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ABSTRACT: Here we fabricate patterned porous polymer mem-
branes on porous substrates by a combination of physical masking
and chemical vapor deposition. This all-dry technique eliminates
solvent-related issues and allows for the fabrication of hierarchical
porous-on-porous structures with a wide range of chemical
compositions and shapes. The porous polymer membranes are
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made by operating at unconventional processing conditions to

simultaneously deposit and polymerize monomer. The solid monomer serves as a porogen and creates microstructures around
which polymer forms. Membranes with thicknesses ranging from a few hundred micrometers to a millimeter are fabricated on
porous paper substrates. The resolution of the patterning process and the structure of the resulting membranes are analyzed as a
function of the deposition time. It was found that the patterned membranes exhibit a tapered structure and the dimensions are in
good agreement with the dimensions of the mask. One potential application of these patterned polymer membranes is
demonstrated for the selective separation of analytes for diagnostic applications on paper-based microfluidic devices. The ability
to pattern porous-on-porous structures can be useful for the development of hierarchical membranes for water purification and
gas separation, and for sensing, patterned tissue scaffolding, and other lab-on-a-chip applications.

KEYWORDS: polymer, porous polymer, membranes, chemical vapor deposition, functional polymers

B INTRODUCTION

The fabrication of thin nonporous functional polymer films has
led to significant advances for a wide range of applications
including small-molecule detection' and biomolecule immobi-
lization” and for dielectric’ and hydrophobic* materials.
However, the low surface area of these films can restrict their
performance and limit their efficacy in certain applications.>®
To overcome this obstacle, porous polymer films can be used to
vastly increase the surface area of the polymer to improve its
usefulness, for example, for improved resolution in chemical®
and biological®” sensing applications. Furthermore, the added
porosity and roughness can increase the potential utility of
functional polymers to include uses as catalytic supports,®
microreactors,” tissue scaffolds,'®™"? self-cleaning coatings,lz"14
and membranes.">'® The extension of porous polymers onto
porous substrates allows for additional applications such as
water purification. For example, Cadotte et al. fabricated porous
polymer films on porous supports for reverse osmosis
membranes,'” and similar materials have recently been used
in forward osmosis applications.'®

Common methods for producing porous polymer films and
membranes, including non-solvent induced phase separa-
tion,"” ™' thermally induced phase separation,”” ** and the
breath figure technique,”>~>’ require the use of solvents, which
may damage sensitive substrates or cause surface tension issues.
Furthermore, the need to meet solubility requirements can
limit both the chemical composition and morphology of the
polymer structures attainable by these techniques. Vapor-phase
polymer processing, which has conventionally been used to
deposit thin conformal nonporous films,"**® has also recently
been used to fabricate porous polymer films and mem-

-4 ACS Publications  © 2013 American Chemical Society

9714

branes.”” 3! In these vapor-phase systems, the lack of solvents
grants greater control over the polymer composition and
substrate compatibility. In our recent work,>" we described the
ability to fabricate porous polymer membranes on planar
surfaces using the initiated chemical vapor deposition (iCVD)
process, which is a polymer processing technique typically used
to generate nonporous films via adsorption and reaction of
gaseous initiator and monomer molecules.”>* The porous
polymer membranes were made by operating at unconventional
iCVD processing conditions. The monomer partial pressures
were increased above the saturation pressure and the substrate
temperatures were kept below the freezing point of the
monomer in order to simultaneously deposit and polymerize
monomer. The frozen monomer served as a porogen and
created pillar-like microstructures around which polymer
formed. These pillar-like microstructures were believed to be
caused by the use of operating conditions far from equilibrium,
which resulted in the unstable growth of frozen monomer.>*
Following deposition, the solid monomer was removed, which
resulted in membranes that contained two distinct pore sizes:
large-scale pores on the order of tens of micrometers in
diameter, which were formed during deposition by the void
spaces between individual microstructures, and small-scale
pores within the microstructures on the order of hundreds of
nanometers in diameter, which were formed by the sublimation
of the unreacted frozen monomer.
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Figure 1. Schematic representation and optical images of the fabrication of patterned porous-on-porous materials.

In this paper, we demonstrate for the first time the
solventless deposition of porous polymer membranes onto
porous substrates allowing for the fabrication of hierarchical
porous-on-porous materials, which could be used for water-
purification and gas-separation applications.'”**** Additionally,
we demonstrate the ability to controllably pattern these porous-
on-porous structures, which could further expand their utility to
include sensing,® patterned tissue scaffolding,'™" and lab-
on-a-chip applications."**® By combining physical masking
and chemical vapor deposition, our technique eliminates the
use of solvents and thus can be generally applied to fabricate
polymer membranes of varying chemical composition and
shape on a wide variety of substrates. Membranes with
thicknesses ranging from a few hundred micrometers to a
millimeter composed of poly(methacrylic acid) (PMAA), a pH-
responsive polymer that can enhance separations based on
electrostatic interactions,””*® were patterned directly onto
chromatography paper. The resolution of the patterning
process and the structure of the resulting membranes were
analyzed as a function of the deposition time. One potential
application of these patterned polymer membranes was
demonstrated for the selective separation of analytes on
paper-based microfluidic devices.

B EXPERIMENTAL SECTION

Methacrylic acid (MAA; Aldrich, 99%), ethylene glycol diacrylate
(EGDA; Aldrich, 90%), tert-butyl peroxide (Aldrich, 98%), chroma-
tography paper (Whatman, No. 1), toluidine blue O (Aldrich, 80%),
crystal violet (Aldrich, 90%), ponceau S (Aldrich, 75%), pH 6 buffer
(BDH, ACS grade), and pH 8 buffer (BDH, ACS grade) were used as
received without further purification.

Chromatography paper was placed on top of a thermoelectric
cooler (TEC; TE Technology), which was located inside a pancake-
shaped (250 mm diameter and 48 mm height) iCVD vacuum chamber
(GVD Corp.).* Pressure was achieved by a rotary vane vacuum pump
(Edwards E2M40) and maintained by a throttle valve (MKS 153D). A
stainless steel mask with circular holes (2.7 mm radius) was placed on
top of the chromatography paper with thermal grease (TE
Technology) surrounding the outer edge of the mask. The substrate
temperature was measured directly on top of the thermoelectric cooler
with a thermocouple connected by thermal grease.
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The initiator, tert-butyl peroxide, was kept at room temperature and
introduced into the reactor at a flow rate of 0.7 sccm through a mass
flow controller (MKS 1479A) to achieve a total pressure of 31S
mTorr. A nichrome filament array (Omega Engineering, 80%/20%
Ni/Cr) was subsequently heated to 250 °C to cleave the initiator into
free radicals, and the thermoelectric cooler was equilibrated at —10 °C
using an adjustable direct-current power supply (Volteq HY3010D).
Finally, the monomer precursors were introduced; for the production
of porous PMAA membranes, MAA was introduced at a flow rate of
4.0 scem, and for the production of porous xPMAA membranes, MAA
and EGDA were simultaneously introduced at flow rates of 4.0 and 0.1
sccm, respectively. The deposition times were varied between 2 and 30
min. Following deposition, all precursor flows were halted, the filament
array was turned off, and the unreacted frozen monomer was sublimed
at a thermoelectric cooler temperature of approximately 0 °C until the
system returned to base pressure.

The structure of the samples was analyzed using a scanning electron
microscope (JEOL-7001) at a 10 kV accelerating voltage. Gold was
sputtered onto the samples for 30 s prior to imaging. Cross sections
were observed by cutting the samples with scissors. The porous
polymer membrane thickness and radius and the diameters of the
large-scale pores were estimated from scanning electron micrographs
and averaged over three separate depositions, with errors representing
1 standard deviation. The diameters of the large-scale pores were
estimated from an area of approximately 1 mm’ from top-down
scanning electron micrographs of the interior of the membranes and
processed as recommended by NIST using ImageJ (version 1.44p)*°
under the assumption of circular pores.

Dyeing of the porous xPMAA membranes was performed by
immersing the samples in 0.001 wt % toluidine blue O in a buffered
pH 8 solution for 12 h. The membranes were then washed three times
by immersion in a buffered pH 8 solution for a total of 36 h. The
membranes were then allowed to dry in ambient conditions and
scanned using a color desktop printer (HP Deskjet F4480). The
images were converted to gray scale, and line intensities were gathered
using Image]. The intensities were normalized against unmodified
chromatography paper treated with toluidine blue O in the same
manner as that described above and averaged over two samples with
two scans per sample taken perpendicular to each other.

Paper-based microfluidic devices were fabricated by printing wax
(Xerox Phaser 8560N) onto Whatman chromatography paper and
subsequently heating the paper to 180 °C for 3 min to melt the wax
through the depth of the paper.*"** The ability of porous xPMAA
membranes to selectively separate cationic analytes was analyzed by
depositing porous xPMAA membranes for 10 min at the inlet of
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Figure 2. Schematic of the membrane structure with scanning electron micrographs showing the (a) top-down membrane morphology with an inset
at higher magnification, (b) tapered edge, (c) exterior cross section, and (d) interior cross section.

paper-based microfluidic channels using a stainless steel mask, as
described above. Three uL of a buffered pH 6 solution containing 2
mg/mL crystal violet and 0.25 mg/mL ponceau S was then applied to
the inlet of the channel and allowed to flow through the device in
ambient conditions. Separation of the dyes was performed using three
separate channels to confirm the result.

B RESULTS AND DISCUSSION

In order to fabricate the patterned polymer membranes, a
thermoelectric cooler was placed inside an iCVD vacuum
chamber to achieve cold substrate temperatures (—10 °C) in
order to satisfy the two requirements previously discussed:>!
the partial pressure of the monomer must be greater than its
saturation pressure, and the temperature of the substrate must
be less than the freezing point of the monomer (MAA; 14 °C).
Chromatography paper was used as a porous substrate. The
paper was placed on top of the thermoelectric cooler and
covered with a stainless steel mask in order to pattern
deposition of the polymer, as shown in Figure 1. During
deposition, polymer visibly grew on both the mask and exposed
paper. Following deposition, the unreacted frozen monomer
was sublimed until the system returned to base pressure,
leaving behind porous polymer membranes patterned directly
onto the chromatography paper. While circular membranes
were fabricated for demonstration, this technique can be
extended to other shapes by simply varying the mask.

We examined the structure of the polymer membranes at
deposition times of 10, 20, and 30 min using scanning electron
microscopy (SEM). Lower deposition times (< 2 min) did not
result in a cohesive polymer layer. For deposition times in the
range of 10—30 min, the membrane thickness had a linear
growth rate of 32.2 + 2.8 um/min. The radii of the base
(polymer—paper interface) of the membranes (2.8 + 0.1 mm)
were in relatively good agreement with the radius of the mask
(27 mm) for all deposition times, confirming successful
patterning of the membranes. The radii of the top (polymer—
air interface) of the membranes (2.3 = 0.1 mm) were slightly
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smaller than the radius of the mask. The tapered structure of
the membranes is attributed to shadowing effects during
deposition caused by the mask and growing polymer, which has
been similarly observed in other vapor-phase deposition
systems including the oblique angle deposition of parylene®
and the sputtering of metals, + leading to nonuniform
deposition onto the substrate.

Morphologically, the interior of the membranes were
composed of randomly aligned pillar-like microstructures and
displayed dual-scale porosity similar to that of the membranes
deposited onto planar substrates with large-scale pores on the
order of tens of micrometers in diameter and small-scale pores
on the order of hundreds of nanometers in diameter (Figure
2a).>' The tapered edges (Figure 2b,c) of the membranes
displayed a dense polymer layer that partially bridged individual
microstructures. The interior cross-sectional image (Figure 2d)
showed that this dense layer was restricted to the edge of the
membranes while the interior remained highly porous. This
dense layer likely forms as a result of the shadowing effects at
the interface between the mask and growing polymer, which
prevents deposition of additional solid monomer and formation
of microstructures but still allows adsorbed monomer vapor to
polymerize across the surface. Relative to deposition of
membranes onto flat surfaces,®’ deposition onto porous
substrates was more disordered, leading to a broad size
distribution of the large-scale pores (Figure 3). The distribution
of the pore diameters was independent of the deposition time,
and membrane fabrication was reproducible with consistent
morphology and an average pore diameter of approximately 30
+ 4 ym.

While the SEM images showed no polymer deposition
outside the patterned area, we dyed cross-linked PMAA
membranes with toluidine blue O* to further study whether
the regions of chromatography paper covered by the mask were
coated with polymer. The polymer was cross-linked to prevent
dissolution during dyeing. In order to fabricate the cross-linked
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Figure 3. Distribution of the diameters of the large-scale pores for
membranes fabricated at deposition times of 10, 20, and 30 min.

poly(MAA-co-EGDA) («PMAA) membranes, EGDA was
added into the reactor at a partial pressure below its saturation
pressure to ensure that it did not affect the morphology of the
porous membranes (Figure 4a). The xPMAA membranes were
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Figure 4. (a) Top-down scanning electron micrograph of a porous
xPMAA membrane. (b) Intensity plot of dyed xPMAA membranes.
Mixture of crystal violet and ponceau S flowing through a paper-based
microfluidic device in the (c) absence and (d) presence of a porous
xPMAA membrane.

fabricated at deposition times of 10, 20, and 30 min and
analyzed to determine the locations of polymer deposition. The
intensity plots of the polymer membranes (Figure 4b) show a
radius and tapered edge, which is consistent with the structure
of the membranes, as observed by SEM. Outside the area of the
polymer membrane, the intensity quickly returns to the
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baseline for all deposition times, indicating that there is
negligible deposition of polymer in the areas covered by the
mask. The absence of polymer under the mask is attributed to
the depletion of monomer from the vapor-phase as a result of
its deposition, preventing diffusion of monomer vapor
throughout the paper substrate. The absence of polymer allows
our fabrication technique to be used in applications where
patterning of polymer deposition is essential, such as in sensing
and lab-on-a-chip applications.

As an example of the utility of these patterned porous-on-
porous materials, we demonstrated their use as filters for paper-
based microfluidic devices. Paper-based microfluidic devices are
a new type of point-of-care devices,***” but they generally lack
the functionality available to pressure-driven microfluidic
devices.*®** For instance, the ability of unmodified chromatog-
raphy paper to separate analytes is limited, as shown by its
inability to separate a mixture of crystal violet and ponceau S
(Figure 4c). However, incorporation of a xPMAA porous
polymer membrane patterned onto the inlet of a paper-based
microfluidic device allows for selective separation of crystal
violet as a model cationic analyte from a mixture containing the
anionic dye ponceau S (Figure 4d). This separation is due to
the increased electrostatic attraction between the electro-
negative xPMAA and the electropositive crystal violet, which is
further enhanced by the high surface area provided by the
porous polymer membrane.

B CONCLUSION

In summary, we have demonstrated the ability to fabricate
patterned porous polymer membranes on porous substrates
using a combination of physical masking and vapor-phase
processing. In order to generate the porous morphology,
deposition conditions were selected to simultaneously deposit
and polymerize monomer. Our technique eliminates the use of
solvents and allows for the fabrication of hierarchical porous-
on-porous materials. The patterned membranes exhibited a
tapered structure, and the dimensions were in good agreement
with the dimensions of the mask. While the fabrication of
circular PMAA and xPMAA membranes on chromatography
paper was demonstrated, our technique can be easily expanded
for the fabrication of porous polymers membranes of varying
chemical composition and shape on a variety of porous
substrates. The utility of these types of patterned porous-on-
porous materials was shown for the selective separation of
analytes for paper-based microfluidic applications, but their use
can be extended for the development of hierarchical
membranes for water purification and gas separation and for
sensing, patterned tissue scaffolding, and other lab-on-a-chip
applications.
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