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POROUS POLYMER MEMBRANES, METHODS OF MAKING, AND METHODS OF
USE

CROSS-REFERENCE TO RELATED APPLICATION
This application claims priority to U.S. provisional application entitled “POROUS
POLYMER MEMBRANES, METHODS OF MAKING, AND METHODS OF USE,” having
serial number 61/407,061, filed on October 27, 2010, which is entirely incorporated herein by

reference.

FEDERAL SPONSORSHIP
This invention was made with Government support under Contract/Grant No. CBET-
0744879 and CMMI-1000686 from the National Science Foundation. The Government has

certain rights in this invention.

BACKGROUND

Mesoporous membranes, such as 2-D porous silicon and 1-D titania photonic crystals,
have been widely used in sensitive vapor detection. By monitoring the change of the optical
properties (e.g., wavelength shift of the photonic band gaps or the Fabry-Perot fringes) of the
diffractive media during vapor condensation, the concentration of the vapors can be deduced.
Blue-colored Morpho butterfly wing scales, which are intrinsic 3-D photonic crystals exhibiting
unique optical diffraction and interference, have also been demonstrated for highly selective
vapor detection. However, the limited size and material selection of these natural photonic

crystals impede the development of reproducible and reusable vapor detectors.

SUMMARY

Embodiments of the present disclosure provide for structures, methods of making a
structure, devices, filters, display signs, and the like.

An embodiment of the structure, among others, includes: a porous polymer membrane
including an ordered array of voids, wherein the distance between at least two pairs of adjacent
voids is substantially the same, wherein a polymer framework separates the voids, wherein the
voids extend the entire thickness of the porous polymer membrane to form a channel through the
porous polymer membrane.

An embodiment of the device, among others, includes: a first structure, wherein the first
structure is the structure as described herein, and a fluid structure adapted for moving a fluid into

and out of a portion of the voids of the first structure, wherein the portion of the first structure
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has a first color when the fluid is within the void and a second color when the void does not
include the fluid, wherein the first structure and the fluid structure are in fluidic
communication.

An embodiment of the filter, among others, includes a structure as described herein.

An embodiment of the display sign, among others, includes a structure as described
herein. |

An embodiment of the method of making a structure, among others, includes: disposing a
monomer/nanoparticle mixture onto a surface to form an array of nanoparticles, wherein the
distance between at least two pairs of adjacent nanoparticles is substantially the same;
polymerizing the monomer to form a polymer framework around at portion of the nanoparticles;
and removing the nanoparticles to form an ordered array of voids, wherein the distance between
at least two pairs of adjacent voids is substantially the same, wherein the polymer framework
separates the voids, wherein the voids extend the entire thickness of the porous polymer
membrane.

Other structures, methods, features, and advantages of the present disclosure will be, or
become, apparent to one with skill in the art upon examination of the following drawings and
detailed description. It is intended that all such additional structures, methods, features, and
advantages be included within this description, be within the scope of the present disclosure, and

be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosed devices and methods can be better understood with
reference to the following drawings. The components in the drawings are not necessarily to
scale, emphasis instead being placed upon clearly illustrating the relevant principles. Moreover,
in the drawings, like reference numerals designate corresponding parts throughout the several
views.

FIG. 1.1 illustrates a polymer membrane including the nanoparticles and the polymer
framework.

FIG. 1.2 illustrates a porous polymer membrane having voids where the nanoparticles
were previously disposed.

FIG. 2.1(a) illustrates a top-view SEM image of a doctor blade (DB)-coated silica
colloidal crystal-polymer nanocomposite having 320 nm silica spheres. FIG. 2.1(b) is a
magnified image of FIG. 2.1(a). FIG. 2.1 (c) is a top-view SEM image of a templated
macroporous polymer film. The inset shows a magnified portion of the film. FIG. 2.1(d)

illustrates a cross-sectional SEM image of the same sample as in FIG. 2.1(c).
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FI1G. 2.2(a) illustrates normal-incidence specular reflection spectra obtained from a
macroporous polymer film having 320 nm diameter air cavities exposed to ethanol vapors with
different partial pressures. FIG. 2.2(b) illustrates the dependence of the wavelength shift of the
Bragg diffraction peak vs. ethanol partial pressure.

FIG. 2.3(a) shows the calculated volume fractions of air and the corresponding adsorbed
ethanol layer thickness at different ethanol partial pressures. FIG. 2.3(b) shows the simulated
specular reflection spectra obtained from a macroporous polymer film having 320 nm cavities
exposed to ethanol vapors with different partial pressures.

F1G. 2.4 illustrates the dependence of lnp% vs. the reciprocal of the radius of curvature
of the condensed liquid films.

FIG. 2.5(a) illustrates the normal-incidence specular reflection spectra obtained from a
macroporous polymer film having 320 nm air cavities exposed to water vapors with different
partial pressures. FIG. 2.5(b) illustrates the dependence of the wavelength shift of the Bragg
diffraction peak vs. water partial pressure.

FIG. 3.1 is a schematic illustration of the experimental setup for assembling large-area
colloidal crystal-polymer nanocomposites by using a simple doctor blade coating technique.

FIGS. 3.2(A) to (F) illustrates the colloidal crystal-polymer nanocomposites fabricated
by the doctor blade coating technique. FIG. 3.2(A) is a photograph of a multilayer
nanocomposite having 290 nm diameter silica spheres embedded in an ethoxylated
trimethylolpropane triacrylate (ETPTA) matrix coated on a glass substrate. FIG. 3.2(B) is a top-
view SEM image of the sample in FIG. 3.2(A). The inset showing a Fourier transform of a 40
um x 40 um region. FIG. 3.2(C) is a magnified SEM image of FIG. 3.2(B). FIG. 3.2(D) shows a
pair correlation function (PCF) calculated from the SEM image in FIG. 3.2(B). For comparison,
the PCF for an ideal lattice with hexagonal close-packed structure is also shown (black lines).
FIG. 3.2(E) Top-view SEM image of a sample having 330 nm silica spheres embedded in an
ETPTA matrix. FIG. 3.2(F) is a top-view SEM image of a nanocomposite having 290 nm silica
spheres embedded in a polyethylene glycol (600) diacrylate (PEGDA) matrix. All samples were
prepared by DB-coating 50 vol.% colloidal suspensions at a speed of 0.1 pum/s.

FIGS. 3.3(A) to (C) shows the thickness dependence of the DB-coated colloidal crystal-
ETPTA nanocomposites on the coating speed and particle volume fraction for FIG. 3.3(A) 290
nm, FIG. 3.3(B) 330 nm, and FIG. 3.3(C) 560 nm silica spheres.

FIGS. 3.4(A) to (D) illustrates a macroporous polymer membrane after the selective
removal of templating silica spheres. FIG. 3.4(A) is a photograph of a free-standing,
macroporous ETPTA film templated from 290 nm silica spheres. FIG. 3.4(B) is a top-view SEM

3
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image of the sample in FIG. 3.4(A). FIG. 3.4(C) illustrates a magnified SEM image of FIG.
3.4(B). FIG. 3.4(D) illustrates a cross-sectional SEM image of the sample in FIG. 3.4(A). The
sample was coated at a speed of 5 um/s.

FIGS. 3.5(A) to (E) show separation of 10 nm gold nanoparticles from 330 nm silica
spheres by using a free-standing, macroporous ETPTA membrane filter. FIG. 3.5(A) illustrates
the experimental setup. FIG. 3.5(B) illustrates a photograph of the gold nanoparticle/silica
spheres solution prior to filtration. FIG. 3.5(C) illustrates a photograph of the solution after
filtration. FIG. 3.5(D) illustrates a TEM image of the solution in FIG. 3.5(B). FIG. 3.5 (E)
illustrates a TEM image of the solution in FIG. 3.5(C).

FIG. 3.6(A) illustrates a normal-incidence optical reflection spectra of an ETPTA-silica
colloidal crystal nanocomposite, a corresponding macroporous ETPTA film, and a released
silica colloidal crystal with 290 nm spheres and 12 colloidal layers. The arrows indicate the
expected positions of the peaks for each sample, calculated using Bragg’s law at normal
incidence. FIG. 3.6(B) illustrates a comparison of the experimental and Scalar Wave
Approximation (SWA)-simulated optical reflection spectra at normal incidence from a
macroporous ETPTA film templated from 290 nm silica spheres.

FIGS. 4.1(A) and (B) show the working principle of macroporous polymer reflective color
displays. FIG. 4.1(A) illustrates that a macroporous polymer film exhibits shining green color.
FIG. 4.1(B) illustrates that when the air cavities of macroporous polymer are filled with ethanol,
the color becomes red and the sample is transparent. The underneath letters “UF” become
visible.

FIG. 4.2 illustrates the optical reflection spectra showing the color change process when
the cavities of macroporous polymer is gradually replaced by ethanol.

FIGS. 4.3(A) and (B) illustrate the protocol of a electrically driven reflective color display.
FIG. 4.3(A) shows the power off and FIG. 4.3(B) shows the power on.

FIG. 4.4 illustrates that multi-color displays are feasible by fabricating macroporous
polymer films with stacked air cavities of different sizes.

FIG. 4.5 illustrates the proof-of-concept experiment demonstrates the feasibility of
constructing reflective color displays on curved surface.

FIG. 5.1 is a schematic illustration of the velocity profile and the pressure head (Ah)in
the doctor blade coating process.

FIG. 5.2 shows relative viscosity of 330 nm silica spheres/ETPTA suspensions with
different particle volume fractions at various shear rates.

FIG. 5.3 illustrates the cross-sectional SEM image of a silica colloidal crystal after

removing ETPTA matrix by 10-min oxygen plasma etching.
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FIG. 5.4(A) shows a comparison of the extinction spectra of the solutions in FIG. 3.5(A)
and (B). FIG. 5.4(B) shows a calibration curve for calculating the concentration of gold
nanoparticles in filtrate solutions.

FI1G. 5.5(A) is a schematic illustration of the dual-biade setup. FIG. 5.4(B) isa
photograph of a multilayer nanocomposite having 290 nm diameter silica spheres embedded in

an ETPTA matrix aligned by a dual-blade system at a coating speed of 1 mm/s.

DETAILED DESCRIPTION

Before the present disclosure is described in greater detail, it is to be understood that this
disclosure is not limited to particular embodiments described, and as such may, of course, vary.
It is also to be understood that the terminology used herein is for the purpose of describing
particular embodiments only, and is not intended to be limiting, since the scope of the present
disclosure will be limited only by the appended claims.

Where a range of values is provided, it is understood that each intervening value, to the
tenth of the unit of the lower limit unless the context clearly dictates otherwise, between the
upper and lower limit of that range and any other stated or intervening value in that stated range,
is encompassed within the disclosure. The upper and lower limits of these smaller ranges may
independently be included in the smaller ranges and are also encompassed within the disclosure,
subject to any specifically excluded limit in the stated range. Where the stated range includes
one or both of the limits, ranges excluding either or both of those included limits are also
included in the disclosure.

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs. Although any methods and materials similar or equivalent to those described herein
can also be used in the practice or testing of the present disclosure, the preferred methods and
materials are now described.

All publications and patents cited in this specification are herein incorporated by
reference as if each individual publication or patent were specifically and individually indicated
to be incorporated by reference and are incorporated herein by reference to disclose and describe
the methods and/or materials in connection with which the publications are cited. The citation of
any publication is for its disclosure prior to the filing date and should not be construed as an
admission that the present disclosure is not entitled to antedate such publication by virtue of
prior disclosure. Further, the dates of publication provided could be different from the actual

publication dates that may need to be independently confirmed.
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As will be apparent to those of skill in the art upon reading this disclosure, each of the
individual embodiments described and illustrated herein has discrete components and features
which may be readily separated from or combined with the features of any of the other several
embodiments without departing from the scope or spirit of the present disclosure. Any recited
method can be carried out in the order of events recited or in any other order that is logically
possible.

Embodiments of the present disclosure will employ, unless otherwise indicated,
techniques of environmental engineering, biology, chemistry, materials science, mechanical
engineering, and the like, which are within the skill of the art.

The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how to perform the methods and use the probes
disclosed and claimed herein. Efforts have been made to ensure accuracy with respect to
numbers (e.g., amounts, temperature, etc.), but some errors and deviations should be accounted
for. Unless indicated otherwise, parts are parts by volume, temperature is in °C, and pressure is
at or near atmospheric. Standard temperature and pressure are defined as 20 °C and 1
atmosphere.

Before the embodiments of the present disclosure are described in detail, it is to be
understood that, unless otherwise indicated, the present disclosure is not limited to particular
materials, reagents, reaction materials, manufacturing processes, or the like, as such can vary. It
is also to be understood that the terminology used herein is for purposes of describing particular
embodiments only, and is not intended to be limiting. It is also possible in the present disclosure
that steps can be executed in different sequences where this is logically possible.

It must be noted that, as used in the specification and the appended claims, the singular
forms “a,” “an,” and “the” include plural referents unless the context clearly dictates otherwise.
Thus, for example, reference to “a compound® includes a plurality of compounds. In this
specification and in the claims that follow, reference will be made to a number of terms that shall

be defined to have the following meanings unless a contrary intention is apparent.

Discussion

In accordance with the purpose(s) of the present disclosure, as embodied and broadly
described herein, embodiments of the present disclosure, in one aspect, relate to porous polymer
membranes, structures including porous polymer membranes, devices including porous polymer
membranes, methods of using porous polymer membranes, methods of making porous polymer

membranes, and the like.
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An advantage of an embodiment of the present disclosure is that the process for making
the porous polymer membranes is simple, scalable, and inexpensive and can produce an ordered
array of voids in the porous polymer membrane. Some embodiments of the present disclosure
can be used as filters to precisely (e.g., about + 10% of the size of the interconnecting windows

5 (each area where the nanoparticle was removed (void)); the size distribution of these windows is
about 10%) separate components based on size. Other embodiments of the present disclosure
can be used as signs or displays. See Examples 1 to 4 for additional details.

In an embodiment, the porous polymer membrane includes an ordered array of voids. In
an embodiment, the distance between at least two pairs of adjacent voids is substantially the

10 same (e.g., about 0.03 micrometers to 10 micrometers). In an embodiment, the number of
unique pairs can be about 10, 100, 1000, 10,000, 100,000, 1,000,000, 100,000,000, 100,000,000,
to about 10, 100, 1000, 10,000, 100,000, 1,000,000, 100,000,000, 100,000,000, 1 x 10", 1x
102, 1x 107, 1x 10'7, or 1 x 10 and any set of ranges (e.g., about 10,000 to 100,000, about
100 to 1x 10'°, etc.) within these numbers or subranges (e.g., about 15 to 200,000, 2,500,000 to

15 3 x 10" etc.) within these numbers.

In an embodiment, the distance between each pair of adjacent voids is substantially the
same. In an embodiment, the distance between a portion of the pairs of adjacent voids is
substantially the same. In an embodiment, the “portion” can be about 50% or more, about 60%
or more, about 70% or more, about 80% or more, about 90% or more, about 99% or more, or

20  about 100%, over a defined area of the porous polymer layer. In an embodiment, the defined
area can include about 50% or more, about 60% or more, about 70% or more, about 80% or
more, about 90% or more, about 95% or more, about 99% or more, or about 100%, of the area of
the porous polymer layer. The term “substantially” in these contexts can mean about 50% or
more, about 60% or more, about 70% or more, about 80% or more, about 90% or more, about

25 99% or more, or about 100%. The term “adjacent” refers to two voids next to one another
without a void separating them in the same porous polymer membrane.

In an embodiment, a polymer framework separates the voids. In an embodiment a
portion (as defined above) of the voids in a defined area extend the entire thickness of the porous
polymer membrane (e.g., about 1 micrometer to 300 micrometers) to form a channel through the

30  porous polymer membrane. In an embodiment, the diameter of substantially all of the voids can
be substantially equivalent. In an embodiment, the diameter is about 0.03 micrometers to 10
micrometers. The term “substantially” in this context can mean about 50% or more, about 60%
or more, about 70% or more, about 80% or more, about 90% or more, about 99% or more, or

about 100%.
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In an embodiment, two sets of voids of different diameters can be present that form an
ordered array of voids. In an embodiment, a first set of a pair of voids has a first diameter and a
second set of a pair of voids has a second diameter, where the first diameter and the second
diameter are not the same. The ordered array of voids can have a plurality of first sets and
second sets. In another embodiment, the porous polymer membrane can include three or more
sets of such voids each having different diameters.

In an embodiment, the porous polymer membrane is formed by disposing a
monomer/nanoparticle mixture on a surface. The monomer/nanoparticle mixture can include
one or more types of monomers and/or one or more types of nanoparticles, and/or one or more
sizes of nanoparticles. In an embodiment, the mixture can be formed on the surface by adding
the monomer and nanoparticles sequentially or simultaneously. Additional details regarding the
monomers and nanoparticles are described herein. The monomer/nanoparticle can be disposed
on a surface using a process such as a doctor blade coating process, tape casting, or applying a
simple shear force by two plates with a controlled gap in between. The nanoparticles can be
aligned in a three dimensional ordered colloidal array, e.g., the particles can be located in
crystalline lattices of, for example, a face-centered cubic (f.c.c.), hexagonal-centered cubic
(h.c.p.) crystals, or the like. Once the monomer/nanoparticle is disposed on the surface, the
monomer can be polymerized to form a polymer membrane having nanoparticles disposed in the
polymer membrane. In an embodiment, the polymerization can be photopolymerization,
thermopolymerization, or a combination thereof.

Subsequently, a portion (e.g., about 50%, 60%, 60%, 80%, 90%, 95%, 99% or more, or
about 100%) or all of the nanoparticles can be removed to form the porous polymer membrane.
In an embodiment, the nanoparticles can be removed by a process that does not alter the
polymer. The type of process used to remove the nanoparticles depends, at least in part, upon
the type of nanoparticle and the polymer. In an embodiment, the porous polymer membrane is
formed by dissolving the nanoparticles using an acid solution such as, but not limited to,
hydrofluoric acid (e.g., for silica nanoparticles). Once the nanoparticles are removed, the porous
polymer membrane can be removed from the surface.

As mentioned above, the voids are made from the removal of one or more nanoparticles.
In an embodiment, the nanoparticles are disposed on top (e.g., directly or offset but still
contacting the nanoparticle above and/or below so a channel is formed) of one another in the
polymer membrane, and when the nanoparticles are removed, a void is formed so that a channel
through the porous polymer membrane is present. In an embodiment, the channel does not have

a uniform diameter, but has an average diameter of about 0.03 micrometers to 10 micrometers,
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In an embodiment the material to form the monomer can include a thermopolymer, a
photopolymer, or a combination thereof. In an embodiment, the thermopolymer can be selected
from: polystyrene, polyurethane, polydimethylsiloxane, or a combination thereof. In an
embodiment, the photopolymer can be selected from: polyacrylates, poly(methacrylates),
polystyrene, or a combination thereof. The polymer matrix needs to be stable during the
removal of the templating nanoparticles. Highly cross-linked polymers (i.e., monomer has more
than 2 cross-linkable functional groups) are preferred.

Once the monomer is polymerized, a polymer framework is formed around the
nanoparticles. After the nanoparticles are removed, the polymer framework supports the porous
polymer membrane. The dimensions of the polymer framework can be controlled by the process
of disposing the monomer/nanoparticle mixture on the substrate. In an embodiment, the
thickness of the polymer framework between adjacent nanoparticles is about 0.03 micrometers
to 10 micrometers. Additional details are provided in Examples 1-4.

The nanoparticles can be of the same or different type and/or same or different size,
depending on the use or purpose of the porous polymer membrane. The selection of the type
nanoparticle can depend upon the process for removing the nanoparticle, the type of polymer,
and/or polymer framework. The selection of the size can depend upon the process for removing
the nanoparticles, the type of polymer, the polymer framework, the diameter of the desired voids
and channel, and the like. In an embodiment, two or more different types and/or sizes of
nanoparticles can be selected. In an embodiment, two or more processes can be used to remove
nanoparticles (e.g., when two or more types of nanoparticles are used in the
monomer/nanoparticle mixture). The type of nanoparticle can include silica nanoparticles,
polymer latex nanoparticles, titania nanoparticles, CdSe nanoparticles, and other nanoparticles
where the type selected has a uniform diameter. In an embodiment, the nanoparticles can have a
diameter of about 0.03 to 10 micrometers.

FIG. 1.1 illustrates a polymer membrane 10 including the nanoparticles 12 and the
polymer framework 14. FIG. 1.2 illustrates a porous polymer membrane 20 having voids 22,
where the nanoparticles 12 were previously disposed.

In an embodiment, the porous polymer membrane can be included in a structure that can
be used as a filter. In an embodiment, the filter can separate components having a diameter of
about 0.1 micrometers to 3 micrometers. The filter can be of a large or small area and can have
well defined void sizes and/or size distributions. The selection of the nanoparticles can be based
on the components to be separated. In other words, different types of filters can be designed by

selection of the diameter of the nanoparticles based on the intended use of the filter to separate
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certain sized components. In an embodiment, two or more types (e.g., having different diameter
pores) of porous polymer membranes can be stacked on top of one another and used as a filter.

In an embodiment, the porous polymer membrane can be included in a device that can be
used as a display or a sign. The device can include one or more structures including the porous
polymer membrane. In an embodiment, one or more addressable portions of the first structure
are independently in fluidic communication with a fluid (e.g., having the same refractive index
as the polymer) moving structure (hereinafter “fluid structure™). The fluid structure is adapted
for moving a fluid(s) (e.g., alcohol, water, toluene, or a combination thereof) into and out of a
portion of the voids of the first structure. In an embodiment, the fluid structure can move a first
fluid into or out of a portion of the porous polymer membrane independently of moving a second
fluid into or out of another portion of the porous polymer membrane. The first fluid and the
second fluid can be the same or different fluids. In an embodiment, the fluid can be colored. In
an embodiment, the fluid structure uses heat and/or pressure to control the movement of the fluid
into and out of a portion of the voids.

In an embodiment, the fluid structure can be an indium tin oxide coated glass that can
heat the fluid to cause the fluid to move into and out of the voids. Specifically, the first structure
i1s disposed on the indium tin oxide coated glass, where a material (e.g., polydimethylsiloxane
(PDMS)) can be disposed between the first structure and the indium tin oxide coated glass. See
Examples 1 to 4 for additional information.

In an embodiment, a portion of the first structure has a first color when the fluid is within
the void and a second color when the void does not include any fluid. The first color and the
second color can be any known color (non-transparent) or can be transparent. Thus, the color of
the display or sign can be controlled by moving fluid into or out of the certain voids to present or
remove words, figures, pictures, or the like. In an embodiment, a word, figure, or picture can be
positioned behind the first structure, so that if the first color is a non-transparent color and the
second color is transparent, the word, figure, or picture can be displayed when a portion of the
void does not include any fluid, e.g., the portion of the porous polymer membrane is transparent.

In another embodiment, the device can include two or more structures including the
porous polymer membrane. Each of the structures can be in fluid communication with one or
more fluid structures and each fluid structure can operate in a similar manner as described above.
For example, a first structure including a first porous polymer membrane can be disposed on a
first side of a fluid structure and a second porous polymer membrane can be disposed on a
second side of the first structure. The fluid structure can move fluid into and out of portions of

each of the first and second porous polymer structures.
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Examples

Now having described the embodiments of the present disclosure, in general, examples
1-4 describe some additional embodiments of the present disclosure. While embodiments of the
present disclosure are described in connection with examples 1-4 and the corresponding text and
figures, there is no intent to limit embodiments of the present disclosure to these descriptions.
On the contrary, the intent is to cover all alternatives, modifications, and equivalents included

within the spirit and scope of embodiments of the present disclosure.

Example 1

Mesoporous membranes, such as 2-D porous silicon and 1-D titania photonic crystals,
have been widely used in sensitive vapor detection."™* By monitoring the change of the optical
properties (e.g., wavelength shift of the photonic band gaps or the Fabry-Perot fringes) of the
diffractive media during vapor condensation, the concentration of the vapors can be deduced.
Blue-colored Morpho butterfly wing scales, which are intrinsic 3-D photonic crystals exhibiting
unique optical diffraction and interference, have also been demonstrated for highly selective
vapor detection.”” However, the limited size and material selection of these natural photonic
crystals impede the development of reproducible and reusable vapor detectors. In this example it
is shown that 3-D macroporous polymer photonic crystals created by an inexpensive and
scalable bottom-up technology enable the rapid and reversible detection of a wide range of
vapors ranging from water to toluene. The capillary condensation of vapors in the

16-19
has also been

submicrometer-scale macropores, a topic that has received little examination,
investigated by both experiments and theoretical calculations.

Macroporous polymer photonic crystals with 3-D crystalline arrays of voids are
fabricated by the scalable doctor blade coating (DBC) technology.* F1G. 2.1(a) and 2.1(b) show
typical top-view scanning electron microscope (SEM) images of a DB-coated silica colloidal
crystal-ethoxylated trimethylolpropane triacrylate (ETPTA) polymer nanocomposite having 320
nm silica microspheres. The long-range hexagonal ordering of the colloidal crystal is clearly
evident. The embedded silica microspheres can then be completely removed by etching in a 2
vol.% hydrofluoric acid aqueous solution. After drying, the resulting self-standing macroporous
polymer films exhibit uniform and shining colors caused by Bragg diffraction of visible light
from 3-D highly ordered air cavities (FIG. 2.1(c) and 2.1(d)). Importantly, the large air cavities
are interconnected through smaller windows (inset of FIG. 2.1(c)) which are originated from the
touching sites of the close-packed silica microspheres in the shear-aligned nanocomposite.””

The templated macroporous polymer film is placed in a home-made environmental

chamber. The chamber is evacuated and then back-filled with a vapor with a specific pressure.
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Dry nitrogen is used to control the total pressure of the chamber to be 1 atm. An Ocean Optics
visible-near-IR spectrometer with a reflection probe is used for normal-incidence specular
reflectance measurements. Absolute reflectivity is obtained as ratio of the sample spectrum and
the reference spectrum, which is the optical density obtained from an aluminum-sputtered (1000
nm thickness) silicon wafer. Final value of the absolute reflectivity is the average of several
measurements obtained from different spots on the sample surface.

FIG. 2.2(a) shows the normal-incidence specular reflectance spectra obtained from a
macroporous ETPTA film with 320 nm air cavities exposed to ethanol vapors with different
partial pressures (from 0 Po to 1.0 Py) at 55 £ 1°C. Py is the saturation vapor pressure of ethanol
at this temperature (280 mml—lg).22 All spectra display distinct Bragg diffraction peaks with well-
defined Fabry-Perot fringes, indicating high crystalline quality of the self-assembled
macroporous photonic crystal. When the partial pressure of ethanol vapor is increased, ethanol
condensates in the air cavities of the macroporous film, leading to a higher effective refractive
index of the diffractive medium and a smaller dielectric contrast between the polymer and the
enclosed materials. This explains the observed red-shift of the Bragg diffraction peaks and the
reduction of the amplitude of the optical stop bands as shown in FIG. 2.2(a). FIG. 2.2(b)
indicates that the shift of the diffraction peaks (compared to the sample exposed to pure nitrogen
gas) is nearly linear with respect to the ethanol partial pressure. By monitoring the time
dependence of specular reflectance spectra at difference vapor partial pressures and
temperatures, the speed of response (i.e., time to reach equilibrium) of photonic crystal vapor
detectors is determined to be less than 1 min. The optical properties of the macroporous polymer
films are fully recovered when the condensed ethanol is evaporated. The photonic crystal films
can thus be reused many times for reproducible vapor detection.

To gain a better understanding of vapor condensation in templated macroporous films,
we calculate the amount of condensed ethanol at different vapor partial pressures by using the

Bragg diffraction equation: A

mx

=2x Ry X d x sind , where n,, s the effective refractive index
of the diffractive medium, d is the inter-plane distance, and &is /2 for normal incidence. By
assuming the templated air cavities are close-packed and the volume fraction (VF) of air in a dry
macroporous polymer film is 0.74, the effective refractive index of the medium can be calculated
as: Ney= nerpra X 0.26 + Ny X VEq + npoy x (0.74 — VE,i,), where nprpra, Hair and ngopy are
1.46, 1.0, and 1.36, respectively. The calculated volume fractions of the remaining air (VF,;,) in
the macroporous film at different ethanol partial pressures are shown in FIG. 2.3(a).

If we assume the condensed ethanol forms a uniform thin liquid layer on the walls of the

polymer voids, the thickness of this ethanol layer can be calculated by using the volume fraction
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of the condensed ethanol (0.74 — VF,,,). The results in FIG. 2.3(a) show that a 22.4 nm liquid
layer can be formed on the walls of 320 nm voids when the macroporous film is exposed to a -
saturated ethanol vapor. The calculated ethanol layer thickness is then incorporated in the scalar
wave approximation (SWA) model** developed for periodic dielectric structures to
quantitatively simulate the specular reflectance spectra at different vapor partial pressures.
Although the simulated spectra (FIG. 2.3(b)) exhibit higher reflectance than the experimental
results (FIG. 2.2(a)), the shape, position, red-shift, and amplitude reduction of the diffractive
peaks associated with the condensation of ethanol in the voids of the macroporous photonic
crystal agree well with the experiments.

We attribute the condensation of ethanol vapor in the macroporous photonic crystals to

P 29V,
capillary condensation. The Kelvin equation, In— = i , Where P and Py are actual and

P, rRT

saturation vapor pressure, yis the liquid/vapor surface tension, V; is the liquid molar volume, r is
the radius of curvature, can be used to describe the phenomenon of capillary condensation due to
the presence of a curved meniscus.'®"” In macroporous films, the radius of curvature of the
condensed liquid film equals to the radius of the air cavity minus the liquid film thickness. Thus
a higher vapor partial pressure leads to a smaller 7 (i.e., a thicker liquid layer). In addition, as 7,
Vi, R and T are all constants at a fixed temperature, lnlf is inversely proportional to r. FIG. 2.4
0
shows that this prediction agrees well with experimental results when the liquid layer is
relatively thick. A thinner liquid layer formed at a low vapor partial pressure might not be
continuous and this could explain the large deviation of the two data points in FIG. 2.4.

The macroporous photonic crystal-based vapor detection can be easily extended to a
large variety of vapors, such as toluene and water. FIG. 2.5 shows that the response of water
detection is quite familiar with that of ethanol detection. It is noteworthy to mention that a bulk
liquid water droplet cannot penetrate into the voids of a templated macroporous ETPTA film due
to a large water contact angle of 78 + 3°. |

Above we have shown that macroporous photonic crystal-enabled vapor detectors can
sense vapors at both high and low concentrations. The flexible macroporous polymer
membranes, which can be scalably and economically produced over large areas by the doctor
blade coating technology, could be applicable as low-cost, portable colorimetric vapor sensors
(e.g., humidity sensors) at relatively high concentrations. To increase the sensitivity of the
templated macroporous vapor detectors at low concentration, the full-spectrum analysis
technique,” which considers both the shift of the optical stop bands and the change of the

spectral amplitude, can be applied. To enhance the selectivity for mixtures of vapors, the
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polymer surface can be selectively modified or hierarchical structures (e.g., multiple layers with

each layer responding to a specific vapor) can be explored.15

In summary, we have demonstrated that macroporous photonic crystals created by a

continuous and scalable doctor blade coating process can be used directly for vapor detection.

The capillary-condensed vapor forms a liquid layer covering the surface of the submicrometer-

scale macropores.
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Membrane filters are widely utilized in a large variety of separation applications, such as
water treatment, pollution removal, filtration of aqueous solutions (such as cell culture media,
serum, enzyme and water), removal of bacteria and debris, filtration of organic solutions, and so
on. They are also routinely used in chemical, biological, medical, and agricultural laboratories.
One important parameter that controls the separation efficiency is the pore size and size
distribution of the membrane filters. Filters with nanometer-scale pore size and tight size
control, are very useful in biological separation (e.g., removal of viruses). Heavy ion track
etching is a commercial technology for producing membrane filters with well-defined pore size,
shape, and density. However, heavy ion accelerators are required to create such filters and the
fabrication cost is high. In this disclosure, we disclose a much economic and scalable
nanomanufacturing technology for creating large-area filtration membranes with well-defined
pore sizes (in the nanometer-scale) and size distribution. No significant equipment investment is
required and the technology is roll-to-roll processable. We anticipate the technology will
significantly reduce the production cost of membrane filters.

The disclosed embodiment is based on colloidal self-assembly and templating
nanofabrication. A schematic illustration of the technology is shown in Figure 3.1. We first
assemble uniform silica microspheres (commercially available) dispersed in a monomer using a
doctor blade coating (DBC) process. DBC technology has been widely used in printing and
coating industries for making large-area films with uniform thickness. A commercial doctor
blade is placed vertically on the surface of a substrate (e.g., glass, silicon, plastics). The silica
microsphere/monomer dispersion is disposed between the substrate and the doctor blade. The
substrate can be dragged in a controlled speed to move the colloidal suspension across the gap
between the doctor blade and the substrate. A unidirectional shear force will then be applied to
the colloidal suspension and the silica microspheres can be aligned into 3-D highly ordered
colloidal arrays. The momoner is then photopolymerized by exposure to ultraviolet light.
Figure 3.2 shows the long-range ordering of the resulting colloidal arrays produced by the
disclosed technology. Figure 3.3 shows that the thickness of the resulting silica-polymer
nanocomposites can be easily controlled by tuning the coating speed and the concentration of
silica microspheres in the colloidal suspensions.

The silica microspheres in the shear-aligned nanocomposites can be selectively removed
by dissolving in a 2 wt.% hydrofluoric acid aqueous solution. This results in the formation of
self-standing macroporous membrane filters as shown in Figure 3.4. From Figure 3.4C, it is
clear that the large pores which are templated from the silica microspheres are interconnected
through small, nanometer-scale voids. These uniform voids are defined by the connected points

between neighboring silica microspheres in the aligned nanocomposites.
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We have demonstrated the separation efficiency of the templated macroporous membrane
filters by separating 20 nm gold nanoparticles from 330 nm silica particles as shown in Figure
3.5. This very rough proof-of-concept demonstration shows that almost all large silica particles
have been filtered out and the collection efficiency of gold nanoparticles is higher than 85%.

Besides separation applications, the templated macroporous membranes can also be used
for optical applications, such as optical filters, heat-pipe-inspired flat-panel displays, and thin-
film coatings for smart windows. The Bragg-diffraction of visible light from the 3-D highly
ordered void arrays as shown in Figure 3.4 is the reason for the iridescent colors of the
macroporous membranes (see Figure 3.4A). Optical reflection measurements (Figure 3.6) show
that the macroporous membranes exhibit distinct reflection peaks matching with those predicted
by a theoretical model.

In summary, we have developed a simple yet scalable nanomanufacturing technology for
producing macroporous membrane filters with well-controlled pore size and size distribution.
The doctor blade technology is compatible with roll-to-roll fabrication process for fabricating
macroporous filters in industrial scale. The templated macroporous filters also exhibit unique

optical diffraction properties that are promising for a spectrum of optical applications.

Example 3

There is a big market for the low-end color displays, such as those widely used in
supermarkets, signs, roadside advertisement etc. These displays are not competing with high-end
products, such as flat-panel displays. They do not need very fast response time and the resolution
requirement is also relatively low. However, they need to be fabricated in very large area
(meters-scale) and in a low cost.

Some approaches have been explored to developed next-generation low-end color displays.
Organic light-emitting diodes (OLEDs) based displays have been proposed for low-end
products. However, the cost and manufacturing process are still expensive. Hewlett-Packard is
developing novel reflective color displays based on colorful metal nanoparticles using the so-
called surface-plasmon effect. Unfortunately, the low-cost fabrication over large areas is
questionable.

Here we disclose a new methodology in creating reflective color displays by using
macroporous polymers which can be created by a simple, inexpensive, and roll-to-roll
compatible fabrication technology. Heat pipe technology which has been extensively used in
dissipating heat for computer chips, solar cells, space shuttles, and Tran-Alaska Pipeline System.
A heat pipe is a heat transfer mechanism that combines the principles of both thermal

conductivity and phase transition to efficiently manage the transfer of heat between two solid
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interfaces. At the hot interface within a heat pipe, a liquid in contact with a thermally conductive
solid surface turns into a vapor by absorbing the heat of that surface. The vapor condenses back
into a liquid at the cold interface, releasing the latent heat. The liquid then returns to the hot
interface through either capillary action or gravity action where it evaporates once more and
repeats the cycle.

In our technology, we use macroporous polymer with 3-D highly ordered air cavities (see
FIG. 3.4) as display elements. These macroporous films can be fabricated in very large areas (up
to meters wide and long) by an inexpensive and roll-to-roll compatible doctor blade coating
(DBC) technology. DBC technology (like newpaper printing) has been widely used in printing
and coating industries for making large-area films with uniform thickness.

The self-standing macroporous polymer films exhibit brilliant colors which originate
from the Bragg diffractive of visible light form the 3-D highly ordered air cavities. The colors
can be easily changed by tuning the size of the air cavities to cover the whole visible spectrum.
This indicates that all-color displays are possible. When the air cavities are filled with a solvent
which has the same refractive index as that of the polymer, the macroporous polymer films
becomes completely transparent due to the index matching. FIG. 3.4A shows a green-color
macroporous polymer sample. When the air cavities are filled with ethanol (refractive index of
ethanol is close to that of the polymer), the sample changes color to red and becomes transparent
(the letters “UF” underneath the sample is visible). When ethanol is evaporated by in-situ
heating, the sample color changes back to green. This process is highly reversible and
reproducible for thousands of cycles. FIG. 4.2 shows the optical reflection spectra during the
color change process.

To achieve in-situ heating and cooling for making real devices, we construct a protocol as
shown in FIG. 4.3 by using indium tin oxide (ITO) coated glass as heating element. Applying a
low voltage (1-2 V) for several seconds is sufficient to achieve ~70°C to evaporate ethanol
which is filled between the top macroporous polymer and the ITO-glass substrate. A thin
polydimethylsiloxane (PDMS) space is used in between. When power is on, ethanol is rapidly
evaporated. The air cavities in macroporous polymer are then replaced with ethanol and sample
becomes transparent. When the voltage is turned off, ethanol filled in the cavities of
macroporous polymer evaporates as the vapor pressure of ethanol at room temperature is low.
The macroporous polymer becomes highly shining.

We can also fabricate multi-color displays by creating macroporous polymer films with
stacked air cavities with different sizes that reflect different colors (e.g., red, green, blue as
shown in FIG. 4.4). We have demonstrated that DBC can be used to create large-area multi-color

macroporous polymer films by consecutive coatings of particles of different sizes.
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Besides flat displays, proof-of-concept experiment as shown in FIG. 4.5 indicates that
reflective color displays could also be fabricated on curved surface. This will be of interest for
many commercial applications.

In summary, we have invented an inexpensive yet scalable nanomanufacturing
technology for producing large-area reflective color displays that target low-end display market.
The cost of the reflective color displays is much cheaper than any existing color displays.
Besides display application, the macroporous polymer membranes could also be used as ultra-
thin heat pipes for efficient heat management that are of interest in many important technological

areas, such as high-speed computing, space shuttles and pipelines.

Example 4

Brief Introduction

This Example describes a simple and roll-to-roll compatible coating technology for
producing three-dimensionally highly ordered colloidal crystal-polymer nanocomposites,
coltloidal crystals, and macroporous polymer membranes. A vertically beveled doctor blade is
utilized to shear-align silica microsphere-monomer suspensions to form large-area
nanocomposites in a single step. The polymer matrix and the silica microspheres can be
selectively removed to create colloidal crystals and self-standing macroporous polymer
membranes. The thickness of the shear-aligned crystal is correlated with the viscdsity of the
colloidal suspension and the coating speed and the correlations can be qualitatively explained by
adapting the mechanisms developed for conventional doctor blade coating. We further
demonstrate that the doctor blade coating speed can be significantly increased by using a dual-
blade setup. The optical properties of the self-assembled structures are evaluated by normal-
incidence reflection measurements and the experimental results agree well with the theoretical
predictions using Bragg’s law and a scalar-wave approximation model. We have also
demonstrated that the templated macroporous polymers with interconnected voids and uniform
interconnecting nanopores can be directly used as filtration membranes to achieve size exclusive
separation of particles.
Introduction

The spontaneous crystallization of monodispersed colloidal particles is of considerable
technological importance and great scientific interest in developing diffractive optical devices, ™
chemical and biological sensors,*” full-color displays,®"! ultrahigh-density optical and magnetic

. . 12-13
recording media,

and model systems for fundamental studies of crystallization, melting and
relaxation.'"® The self-assembled colloidal arrays have also been extensively exploited as

template to create a wide spectrum of functional periodic structures, such as macroporous
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photonic crystals with full photonic band gaps, periodic metal nanostructures as surface-

enhanced Raman scattering substrates,”' *® biomimetic antireflection coatings for highly efficient

2728 and separation media for macromolecules and DNA separation.**° Highly

solar cells,
ordered colloidal crystal-polymer nanocomposites which have important technological
applications ranging from photonic papers and displays to optical storage media and security
data encryption can be prepared by filling the interstitials between the self-assembled colloidal
arrays.3]'32

A large variety of methodologies, including gravitational sedimentation,” capillary

19,34-36 5,37-38 39-40

force-induced self-assembly, electrostatic repulsion, physical confinement,

11,4143 17,44-51

electric and magnetic fields assisted assembly, and shear force-induced ordering
have been developed to create high-quality colloidal crystals. Unfortunately, most of the
available colloidal self-assembly technologies are only favorable for low volume, laboratory-
scale production. It usually takes hours to days to create a centimeter-sized crystal. Technical
incompatibility with mature microfabrication is another major issue for current colloidal self-
assemblies. These issues greatly impede the economic and large-scale production of practical
devices and therefore need to be addressed before bottom-up colloidal self-assembly reaches its
full potential.

To resolve the scale-up and compatibility issues of current colloidal self-assembly, a
spin-coating technology has recently been developed.”’“’45 2 The methodology is based on
shear-aligning concentrated colloidal suspensions by using standard spin-coating equipment.
Spin-coating enables rapid production of wafer-sized colloidal arrays with remarkably large
domain sizes and unusual non-close-packed structures.*>* However, this scalable technology is
still a batch process. For industrial-scale mass-production, a roll-to-roll compatible continuous
process is highly desired. Additionally, the shear force direction changes circularly in the spin-
coating process. This leads to the formation of six-arm diffraction patterns on the sample

52
surface,”

impeding many optical applications (e.g., displays and optical filters) that require a
uniform diffractive color.

Doctor blade coating (DBC) is widely used in the textile, paper, photographic film,
printing, and ceramic industrial for creating highly uniform and flat films over large areas.”*>" In
DBC, an immobilized blade applies a unidirectional shear force to a slurry that passes through a
small gap between the blade and the substrate. This process is roll-to-roll compatible and has
played a crucial role in ceramic processing to produce thin and flat ceramic tapes for dielectrics,
fuel cells, batteries, and functionally graded materials.”® Velev et al. developed a simplified DBC

59-61

process,”® which was originated from an evaporative colloidal assembly technology,” ™" to

create colloidal crystals with thickness ranging from a monolayer to a few layers. Capillary force
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is the major driving force for the colloidal crystallization in this process. Inspired by this
technology, here we report a roll-to-roll compatible DBC technology for producing highly
ordered colloidal crystal-polymer nanocomposites, colloidal crystals, and macroporous polymer
membranes. The resulting three-dimensional (3D) ordered structures exhibit uniform diffractive
colors. Most importantly, we demonstrate that the templated macroporous membranes with
interconnected voids and uniform interconnecting nanopores can be directly used as filtration
membranes to achieve size exclusive separation of particles.

Experimental Section

Materials and Substrates.

All solvents and chemicals were of reagent quality and were used without further
purification. Ethanol (200 proof) was purchased from Pharmaco Products. Ethoxylated
trimethylolpropane triacrylate monomer (ETPTA, SR 454) was obtained from Sartomer. The
photoinitiator, Darocur 1173 (2-hydroxy-2-methyl-1-phenyl-1-propanone), was provided by
Ciba-Geigy. Silicon wafers (test grade, n type, Wafernet) and glass microslides (Fisher) were
cleaned in a “Piranha” solution (a 3:1 mixture of concentrated sulfuric acid with 30% hydrogen
peroxide) for half an hour, rinsed with Milli-Q water (18.2 MQ cm), and dried in a stream of
nitrogen.

[nstrumentation.

Scanning electron microscopy (SEM) was carried out on a JEOL 6335F FEG-SEM. A
thin layer of gold was sputtered onto the samples prior to imaging. Transmission electron
microscopy (TEM) was performed on a JEOL 200CX TEM. The photopolymerization of
ETPTA monomer was carried out on a pulsed UV curing system (RC 742, Xenon). A KD
Scientific 780-230 syringe pump was used to precisely control the coating speed. The viscosity
of colloidal suspensions was measured using an ARESLS-1 rheometer (TA Instruments).
Oxygen plasma etching was performed on a Unaxis Shuttlelock RIE/ICP reactive-ion etcher.
Normal incidence optical reflection spectra were obtained using an Ocean Optics HR4000 High
Resolution Fiber Optic Vis-near-IR spectrometer with a reflection probe. Optical transmission
measurements of gold nanoparticle solutions were carried out on a ThermoSpectronic Genesys
10 UV-Vis spectrometer.

Preparation of Colloidal Suspensions.

The synthesis of monodispersed silica microspheres with less than 5% diameter variation
was performed by following the well-established Stéber method.®? The purified silica
microspheres (by multiple centrifugation/re-dispersion cycles in 200-proof ethanol) were re-
dispersed in ETPTA monomer using a Thermolyne vortex mixer. 2% (weight) Darocur 1173

was added as the photoinitiator. The final particle volume fraction of colloidal suspensions was
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adjusted from 20% to 50%. After filtration through a 5 um syringe filter (Whatman) to remove
any large particles, the transparent and viscous solution was stored in an open vial in dark for
overnight to allow any residual ethanol to evaporate.

Doctor Blade Coating.

An immobilized and 90°-beveled razor blade (Fisher, 4 cm wide) was gently placed on a
substrate. 1 mL of the above silica-ETPTA suspension was dispensed along one sidewall of the
blade onto the substrate. The substrate was dragged by a syringe pump at a controlled speed. The
blade could then spread the colloidal suspension uniformly on the substrate. After DBC, the
sample was transferred to a pulsed UV curing system and ETPTA monomer was rapidly
polymerized by exposure to UV radiation for 4 s. The polymer matrix could be removed by
using a reactive ion etcher operating at 40 mTorr oxygen pressure, 40 SCCM flow rate, and 100
W for 10 min. To prepare macroporous polymers, the silica-ETPTA nanocomposites were
immersed in a 2 vol.% hydrofluoric acid aqueous solution for 30 min, then rinsed with DI-water,
and finally dried in a stream of nitrogen.

Relative Viscosity Measurements.

Experiments were performed using a 50-mm-diameter parallel-plate geometry to
characterize the rheological properties of the colloidal suspensions under shear. The gap between
plates was set to 500 um in all experiments. To ensure that each test began from a similar initial
state, the suspensions were pre-sheared at a rate of 100 s~! for 300 s, which was sufficient to
enable the suspension to reach a steady state. The temperature was maintained at 25°C and the
temperature fluctuation was less than 0.05°C during a typical test.

Normal Incidence Optical Reflection Measurements.

An Ocean Optics spectrometer with a reflection probe was used for reflectance
measurements. A calibrated halogen light source was used to illuminate the sample. The beam
spot size was about 3 millimeters on the sample surface. Measurements were performed at
normal incidence and the cone angle of collection was less than 5°. Absolute reflectivity was
obtained as ratio of the sample spectrum and the reference spectrum. The reference spectrum
was the optical density obtained from an aluminum-sputtered (1000 nm thickness) silicon wafer.
Final value of absolute reflectivity was the average of several measurements obtained from
different spots on the sample surface.

Results and Discussion

The schematic illustration of the DBC process for fabricating 3D highly ordered colloidal
crystal-polymer nanocomposites is shown in FIG. 3.1. Monodispersed silica microspheres
synthesized by the Stober method are first dispersed in a nonvolatile monomer, ethoxylated

trimethylolpropane triacrylate (ETPTA, M.W. 428, viscosity 60 cps), with 2 wt.% Darocur 1173
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as photoinitiator. The particle volume fraction is adjusted from 20% to 50%. The resulting
colloidal suspensions are transparent due to the refractive index (RI) matching between silica
microspheres (RI ~1.42) and ETPTA monomer (RI ~1.46). The electrostatic repulsion between
silica microspheres (zeta potential of ca. 45 mV in ETPTA)® stabilizes the suspensions for at
least a few weeks. The suspensions are then dispensed along a sidewall of an immobilized and
vertically beveled razor blade which gently touches with a substrate. A large variety of
substrates including glass microslides, silicon wafers, and plastic plates can be used. The
substrate is then dragged by a syringe pump in a controlled speed ranging from ~0.1 um/s to > 1
mm/s. The razor blade offers a uniform shear force to align the suspended silica colloidal
microspheres. The ETPTA monomer is finally photopolymerized by exposure to ultraviolet
radiation to form 3D highly ordered colloidal crystal-polymer nanocomposites.

FIG. 3.2A shows a photograph of a multilayer silica colloidal crystal-ETPTA
nanocomposite having 290 nm silica microspheres on a glass substrate illuminated with white
light. The sample was prepared by DB-coating a 50 vol.% suspension at 0.1 pm/s. It exhibits a
uniform red color caused by Bragg diffraction of visible light from the crystalline lattice. The
long-range ordering of silica microspheres is clearly evident from the typical top-view SEM
image as shown in FIG. 3.2B. The hexagonally arranged sharp peaks in the Fourier transform of
a low-magnification SEM image (inset of FIG. 3.2B) further confirm the long-range hexagonal
order. Common defects, such as point vacancies and misaligned lines which are caused mostly
by dust particles and silica microspheres with extreme sizes, are also apparent in the SEM
image. The polymer matrix surrounding the silica microspheres is clearly seen from the
magnified top-view SEM image in FIG. 3.2C. The inter-particle distance of the colloidal crystal
is calculated by the pair correlation function (PCF, FIG. 3.2D), g(r), which is obtained from a
low-magnification image as in FIG. 3.2B as:

1 dn(r,r+dr)

8= @ da(r,r +dr)

where <p> is the average particle number density and # is the particle radius. FIG. 3.2D shows

the positions of the oscillating PCF peaks agree well with those obtained from a perfect
hexagonal close-packed lattice.

The DBC technology can be utilized to align uniform silica microspheres with diameter
ranging from ~200 to ~700 nm which can be easily synthesized by the Stéber method.®*** FIG.
3.2E shows a top-view SEM image of a nanocomposite having 330 nm silica microspheres. The
protrusion depth of 330 nm microspheres from the polymer matrix is apparently shallower than

that of 290 nm spheres. This leads to the non-close-packed appearance of the microspheres as
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shown in FIG. 3.2E. Indeed, extensive PCF calculations reveal that the DB-coated colloidal
crystals are close-packed. To evaluate the minimal particle size that still allows the formation of
highly ordered nanocomposites using DBC, we tested 70 nm silica spheres synthesized by the

. . 65-66
microemulsion technology.

However, only disordered arrays were resulted. As demonstrated
In our previous spin-coating technology, a nearly 1 order of magnitude higher shear rate is
required to align 70 nm silica spheres compared to 300 nm particles.”* Besides ETPTA, a large
variety of nonvolatile monomers and monomer mixtures can also be used to form highly ordered
colloidal crystal-polymer nanocomposites by DBC, provided the concentrated silica-monomer
suspensions are stable. FIG. 3.2F shows a top-view SEM image of a nanocomposite having 290
nm silica spheres and a hydrophilic polyethylene glycol (600) diacrylate (PEGDA, SR 610,
Sartomer) matrix. The long-range ordering of the silica microspheres is similar to that of
colloidal crystals prepared in other polymer matrix.

Crystalline thickness is another important parameter in determining the quality and
application of self-assembled crystals. We therefore conducted systematic investigations on the
effect of coating speed, particle size, and particle volume fraction on the resulting
nanocomposite thickness. The results are summarized in FIG. 3.3 for silica microspheres of 290,
330, and 560 nm diameter. To obtain the average thickness and standard deviation, at least 3
samples were prepared under each condition and the crystal thicknesses at more than 10 random
locations on each sample were measured by cross-sectional SEM. The crystalline quality of the
sample was also monitored by SEM and the data points in FIG. 3.3 only indicated conditions by
which highly ordered nanocomposites were obtained. By analyzing the results in FIG. 3.3, we
found that (1) the nanocomposite becomes thicker when the coating speed increases; (2) the
more dilute colloidal suspensions lead to thicker nanocomposites when the particle size and the
coating speed remain the same; (3) larger particles lead to thicker samples when the particle
volume fraction and the coating speed are the same; and (4) the operating window for obtaining
highly ordered nanocomposites is narrower for the more dilute colloidal suspensions.

The above observations can be qualitatively explained by adapting the mechanisms
developed for traditional DBC.***7 In traditional DBC, both pressure-driven flow and shear-
driven flow play a crucial role in determining the properties of the resulting coatings. The

pressure-driven flow is caused by the pressure exerted by the colloidal suspension head,

AP = P, penion@AN . Where Ah is the height difference between the suspension reservoir and the

DB-coated film (FIG. 5.1).” A higher pressure head leads to a larger flow rate across the blade.

The shear-driven flow is attributed to the movement of the substrate and the corresponding shear

stress (7) can be evaluated by using the Newton’s law of viscosity (for Newtonian fluids) as:
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dv

X

dy

T=—U

where 1 is the viscosity of colloidal suspension, v, is the substrate velocity along the x

direction.®” As demonstrated in our previous work, the concentrated silica-ETPTA suspension is
Newtonian over four decades of shear rate.®® In a Newtonian fluid, the flow rates originated from
the pressure head and the shear drag force are additive.™

We attribute the observed colloidal crystallization in the above DBC procedures to shear-
induced ordering.'” Highly ordered colloidal arrays form when the shear rate is sufficiently high.
To evaluate the critical shear rate needed to align colloidal particles, we measured the relative
viscosity (normalized by the viscosity of monomer, ~60 cps for ETPTA) of silica-monomer
suspensions with different particle volume fractions at various shear rates (FIG. 5.2). The
obvious shear-thinning behavior is caused by shear-induced crystallization of colloidal particles
and the reduced resistance when layers of ordered spheres glide over one another.'”* From FIG.
5.2, it is apparent that a critical shear rate of ~10 s is needed to achieve the relative viscosity
plateau. In our DBC procedures, the shear rate caused by the substrate drag alone is only ~0.1 s
by using typical substrate velocity (~1 pm/s) and film thickness (~10 pm). Therefore we deduce
that the pressure-driven flow plays a more important role in determining the properties of the
resulting films.

In our DBC setup (FIG. 5.1), the pressure head drives the flow of the colloidal
suspensions across the small gap (< I um) between the blade and the substrate. The resulting
film thickness is determined by this pressure and the suspension viscosity. A higher pressure and
a lower viscosity lead to thicker films. From extensive experiments, we found that the
suspension reservoir height was controlled by the coating speed — a faster substrate velocity led
to the more rapid accumulation of colloidal suspensions. This results in a higher pressure head
and thus a thicker film, agreeing with the above observation 1. For a given particle size and
coating speed, our experimental results in FIG. 5.2 show that the viscosities of the relatively
dilute suspensions (35 vol.% and 20 vol.%) are less than that of the 50 vol.% suspension.
Therefore, it is not surprised to observe the formation of thicker films for the more dilute
colloidal suspensions (observation 2). The above observation 3 is also related to the viscosity of
colloidal suspensions. Our previous results show that suspensions having large silica particles
exhibit lower viscosity than that of suspensions of smaller particles with the same particle
volume fraction.” To explain the observation 4, both suspension viscosity and shear rate effects
need to be considered. From the Newton’s law of viscosity, the shear stress is proportional to the
suspension viscosity and the shear rate. For a more dilute suspension, the lower suspension

viscosity and the thicker final films (i.e., a smaller shear rate) contribute synergistically to a
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smaller shear stress. Thus it is reasonable to observe the narrower operating window to obtain
highly ordered nanocomposites for the more dilute suspensions. A detailed rheological study and
an analytical fluid flow model are being developed and the results will be reported in our future
publications.

The polymer matrix of the shear-aligned nanocomposites can be selectively removed by
oxygen plasma etching to release the embedded silica colloidal crystals. FIG. 5.3 shows a cross-
sectional SEM image of a colloidal crystal prepared by etching a nanocomposite sample at 40
mTorr oxygen pressure, 40 SCCM flow rate, and 100 W for 10 min. The long-range hexagonal
ordering of the original nanocomposite is mostly retained in the final silica colloidal crystal,
though some structural collapse during the polymer removal process is also noticed. This
collapse makes the determination of the crystalline ordering and structure perpendicular to the
substrate surface difficult. We therefore selectively etched out silica particles in the
nanocomposites by a brief hydrofluoric acid (2 vol.%) wash to create macroporous polymers.
The structure does not collapse during the etching process and the resulting film is easy to break
to reveal the cross-section of the crystal. FIG. 3.4A shows a photograph of a free-standing
macroporous ETPTA membrane templated from 290 nm silica spheres. The film exhibits a
striking green color caused by the Bragg diffraction of visible light from the crystalline lattice of
air cavities in the polymer. The typical SEM image of the top surface of a macroporous film and
the Fourier transform of a lower-magnification image as shown in FIG. 3.4B reveals that the
long-range hexagonal ordering of the shear-aligned nanocomposite is well retained during the
wet etching process. A magnified SEM image in FIG. 3.4C further shows that the large voids
templated from silica microspheres are interconnected through smaller pores which are
originated from the touching sites of silica particles in the nanocomposites.””*® Extensive SEM
characterizations confirm that the bottom side of the macroporous film has the same structure as
the top surface. The crystalline ordering perpendicular to the (111) plane is clearly seen from the
cross-sectional SEM image in FIG. 3.4D. However, a detailed SEM analysis shows that no
relationship between neighboring layers (e.g., ABCABC... for a face-centered cubic crystal or
ABABARB... for a hexagonal close-packed crystal) can be obtained. This suggests that the
hexagonal close-packed layers are randomly stacked. Indeed, random stacking has been
commonly observed in self-assembled colloidal crystals prepared by gravitational sedimentation
and shear alignment.ﬂ’69

To further evaluate the optical properties and the crystalline structure of the DB-coated
crystals, we measured the optical reflection at normal incidence using an Ocean Optics Vis-near-
IR spectrometer with a reflection probe. FIG. 3.6A shows the reflection spectra obtained from a

nanocomposite having 290 nm silica spheres and ETPTA matrix, and the corresponding silica
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colloidal crystal and macroporous ETPTA film. The samples were prepared by DBC at a speed
of 0.1 pm/s and the film thickness was measured to be 12 £ | monolayers by SEM. All three
spectra show distinct peaks caused by the Bragg diffraction of visible and near-IR light from the
3D ordered structures. The low refractive index contrast of the nanocomposite and the partially
collapsed structure of the silica colloidal crystal lead to the low reflection amplitudes of the
corresponding spectra. The position of the diffraction peak can be correlated to the sphere size

and the effective refractive index of the medium (7, ) using Bragg’s law:

A

peak = 2% N, xd xsin@, where d is the interlayer spacing and sin@ =1 at normal incidence.

The effective refractive index of the medium is calculated using: n,, = n, f, + n, f,, where n; and

ny are refractive indices of the components and f; and f; are their corresponding volume
fractions. FIG. 3.6A shows that the predicted peak positions as indicated by the arrows agree
well with the experimental results. We have also conducted a more rigorous full-spectrum

1.7° The calculated reflection

calculation using a scalar-wave approximation (SWA) mode
spectrum from a macroporous ETPTA membrane with close-packed 290 nm voids and 12
monolayers is compared with the experimental spectrum in FIG. 3.6B. The remarkable
agreement between theory and experiment further confirms the high crystalline quality of the
shear-aligned crystals and the faithful replication of the original nanocomposite during the HF
treatment.

Besides straightforward optical applications, the templated macroporous membranes with
open and interconnected voids can be directly used as size exclusive filtration membranes for
separating particles and other substances. Compared to common filtration membranes, such as
track-etched polymer films and fiber-based membranes, the uniform size of the interconnecting
nanopores and the high porosity of the templated macroporous polymers could enable more
accurate fractionation of particulates and higher flow rate. To evaluate the separation efficiency
of the templated macroporous films, we conducted a simple proof-of-concept experiment using a
separation apparatus as shown in FIG. 3.5A. A 3-cm diameter macroporous ETPTA membrane
templated from 290 nm silica spheres was used as the filter. The size of the interconnecting
pores was estimated to be ~50 nm by SEM. The testing solution was prepared by mixing ~10 nm

d”""7* and 330 nm silica

gold nanoparticles (0.01 vol.%) prepared by a chemical reduction metho
microspheres (0.01 vol.%) in ethanol. The resulting mixture is turbid (FIG. 3.5B) due to the
random light scattering from 330 nm silica particles. The solution can easily pass through the
macroporous polymer membrane even without applying a pressure or a vacuum. The filtrate
solution is transparent and shows a red color (FIG. 3.5C) caused by the distinctive surface

plasmon resonance absorption of light by Au nanoparticles (FIG. 5.4A). The complete removal
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of large silica microspheres is further confirmed by the TEM images in FIG. 3.5D and 3.5E
showing the samples prior to and after filtration, respectively.

We further evaluated the retention of small gold nanoparticles by the macroporous
separation media. FIG. 5.4A compares the extinction spectra of the solutions in FIG. 3.5B and
3.5C. Both samples show clear surface plasmon resonance peaks at ca. 510 nm. The peak
amplitude of the filtrated solution is lower than that of the original mixture due to the loss of
gold nanoparticles during the filtration process. We plotted the absorbance of gold nanoparticle
solutions with different concentrations at 510 nm (FIG. 5.4B) as a calibration curve to determine
the gold nanoparticle concentrations prior to and after filtration. The results demonstrated that
more than 85% of gold nanoparticles were recovered after filtration. Besides hydrophobic
ETPTA, a large variety of polymers ranging from highly hydrophilic PEGDA to highly
hydrophobic fluorinated polymers (e.g., perfluoroether acrylates) can be used in DBC to create
macroporous filtration membranes.

We have demonstrated above that the single-blade coating process can be utilized to
create high-quality nanocomposites, colloidal crystals, and self-standing macroporous polymer
membranes. Limited by the size of the commonly used doctor blades and the simple
experimental setup, we have only fabricated centimeter-sized samples as proof-of-concept
examples in this work. Similar DBC procedures using larger blades (up to meters long) and
commercial DB coaters have been widely employed for creating highly uniform coatings over
large areas in continuous roll-to-toll processing (similar to printing newpapers).53'57 As stable
colloidal silica-monomer suspensions are easily available in large quantities, we believe that
much larger colloidal arrays can be mass-produced by using the mature DBC technology.
However, to reach the full potential of the roll-to-roll compatible DBC process in large-scale
fabrication of highly ordered nanocomposites, the coating speed which is limited to ~5 pm/s by
a single-blade setup (FIG. 3.3) needs to be significantly improved. The rapid accumulation of
excess colloidal suspensions which leads to a higher pressure and a thicker film reduces the
achievable shear rate and the resulting crystalline quality in a fast coating system. To eliminate
excess suspensions, we developed a dual-blade setup as shown by the scheme in FIG. 5.5A. The
first blade removes excess colloidal suspensions and creates a uniform thin film. The second
blade which is composed of 3 separate sub-blades then shear-align the colloidal microspheres
underneath them. FIG. 5.5B shows a photograph of a sample coated at 1 mm/s by using the dual-
blade setup. The sample does not show iridescent colors after passing the first blade, indicating
no long-range ordering in the sample. After crossing the second blade, three iridescent stripes
underneath the sub-blades are clearly evident; while no diffractive colors are observed in

between. This indicates that the shear stress provided by the sub-blades is sufficiently high to
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align the particles at high coating speed. These striped colloidal arrays could find potential
applications in diffractive optical devices and are available by other self-assembly
technologies.” If we use a normal doctor blade instead of a blade with 3 sub-blades as the
second blade in the dual-blade setup (FIG. 5.5A), the stripe patterns as shown in FIG. 5.5B can
be prevented.
Conclusions

In conclusion, we have developed a scalable doctor blade coating technology for
fabricating 3D highly ordered nanocomposites, colloidal crystals, and macroporous polymers.
Embodiments of the present disclosure can be used to produce large-area coatings that have
important technological applications in diffractive optics, full-color displays, and size exclusive
filtration membranes.
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[t should be noted that ratios, concentrations, amounts, and other numerical data may be
expressed herein in a range format. It is to be understood that such a range format is used for
convenience and brevity, and thus, should be interpreted in a flexible manner to include not only
the numerical values explicitly recited as the limits of the range, but also to include all the
individual numerical values or sub-ranges encompassed within that range as if each numerical
value and sub-range is explicitly recited. To illustrate, a concentration range of “about 0.1% to
about 5%” should be interpreted to include not only the explicitly recited concentration of about
0.1 wt% to about 5 wt%, but also include individual concentrations (e.g., 1%, 2%, 3%, and 4%)
and the sub-ranges (e.g., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%) within the indicated range. In an
embodiment, the term “about” can include traditional rounding according to significant figures

of the numerical value. In addition, the phrase “about ‘X’ to ‘y*” includes “about ‘x’ to about

Gy,

y

It should be emphasized that the above-described embodiments of the present disclosure
are merely possible examples of implementations, and are set forth only for a clear
understanding of the principles of the disclosure. Many variations and modifications may be
made to the above-described embodiments of the disclosure without departing substantially from
the spirit and principles of the disclosure. All such modifications and variations are intended to

be included herein within the scope of this disclosure.
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CLAIMS

We claim:

1.

L2

8.

A structure comprising;:

a porous polymer membrane including an ordered array of voids, wherein the
distance between at least two pairs of adjacent voids is substantially the same, wherein a
polymer framework separates the voids, wherein the voids extend the entire thickness of

the porous polymer membrane to form a channel through the porous polymer membrane.

The structure of claim 1, wherein the distance between each pair of adjacent voids is

substantially the same.

The structure of claim 1, wherein the distance between 50% of the pairs of adjacent voids

is substantially the same.

The structure of claim 1, wherein the distance between 75% of the pairs of adjacent voids

is substantially the same.

The structure of claim 1, wherein the distance between 90% of the pairs of adjacent voids

is substantially the same.

The structure of claim 1, wherein the number of unique pairs is about 10 to 1 x 10%.

The structure of claim 1, wherein each void has a diameter that is about the same.

The structure of claim 1, wherein the diameter of the void is about 0.03  micrometers

to 10 micrometers.

10.

The structure of claim 1, wherein the polymer of the polymer framework is selected from
the group consisting of: a photocurable polymer, a thermocurable polymer, a mixture of

photocurable polymers, a mixture of thermocurable polymers, and a combination thereof,

The structure of claim 1, wherein the distance between a pair of adjacent voids is about

0.03 micrometers to 10 micrometers.
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I1.  The structure of claim 1, wherein the porous polymer membrane has a thickness of

about 1 micrometer to 300 micrometers.

12. A device, comprising:

a first structure, wherein the first structure is the structure of any one of  claims
lto11, and

a fluid structure adapted for moving a fluid into and out of a portion of the voids
of the first structure, wherein the portion of the first structure has a first ~ color when the fluid
is within the void and a second color when the void does not include the fluid, wherein the

first structure and the fluid structure are in fluidic communication.

13. The device of claim 12, wherein the fluid has the same refractive index as the porous

polymer membrane.

14. The device of claim 12, wherein the fluid structure uses heat to control the

movement of the fluid into and out of a portion of the voids.

15. The device of claim 12, further comprising a second structure, wherein the second
structure is the structure of any one of claims 1 to 11, wherein the fluid structure is
adapted for moving the fluid into and out of a portion of the voids of the second structure

independent of moving fluid into and out of a portion of the voids of the first structure.

16.  The device of claim 15, wherein the first structure is disposed on top of the second

structure so that the first structure and the second structure overlap one another.

17. The device of claim 12, wherein the first color is transparent and the second color is a

shining non-transparent color.

18. A filter, comprising: a structure of any one of claims 1 to 11.

19. A display sign, comprising: a device of any one of claims 12 to 17.

20. A method of making a structure, comprising:
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23.

24.

25.

26.

27.

28.
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disposing a monomer/nanoparticle mixture onto a surface to form an array of
nanoparticles, wherein the distance between at least two pairs of adjacent nanoparticles is
substantially the same;

polymerizing the monomer to form a polymer framework around a portion of the
nanoparticles; and

removing the nanoparticles to form an ordered array of voids, wherein the
distance between at least two pairs of adjacent voids is substantially the same, wherein
the polymer framework separates the voids, wherein the voids extend the entire thickness

of the porous polymer membrane.

The method of claim 20, wherein the nanoparticles are silica nanoparticles.

The method of claim 20, wherein polymerizing is selected from a photochemical
polymerization, a thermochemical polymerization, and a combination thereof, of the
monomer to form the polymer.

The method of claim 20, wherein removing includes dissolving the nanoparticles.

The method of claim 20, wherein the distance between each pair of adjacent voids is

substantially the same.

The method of claim 20, wherein the distance between 50% of the pairs of adjacent voids

is substantially the same.

The method of claim 20, wherein the distance between 75% of the pairs of adjacent voids

is substantially the same.

The method of claim 20, wherein the distance between 90% of the pairs of adjacent voids

is substantially the same.

The method of claim 20, wherein the number of unique pairs is about 10 to 1 x 10%°.
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