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This study presents a simple approach to perform selective mass transport through freestanding porous
silicon (pSi) membranes. pSi membranes were fabricated by the electrochemical etching of silicon to
produce membranes with controlled structure and pore sizes close to molecular dimensions (~12 nm in
diameter). While these membranes are capable of size-exclusion based separations, chemically specific
filtration remains a great challenge especially in the biomedical field. Herein, we investigate the
transport properties of chemically functionalized pSi membranes. The membranes were functionalized
using silanes (heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethylchlorosilane (PFDS) and N-
(triethoxysilylpropyl)-o-polyethylene oxide urethane (PEGS) to give membranes hydrophobic (PFDS)
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and hydrophilic (PEGS) properties. The transport of probe dyes tris(2,2'-
bipyridyl)dichlororuthenium(ir) hexahydrate (Rubpy) and Rose Bengal (RB) through these
functionalized membranes was examined to determine the effect surface functionalization has on the
selectivity and separation ability of pSi membranes. This study provides the basis for further
investigation into more sophisticated surface functionalization and coupled with the biocompatibility
of pSi will lead to new advances in membrane based bio-separations.

Introduction

In recent years, there has been a great deal of interest in the
development and characterization of well-organized, stable and
reproducible membranes capable of molecular separation.
Potentially porous silicon (pSi) membranes have the capability
of performing low cost, high throughput and high selectivity
separations. pSi membranes can be fabricated with highly
controlled morphologies, pore size and surface area and due to
their tuneable pore size, size selective separations could
potentially be performed. In addition to these advantageous
structural characteristics, pSi is also a biocompatible
material.’* Consequently pSi is of great importance in the
development of nano-bio applications such as molecular-
sensing, bio-sensing, drug delivery and tissue engineering.’*
Additionally, pSi’s high porosity and large internal surface area
(up to 800 m? g7') can accommodate large amounts of func-
tional molecules.?

Emerging applications for pSi membranes are based on the
ability to functionalize the surfaces of the membrane with
organic monolayers to provide rich surface chemistries and
a platform capable of incorporating other functional groups
and materials, thus providing a membrane where the surface
chemistry can be tailored and optimized for a specific purpose.
Surface functionalization of pSi has given access to a broad
range of novel organic-inorganic hybrid materials relevant to
a variety of applications.**’ The modification of inorganic
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materials by the adsorption of organic molecules is a common
technique for tailoring interface properties.®® The attachment
of a variety of functional molecules onto pSi membranes is
possible via attachment to the silanol (Si—-OH) groups present
on the inner and outer surfaces after oxidation. Silanes can
attach to the silanol groups to form highly ordered self-
assembled monolayers (SAMs). In addition to the ease of
preparation of these SAMs, they possess advantageous char-
acteristics such as high structural stability due to
covalent attachment between the silane molecules and silicon
surface.!*1?

There is much interest in increasing the efficacy of surface
chemistry driven molecular transport and separation.? However,
the detailed mechanism behind transport properties through
functionalized membranes is not sufficiently understood. This
work is a preliminary investigation into the effect on the trans-
port properties of pSi membranes coated with various SAMs.
The pores in pSi can be made controllably with molecular
dimensions and hence provide an opportunity to develop readily
tunable, molecularly selective membranes.

The silanes (heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethyl-
chlorosilane (PFDS) and N-(triethoxysilylpropyl)-o-polyethylene
oxide urethane (PEGS) were chosen to functionalize pSi
membranes due to their hydrophobic and hydrophilic properties
respectively.’* Through examining the transport of probe dyes
through these functionalized membranes the transport mechanism
of molecules through SAM modified pores can be probed. Per-
fluorinated SAMs are highly hydrophobic and provide optimal
properties such as high resistance to thermal decomposition and
stability towards various chemicals.'* Furthermore, PFDS and
PEGS are used due to their ability to form low free energy
surfaces'*'7 and their non-fouling properties.'*>!
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To our knowledge, there has not been any previous research
performed regarding the transport of molecules through pSi
membranes primarily due to the fragility of the membranes. In
this work, we describe a simple procedure to provide support to
the pSi membranes in order to directly observe the transport
properties of these membranes. Furthermore, we present the
ability for these freestanding pSi membranes to perform molec-
ular separations and investigate the selectivity of silane-func-
tionalized membranes towards the transport of organic dyes with
different hydrophilicity.

Experimental
Materials

Silicon wafers (100 orientation, p-type, Boron doped, 0.00055-
0.001 Q@ cm) were purchased from Virginia Semiconductor
(USA). The silanes, (heptadecafluoro-1,1,2,2-tetrahy-
drodecyl)dimethylchlorosilane (PFDS) was purchased from
Gelest, Inc. (USA) and N-(triethoxysilylpropyl)-o-polyethylene
oxide urethane (PEGS) was purchased from Fluorochem (UK).
The dyes tris(2,2'-bipyridyl)dichlororuthenium(ir) hexahydrate
(Rubpy) and Rose Bengal (RB) were supplied from Aldrich
(Australia). Hydrofluoric acid (48% (w/w) aqueous, HF) was
purchased from Merck. The ethanol used for pSi etching was
100% undenatured and purchased from Chem-Supply (Aus-
tralia). All other reagents, dichloromethane (DCM), methanol,
acetone and toluene were purchased from Aldrich (Australia)
and used as received. Milli-Q water (18 MQ) was used for rinsing
and preparation of solutions.

Fabrication of pSi membranes

A custom made Teflon cell with an etching area of 1.767 cm? was
used. Prior to etching, the silicon wafer was washed with meth-
anol, acetone and DCM and dried under a stream of nitrogen.
The first etching step was carried out at a constant current of
100 mA (using a Keithley 2425 source meter) for 30 minutes in
a solution of 3:1 (v/v) 48% aqueous HF/ethanol. The HF
solution was removed and replaced with a solution of 1 : 1 (v/v)
HF/ethanol for the second etching step. A current of 450 mA was
applied for 60 s. The HF solution was then removed and the pSi
substrate was washed repeatedly with ethanol, removed from the
etching cell and allowed to dry.

Functionalization of pSi membranes

After etching, the freestanding pSi membranes were carefully
placed in tube furnace (Labec, Australia) and thermally annealed
for 1 h at 400 °C. The membranes were removed from the furnace
and allowed to cool and then either investigated for molecule
transport properties or further functionalized with a silane. The
pSi membranes were treated with the hydrophobic silane PFDS
via a neat silanization method by placing the membrane within
a glass Petri dish, depositing 20 uL of the silane on-top of the
membrane, covering the Petri dish and then placing in an oven at
80 °C for 15 min.**> The membrane was then washed repeatedly
with ethanol and allowed to dry. The pSi membranes were
treated with the hydrophilic PEGS via a solution phase deposi-
tion method by immersing the pSi in a solution of 1% (v/v) of the

PEGS in dry toluene for 10 min. The now hydrophilic membrane
was then washed in toluene and then repeatedly washed in
ethanol and allowed to dry.

Characterization of pSi membranes

Scanning electron microscopy (SEM) (Helios NanoLab Dual-
Beam, FEI, Adelaide Microscopy) was used to characterize the
structure of the fabricated pSi membranes. The static contact
angle of water droplets on the surfaces of pristine pSi and
silanized pSi was determined with a custom-built contact angle
goniometer. Samples were affixed to a glass slide and a droplet of
1 pL of Milli-Q water was applied to the surface. Images of the
drops were recorded using a horizontal digital microscope.
Contact angle measurements were determined from drop images
using drop shape analysis software (Image J, NIH, USA). The
mean value of the contact angles was calculated from at least 3
individual measurements taken at different locations on the
examined substrates.

Investigation of the transport properties of pSi membranes

The fragile freestanding pSi membranes were supported by
sealing the membrane between two pieces of mica with epoxy.
Each piece of mica contained a hole with an area of 0.05 cm? The
membrane was sandwiched between the pieces of mica and the
holes in the mica were aligned thus forming an effective open
area of pores of 0.05 cm?. The support of the mica provided the
ability to clamp the pSi membrane into the transport cell without
breakage. Transport experiments were performed using a U-tube
permeation cell in which the membrane separates two half-cells:
the feed cell and the permeate cell. The transport properties of
the pSi membranes were determined with two probe dyes:
Rubpy, with more hydrophobic properties and the RB, with
more hydrophilic properties. Separate permeation experiments
were performed with Rubpy and RB in which a 1 mM solution of
the dye in ethanol was added to the feed cell and pure solvent was
added to the permeate cell. The diffusion of the dye from the feed
cell to the permeate cell was continuously monitored with a UV-
Vis fiber optic spectrophotometer (Ocean Optics, USA) at
286 nm and 454 nm for Rubpy or 549 nm for RB. The ratio of the
flux for Rubpy to the flux for RB (flux ratio) was determined.
Additional transport experiments were performed with feed cell
concentrations of 500 uM and 1.5 mM in order to plot the flux of
the dye molecule against the concentration difference across the
membrane to obtain the permeability.

Results and discussion
Membrane characterization

Permeable pSi substrates were prepared by a two-step electro-
chemical etching of silicon in a solution of ethanoic hydrofluoric
acid. The two-step process involves an initial etching step to
create the pores and a final electropolishing step to liberate the
porous layer from the silicon wafer. The created pSi membrane
was quite brittle but was strong enough to be held with tweezers.
SEM was used to calculate the pore size and depth of pSi
membranes created. Fig.1(a) is an example of a typical image
with the mean pore size calculated to be 12.8 nm with a range of
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Fig. 1 SEM images of (a) top down and (b) side view of the pSi
membranes and (c) a pore size distribution graph (as determined by SEM
analysis).

2 to 30 nm (Fig. 1(c)). This pore size region was chosen because it
was considered to be large enough for silane penetration into the
pore while small enough that the effect of the silanes on transport
will be maximized. It should be noted that the pores investigated
in this study are considerably smaller than those of commonly
used materials in these transport experiments (e.g., Anodisc
porous alumina, pore size 20-200 nm). The total thickness of the
pSi membrane was found to be 70 pm and a small portion of the
cross-section showing the pore structure is shown in Fig. 1(b).
To improve the level of molecular separation of the pSi
membranes, surface functionalization was completed to make
the surface either hydrophobic or hydrophilic. This was achieved
by first oxidising the surface thermally and then depositing silane
layers utilising simple silane surface chemistry (Fig. 2). Surface
functionalization of the pSi membranes was confirmed by
contact angle measurements. The thermally oxidized pSi
membrane showed a hydrophilic contact angle of approximately
20° (Table 1). This value is due to the surface chemistry con-
sisting of silicon to oxygen bonds (e.g. —Si=0, Si—~OH and -Si-
O-Si-). When functionalized with the hydrophobic PFDS silane
the contact angle was found to be 135°. The high value is
attributed to two factors: the highly hydrophobic nature of the
PFDS surface coating and the roughness of the porous structure
which has been shown to increase contact angle values.?*** Table
1 also shows a contact angle of approximately 13° for the
hydrophilic PEGS modified pSi surface. Values of between 10
and 15° have previously been reported for a similar PEGylated
silane on a PDMS surface.?® These contact angle values indicate
that the surface functionalization was successful and that both
hydrophobic and hydrophilic pSi surfaces have been created.

Dye transport

To explore the transport and selectivity properties of hydro-
phobic (PFDS) and hydrophilic (PEGS) modified pSi
membranes, the flux of the dyes, Rubpy (hydrophobic) and RB
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Fig. 2 Schematic of the chemical modification of pSi membranes with
(a) a hydrophobic fluorinated silane (PFDS) and (b) a hydrophilic silane
(PEGS).

Table 1 Advancing contact angle measurements for the unfunctional-
ized, PFDS functionalized and PEGS functionalized pSi membranes

Surface modification Contact angle/°

Unfunctionalized 19.5+4.5
PFDS 135+ 13
PEGS 129+ 1.8
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Fig. 3 Transport of Rubpy (hydrophobic properties) and RB (hydrophilic properties) through pSi membranes where (a) is an unfunctionalized
membrane, (b) is a hydrophobic (PFDS) functionalized membrane and (c) is a hydrophilic (PEGS) functionalized membrane.

(hydrophilic), was measured. Fig. 3 presents the transport of
both probe dyes through unfunctionalized pSi membranes and
pSi membranes functionalized with PFDS and PEGS. Straight-
line plots are obtained indicating steady state (Fick’s first law?®)
diffusion across the membrane.

A summary of the permeation data of these dyes through
functionalized and unfunctionalized pSi membranes is presented
in Table 2. The pSi membrane permeability coefficients were
determined from Fick’s first law of diffusion (eqn (1)) for each of
the dyes by documenting the flux of the dyes through the various
surface functionalized pSi membranes at several feed concen-
trations: 500 um, 1 mM and 1.5 mM (data for 500 um and
1.5 mM not shown).

PA(C) — Cy)
e (M
where J is the flux across the membrane, P is the permeability
coefficient which describes the molecules ability to permeate into
the membrane, A is the area of the membrane, L is the thickness
of the membrane, C; is the concentration in the feed cell and C, is
the concentration in the permeate cell.?’

The permeability can be expressed as,

P = DK, ©)

where D is the diffusion coefficient and K is the partition coef-
ficient or “solubility” of the molecules between the membrane
and the adjacent solution defined by

¢ = KC (3)

which describes the partition coefficient as the concentration in
the membrane (c¢;) divided by the concentration in the solution
adjacent to the membrane (C;). The partition coefficient K is

often found to have a more pronounced influence on the
permeability or flux than the diffusion coefficient.?” From
Stokes—Einstein law, the diffusion coefficient D of a molecule is
inversely proportional to the radius of the molecule and the
viscosity of the surrounding fluid.?” Therefore in our case the
diffusion coefficient should remain relatively unchanged for each
transport experiment. Hence, the major influence on the
permeability and flux of a particular dye through the membrane
will be due to the ability of the dye to partition into the
membrane. The partition coefficient is expected to differ for the
different chemical environments introduced into the membranes
by means of surface functionalization.

For an unfunctionalized pSi membrane we find that the flux of
RBis 2.11 times smaller than Rubpy (Table 2 and Fig. 3(a)). The
observed difference in transport is due to the variation in the
diffusion coefficients of the dyes which are attributed to factors
such as the size, charge, shape and solubilities of the molecules in
the solvent. The transport data obtained from the functionalized
membranes are compared to the unfunctionalized membrane
transport data in order to determine the impact of functionali-
zation on the transport properties of the membrane.

Fig. 3(b) displays the transport of Rubpy and RB through the
hydrophobic PFDS modified membrane in which the transport
of Rubpy through the PFDS modified membrane remains rela-
tively unchanged in comparison to the transport through the
unfunctionalized membrane (Fig. 3(a)), resulting in similar
permeability coefficients (Table 2). Therefore the diffusion of the
hydrophobic dye through the hydrophobic functionalized
membrane is not hindered with the addition of the adsorbed
monolayer and is allowed to pass freely through the membrane.
Modification with silanes would be expected to slightly decrease
the membrane pore size and consequently decrease the transport.
However, it is also important to consider the partitioning of

Table 2 Flux and permeability data for Rubpy and RB transport through unfunctionalized, PFDS-functionalized and PEGS-functionalized pSi

membranes

Flux of permeate molecule/mol cm2 h™!

Membrane permeability, P/cm* h™'

Surface modification Rubpy RB Flux ratio of Rubpy : RB Rubpy RB

Unfunctionalized 3.08 £0.17 x 1077 1.46 + 0.10 x 1077 2.11 272 +£0.32 x 10~ 1.35+0.22 x 10~
PFDS 276 £ 0.12 x 1077 3.87 £0.16 x 10°® 7.13 2.88 £0.07 x 10~ 473 +£0.74 x 107"
PEGS 1.24 £ 0.01 x 1077 1.92 +0.03 x 1077 0.65 1.12 £ 0.06 x 10~ 1.39 £ 0.21 x 10~
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organic solutes into the organic SAM formed within the pores.
The ability for molecules to partition into molecular layers such
as SAMs and lipid bilayers and the impact this has on transport
properties have been explored and reported in the recent litera-
ture.”®32 In our case, it is likely that the hydrophobic dye can
partition into the hydrophobic silane layer and thus diffusion
across the membrane can occur through both the silane layer and
the solvent in the centre of the pore resulting in similar Rubpy
transport rates through PFDS-modified and unfunctionalized
membranes. From Fig. 3(b) it can be seen that the transport of
RB through the PFDS modified membrane is significantly
reduced in comparison to the transport through the unfunc-
tionalized membrane (Fig. 3(a)). Table 2 shows that the perme-
ability coefficient of RB into the PFDS—pSi membrane is
approximately 2.8 times smaller than the permeability coefficient
of the dye into the unfunctionalized membrane. Therefore the
partition coefficient for RB transport in the PFDS-—pSi
membrane has decreased (eqn (2)). The PFDS—pSi membrane
exhibits a hydrophobic environment in which the hydrophilic dye
would not enter easily. Furthermore, it is unlikely that the RB
will partition into the hydrophobic organic monolayer and hence
the reduction of the transport rate can also be attributed to
a reduction in the pore diameter from the adsorbed monolayer.
These contributing factors lead to an overall decrease in the
transport of RB through the PFDS—pSi membrane. Thus the
PFDS-pSi membrane facilitates the transport of hydrophobic
species through the membrane while hindering the transport of
hydrophilic species.

The transport rates of Rubpy and RB through the hydrophilic
PEGS modified membrane is presented in Fig. 3(c). In this case
the transport of RB through the membrane is faster than Rubpy
resulting in a flux ratio of 0.65 (Table 2). The permeability
coefficients (Table 2) of RB through the PEG—pSi membrane and
the unfunctionalized membrane are similar therefore the ability
for RB to partition into the PEG-functionalized membrane is
unaffected. Furthermore, the permeability of Rubpy through the
membrane has decreased considerably which is due to a reduc-
tion in the partition coefficient explained by the poor solubility of
Rubpy into the hydrophilic environment formed within the pores
of the membrane due to adsorption of the hydrophilic PEGS.
Therefore, complementary to the transport results obtained from
the PFDS—pSi membranes, the transport of hydrophilic species
through the PEGS modified membrane is facilitated while the
transport of the hydrophobic species is hindered due to the
hydrophilic environment exhibited by the PEGS modified
membrane.

From Fig. 3 it is apparent that the PFDS-functionalized
membrane favours the transport of the hydrophobic dye over the
hydrophilic dye (Fig. 3(b)) and the PEGS-functionalized
membrane favours the transport of the hydrophilic dye over the
hydrophobic dye (Fig. 3(c)). After PFDS modification it is seen
that the flux ratio of Rubpy : RB has increased by a factor of 3.38
(from 2.11 to 7.13) while after PEGS modification the flux ratio
of Rubpy : RB has decreased by a factor of 3.25 (from 2.11 to
0.65) (Table 2). Silane modification has therefore improved the
selectivity properties of pSi membranes considerably. Thus
chemical sensitivity has been imparted to the membrane through
the adsorption of silanes onto the inner and outer surfaces of the
membrane resulting in an enhancement in the degree of

separation between hydrophilic and hydrophobic molecules.
These results confirm that surface modifications can be tailored
to favor the transport of molecules with a specific chemical
nature.

Conclusions

The transport properties of porous silicon membranes can be
varied by modifying the inner and outer surfaces with silanes.
The transport properties vary in a chemically rational way with
the chemical nature of the silane. Porous silicon membranes were
modified with the highly hydrophobic silane, PFDS, and the
hydrophilic silane, PEGS. Contact angle measurements
confirmed the hydrophobic and hydrophilic nature imparted to
the membrane after PFDS and PEGS functionalization, respec-
tively. The transport data were found to support these results
where the PFDS-pSi membrane facilitated the transport of
hydrophobic molecules while hindering the diffusion of hydro-
philic molecules. Transport of hydrophilic species through the
PEGS modified membrane was facilitated while the transport of
the hydrophobic species was hindered. This preliminary investi-
gation provides the first study into mass flow through a pSi layer
and is a basis for further investigation into more sophisticated
surface functionalization and the tailoring of surface chemistry
to improve the control of membrane selectivity and separation
towards specific molecules. The impact of surface modification
coupled with the biocompatibility of pSi membranes will provide
new advances in membrane based bio-applications such as drug
delivery, biomolecule sensing and artificial organs. In particular,
the employment of freestanding pSi with open ended pore
structures in biomolecule separation applications such as
hemodialysis will be greatly beneficial.
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