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A nondestructive technique is presented for in-situ analysis of solvent induced membrane swelling. The

technique is based on spectroscopic ellipsometry (SE) and allows simultaneous measurement of

membrane film thickness and solvent sorption. The attainable experimental conditions are only limited

by the test cell (r473.15 K, r20 MPa) and by far exceed those encountered in typical solvent resistant

nanofiltration (SRNF) applications. The influence of cross-linker concentration on swelling of thin films

and bulk samples of poly(dimethyl siloxane) (PDMS) is resolved and interaction parameters according

to Flory–Huggins and Flory–Rehner theories are calculated. It is found that due to confinement on the

support for the thin supported films a correction for elastic deformation of the network is necessary. In

the pressurized swollen film the thickness and refractive index are found to be independent of pressure

in the range of 0.1–10 MPa suggesting that the molar volumes of the penetrant in the liquid and sorbed

phases are not significantly different. When a pressure difference over the membrane is applied and the

solvent is allowed to permeate, a progressing reduction in thickness of the membrane is observed with

increasing upstream pressure. The derived concentrations of n-hexane at the interface between thin

film and support, at the permeate side, are in excellent agreement with values calculated using the

solution–diffusion model. This implies that in-situ spectroscopic ellipsometry allows quantification of

the contribution of solution–diffusion to mixed mode transport, for instance occurring simultaneously

with pore-flow and transport through defects, in composite membranes.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Solvent resistant nanofiltration (SRNF) is a relatively new and
growing field [1,2]. Further advancements in SRNF will benefit
from a thorough understanding of the relation between mem-
brane properties, solvent properties, and performance. In parti-
cular, solvent sorption and related effects such as membrane
swelling are of great consequence for flux and retention
behavior [3].

There are several techniques available to measure solvent
induced membrane swelling. In general, these techniques deter-
mine either the change in geometry of a membrane (swelling), or
the extent of solvent uptake of a membrane (sorption). Swelling
analysis is commonly done by visually observing changes in the
ll rights reserved.
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dimensions of a sample (dilation) upon exposure to a solvent. One
of the first studies using this approach was aimed at solvent
polymer interactions under high pressure [4], and this technique
is still used at present [5,6]. Alternative methods to measure
dilation were presented by Tarleton et al., who used a probe to
directly measure the lateral swelling of a thin layer [7] and
applied this approach to SRNF membranes, and Böhning et al.,
who used a capacitive distance measurement to investigate the
volumetric behavior of glassy polymers under gas pressure [8].
Sorption data can be obtained using several techniques, including
the use of a quartz crystal microbalance [6,9], gravimetric
methods [1,10,11] or barometric methods [5,12,13]. Often a
combination of the above methods is used to obtain both the
sorption and swelling data. These include interferometric mea-
surements with an optical thickness meter [14,15], ATR-IR mea-
surements [16–19] and spectroscopic ellipsometry (SE) [9,20–22].
Of the above techniques, SE has the potential to measure in-situ
sorption and swelling under true permeation conditions.
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In this paper we investigate the use of SE to quantify the
effects of cross-linking and pressure on n-hexane induced swel-
ling of thin poly(dimethyl siloxane) (PDMS) layers. PDMS is
chosen as a model system because its thermodynamic behavior
is well documented. Furthermore, it is used in a wide variety of
application areas, ranging from sealant elastomer to dense mem-
branes for volatile organic component extraction [23]. Several
studies have been presented in which PDMS is used for SRNF
[10,24,25]. Behavior of n-hexane swollen thin supported film of
PDMS under permeation and static conditions is analyzed in order
to gain insights into the solvent transport behavior through SRNF
membranes.
Fig. 1. Schematics of optical models used to model PDMS thin films deposited on

various supports: (a) glass slide and (b) porous a-alumina.
2. Theory

2.1. Spectroscopic ellipsometry—basic principles

Spectroscopic ellipsometry is a non-invasive and non-
destructive technique that can be used to determine the thickness
and optical properties of thin supported layers [26,27]. The
technique relies on the measurement of the change in the
polarization state of light of specular reflected light at oblique
incidence. This polarization change reflects the different reflcti-
vitities of p (in plane) and s (out of plane) polarized light. The
ratio of p- and s- reflectivities is commonly expressed in terms of
ellipsometric parameters delta (D) and psi (C):

r¼ rp

rs
¼ tan Cð ÞeiD ð1Þ

The first parameter, delta, is related to the phase difference
between p- and s- polarized waves upon reflection from a sample.
The second parameter, psi, is related to the amplitude ratio of the
p- and s- waves. Typically, psi and delta parameters are plotted as
a function of wavelength and are named a spectroscopic ellipso-
metry spectrum. The very high precision of ellipsometric mea-
surements stems from the high accuracy with which polarization
angles can be measured. Furthermore, a large number of psi and
delta pairs, as a function of both wavelength and incidence angle
provides a large number of data points that can be used to
determine a few physical parameters in an optical model that
reflects the measured sample. Because ellipsometry measures the
changes in the state of polarization upon reflection as a ratio of
reflectivities, the technique is less sensitive to the absolute
intensity of the light [28]. This renders the technique especially
suitable for in-situ applications, in which the experimental
ambient, cell windows or sample features might reduce the
overall intensity of the reflected light beam.

The variations in psi and delta parameters that occur during
light reflection are described by well-known Fresnell relations
[26]. In general, the direct interpretation of the ellipsometric
parameters is difficult and an optical model needs to be con-
structed. Usually, a multilayer optical model is used in which each
of the optical layers is described by its thickness, d, and a complex
refractive index, N¼nþ ik. For transparent layers (k¼0) often a
Cauchy-type optical dispersion is used given by a formula:

n lð Þ ¼ Aþ
B

l2
þ

C

l4
ð2Þ

here A, B and C are fit parameters. During the fitting procedure the
model generated psi and delta are numerically fitted to the
measured Psi and Delta over the entire wavelength spectrum.
The fit is considered to be good, meaning that a high confidence in
the determined parameters describing a sample is obtained, when
the model generated data lies on top of the measured data.
Goodness of fit is conveniently expressed as Root Mean Squared
Error (RMSE, more commonly depicted as MSE) which expresses
the deviation between the measured and model produced data.
For a single thin film (o1 mm) on a substrate a good fit is
characterized low MSE (�1). For more complex optical models
and relatively thick films (1–2 mm). Higher values of MSE (�10–20)
are considered acceptable. For further details of spectroscopic
ellipsometry the interested reader is referred to one of the textbooks
[26,27,29].

The dispersion of a mixture of materials with known refractive
indices can be approximated using an effective medium approx-
imation (EMA) theory. A commonly used EMA expression for
concentrated mixtures was derived by Bruggeman [30]. For a
binary mixture of n-hexane and PDMS the Bruggeman expression
is:

FEMA
H

n2
H�n2

SP

n2
Hþ2n2

SP

þ 1�FEMA
H

� � n2
DP�n2

SP

n2
DPþ2n2

SP

¼ 0 ð3Þ

In the formula the FEMA
H is the n-hexane volume fraction, nH is

the n-hexane refractive index, nSP is the refractive index of the
swollen polymer and nDP is the refractive index of the dry
polymer. For a swollen polymer this expression allows calculation
of volume fraction of the solvent from experimentally determined
refractive index of the mixture, nSP. If volume additivity in the
n-hexane—PDMS system is assumed, the volume fraction of
n-hexane can also be calculated from the increase of thickness
(dilation) of the swollen film, FDIL

H

FDIL
H ¼ 1�

dDP

dSP
ð4Þ

here dSP and dDP are the dry and swollen film thicknesses
respectively. In Eq. (4) the polymer is assumed to swell only in
the direction perpendicular to the substrate due to its confine-
ment on the support.

An important requirement for spectroscopic ellipsometry is
that the supporting layer beneath the film of interest provides a
well-defined optical interface. This is often easily accomplished
for dense substrates, such as silicon wafers or glass slides.
However, porous substrates with pore dimension on the order
of 430% of probing light wavelength are known to severely
hinder the analysis procedure due to unwanted scattering effects
[26]. This largely limits the applicability of spectroscopic ellipso-
metry for asymmetric or composite membranes, where the support
pore sizes are often in the strongly scattering region. Additionally,
the polymer pore intrusion during membrane preparation process
further decreases sharpness of the polymer–support interface.
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Recently, we have shown that utilization of a well-defined polished
a-alumina support together with floating of the polymer layer
(instead of dip- or spin-coating) may help to produce a better
defined optical interface between the dense skin and the support
[31]. Such preparation of the membrane facilitates the spectro-
scopic ellipsometry analysis of the system.

2.2. Optical models

Two different optical models have been used in this work. The
first model represents the PDMS film as a layer deposited on a
glass slide (Fig. 1a). The optical dispersion and thickness of the
PDMS layer are fitting parameters and the dispersion of the
substrate is determined from fitting the data for bare substrate
to Cauchy dispersion. The second model is related to the PDMS
film deposited on a porous substrate with a graded roughness
layer (Fig. 1b). In this case the support is represented by a bulk
porous a-alumina with certain porosity, p, which is represented
as void fraction in dense corundum (Al2O3) calculated according
to EMA with the known optical dispersion of dense Al2O3 [32].
The graded roughness layer is a surface layer of the substrate
which properties are determined by the polishing procedure. It is
represented as graded layer with density linearly decreasing from the
bulk value at the bulk interface toward the PDMS film. The mean void
fraction in the graded roughness layer, v, is higher than p. The
gradient in density (or refractive index) is expressed by g and given in
percentage difference between the index at the top and bottom of the
layer normalized for mean layer index. The graded roughness layer
thickness is denoted h. All of the parameters: p, v, g and h can be
fitted to spectrum of a bare a-alumina support. Justification for the
use of such representation of the porous a-alumina substrate,
supported by detailed characterization by variable angle spectro-
scopic ellipsometry in combination with mercury porosimetry and
atomic force microscopy, has recently been given elsewhere [31].
When the films are swollen in the presence of liquid n-hexane the
ambient optical dispersion is taken into account in the modeling.

2.3. n-Hexane sorption in PDMS

According to the Flory–Huggins theory the equilibrium volume
fraction of n-hexane in PDMS, F, is related to the activity of n-hexane
(a) according to

lnðaÞ ¼ lnðFÞþ 1�Fð Þþwð1�F2
Þ ð5Þ

In this equation, w is the interaction parameter for PDMS and n-
hexane. This expression is derived from the change in the free
energy resulting from mixing of the polymer and solvent (DGmix).
It does not take into account elastic contribution to the change in
the free energy due to deformation of the polymer network. This
elastic contribution can be accounted for by adding an additional
term (O) on the right hand side of Eq. (5), yielding the Flory–Rehner
expression [33]. The change in elastic free energy depends on the
dimensionality of deformation of the film. For a free-standing film
expansion is identical in all directions, whereas for a thin film on a
substrate swelling can only occur in the direction perpendicular to
the substrate. The corresponding expressions for O are

Free-standing film

O¼ 1�
2Mc

M

� �
VHE

3RT

1

a�
1

2a3

� �
ð6Þ

Thin supported film

O¼ 1�
2Mc

M

� �
VHE

3RT
a� 1

2a

� �
ð7Þ

here VH is the molar volume of n-hexane, E is the elastic modulus
of PDMS, Mc is the average molecular weight of the PDMS between
the crosslinks, and M is the molecular weight of PDMS. The symbol
a denotes the swelling factor of the polymer defined as

a� d
d0

ð8Þ

The symbols d and d0 denote the dimension of the swollen and
dry film, respectively. For a thin supported film a can be simply
calculated from thickness change upon swelling

a¼ dSP

dDP
ð9Þ

Eq. (9), together with Eq. (4), yields the expression for the
volume fraction of the sorbed n-hexane using a

FDIL
H ¼ 1�

1

a
ð10Þ

2.4. Models describing transport in SRNF membranes

Various models have been proposed for describing transport
through SRNF membranes. A distinction can be made between
models that consider the selective membrane layer as non-porous

or porous. For non-porous materials transport is commonly
described by the solution–diffusion model; for porous materials
descriptions the pore-flow model is considered more appropriate.

In the solution–diffusion model permeation through dense
polymeric materials has been described as a combination of two
processes: sorption/desorption and diffusion of the components
[34]. In this model the entire polymer layer is considered to be at
feed pressure and a pressure step occurs at the interface between
the polymer layer and its support. For a rubbery polymer, such as
PDMS, this is consistent with liquid-like behavior of the polymer.
The transport of the solvent occurs down the activity gradient
inside the film.

In pore-flow models transport is assumed to occur by viscous flow
of a fluid through a porous structure. The permeating component
forms a fluid inside a solid porous medium and they are considered
two separate phases. It is also frequently assumed that for this mode
of transport no significant change in swelling occurs. For a pure and
incompressible solvent the concentration in the pores is constant, the
main driving force in this case is the hydrostatic pressure gradient.

Pore-flow models can be applied when the free volume elements
(pores) of the membrane are relatively large and fixed (they do not
fluctuate in position or volume). On the other hand, the solution–
diffusion model is applicable to fluctuating free volume elements in
a dense membrane that appear and disappear as a result of thermal
motion of polymer chains. Generally, polymer membranes used in
reverse osmosis, gas separation, and pervaporation, with pores
smaller than 5 Å, are believed to be best described by the solution–
diffusion model. For ultra- and microfiltration the pore-flow model
is considered more applicable [35].

For SRNF there is no full consensus which of the two models is
most suitable. For transport of a pure solvent both models yield a
relation between flux and pressure difference that contains the
convoluted properties of the polymer and solvent. In this respect,
it will be beneficial to directly monitor the film properties during
permeation, rather than derive these from the flux and selectivity.
Spectroscopic ellipsometry in principle allows such in-situ
characterization.
3. Experimental

3.1. Materials

PDMS (RTV 615 type) was obtained from GE Bayer Silicones
(Germany) as a two-component system, consisting of a vinyl-
terminated pre-polymer (RTV A) and a cross-linker containing



Fig. 2. Schematic of the permeation cell used in the spectroscopic ellipsometry

analysis of n-hexane induced swelling.
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several hydrosilane groups (RTV B). N-hexane p. a. and toluene p.
a. was obtained from Merck (The Netherlands) and was used as
received. Glass slides were cut in discs of 39 mm in diameter and
2 mm thickness. The backside was roughened mechanically to
minimize back-side reflection in the ellipsometry measurement.
The polished porous a-alumina (AKP-30) discs of 39 mm in
diameter were purchased from Pervatech (The Netherlands).

3.2. Sample preparation

Thin PDMS films deposited on silicon wafers and glass slides were
made by spin coating �15% (w/w) pre-polymer solutions containing
the desired amount of cross-linker. The free-standing, thick PDMS
films were prepared from 75% (w/w) PDMS/hexane solution, at room
temperature, by mixing the pre-polymer and cross-linker. Samples
were transported to a furnace and annealed at 353.15 K under
nitrogen flow for 16 h to facilitate cross-linking. After annealing the
samples were cooled and washed with n-hexane. The thickness of the
prepared PDMS films ranged from about 0.8–1.5 mm.

Preparation of a-alumina supported PDMS films were done by
a floating technique. First, a thin (�400 nm) polystyrene (PS)
layer was deposited on a glass slide by spin-coating from a
solution in toluene and subsequently annealed at 393.15 K, which
is 20 K above Tg of the polymer, to remove residual solvent and
relax post-spin coating stress. Afterwards, PDMS pre-polymer/
cross-linker solution was spin coated from n-hexane on top of the
PS coated glass substrate and the sample was annealed at 353.15
K under nitrogen flow for 16 h to cross-link the PDMS layer. The
cooled sample was immersed in toluene to dissolve the PS layer
and enabled the PDMS layer to float freely on the surface of the
solvent. The floating film was ‘‘fished out’’ on top of the polished
side of the porous a-alumina support and the sample was dried
under nitrogen flow at 323.15 K for 16 h.

3.3. Measurement of the bulk sample E-modulus and swelling

The elastic modulus of the bulk PDMS films, E, was determined
by performing tensile tests on a Zwiek Z020 apparatus. For the
swelling measurements, pre-weighed dry dense PDMS mem-
branes were immersed in pure n-hexane until equilibrium swel-
ling was reached. The swollen membranes were then weighed
every 30 s for 3 min and the original weight increase was
extrapolated from those. The dimensional changes of the samples
were calculated using the (assumed constant) densities of PDMS
and n-hexane. All the measurements were performed at room
temperature (297.1573 K).

3.4. In-situ high pressure spectroscopic ellipsometry

Spectroscopic ellipsometry measurements were conducted with
an Alpha-SEs ellipsometer (J.A. Woolam Co. Inc.,). All measurements
were done at a fixed angle of incidence (701) in the wavelength range
from 370 to 900 nm. Samples were placed in a home-built stainless
steel cell (pmax¼20 MPa, Tmax¼473.15 K) equipped with a tempera-
ture and pressure control system depicted in Fig. 2.

Accurate pressure and flow determination was assured by a
solvent resistant syringe pump (Teledyne ISCO, 500D). Light entered
and exited the cell through 1 cm thick quartz windows positioned
perpendicular to the light beam. The PDMS samples were exposed
to either: vacuum, nitrogen gas with n-hexane vapor or liquid
n-hexane. The vapor was introduced into the cell via an n-hexane
saturated nitrogen stream in equilibrium with liquid n-hexane at
temperature of �1 K lower than that of the cell. In this way,
the activity of the n-hexane will be significantly lower than one.
For measurements involving liquid n-hexane the cell was evacuated
before filling with the liquid to guarantee complete filling of the cell.
Pressure induced birefringence of the cell windows was taken into
account via a high-pressure nitrogen calibration on a 25 nm SiO2/Si
wafer. This provides an appropriate Delta offset parameter that
negates the pressure induced birefringence. Static high-pressure
liquid n-hexane experiments were performed by pressurizing the
sample in conditions of mechanical equilibrium with the same
upstream and downstream pressures (no flow). Permeation experi-
ments were performed by supplying the desired pressure on the
upstream side of the membrane and allowing the flowing liquid to
be collected in a vessel vented into the atmosphere.

The optical dispersion of n-hexane needed for the analysis of
the optical spectra was taken from literature [36]. The optical
dispersion of crystalline silicon and native oxide were taken from
literature and were always fixed in the calculations [37]. The
optical dispersion of each glass slide was measured before spin-
coating of the PDMS layers and was fitted to the Cauchy dispersion
(Eq. (2)). For glass as a substrate (Fig. 1a) the wavelength range for
the fit was 370–900 nm. For porous a-alumina (Fig. 1b) the
employed wavelength range was limited to 500–900 nm to reduce
the influence of light scattering as a result of the roughness of the
porous support on the optical measurement, which is especially
manifest at shorter wavelengths [31]. All values reported for the
refractive index, in this work, have been obtained at 632.8 nm.

Important note: the risks of using the flammable n-hexane liquid
in combination with the use of high pressure were extensively
assessed. A variety of safety measures were taken, including work-
ing in a fume hood, reducing volumes, and using equipment with a
pressure rating (calculated and tested by the High Pressure Lab at
the University of Twente) at least 1.43x the maximum operating
pressure (European pressure equipment directive) equipped with
appropriate pressure safety valves and pressure relief valves.
4. Results and discussion

4.1. Thickness and refractive index of PDMS film as function

of temperature

Fig. 3 shows the influence of temperature on the psi oscilla-
tions measured for a PDMS film supported on a glass slide at
different temperatures. Upon increase of temperature the oscilla-
tions in psi are seen to move towards longer wavelengths, Fig. 3a
and, at the same time, the oscillations amplitudes increase. Both
findings can be explained by an increase of film thickness and a
simultaneous decrease of the film refractive index. The results of
the fit of the model to the measured data are shown in Fig. 3b
where heating (closed symbols) and cooling (open symbols) data
are distinguished.



Fig. 3. Psi spectra for different temperatures and the derived values of PDMS film thickness and refractive index. The film was prepared with 10/1.4 pre-polymer/cross-

linker ratio.

Fig. 4. Psi spectra for a glass slide (a) and porous a-alumina (b) supported PDMS film in dry, vapor, and wet conditions; the dotted lines are ‘envelopes’ generated by the

optical model when the thickness of the PDMS layer is set equal to zero.
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The expansion with temperature is linear with no heating-
cooling hysteresis, consistent with rubbery behavior of the studied
polymer. The thickness and optical dispersion are considered
independent fitting parameters, but they are physically interre-
lated and comply with the Clausius-Mosotti equation (see supple-
mentary information), proofing consistency of the obtained results.
The ability to accurately resolve small changes of psi and delta, and
translate these into the changes of polymer film properties,
demonstrates high sensitivity and precision of the technique. The
determined thermal expansion coefficient is 8.06 �10�4 K�1 which
is within 11% of the value of 9.07 �10�4 K�1 reported for PDMS in
the Polymer Handbook [38].

4.2. n-Hexane induced swelling of supported thin PDMS films

During in-situ swelling of PDMS films various changes in the
ellipsometric spectra occur. To demonstrate this, Fig. 4 depicts psi
variations of PDMS films supported on glass (a) and porous a-
alumina (b) for dry and wet films.

The symbols depict the measured data; for clarity only every sixth
point of the recorded spectra are shown in the figure. Continuous
lines represent the model-generated data. The dashed lines represent
the, so-called, optical envelopes. These envelopes represent psi
spectra generated by the optical model, based on p- and s- reflectiv-
ities of bare substrates in the respective ambients. The transparent
PDMS film is observed as an oscillatory pattern, with the envelopes as
a base, as a result of interference of light in the thin film. In Fig. 4a it is
seen that upon introduction of n-hexane vapor, the periodicity in the
oscillations in psi significantly reduces. This indicates swelling of the
film. When the sample is immersed in liquid n-hexane the oscilla-
tions amplitude decrease and the substrate envelope inverts to follow
the top maxima of psi oscillations instead of the bottom maxima. This
behavior is related to changes of the Brewster and critical angles
characteristic for the substrate when the vacuum ambient is replaced



Fig. 5. Swelling factor and n-hexane volume fraction in thin glass supported

PDMS films as a function of cross-linker content.
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by liquid n-hexane. Fitting of the data, using the optical model from
Fig. 1a results in thicknesses and refractive indices of the PDMS
presented in Table 1. Good fits, characterized with MSE values lower
than 10 were obtained in all cases.

The data indicate that, as the film swells its refractive index
reduces towards and almost reaches the value of pure liquid n-
hexane (1.365). The swelling in n-hexane vapor saturated nitro-
gen flow is lower than in liquid n-hexane due to activity of the
penetrant in gaseous state being lower than 1.

Fig. 4b shows the psi oscillations obtained for a PDMS film
deposited on porous a-alumina support with a floating technique.
Such preparation procedure is found to practically eliminate the
undesired polymer pore intrusion into the porosity of the substrate
[31]. Upon introduction of n-hexane, changes in the psi oscillations
and substrate envelopes occur. Unlike for the PDMS film deposited
on glass, the envelopes mark the top maxima of psi oscillation both
before and after introduction of n-hexane. This different behavior is
related to the fact that the optical dispersion of the porous a-
alumina substrate changes significantly when its pores are filled
with liquid solvent. This influences the Brewster and critical angles
of the system in a different way as compared to glass supported
PDMS. The slight mismatch between the envelope and maxima of
psi oscillations, especially for the dry sample, is related to the fact
that the support representation in the case of porous a-alumina
does not comprise only single optical interface (as for glass support).
In this case the influence of a graded roughness layer [31] is visible.
The envelope represents, in fact, a porous a-alumina/roughness
layer and might be regarded as pseudo-envelope. The influence of
the graded roughness layer is much less in the case of the swollen
sample. The thickness of the roughness layer is small compared the
thickness of the swollen film, which in turn is much thicker than the
dry film. Consequently, the envelope generated for the swollen
sample corresponds better to the maxima of psi oscillations. Fitting
results are shown in Table 2. The MSE for the dry sample is 28.8 and
for the swollen in n-hexane 10.3. Porosity of the bulk support is
determined from a fit for an uncoated sample (46%) and is fixed in
the modeling of the coated sample.

4.3. Influence of cross-linker content on the swelling

of thin supported and bulk PDMS samples

The swelling factor and volume fraction of n-hexane in thin
glass supported PDMS as a function of cross-linker content is
presented in Fig. 5.

The volume fraction of n-hexane is calculated from the EMA
(Eq. (3)) and the thickness change (dilation) upon swelling
Table 1
Fitting results for PDMS film supported on a glass slide with a use of an optical mode

Thickness of PDMS film, d (nm) Refractive inde

Dry, nitrogen flow 804.370.8 1.41470.0008

n-hexane, vapor 1039.970.7 1.40670.0005

n-hexane, liquid 1700.974.5 1.37870.004

Table 2
Results of ellipsometric data fitting for a dry and n-hexane swollen PDMS film suppor

Thickness of
PDMS film, d
(nm)

Refractive index of
PDMS film, n
(dimensionless)

Thickness of graded
roughness layer, h
(dimensionless)

Dry, nitrogen
flow 1311713 1.42070.005 225737

n-hexane,
liquid 274476 1.38070.001 240738
(Eq. (4)). With increasing cross-linker concentration the extent
of swelling decreases. In the case of 4.3 wt% cross-linker, the
sorption induced increase in thickness of the PDMS film exceeds a
factor of 3. For 9.1 wt% cross-linker the change in the thickness is
slightly less than 2. At higher cross-linker concentrations both the
swelling factor and the volume fraction of n-hexane remain more
or less constant, suggesting that all vinyl groups have reacted and
the extent of cross-linking cannot be further increased. The
volume fraction calculated from the swelling is in a reasonable
agreement with the volume fraction obtained with EMA. The
discrepancies are probably related to errors in determination of
the refractive index of swollen PDMS film, because the accuracy of
the measurement decreases when n-hexane is introduced as an
ambient. The refractive indices of glass substrate (�1.505), dry
and swollen PDMS (�1.415 and �1.385 respectively), and that of
liquid n-hexane (1.365) are all very close. Especially for the EMA
approach this means that already slight inaccuracies related to
various measurement errors and sample quality have large
influence on the calculated penetrant volume fraction. In addi-
tion, it might be that due to significant polymer network exten-
sion the assumption of its identical refractive index in a dry and
swollen state may fail. In that perspective the agreement with
swelling calculated volume fractions, Eq. (4), seen in Fig. 5 is
considered acceptable.
l from Figure 1a.

x of PDMS film, n (dimensionless) Swelling factor, a (dimensionless)

–

1.29

2.11

ted on the porous a-alumina substrate.

Mean porosity in
the roughness layer,
v (%)

Gradient in refractive
index or roughness
layer, g (%)

Swelling factor of
PDMS film, a
(dimensionless)

50.471.3 24.672.1 –

63.272.5 44.178.5 2.10



Fig. 6. w parameters calculated based on the Flory–Huggins and Flory–Rehner theories.

Table 3
Elastic modulus of bulk samples, E, dimensionality change for bulk and thin film

samples, and network parameters as a function of cross-linker concentration

Table 3.

cross-linker (wt%) E (MPa) d
d0

, bulk d
d0

, thin M (g mol�1) Mc (g mol�1)

4.3 0.7 1.65 3.42 35,000 10,990

9.1 1.68 1.36 2.47 35,000 4570

15.2 2.69 1.3 1.88 35,000 2850

23.7 3.71 1.27 1.81 35,000 2070
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The observed decrease in sorption with cross-linker concen-
tration suggests that the elastic contribution to the change in free
energy, due to deformation of the polymer network, is significant.
To investigate its implications the polymer-penetrant interaction
parameter, w, calculated according to the Flory–Huggins theory,
Flory–Rehner theory assuming perfect network and Flory–Rehner
theory taking account for the network imperfections is shown in
Fig. 6.

The E modulus measured for bulk samples is assumed to be

the same for the thin glass supported films; the corrections for

network imperfections, Mc, and network molecular mass, M, are

estimated based on literature data [39]. The parameters used to

obtain data depicted in Fig. 6 are collected in Table 3.
As expected the dilation for bulk samples, in one single

direction, is much lower than that of the thin supported films.

The bulk samples are allowed to expand in all directions whereas

the thin films can only swell in the direction perpendicular to the

substrate. If no correction for the elastic contribution of the

network is implemented for the supported thin films the inter-

action parameter calculated using the Flory–Huggins theory is

affected by the cross-linker content. It decreases with decreasing

cross-linker content in all cases. The values calculated with Flory–

Rehner equation with the assumption of perfect network,

1� 2Mc

M

� �
¼ 1, are significantly lower than the values calculated

by the Flory–Huggins theory indicating a strong polymer-

penetrant affinity. It seems that, for the two thin film samples

with lowest degree of cross-linking, the assumption of a perfect

network does not hold anymore. When corrected with appro-

priate M and Mc parameter values, Table 3, w is found to vary less

with the degree of cross-linking. As expected the impact of
implementation of elastic contribution and network imperfection
corrections is more significant for the thin films, as compared to
bulk samples, due to much larger swelling induced deformation
of the former.
4.4. Swelling of thin PDMS film supported on glass and porous

a-alumina in pressurized n-hexane: no-flow conditions (static)

Thin PDMS films can be used for solvent nanofiltration
[1,10,39,40]. In such applications the driving force for transport
of solvent through the membrane is a trans-membrane pressure
difference. The corresponding mechanical force imposed on the
thin PDMS film may affect the extent of solvent induced swelling.
Studies have been presented in literature in which mechanical
force is applied to a solvent swollen polymer, while the solvent is
allowed to flow out of the polymer at ambient pressure [1,7]. In
contrast, we study the swelling of PDMS films in a pressurized
solvent. Swelling of bulk polymer samples in highly pressurized
solvent has been previously studied to gain insights on polymer-
solvent interactions [4]. To the best of our knowledge swelling of
thin PDMS films in a pressurized liquid has not yet been reported.

In Fig. 7 the thickness of an n-hexane swollen PDMS film,
supported on a glass slide, is depicted as a function of pressure. The
numerical fit accuracy for the fitted thickness is smaller than
�5 nm. When the dry PDMS film (645.2 nm) is brought in contact
with liquid n-hexane the thickness increases to 1741.7 nm, corre-
sponding to a¼2.7 (Fig. 7b) Variation of the hydrostatic pressure
applied to the solvent in the range 0.1–10 MPa does not signifi-
cantly affect the thickness of the swollen film. This is also
confirmed in the raw data behavior shown in Fig. 7a. No significant
change in psi oscillations amplitude, envelope position or oscilla-
tions position is observed upon pressure increase. The negligible
effect of pressure on the extent of swelling and the fraction of
sorbed n-hexane suggests that the molar volume of n-hexane, VH,
does not change upon sorption in PDMS, and hence the change in
partial molar free energy due to pressurization, VHDp, is similar for
the pure and sorbed n-hexane. To rationalize the finding one can
write the equilibrium equation for the n-hexane in the liquid and
in the PDMS phases assuming the same pressure in both phases, p

RTlnðaliq
H ÞþV liq

H ðp�p0
satÞ ¼ RTlnðaPDMS

H ÞþVPDMS
H ðp�p0

satÞ ð11Þ



Fig. 7. Psi spectra and thickness evolution of a thin PDMS film supported on the glass substrate in pressurized liquid n-hexane.

Fig. 8. Psi spectra and thickness evolution of a thin PDMS film supported on the porous a-alumina substrate in pressurized liquid n-hexane.
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As the term aPDMS
H the activity given by Eq. (5) can be used with

added term including the elastic deformation for the thin film,
Eq. (7). For pure n-hexane the Eq. 11 reduces to

V liq
H ðp�p0

satÞ ¼ RTlnðaPDMS
H ÞþVPDMS

H ðp�p0
satÞ ð12Þ

which suggests that, if aPDMS
H is independent of p, V liq

H ¼

VPDMS
H ¼ VH. The finding allows to significantly simplify some of

the relevant membrane transport equations, presented for
instance in the work of Wijmans [41], thereby reducing complex-
ity in analysis of some membrane systems.

To resolve the behavior of the membrane thin selective layer
under permeation a porous substrate is essential. Since the
porosity of a substrate is known to complicate ellipsometry
analysis [31], it has to be confirmed that the behavior under
pressure of the complex sample consisting of a thin PDMS film
deposited on porous substrate is the same as the behavior of the
relatively simple sample (PDMS film deposited on glass). The
results of pressurization of n-hexane swollen PDMS film on
porous a-alumina substrate are shown in Fig. 8.

Both the raw data (Fig. 8a) and the modeling results (Fig. 8a)
indicate that, when pressurized in liquid n-hexane, the PDMS
deposited on the porous support shows the same behavior as the
film deposited on glass substrate. No significant changes in
thickness are observed up to 5 MPa. This suggests that the sample
prepared with the floating technique can be used to successfully
represent the swelling behavior of a composite asymmetric
membrane in solvent nanofiltration.



Fig. 9. Psi spectra and thickness evolution of a thin PDMS film supported on the porous a-alumina substrate during permeation of high pressure liquid n-hexane and in

(b) on the x-axis the pressure difference over thin PDMS film is shown, as calculated from resistances-in-series model [40].

Fig. 10. n-Hexane volume fraction dissolved in swollen PDMS at the interface

with porous support, calculated based on the solution–diffusion theory and from

ellipsometry data.
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4.5. Swelling of thin PDMS film supported on porous a-alumina

in pressurized n-hexane: permeation

Results of thickness behavior of a thin PDMS film deposited on
porous a-alumina support during solvent permeation are shown
in Fig. 9.

The data in Fig. 9 indicate that, upon increase of the feed
pressure, significant changes in the Psi spectra occur. The oscilla-
tions shift towards shorter wavelengths, indicating a decrease in
thickness of the swollen PDMS layer at higher pressures. The
corresponding thickness is presented in Fig. 9b in which on
the x-axis the pressure drop over the PDMS film is presented.
This pressure drop is calculated from a resistance in series model
[42] (see supporting information); the resistance of the porous
support is obtained from the solvent flux through a bare support.
The contribution of the support is significant, for instance,
at the maximum feed pressure of 3 MPa the pressure drop over
the thin swollen PDMS film is calculated to be DpPDMS ¼1.14 MPa.
The large contribution of the support originates from its limited
pore size, moderate porosity, and hydrophilic characteristics.
In addition, the thin PDMS films obtained with the floating
technique have significant defects, such as pinholes, allowing
for viscous transport, parallel to the transport through the actual
PDMS matrix. Although these defects obstruct use of the thin
films as high performance SRNF membranes, they do not con-
strain characterization of the evolution of film thickness with
pressure.

Fig. 9b indicates a progressing reduction in thickness of the
swollen thin PDMS layer when the pressure difference is
increased. The thickness decrease suggests a reduction in the
fraction of n-hexane in the PDMS. A similar reduction in concen-
tration with pressure has been observed by Rosenbaum and
Cotton (see Fig. 2 in their publication [43]), which has been
considered convincing evidence for the applicability of the solu-
tion diffusion model [35].

The thickness evolution obtained from ellipsometry can be
confronted quantitatively with predictions of the solution–
diffusion model. Assuming a linear concentration of n-hexane in
the film, and a constant molar volume of n-hexane (vide supra),
the volume fraction of n-hexane at the interface with the porous
support, Fint

H , can be directly calculated from the thickness of the
film. For the solution diffusion model, the fraction can be
calculated from the presumed jump in pressure at the interface
between support and the PDMS film, assuming thermodynamic
equilibrium at this interface:

lnðFint
H Þþð1�F

int
H Þþwð1�F

int
H Þ

2
þð

VHE

3RT
Þða� 1

2a
Þ ¼

VH

RT
DpPDMS ð13Þ

The w parameter is calculated from ellipsometry data using
Eq. (13) for the conditions of DpPDMS ¼ 0, using an appropriate
value of E based on Table 3. The obtained w¼0.438 and the value
of E are kept fixed for further calculations and a perfect polymer
network is assumed. The value of the concentration of n-hexane
dissolved in PDMS at feed interface is kept equal to the value of
Fint

H obtained at DpPDMS¼0. The results of the calculations are
presented in Fig. 10 as a function of feed pressure. See also the
supporting information.

The n-hexane volume fraction from the static experiment (i.e.,
no pressure drop, taken from Fig. 8) is depicted as well. For this
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dataset the pressure on the x-axis denotes the hydrostatic pressure
exerted on the swollen PDMS film with zero flow through the
membrane. There is excellent agreement between the experimen-
tal data obtained using spectroscopic ellipsometry and the
solution–diffusion model. This indicates that our method allows
quantification of the contribution of solution–diffusion to mixed
mode transport through composite membranes, for instance where
some imperfections may exist in the selective membrane layer.
5. Conclusions

In-situ, high-pressure spectroscopic ellipsometry has been used
to study solvent induced swelling of a thin film composite mem-
brane. The system used involves a thin (�1 mm), cross-linked
poly(dimethyl siloxane) (PDMS) film deposited on non-porous
(glass) or porous (polished a-alumina) supports. The influence
of cross-linker concentration on swelling of the thin film and bulk
samples is investigated and interaction parameters according to
Flory–Huggins and Flory–Rehner theories are calculated. The
importance of including the elastic contribution to the change
of Gibbs free energy of the system is stressed and is related to
significant degree of polymer network deformation in swollen
polymer. When exposed to elevated pressure of the solvent the
swelling of the thin PDMS layer is found to be independent of
pressure in the range of 0.1–10 MPa. This finding suggests that
the molar volumes of the penetrant in the liquid and sorbed
phases are not significantly different. When the solvent is allowed
to permeate through a membrane upon applied pressure
difference, a progressing compaction of the membrane is
observed with increasing upstream pressure. The observed
compaction is in excellent agreement with predictions from the
solution–diffusion model, indicating that in-situ spectroscopic ellip-
sometry can be used to quantify the contribution of solution–
diffusion to mixed mode transport of n-hexane.
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