOS. However, there appears to be a major break in
the PSD at a film thickness of approximately 300 nm. Thinner films
exhibit a very broad PSD, while thicker films are much narrower.
This suggests that the CO2 concentration gradient might be thick-
ness dependent with a decrease in the extent of the variation in the
concentration profile when the film thickness exceeds
approximately 300 nm.

Prior work from Koga et al. demonstrated that the anomalous
swelling of polybutadiene increases for films thinner than
approximately 8Rg [32]; this is consistent with the changes in the
PSD shown here if the anomalous swelling results from gradients in
the CO2 concentration within the film. As the film thickness
increases, the gradient fraction in the film appears to decrease as
the PSD narrows and the fractional swelling also is reported to
decrease [32]. Similarly, Green and co-workers examined the film
thickness dependence of the anomalous swelling in thin films for
several different polymers and generally found a decrease in the
swelling at the maximum as the thickness increased [31]. However,
examination of the data shows that the swelling cannot be modeled
as two constant interfacial swollen layers and a bulk-like middle of
the film that is dependent upon the film thickness [31]. This result
suggests that the gradients in CO2 concentration through the film
are dependent upon the finite film thickness, or there are additional
factors that increase the swelling of the films relative to the bulk.
One explanation for the anomalous swelling that does not invoke
swelling gradients within the polymer is critical wetting where
adsorption of dense CO2 at the surface occurs [41]. The presence of
a swelling gradient within the polymer film does not preclude an
adsorbed layer as well. For the reactive templating used in this
work, an adsorbed layer of CO2 on the polymer surface would not
impact the film structure and only the CO2 concentration within the
film can be probed. However if the gradient at the film surface is
invariant, this would suggest that there is indeed an adsorbed layer
as this would explain the difficulties in modeling the film thickness
dependence [31].

To determine the size of the gradients within the porous films,
cross sections of the films are visualized using transmission elec-
tron microscopy. As shown in Figs. 4 and 5, the porous films exhibit
a cubic microstructure, which is consistent with previous work
using Pluronic F108 as a template [40]. For the film synthesized at
70 bar shown in Fig. 4, the pore radius appears to be uniform
through the thickness of the film for both 100 nm and 600 nm
sections. Conversely for the films prepared at 87 bar shown in
Fig. 5, the pore size appears to be significantly larger at the free
surface and silicon substrate interfaces than in the center of the
film, especially for the cross sections of the thinner sections. The
Fig. 4. Transmission electron micrographs of calcined mesoporous silica films synthesized
inset in Fig. 5a better illustrates the different pore sizes for a small
section of the film with two equal length black bars for reference.
Near the free interface (bottom bar), the pores are larger than the
bar as part of the pore is still visible when overlaid. Conversely near
the middle of the film, the bar is the same dimension as a pore. For
the thickest section (approximately 700 nm), the pores appear to
be nearly uniform in size. This is consistent with a thickness
dependent CO2 gradient near the anomalous swelling maximum
and could explain difficulties with simple explanations in
describing the CO2 swelling of polymer films with varying thickness
at the anomalous maximum [31].

These micrographs reveal significant differences in the pore
size dependent upon film thickness and CO2 pressure to which the
film was exposed. The changes in the pore radius parallel to the
film surface provide indirect evidence for the size of the CO2

concentration profiles that were present within the swollen
polymer films. Previous work has demonstrated that for CO2

pressures less than the anomalous maximum that the pore size
change in reference to a film exposed to the vapor pressure of
TEOS (no CO2) is quantitatively consistent with bulk swelling of
the same hydrophobic polymer [28]. Thus by measuring the pore
radius as a function of distance from the silicon substrate, the
approximate local concentration of CO2 within the film can be
determined; however this is only quantitative at pressures near or
greater than the anomalous maximum pressure as will be dis-
cussed later. As shown in Fig. 6, the average pore size (as deter-
mined from multiple micrographs of different areas in each cross
section) for the two different thicknesses of the mesoporous film
prepared at 70 bar is statistically invariant through the film
thickness irrespective of film thickness except very close (<10 nm)
to the silicon substrate. CO2 is known to form an adsorbed layer on
silica surfaces [42], thus an accumulation of CO2 at this buried
interface is not surprising (the silicon wafer has native oxide
(silica) at its surface). However since the condensation of TEOS
forms a silica–polymer interface in-situ at the pore wall during the
reaction, the pores might be swollen to a greater extent than
expected for bulk swelling. This leads to uncertainty in the
correspondence of pore size and local CO2 concentration and thus
these micrographs only provide a qualitative measure of the CO2

concentration profiles. For the film exposed to 87 bar of CO2, there
is a large gradient in the pore size at the film/air surface where the
pore radius is approximately 6.5 nm for thicknesses of 200 nm and
350 nm, but decreases steadily over nearly 150 nm into the film to
approximately 3.8 nm for the thicker film. Additionally, there is
a sharp increase in the pore size close to the silicon substrate. This
increased pore size at the buried interface is significantly larger
using CO2 at 70 bar. Images were taken at a thickness of (a) 180 nm and (b) 600 nm.



Fig. 5. Transmission electron micrographs of calcined mesoporous silica films synthesized using CO2 at 87 bar. For thickness below 350 nm, images (a) and (b), the pore size
gradient can be determined by visual inspection. To improve the clarity of these pore size differences, an inset for the near surface of the thinnest film is included in (a) with two
equal length bars included. Note that the bar in the middle of the film extends completely across the in-plane thickness of the pores, while near the free surface the pores are larger
than the bar. For thickness around 400 nm (c), the pore size gradient becomes smaller. For even thicker film (d) 420 nm, (e) 600 nm, and (f) 700 nm, the pore size gradient is not
clearly evident to the naked eye.

Fig. 6. Dependence of pore size on location within the gradient films for (6) 180 nm,
(>) 500 nm thick films synthesized at a CO2 pressure of 70 bar, and at 87 bar for
(B)162 nm, (C)355 nm, (7) 400 nm, (A) 600 nm and (:) 700 nm thick films. The
pore size is determined from TEM micrograph cross sections.
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than observed at the lower pressure (70 bar). However when the
thickness of the film is increased to greater than 400 nm, a more
uniform pore size is observed, which is consistent with the
breadth of the PSD obtained from EP. An intermediate behavior is
observed for the 400 nm thick section where the extent of pore
size gradient at the free interface is smaller than observed for
thinner sections. For even thicker films, 600 nm and 700 nm film,
the pore size gradient is further decreased at the free interface.
Interestingly, there is also a decrease in the pore size at the buried
interface as the thickness is increased as well. These results
suggest that the anomalous swelling of polymer films by CO2 is
a result of concentration gradients, but the size and extent of these
gradients are dependent upon the polymer film thickness.

The length scale of the perturbation in the apparent CO2

concentration at the buried interface is minor in comparison to the
gradient at the free surface when the integrated effect on the film
swelling is considered [27]. However, the adsorption of CO2 at the
buried silicon substrate strongly influences the adsorption of CO2 at
the film/air free interfaces. This would suggest a coupling of the
properties of the free surface of the film to the substrate over quite
long length scales. However, Torkelson and co-workers have
demonstrated using fluorescence labeling that the surface Tg of
polystyrene films is strongly dependent upon the chemical nature
of the supporting interface [43]. This coupling between the
substrate and the free surface can effect the local surface Tg even
when the film is hundreds of nm thick. The reported thickness
dependent CO2 concentration gradients at the free surface are
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consistent with the impact of substrate chemistry on the surface Tg.
One issue that arises is the disagreement with theory based upon
the Sanchez–Lacombe equation of state (SLEOS) coupled with
gradient theory, which suggests the adsorption of a dense layer of
CO2 to the polymer film surface (critical wetting) is the source of
the anomalous swelling [41]. Generally, SLEOS provides at least
a qualitative description of polymer physics, but it should be noted
that the reactive templating approach utilized here will not provide
any information about a critical wetting layer. However, near the
critical point for ternary phase metal alloys, relatively large
compositional gradients occur at the interfaces between phases
through adsorption of a minority component [44]. By analogy, the
critical wetting of a dense CO2 layer at the surface of the polymer
film near the critical point of CO2 also provides a three phase
system with adsorption of a minority phase (critical wetting layer)
at the interface between the other two phases. Thus, we hypothe-
size that the gradients at the polymer free surface might result from
compositional dependencies on the free energy near the critical
point as a result of a CO2 adsorption layer. The thickness depen-
dence of the gradient would then be dependent upon the critical
wetting layer, which would be a function of the intermolecular and
surface force [45]. Thus, variation in the polymer film thickness
would alter the Hamaker coefficient, and hence the adsorbed CO2

layer on the polymer film. Simulations and additional theoretical
work are necessary to provide further physical insight into the
nature of the anomalous swelling of polymer films by fluids near
their critical point.
4. Conclusions

The local swelling of amphiphilic films by CO2 was indirectly
determined using a selective reactive modification methodology to
generate a porous film that enables visualization of standing
concentration gradients within the films. TEM cross section micro-
graphs identified gradient in pore size extending into the film from
the free surface and a short (<10 nm) gradient at the buried interface
near the pressure where the anomalous maximum in swelling is
observed for polymer thin films. However, these gradients in pore
size that are related to the local CO2 concentration are strongly
dependent upon the thickness of the film. The extent of the gradient
in size difference at both interfaces decreases as the film becomes
thicker. Conversely, a uniform pore size through the film thickness is
observed at lower pressure except for a small increase at the buried
interface. These results suggest a coupling between the substrate
and free surface over length scales of 100’s of nanometer through the
polymer film, potentially due to critical wetting.
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