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elf-supporting membranes that con-

tain single nanopores or arrays of

nanopores have attracted consider-
able attention because of their potential
applications in the controlled growth of
nanostructures, nanofiltration devices, bio-
separations, and biosensing.' Long before
man walked on earth, nature had suc-
ceeded in the creation of “nano”-filtration
membranes, most notably the a-hemolysin
channel.** In contrast to biologically based
nanopores, “synthetic” mimics have poten-
tial advantages of being less fragile, more
stable, easily tailored, better able to with-
stand harsher conditions, and thus more
applicable to commercial nanofiltration or
sensing devices. These “designer” materials
have enormous potential in clinical and di-
agnostic applications, chemical sensors,
separation science, chemical delivery, and
catalysis."

A number of excellent examples of
membranes that contain nanosized pores
exist in the literature, perhaps the most
popular being the porous alumina mem-
branes and the track-etched membranes
popularized by the Martin group.'? More
recently, considerable efforts have been di-
rected toward tailoring the geometry of the
nanopore in track-etched membranes from
cylindrical to conical,”™'° studying ionic
transport in these asymmetric pores,'' ">
and using them as sensing elements to de-
tect various analytes including proteins,’®
porphyrins,’” and DNA."® Conical-shaped
pores, where the top diameter of the pore
is larger than its bottom, have a number of
advantages including enhanced transport
properties, lower resistance, and improved
sensor performance.”'®"” In addition to
these studies, other efforts have been di-
rected toward the fabrication of self-
supporting films of nanometer thickness
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ABSTRACT Self-supporting membranes containing either isolated or organized arrays of nanosized pores

have been prepared using a nonlithographic approach by coupling sol—gel processing, thin film preparation,

and templating. Specifically, polystyrene latex spheres were doped into a hybrid sol prepared from

tetraethoxysilane and dimethyldiethoxysilane and the resultant sol spin cast on a sacrificial support. Upon removal

of the template and the sacrificial support, the self-supporting nanopore membranes were transferred to glass

for characterization by atomic force microscopy and scanning electron microscopy. Through variations in the

thickness of the membranes and the size of the polystyrene latex spheres, the geometry (cylinder-like to

asymmetric-like) and the dimensions of the nanopores were altered. Pores with diameters that range from 35 to

2100 nm, aspect ratios (defined as the top pore diameter divided by the bottom pore diameter) from 1—4, and

depths (effective film thickness) from 50 to 1500 nms have been prepared using templates that range in diameter

from 100 to 3100 nm. The method described employs “wet-chemistry”, is highly versatile, and is easily amenable

to modification by utilizing templates of different sizes and geometries to create stable membranes with different

pore geometries and sizes that can be used as platforms for nanofiltration and/or chemical sensors.
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that contain nanosized pores'®~%2 as well

as supported materials that contain
nanochannels and nanowells, such as those
formed on conducting surfaces, in poly-
mers, silicon, and in glass.>>~%°

Herein, we describe a simple, reliable,
nonlithographic approach to create self-
supporting membranes that contain single
asymmetric nanosized pores or localized ar-
rays of asymmetric nanosized pores by cou-
pling template based strategies,>>3" thin
film processing,? and sol—gel polymeriza-
tion.>®> The method described provides a
means to easily tailor the thickness of the
self-supporting membranes from nanome-
ters to micrometers, manipulate the density
of nanosized pores, and alter the diameter
of the nanosized pores and their corre-
sponding aspect ratio (defined as the pore
diameter on the top of the membrane to
that on the bottom). Furthermore, the
membranes are easily amendable to chemi-
cal modification and thus have promising
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Scheme 1. Preparation of self-supported membranes containing asymmetric nanopores.

applications in the areas of filtration, chemical delivery,
and chemical sensing.

RESULTS AND DISCUSSION

Sol—gel processing provides an important and valu-
able means to form thin films*3* on insulating and
conducting surfaces and in some less typical cases, self-
supporting membranes.>>8 |n previous work,>* we
showed how sol—gel processing can be merged with
template based processing to provide a way to create
a two-dimensional ordered array of pores (e.g., nano-
wells) in a thin, insulating film coated on a conducting
surface (an electrode). Specifically, polystyrene latex
spheres were doped into a silica sol, which was then
spin coated on a glassy carbon electrode. The latex
spheres were then dissolved in chloroform leaving be-
hind hemispherical cavities in the silica thin film on
glassy carbon, which were used to electrochemically
grow nanostructures from the bottom up.*? In this
work, we show that under the appropriate circum-
stances, this same type of approach can be used to cre-
ate self-supporting membranes of varying thickness
that contain either single or localized arrays of nano-
sized asymmetric pores with varying sizes and aspect
ratios. It is important to note that in addition to the
nanosized pores directly introduced into the membrane
upon removal of the spherical templates, the silica
framework has associated with it some micro- and me-
soporosity, which is difficult to measure because of the
small amount of material present. In the discussion be-
low, the term “pore” refers to the pores directly intro-
duced into the membrane when the template (latex
sphere) is removed.

Membrane Preparation. One promising method to form
self-supporting membranes involves spin coating the
appropriate membrane components (in this study, a
sphere-doped silica sol) on a polymer coated glass
slide.3*=3° By dissolving the underlying polymer sup-
port in an appropriate solvent, the membrane detaches
and floats to the surface while the glass substrate falls
to the bottom. The self-supporting membrane can then
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be transferred onto a suitable substrate for subse-
quent characterization. A simple cartoon of this pro-
cess is shown in Scheme 1. In this study, polystyrene
(PS) was chosen as the underlying polymer because it
easily dissolves in chloroform simultaneously with the
template (polystyrene latex spheres) but not the silica
membrane.

The pore that remains in the membrane when the
template (latex sphere) is removed will typically be
asymmetric in that its diameter will be larger on the
top of the membrane compared to that on the bot-
tom. The diameter of the pore on the top side of the
membrane (d,,,) will be a function of the diameter of
the sphere (template) and the effective film thickness of
the film (t.¢ defined as the thickness of the film as mea-
sured from the pile-up of silica around the sphere to
the bottom of the membrane, see later). The diameter
of the pore on the bottom side of the membrane
(dpotton) Will depend on the surface area of the sphere
in contact with the underlying surface (polystyrene
film). When the underlying polystyrene surface and
the polystyrene latex sphere are removed, this “con-
tact” area becomes exposed, thus defining the dimen-
sions of the base of the pore. The diameter of the bot-
tom pore will largely be dependent on the diameter of

Figure 1. Optical image and corresponding AFM images (20
m X 20 wm) of 2-pm diameter spheres in a silica mem-
brane before chloroform treatment. Z axis scale in AFM im-
ages: 1000 nm (top image of ensemble) and 10000 nm (bot-
tom image of single sphere).
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Figure 2. SEM images of a hybrid membrane prepared from the 440-nm diameter spheres after treatment in chloroform.
Panel B represents an expanded view of the top of the membrane showing pores that are ca. 300 nm in diameter.

Figure 3. 3D AFM image (30 pm X 30 pum; Z-axis: 5000 nm) of a single pore in a hybrid membrane prepared from a 2-pm
diameter sphere. The plot shows the corresponding sectional of the single pore.

the sphere but not the film thickness. The aspect ratio,
defined as the ratio of d,,, t0 dyooms Will depend on
the size of the sphere, the effective film thickness, and
the surface area of the sphere in contact with the un-
derlying surface. This ratio can easily be modified and
tuned by changing one or more of these variables.

To be of use in any meaningful investigation, it is
critical that the self-supporting membrane be stable
and not easily broken into tiny pieces. While sol—gel
chemistry provides a versatile means to prepare thin
films,?>3* particularly when coated on a suitable sub-
strate, the thin films are fragile, especially when they are
prepared from traditional precursors such as tetra-
ethoxysilane (TEOS). To overcome this disadvantage as
well as to provide a means to create thicker films and
membranes, organoalkoxysilanes have been combined
with the traditional tetrafunctional silanes (i.e., TEOS) to
prepare a hybrid composite material.*>*" Alternatively,
organic polymers can be added to the sol to prepare
more flexible membranes.>”3®

In this investigation, a number of organoalkoxysi-
lanes were evaluated as a means to create thicker, more
flexible thin films that can be detached from a surface
without fracturing including methytrimethoxysilane,
phenyltrimethoxysilane, and dimethyldiethoxysilane
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(DMDEQS).?° Other variables that needed to be consid-
ered included the ratio of the tetrafunctional cross-
linker (i.e., TEOS) to the organoalkoxysilane, the com-
posite sol’s aging time before spin coating, and the
membranes drying time and environment. Films that
are not properly cross-linked (condensed) owing to an
inadequate drying time, temperature, environment, or
not prepared from a sufficiently aged (condensed) sol
will easily fragment when placed in solvent. These vari-
ables were first optimized using 3-wm diameter spheres
as the template. The most promising results were ob-
tained using a 5:2 mixture of TEOS/DMDEQS, a one day
aging period, and a two day film drying period under
moderate humidity. The hybrid membranes without
spheres prepared under these conditions are ca.
50—200 nm thick as measured by profilometry. The ef-
fective film thickness, t ¢ of the nanopore membranes
ranges from approximately 50 to 1500 nm.

Membrane Characterization. The membranes transferred
to glass were either imaged using AFM or SEM. In both
cases, similar images were obtained. A representative
optical image of the hybrid film containing 2.0 pm
spheres on plasma-treated PS coated glass can be seen
in Figure 1. The dark areas in the optical image repre-
sent areas where the spheres are densely packed as
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TABLE 1. Top/Bottom Pore Diameter with Different Size Microsphere Templates®

3. pm 2.0pum
top pore size (dmp), nm 2060 = 100 1130 = 30
bottom pore size (dy¢iom), NM 516 = 40 365 = 38
aspect ratio (dg,/dyotrom) 4.0 3.1

diameter of microsphere templates

990nm 440nm 210nm 95nm
458 =18 200 =14 78%9 1=*9
185 £32 138 £15 76 £13 35%£9
2.5 1.4 1.0 12

“The sol used is the original aged sol, with the exception of the 210 and 95 nm diameter spheres where the sol was diluted with ethanol (40 L of sol to 60 L of ethanol
(210 nm spheres) and 50 p.L of sol to 50 L of ethanol (95 nm spheres)) and spin coated at 8000 rpm. Error represents standard deviations from N = 9—12 pores.

can be seen in the corresponding AFM image. Also
present, are areas where there are no spheres and ar-
eas where a single sphere can be found (see corre-
sponding AFM image). In some investigations, it may
be useful to focus on a single pore formed from a single
sphere whereas in other investigations it may be use-
ful to focus on an ensemble of pores formed from a
closely packed array of spheres. The films described
herein provide a means to look at either a single pore
or an ensemble of closely spaced pores.

When the sphere-doped membrane is placed in
chloroform, the membrane detaches from the underly-
ing polystyrene/glass support and floats to the surface
and the latex spheres dissolve leaving behind nano-
sized pores in the hybrid membrane. Figure 2A shows
a SEM image of a large area of the top surface of a mem-
brane prepared using 440 nm diameter spheres cap-
tured on glass. Both “single” pores and localized arrays
of pores can be seen in these large scale images. A SEM
image of an “ordered” region in this film is shown in Fig-
ure 2B, depicting pores that have a top diameter of ca.
300 nm. With the spin coating method we are using
now, ordered regions with a maximum size of approxi-
mately 10 wm X 10 pm are typically obtained. By rely-
ing on other methods to order the spheres on the poly-
mer coated glass slide besides spin coating,*? it should
be possible to obtain membranes where the entire ar-
rangement of the template induced pores is closely
packed, thus providing materials with the highest pos-
sible density of asymmetric pores.

A representative AFM image of a single pore in a self-
supporting membrane (transferred on glass for AFM im-
aging) prepared from a 2-pm diameter sphere is shown
in Figure 3. In a 3-D AFM plot, the pore looks like a vol-
cano as the sol initially wets the sphere and then pulls
away, exposing the top of the particle and building up
around the sides.?*** The single pore that is produced
upon dissolving the template is more clearly shown in

the sectional image. Theoretically, the shape of the
pore will mimic the shape of the bottom half of the
template—a hemisphere. But because the AFM tip can
not contact (and thus, properly image) the inner walls of
the hemispherical pore, the geometry of the “actual”
pore will look more “bowl” shaped (i.e., see cartoon in
Scheme 1) compared to that seen in Figure 3. In most
cases, d,,, will be greater than d,. o giving rise to the
term “asymmetric” pore.

Pore Size Variations. Once film preparation conditions
have been optimized, membranes with different long-
range order, film thickness, pore sizes, and aspect ratios
were prepared by varying the size of sphere and the vis-
cosity of the sol. Spheres with a diameter from 100 nm
to 3 wm were used in this study. However, it should be
possible to create even smaller pores by utilizing
spheres that are in the 20—100 nm size, which can
also be purchased commercially. Figure 4 shows AFM
images of the top and bottom surfaces of three typical
membranes formed by templating with different size
microspheres (2000, 990, and 440 nm).

The average pore diameters at the top and bottom
of the membranes are summarized in Table 1. As seen
in Figure 4 and Table 1, the top and bottom pore diam-
eter is dependent on the diameter of the microsphere
templates used. The larger the diameter of the sphere,
the larger the top and bottom diameters of the pores in
the membranes. Likewise, the aspect ratio, defined as
the top diameter divided by the bottom diameter, can
be changed by changing the diameter of the template.
This value also depends on the effective film thickness
of the membrane. It is possible that the bottom diam-
eter is larger than what may be theoretically expected,
particularly for the pores prepared from the smaller
spheres, because the film surrounding the base of the
pore is very thin, potentially making it more fragile and
possibly more easily broken during detachment.

TABLE 2. Top/Bottom Pore Diameter in Films of Varying Thicknesses Prepared by Diluting the Original Sol with Ethanol

Prior To Spin Coating®

dilution of original sol with ethanol (total volume =100 L)

dilution factor 0% 20%

top pore size (dmp), nm 200 = 14 231+ 14
bottom pore size (dyom), NM 138 =15 128+ 13
aspect ratio 1.4 1.8

40% 50% 60%

257 =15 3B 369 = 17
136 = 13 128+ 13 137 =14
1.9 24 2.7

“Template: 440 nm diameter polystyrene microspheres. Error represents standard deviations from N = 9—12 pores. Effective film thickness varies from ca. 350 to 250 nm.
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21m the “geometry” of the pore from one where the as-
pect ratio is near 1 (cylinder-like) to one where it
can be greater than 4 (asymmetric-like). The 95 nm
diameter spheres, for example, give rise to a
cylinder-like geometry (aspect ratio near 1) when
the sol is diluted 50:50 with ethanol and an

5x5um2 5x5um2 5x5um2

asymmetric-like geometry when diluted 20:80 sol/

ethanol (aspect ratio 2.3). Likewise, at the given film
thicknesses, the 210 nm diameter spheres have

nearly identical bottom and top diameter (Table 1)
with an aspect ratio near 1 (cylinder-like) while the
3-wm diameter spheres give rise to the most asym-
metric shape with bottom and top diameters differ-

Figure 4. AFM images of membranes templated with different
size microspheres (2 pm, 990 nm, and 440 nm). (Top row) Top

side of membrane. (Bottom row) Corresponding bottom side of
membrane. Z-scale in top side images: 2000 nm (2 pm spheres)
and 400 nm (990 and 440 nm). Z-scale in bottom side images: 50

nm.

Another powerful means to change the top diam-
eter of the pore, and thus the aspect ratio of the pores,
is to change the thickness of the film by changing the
viscosity of the sol. In this study, the 440 and 95 nm di-
ameter microspheres were used as the model tem-
plates and the original sol was diluted with ethanol to
change its viscosity to produce self-supporting silica
membranes with different thickness (see Scheme 2).

Figure 5 shows AFM images of three typical mem-
branes of different thicknesses using the 440 nm diam-
eter templates. The pore size of both top/bottom sides
of the membranes are summarized in Table 2. The top
diameter of the pore clearly depends on the effective
film thickness (which varies by a factor of ca. 1.5), but
the bottom diameter does not. The maximum aspect ra-
tio that can be obtained is the diameter of the sphere
divided by the d, oo (determined by the surface con-
tact with the surface). By optimizing the effective film
thickness, asymmetric pores with maximum aspect ra-
tios can be obtained. When 40 p.L of sol was diluted
with 60 pL ethanol, for example, pores with the largest
aspect ratio (~3) were obtained using the 440 nm di-
ameter spheres as templates: top, 369 nm; bottom, 137
nm. Similar results were observed with the 95 nm diam-
eter spheres as shown in Figure 6. When the sol is di-
luted with 50, 70, and 80 pL of ethanol, the top diam-
eter of the pore varied and was 41 = 9,62 = 12, and 80
+ 10 nm, respectively. The bottom diameter was 35 *
9 nm.

Changes in the film thickness and changes in the di-
ameter of the template also provide a means to change

m( bm - mn( b
-t he - wd A

Scheme 2. Simplified diagram depicting how film thickness
influences pore diameters and aspect ratios.

Film Thickness
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ing by 4.

CONCLUSION

In summary, large, flexible, self-supporting silica
membranes that contain asymmetric pores can be
obtained by combining sol—gel technology with
thin film processing with template based strategies us-
ing nano- to micrometer-sized polystyrene latex
spheres as the template. The density of nanopores in
the membrane can range from a single isolated pore to
arrays of closely spaced pores. The shape of the nanop-
ore as well as its aspect ratio can be easily modified
through changes in the size of the template and
through dilution of the sol. While this work has fo-
cused on the fabrication of membranes with aspect ra-
tios between 1 and 4, with pore sizes ranging from 2100
to 35 nm, it should be possible to extend these ranges
via further manipulation of template diameter, tem-
plate shape, and film thickness. Since the membranes
were made using the sol—gel process, it is possible to
trap molecules in the pores that will be able to react
with analytes passing through the nanopore. Silica is

.

Figure 5. AFM images of the top side of membranes pre-
pared with 440 nm diameter spheres: (A) dilution of 60 pL
the original sol with 40 pL of ethanol; (B) dilution of 50 L
the original sol with 50 pL of ethanol; (C) dilution of 40 pL
the original sol with 60 pL of ethanol. Image: 5 pm X 5 pm.
Z scale: 400 nm (A), 400 nm (B), and 800 nm (C).

Figure 6. AFM images (1.5 pm X 1.5 pm) of the top side of

membranes prepared with 95 nm diameter spheres: (A) dilu-
tion of 20 pL the original sol with 80 pL of ethanol; (B) dilu-
tion of 30 pL the original sol with 70 L of ethanol; (C) dilu-
tion of 50 pL the original sol with 50 pL of ethanol. Z scale:
100 nm.
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also easily amenable to surface modification allowing
the inside of the pore as well as the pore mouth and tip
to be modified to influence transport and enhance se-
lectivity. The membranes are also relatively thin (0.05 to
1.5 wm) in comparison to the more traditionally stud-
ied track-etched conical polymer membranes contain-

EXPERIMENTAL SECTION

Reagents. Tetraethoxysilane (TEOS, 99%) and dimethyldi-
ethoxysilane (DMDEOS, 97%) were purchased from Aldrich. Chlo-
roform, methylene chloride, and hydrochloric acid were pur-
chased from Fisher Scientific. Polystyrene (MW =~ 45K) was
purchased from Aldrich. Aqueous suspensions of polystyrene mi-
crospheres with diameters ranging from 0.1 to 3 wm were ob-
tained from Interfacial Dynamics Corp. (Portland, OR) (8.2 wt/v
%, surfactant free, sulfated). Water was purified with a Millipore
water system.

Preparation of Self-Supporting Nanopore Membranes. Glass micro-
scope slides were cut into 1.5 cm X 1.5 cm squares and cleaned
by successive sonication in soap, ethanol, and water. These slides
were then spin coated with polystyrene (1 g dissolved in 8 mL
of methylene chloride) at 2000 rpm for 20 s using a commercial
spin coater. The film thickness of the polystyrene layer was about
1.5 pm as measured via profilometry (KIA-Tencor). The polysty-
rene coated slides were dried for one day (42% humidity),
plasma cleaned for 10 s (Harrick Plasma Cleaner, low power) to
make the surface more hydrophilic, and then spin coated with
sol. The original sols with DMDEOS/TEOS molar ratio of 2:5 were
prepared by mixing the appropriate amount of TEOS (100 L),
DMDEOS (32 L), 200 L of ethanol, and 30 L of 0.1 M hydro-
chloric acid followed by stirring for 30 min, and then aged for
one day at room temperature. Polystyrene microspheres (0.095,
0.21, 0.44, 0.99, 2.0 and 3.1 pm diameter) were sonicated 5—10
min before use. The aged (1 day) silica sol (100 pL) was then
added to a spheres suspension (100 wL) in a ratio of 1:1. For the
experiments using a diluted sol, the total sol volume was still
kept at 100 pL, dilution was done by mixing 100, 80, 60, 50, 40,
30, and 20 pL of the original aged sol with 0, 20, 40, 50, 60, 70
and 80 p.L of ethanol, respectively. The sphere-doped silica sols
were then spin cast on the polystyrene-coated glass substrate at
ca. 3000 rpm (for the 440 nm and larger spheres) or 8000 rpm
(for the 95 and 210 nm spheres) for 25 s. The thin membranes
supported on polystyrene coated glass were allowed to dry for
2 days at ca. 40—45% humidity at room temperature.

To detach the film from the substrate as well as to remove
the template (polystyrene latex spheres) to create the asymmet-
ric pores, the glass slide was placed in a glass Petri dish and chlo-
roform was slowly added until the membrane/glass slide was
completely immersed. The membrane immediately floated to
the top, and after one hour, it was transferred onto a clean glass
substrate. The “bottom” side of the membrane proved to be
more difficult to “capture” for subsequent imaging. The method
that proved best was to capture the top surface of the mem-
brane on glass, invert it, and put it in contact with a second hy-
drophobic glass substrate (silanized in 1% octyltrimethoxysilane
in methanol overnight) to form a “sandwich”. The bottom side of
the "hydrophobic” membrane preferentially sticks to the hydro-
phobic glass. Upon slow addition of water, the “hydrophilic” top
glass floats away leaving the membrane with its bottom side fac-
ing up on the hydrophobic glass substrate for drying and subse-
quent imaging. The membranes were dried overnight in a desic-
cator and imaged using an atomic force microscope (AFM,
Digital Instruments, Nanoscope llla, Tapping mode) with silicon
nitride tips (Nanoscience Instruments) or a scanning electron mi-
croscope (SEM, Zeiss, EVO 50 XVP). Prior to imaging on the SEM,
a thin layer of gold was deposited on the membranes.
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ing nanopores (typically 10 wm) thus potentially im-
proving transport rates. These thin self-supporting
membranes thus have promising applications in the ar-
eas of bioseparations, filtration, chemical delivery, and
chemical sensing. Future work is being directed toward
these applications.
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