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Abstract
The ability to fabricate flexible filtration membranes that can selectively separate particles of
different sizes is of considerable interest. In this article, we describe a facile, reproducible and
simple one-step method to produce pores in polydimethylsiloxane (PDMS) membranes. We
embedded micron-sized NaHCO3 particles in 50 micron thick PDMS films. After curing, the
membranes were immersed in concentrated HCl acid. Pores were generated in the membrane by
the evolution of CO2 gas from the reaction of NaHCO3 and HCl. High resolution Scanning
Electron Microscope images clearly reveal the presence of openings on the surface and the cross-
section of the membranes. Fluorescence and back-scattered electron imaging of porous PDMS
membrane with embedded gold nanoparticles and comparison with non-porous PDMS membranes
provided unambiguous evidence of pores in the membrane. Transport studies of molecular
fluoresceinate ions, ions (sodium and chloride) and 240 nm polystyrene nanoparticles through
these membranes demonstrate passable pores and existence of channels within the body of the
membrane. Mechanically stretching the porous PDMS membrane and comparing the flow rates of
fluoresceinate ions and the polystyrene beads through the stretched and unstretched membranes
allowed a direct proof of the modulation of transport rate in the membranes. We show that
stretching the membranes by 10% increases the flow rate of fluorescein molecules by 2.8 times
and by a factor of approximately ~40% for the polystyrene nanoparticles.
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Supporting materials
Figure 1S shows the distribution of NaHCO3 powder in PDMS prepolymer. Figure 2S shows a scanning electron microgram of a
porous membrane in which some of the pores did not contain gold elemental signal (EDX data). An optical photograph of U-tube
showing the transport of fluorescein through the membrane is shown in Figure 3S. Figure 4S shows the calibration curve for emission
intensity and number of 240 nm particles. Figure 5S shows a schematic of the change in the dimension of the PDMS membrane after
stretching of the membrane.
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Introduction
Polymer filtration membranes are of great interest due to their potential applications in drug
delivery,[1,2] biomolecule separation,[3,4] water and air purification,[5] biological and
chemical sensing,[6–9] battery separators,[10] fuel cells,[11] and catalysis.[12] Various
polymer membranes with narrowly distributed pore sizes ranging from the nano to micron-
scale have been prepared using myriad techniques such as track-etching, selectively etching
block copolymers, reverse templating etc.[13–15] For processes requiring multiple filtration
steps, such as purification of water that involves microfiltration, ultrafiltration and
nanofiltration, multiple membranes with steadily decreasing pore sizes are required.
Manipulating the pore size of the membranes chemically through grafting of other
molecules on the surface of the pores or by modifying the size of particles to be filtered
through ligation are some of the methods used for adjusting transport properties through the
membranes.[16–18] Such modifications, however, lead to a slow through-put, are expensive
and can harm the integrity of the polymer membrane. Another method described in the
literature is the use of electric-field for modulating the transport of molecules through the
membranes.[19–26] Therefore, flexible and robust porous membranes that can withstand
considerable stress forces and allow tuning of the transport rate without the need for costly
and time-consuming changes, are very attractive for scientific and industrial applications

Polydimethylsiloxane (PDMS) is particularly interesting as a membrane material due to its
chemical stability, non-toxicity, transparency and ability to be manipulated.[27] PDMS is
the material of choice for use in microfluidic devices, microcontact printing etc.[28,29] If
one were able to produce pores in PDMS, the high flexibility and mechanical strength of
PDMS would accord adjustable pore sizes simply through mechanical stretching. A porous
PDMS membrane thus has the potential to be a size-selective filter. However, to date very
little effort has been expended towards this goal.[30–32]

Here we describe a simple one-pot and inexpensive method for generating pores in cured
PDMS via in-situ chemical reactions. The reaction of NaHCO3 and HCl produced water and
CO2, the expulsion of which formed pores within the PDMS films.

To the best of our knowledge, this is the first report of generating pores in-situ chemically in
cured PDMS using a simple one-pot method for the purpose of exploiting the flexibility of
PDMS for size-selective filtration. Pore-formation in polymer membrane using a similar
method was recently published while our manuscript was under review.[33] However, that
manuscript dealt with a different polymer and a different source of carbonate species was
used. A schematic diagram showing the changes in the pores shape and dimensions with
stretching of the membrane is shown in Figure 1. Evidence of adjustable pore sizes was
obtained by studying the transportation rates of fluorescein solution and fluorescent 240 nm
polystyrene nanoparticles through the stretched and unstretched membranes. We
demonstrate that the transport of molecules and nanoparticles can be modulated with
mechanical stretching. The fluorescein transport rate was increased ~2.8 times and that of
polystyrene by 40% after stretching the membrane by 10%

Experimental
Materials

Sylgard 184 and a curing agent were purchased from Dow Corning; NaHCO3 and
concentrated HCl were purchased from Fisher Scientific; Triton X-100 was purchased from
United States Biochemical Corporation; Sodium Fluoresceinate was purchased from
Eastman Chemical Company; and 240 nm fluorescent nile-red impregnated polystyrene
solution was purchased from Spherotech Inc.
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Membrane synthesis
The PDMS film was synthesized from a prepolymer of 10:1 ratio of silicone elastomer
(Sylgard 184) and curing agent respectively. Finely powdered NaHCO3 (7.5% – 17.5% of
the total mass of the prepolymer) was simultaneously mixed with the prepolymer. A
spincoater was used to control the thickness of the PDMS membranes using a defined spin
rate. The resultant PDMS films were cured in a drying oven at 110 °C and were then placed
in concentrated HCl for 1–3 hours. As PDMS is hydrophobic, a few drops of surfactant
(Triton X-100) were also added to promote the permeation of the HCl solution into the as-
made PDMS films. Bubbles were observed during this process, indicating that CO2 was
released from the reaction of HCl with the embedded NaHCO3. After removal from HCl, the
membranes were washed thoroughly with water and ethanol and air-dried. Cold cured
PDMS membrane was prepared in the similar way but was cured at room temperature prior
to treatment with concentrated HCl over night.

Scanning Electron Microscopy (SEM)
SEM images of the PDMS membranes were obtained on a FEI Quanta 450 equipped
backscattering and secondary electron detectors and on a Hitachi 570. The membranes were
mounted on a carbon tape affixed to an aluminum stub and sputter-coated with Au/Pd prior
to loading in the SEM.

Energy Dispersed X-ray analysis (EDX)
EDX analyses of the PDMS membranes were obtained using an Oxford detector attached to
a FEI Quanta 450. The membranes were soaked in a solution containing gold nanoparticles
(GNPs), and were then thoroughly rinsed and dried in air. A conductive coating of carbon
was applied prior to EDX analysis. Gold nanoparticles were synthesized using the method
described by Macfarland et al. with particles diameter of ~13 nm.35 These experiments were
performed to gain information on internal morphology of the membranes.

Inverted Fluorescence Microscopy (IFM) analysis
IFM images were obtained on a LEICA DM IRB equipped with a QImage (Cooled Mono
12-bit) CCD camera. IFM analysis was performed on two membranes: one PDMS film
without NaHCO3 in it and another membrane that contained NaHCO3 and was treated with
HCl. All the membranes were soaked in a 0.4% w/v solution of nile-red containing 240 nm
polystyrene particles. A 41004 Texas Red filter (exciting and emitting band widths of the
filter used were 527–567 nm and 605–682 nm, respectively) was used for capturing the
fluorescent images with a CCD camera.

UV-Vis Spectroscopy
UV-Vis spectra were recorded on a Perkin-Elmer Lambda 25 spectrophotometer (slit width
= 1 nm). 5 mL of a 10 µM sodium fluoresceinate solution was placed in one arm of a U-
tube. The other arm was filled with 5 mL of water. The porous PDMS membrane was
sandwiched between the two arms and held in place using a clamp. Spectra were recorded
every 10 minutes for 100 minutes. For measurements using 240 nm polystyrene 6 particles,
200 µL of 1% w/v solution of the polystyrene particles was diluted to 5 mL, resulting in a
0.04% w/v solution, and poured into one arm of the U-tube along with a magnetic stir bar.
On the other arm, 3 mL of water was taken. The U-tube was placed on a magnetic stirrer and
spectra were recorded every 10 minutes for 120 minutes.

Jiao et al. Page 3

J Memb Sci. Author manuscript; available in PMC 2013 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results and Discussion
A. Synthesis, characterization and morphology of pores in the films

We employed porous PDMS to demonstrate modulation of molecular transport by applying
stress on the membranes. NaHCO3 particles with sizes varying from 2 to 30 µm were evenly
dispersed in PDMS prepolymer (Figure 1S) and cured within the polymer matrix. The cured
film with embedded NaHCO3 was then immersed in concentrated HCl. The reaction
between NaHCO3 and HCl liberated CO2 and H2O which passed through the membrane
creating pores in the film. H2O from this reaction can also react with Si-H to produce H2
which can contribute to creating the pores in the film.[34] But the contribution of SiH/water
reaction to the overall pore formation is expected to be minimum because SiH content in the
polymer is insignificant as compared to NaHCO3 present in the polymer and that SiH/water
reaction is also present in the control membrane (prepared with no NaHCO3 and treated with
HCl) but did not show the presence of pores in it. Thus, we attribute evolution of gaseous
products in the fabrication of porous PDMS membrane. It should also be noted there is a
possibility that NaHCO3 decomposition to CO2 and H2O at the curing temperature can
produce pores but as we show below we did not observe fluorescein transport through cured
membranes that contained NaHCO3 but were not treated with HCl. Finally, the contact angle
of the PDMS films with and without pores remained the same (95 ± 5)° suggesting that the
surface energy of the films was not significantly affected by the formation of the pores in the
films.

A. 1. Principal pathway of pore formation—In order to establish that evolution of
CO2 from the reaction of NaHCO3 and HCl was the principal reason for the formation of
pores and channels within the membrane, we performed flow-experiments with flurosceinate
ions on NaHCO3-embedded membranes without treatment with HCl. 50µM fluorescein
water solution was placed in one arm of the U-tube while nanopure water was in the other
arm. The absorbance of the solution in the right arm was checked every 15 min (Figure 2a).
It is evident that there is no flow of fluorescein through this membrane even after 100
minutes. For comparison, the absorbance of fluorescein solution (the blue triangle) in the
feed solution is also shown (Figure 2a). Furthermore, the transport of fluorescein through
membranes without NaHCO3 but treated with HCl was not observed within the detection
limit of our instrument (Figures 2d and 2e). Comparing Figures 2a and 2e with Figures 2b,
2c and 2d (which plot the flow of fluorescein through NaHCO3-containing membranes
treated with concentrated HCl), it is appears that the primary contribution to the formation of
the through-channels in the PDMS membranes is the release of CO2 gas from a reaction
between NaHCO3/Na2CO3 and HCl. Interestingly, the curing of the PDMS at 90 °C did not
form through-channels in the membranes suggesting that the reaction of NaHCO3/Na2CO3
and HCl is required for the formation of through-channels in the membranes.

A. 2. Electron microscopic evidence of the presence of pores—Scanning
electron microscopy (SEM) was used to obtain images of the pores in the PDMS membranes
and ascertain their morphologies. Figure 3 shows secondary scanning electron image of the
cross-section of a porous membrane soaked in GNPs. Many pores are clearly see in Figures
3a and 3b. The size of those pores varies between <500 nm and 15µm, which are circled by
blue and green circles respectively. However, from these images we cannot rule out the
presence of pores with diameters smaller than the detection limit of our instrument (~50
nm). Figures 3c and 3d show the surface and cross-sectional images of a typical membrane.
These figures suggest that the pore channels are not uni-axial but probably are tortuous in
various directions and possibly possess a three-dimensional pore system. These membranes,
therefore, appear to contain channels of varying dimensions along their length in a three-
dimensional morphology. Another strong evidence of the porosity of the membrane came
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from Energy Dispersive X-ray (EDX) analysis. A PDMS membrane was soaked in GNPs
(diameter ~ 13 nm) solution followed by thorough washing in water and then was cracked in
liquid nitrogen. A thin conductive carbon coating was then applied to the film. The presence
of Au element signal in the EDX spectrum inside of the pores confirmed that GNPs
penetrated the membrane (Figure 4). Some pores, however, did not show Au in the EDX
analysis suggesting that not all of the pores and caves are accessible to GNPs (Figure 2S).
That is, some pores are accessible for NPs permeation whereas other pores are “dead–end”.
We also performed fluorescence microscopy analysis on the membranes soaked in a nile-red
(which has a red emission) containing polystyrene nanoparticles of particle diameter of ~240
nm. The membranes containing NaHCO3 and treated with HCl showed a strong red
emission from the membranes (Figure 5a), whereas the fluorescent intensity for membranes
that did not contain NaHCO3 was insignificant (Figure 5b). These results again indicated
that the films with NaHCO3 and treated with HCl produced pores that were accessible to
nanoparticles.

A. 3. Proposed mechansim of the porous PDMS membrane—Based on the above
experiments, we propose a mechansim of pore formation in the PDMS films that contained
NaHCO3 and were treated with HCl (Figure 6). Following soaking in an concentrated HCl
solution, porous membranes were formed that contained through channels from one face of
the membrane to the other. This argument was supported by our experiment results:
Thermally cured membranes but without acid treatment did not show transport of
fluorescein dye through the membrane even after three days. However, soaking of this
membrane in an acid solution led to linear increase in fluorescein transport through the
membrane with time. These results clearly support our argument that the through channels
were predominantly formed during acid treatment of NaHCO3 conatining films. Green dots
in Figures 6c and 6d represent the mouth of the open channels which are formed after
soaking the membranes in the acid. The reaction between sodium bicarbonate and
hydrochloric acid released CO2 which helped in the generation and expansion of the pores
and formation of channels. All the pores in the film also contained a signal from sodium
element which is attributed to either trapped/unreacted sodium bicarbonate/sodium
carbonate (brown dots, Figures 6b, c, d) or sodium chloride (red dots, a reaction by-product
between HCl and NaHCO3 or Na2CO3, Figures 6b). Incubation of the membranes with gold
nanoparticles showed gold element signal in the EDX analysis in many pores, however,
some pores did not show gold element signal in the EDX spectrum suggesting that not all of
the pores are accessible to GNPs (dead pores in Figures 6 b, c, d). Other channels are
accessible to the molecules/particles (shown by the pink lines, Figure 6d). The
“inaccessible” pore formation maybe an effect of the size of the NaHCO3 particle; more
experiments are however needed to draw an unambiguous conclusion on this. Interestingly,
even after thorough rinsing with deionized water, our data shows sodium signal in the EDX
spectrum of all membranes we tested. We believe this is due to residue of sodium containing
species (Na2CO3 and/or NaCl).

B. Flow Measurements
We performed transportation studies through porous PDMS membranes to determine if the
pores within the PDMS membranes are truly passable to small molecules and nanoparticles.
For these experiments, a NaHCO3/HCl treated PDMS film of 50 µm thickness was
sandwiched between two halves of a U-tube as shown in Figure 3S. In the first study,
fluorescent sodium flurosceinate, which is readily detectable by UV-Vis spectroscopy, was
used as a molecular probe for permeation experiments. Since the fluorescein molecule is
much smaller than the pore size, this experiment gave a quick proof-of-concept for our
hypothesis that the transport rate can be controlled using mechanical stretching of the
membrane. The presence of open channels was also affirmed in our second study by
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measuring the ionic conductivity across the membrane when both arms of the U-tube are
filled with 5% (w/w) NaCl solution. In the third study, 240 nm fluorescent polystyrene
particles were used to determine the effect of mechanical stress on the transport properties of
micro-particles through porous PDMS membranes.

B.1. Transport and effect of mechanical stress on transport rate of fluorescein
molecules—10 mL of 10 µM solution of the flurosceinate and 10 mL pure water were
added into the right and left arms of the U-tube, respectively. The chemical potential
generated due to the concentration gradient allowed the flurosceinate ions to pass through
the pores into the water arm. This is possible only if the PDMS membranes contained pores
that opened all the way through the membrane. Aliquots of the solution from the water arm
were taken at regular time intervals for the collection of UV-Vis absorption spectra. Figure
3S also provides visual proof of the flow of fluorescein from the higher concentration arm to
the other arm. Figure 2b shows the UV-Vis spectra collected over a period of 100 min
through an unstretched membrane that contained 12.5% of NaHCO3 and was treated with
HCl. It can be clearly seen from the increase in the absorbance that the amount of
fluorescein increases with time, indicating that the PDMS membrane does have channels
that allow the flow of the fluorescent molecules. The control experiments with membranes
that did not contain any NaHCO3 showed an insignificant measurable fluorescein transport
even after 70 minutes (Figures 2a and 2d). These results support our argument that the
PDMS films after NaHCO3/HCl treatment contained pores in them and that molecules can
pass through them. Changing the location on the same PDMS membrane or varying the
amount of NaHCO3 (7.5%, 17.5%) embedded in the PDMS films provided similar results. It
is possible that increase in NaHCO3 concentration did not increase the porosity of the
membrane and that with increased NaHCO3 present in the films, the evolution of larger
amount of CO2 and water generated released through the pores which were already present
in the films without significantly affecting the membrane morphology and porosity.

Since PDMS is flexible, we manually stretched the above membrane by approximately 10%
(± 2%) and conducted the fluorescein transport experiments under the same conditions. The
stretch percentage was determined by measuring the radius of the stretched portion of the
membrane before and after the release of mechanical pressure. The mechanical stretching
influenced the pore dimensions which in turn influenced the flow rate of fluorescein. The
changes in the fluorescein electronic absorption spectra was detected and quantified by the
absorbance as a function of time. Figure 6c plots the absorbance of fluorescein through the
stretched membrane over a period of 100 min. Following stretching of the membrane, we
found that the transport rate through the membrane was increased from 2 nmole/cm2-min to
5.6 nmole/cm2-min (Figure 2d). This represents about 2.8 times increase in the transport rate
for a stretched membrane compared to that for an unstretched membrane under the same
conditions. One point to be noted here is the apparent static response of the curves at some
time intervals (e.g., at 30 min and 40 min). One of the possible reasons for this stagnation
could be the tortuosity of the channel through which these molecules move. It is well-known
that the presence of tortuosity in the membranes affects the diffusion through it.[36] This
effect will be strong at bends and curves, particularly when the bends/curves have smaller
dimensions than the rest of the channel. The reduced dimensions will result in greater
interparticle collisions and collisions with the walls of the channel both of which will
impede flow. Other factors that can come into play are the solvent drag, frictional forces,
orientation of the molecules and size of the particles. [37, 38] It is clear that a complete
discussion of the reasons of flow behavior through the membrane is complicated and beyond
the scope of this paper.

In general, the transport flux (J, in mole/s) through channels is given by:[34] J = −D(δC/
δx)A, where D is the diffusion coefficient (cm2/s), δC (mole/cm3) is concentration
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difference between two parts of the U-tubes across the membrane of thickness δx (cm), and
A (cm2) is the cross-section area of the membrane through which transport was measured.
Thus, δC/δx is the concentration gradient which is the driving force for the molecular
transport across the membrane. For all the experiments, δC between two halves of the U-
tubes was same within each set of experiments. With all other parameters constant, a 10%
stretching of the polymer film will decrease the thickness of the membrane by ~18% and can
account for ~18% increase in the transport rate (see Supporting Materials, Figure 5S). It,
however, cannot alone explain 2.8 times increase in the transport rate of fluorescein
observed in our experiments. So, the question is what can cause such an enhanced
fluorescein transport after stretching of the membrane? We attribute the observed large
increase in the transport rate of fluorescein is primarily due to increase in the overall
dimension of the pores along their length With larger pores, the transport rate will be
enhanced through the membranes. Increase in the pore size can also affect the value of D
because it depends upon the molecular size (M) with respect to the pore diameter (d). When
M and d are comparable to one another, then the transport is called as “hindered” transport,
and the value of D can be considerably smaller than “normal” transport (M/d ≪ 1). In our
case, the membranes have pores with varied dimensions along its length as evident from
secondary electron analysis (Figure 3). Thus, it is possible that the streching of the
membrane especially at the bottleneck along the pore may have changed D of the molecules
that contributed to observed increase in the transport rate of the fluorescein molecules.
Overall, the enhancement in the transport rate was attributed due to changes in the D values
(due to increase in the pore diameter) and increase in the thickness of the membrane.

B.2. Transport of NaCl across the PDMS membrane—To further establish if the
HCl-treated membranes possess through-pores in them, we tested the conductivity of NaCl
solution across a porous membrane held between two halves of the U-tube. Both arms of the
U-tube were filled up first with nanopure water and then with a 5% w/w NaCl solution.
Since the electrolyte in two arms of U-tube had the same concentration and the same height,
the application of an electric field is the only driving force to make the ions pass through the
PDMS membrane. Significant difference was detected between ionic conductivities of water
and NaCl solution. The conductivity of the NaCl solution was about 3 to 4 orders higher
than that of water which confirmed that the PDMS membrane allowed the ions to pass
through it; that is, they have open channels spacing from one face of the membrane to other
in them (Figure 2f).

B.3. Effect of mechanical stress on transport of fluorescent polystyrene
nanoparticles—The flow of fluorescein molecules through the PDMS membranes
provided evidence of the existence of pores that run across the membrane and their size
malleability. The information from the the molecular transport studies cannot be translated
for nanoparticles. We, therefore, conducted similar transport studies with 240 nm
fluorescent particles. Figures 7a and 7b plot the fluorescent intensity of the particles that
emerge from the membrane against time. We observe from the Figure 7 that the fluorescent
polystyrene particles of 240 nm pass through the porous membrane. This implies that the
prepared membrane contains some pores with diameter >240 nm. Unlike the case of
fluorescein transport, the transport rates for the nanoparticles for the stretched membranes
was increased but was found to be much less than that for fluorescein permeation studies.
After 120 minutes, ~ 4.3 × 109 (~ 4.5 × 10−8 nmole/cm2-min) and 6 × 109 (~ 6.3 × 10−8

nmole/cm2-min) particles passed across to the other side of the unstretched and stretched
membranes respectively. This transport rate corresponds to an increase of ~38% after
stretching and was ~ 108 times smaller than the fluorescein transport rate. The concentration
of the nanoparticles was estimated from a calibration curve between the number of particles
and emission intensity (Figure 4S). The number of particles per unit volume is provided by
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the manufacturer. Since the concentration of fluorescein molecules (10µM) was 108 times
higher than that of fluoresent particles (0.1pM), these very large differences in the particle
and molecular transport rate are attributed to a smaller driving force and a smaller D value
(please see below) for nanoparticles than those for molecules. Another factor that should be
taken into account for considering the differences in the transport rates is the diffusion
coefficient differences between fluorescein and the nanoparticles. For the sake of simplicity,
lets assume that the Stoke-Einstein equation is valid for both molecules and particles.[39]

They will follow the equation: D = kT/6πηr,[39] where r, k, T, and η represent the
dimension of molecules/particles, Boltman’s constant, temperature and viscosity of the
solution respectively. Since the radius for polystyrene nanoparticles is about 250 times
larger than that for molecules, the D value for particles is approximately 250 times smaller
than that of molecules. Overall, large differences in the transport rate of the nanoparticles in
comparison with the fluorescien molecules is attributed to the differences in the diffusion
coefficients and driving force (concentration differences) between fluorescein and
nanoparticles. The membranes prepared in our studies are also mechanical strong, and they
did not rapture or show apparent degradation after being held in a stretching (10 ± 2)%
position within a U-tube for more that 3 days. We believe that these membranes can be used
for modulating the transport rate of molecules and particles by simple mechanical stretching.
More possibilities exists where the membrane pores are vertically aligned and have uniform
pore distribution. These membranes would provide opportunities for tunable transport rate
by a simple mechanical stretching mechanism.

Conclusion
A facile, simple and highly reproducible chemical method of generating pores via the
expulsion of water and CO2 gaseous species within cured polydimethylsiloxane films is
reported. The proposed method of preparation is simple, inexpensive, and does not involve
use of organic solvents. Through our electron and fluorescence microscopic analysis, the
pores formed in the membranes appeared to be branched and tortuous. Based on our
experimental results, a mechansim for the formation of the pores in the PDMS films was
proposed. It was observed that some of the channels were accessible to molecular and
nanoparticle transport whereas other pores have dead-ends and are not accessible for the
transport of molecules and nanoparticles. The stretched and unstretched membranes show
different molecular and nanoparticle flow rates indicating that these membranes could be
used to modulate transport rate through a simple mechanical stretching process. This is
potentially much easier and less expensive compared to the current techniques for adjusting
the membrane pore size or transport rate. Additionally, this membrane could potentially be
used as a separation technique of many different molecules and nanoparticles using one
membrane by a simple mechanical stretching mechanism.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Novel process to produce pores in cured polydimethylsiloxane membranes

• CO2 and H2O from the reaction of conc. HCl and embedded NaHCO3 create
pores in PDMS

• Transport data of ions and nanoparticles through the membranes

• Flexibility of PDMS enables flow modulation through the membrane

• Mechanically stretching increases the flow rate of ions and nanoparticles
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Figure 1.
A schematic diagram of (a) an unstretched and (b) a stretched porous PDMS membrane
shows the mechanism of modulation of transport of molecules and particles.
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Figure 2.
(a) Plots of absorbance versus time for the fluorescein molecules passed through the hot
cured and cold cured PDMS membrane without treated with acid. Plots of absorbance of
fluoresceinate versus wavelength for(b) an unstretched; (c) a stretched porous PDMS
membrane; and (d) Plot of absorbance of fluorescein at 490 nm versus time for passage of
these molecules through stretched (circle); unstretched (triangle) porous PDMS; and through
a PDMS film containing no NaHCO3 (square); (e) a PDMS film containing no NaHCO3. (f)
Difference between the conductivities of NaCl solution and pure water in the U-tube with
porous PDMS membrane, y-axis represents the logarithm of the difference between the two
conductivities.
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Figure 3.
Secondary electron images of the pore structure after filling the pore channels with gold
nanoparticles. (a) and (b)A secondary electron image showing pores on the cross-section of
the PDMS membrane. Blue and green denote the large pore and small pores on the cross-
section; (c) and (d) a secondary electron image showing the pores on both the cross-section
and the surface of the regular PDMS membrane.
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Figure 4.
(a) An BSE (back scattering electrons) of a membrane after it was soaked with GNPs and
corresponding EDX analysis of a pore showing the presence of elemental gold along with
Si, O, C and Na signal (b).
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Figure 5.
(a) A fluorescence image of a porous membrane (contained NaHCO3 and was treated with
HCl) soaked in a red-nile impregnated 240 nm polystyrene nanoparticles. (b) A fluorescence
image of a film that did not contain NaHCO3 and acid treatment but was soaked with
polystyrene nanoparticles under the same experimental conditions.
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Figure 6.
A proposed mechanism for the formation of the porous PDMS membranes using an in-situ
chemical reaction that generated gaseous products. Black dots in are sodium bicarbonate
particles embedded in the PDMS matrix which on heating decomposed to sodium carbonate
(brown dots) along with release of CO2 gas. Light blue circles which represent pores formed
by expanded gas due to reaction between curing. The acid treatment of the membrane
increases the porosity of the membrane. Sodium chloride (red dots) was washed away in
water. Green circles represent open access of channels made from expanded pores, and pink
line denotes a possible channel that passes from one face of the membrane to the other face.
Some of sodium carbonate particles were remained trapped in the particles as evident from
EDX data.
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Figure 7.
Plot of fluorescent intensity of 240 nm polystyrene particles versus wavelength for the (a)
unstretched membrane (b) stretched membrane shows the passage of polystyrene particles
through the porous PDMS membrane.
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