wO 20207198474 A1 | NI 000K O 00 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2020/198474 Al

01 October 2020 (01.10.2020) WIPO | PCT

(51) International Patent Classification: (72) Inventors: SINGER, Jonathan P.; 23 Cayuga Rd., Cran-
BOIL 3/00 (2006.01) C08J 9/26 (2006.01) ford, New Jersey 07016 (US). HASAN, Molla; 98 Brett
C08J 9/00 (2006.01) Road, Piscataway, New Jersey 08854 (US).

(21) International Application Number: (74) Agent: MOLINELLI, Eugene J.; P.O. Box 231, Manas-

22)

PCT/US2020/024963

International Filing Date:
26 March 2020 (26.03.2020)

@81)

sas, Virginia 20108 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

(25) Filing Language: English CA. CH, CL, CN, CO, CR. CU, CZ. DE, DJ, DK, DM, DO,
(26) Publication Language: English Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
- HR. HU, ID, IL. IN. IR, IS, JO, JP, KE, KG. KII, KN, KP.,

(30) Priority Data: KR.KW,KZ.LA,LC.LK,LR, LS. LU, LY. MA. MD, ME,
62/823.921 26 March 2019 (26.03.2019)  US MG, ME. M. MW, MX. MY, M7 NA. NG, NI NO. NZ.

(71) Applicant: RUTGERS, THE STATE UNIVERSITY OM. PA, PE, PG, PH. PL, PT, QA. RO, RS, RU, RW, SA.

OF NEW JERSEY [US/US]; 83 Somerset Street, New
Brunswick, New Jersey 08901 (US).

SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(54) Title: POROUS EPOXY NANOCOMPOSITE MONOLITHS

FIG. 1

(57) Abstract: Method of preparing a porous material includes preparing a mixture of from about 10 to about 30% by mass of a
matrix material, from about 20 to about 60% by mass of a plurality of particles, from about 20 to about 60% by mass of a porogen,
and from about 1 to about 10% by mass of an interfacial compatibilizer. The matrix material and the porogen may be selected so as
to be phase separated in the mixture. The method may further include placing the mixture into a form; initiating a solidification of
the matrix material during which the porogen remains nonvolatile and the matrix material and the porogen remain phase separated;
and removing at least a portion of the porogen to obtain the porous material. Porous materials produced by the methods. Microfluidic
channels produced by the methods.

[Continued on next page]



WO 2020/198474 A | [IN 1]} 00 00000000 TS0 0

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

— as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
—  with international search report (Art. 21(3))



WO 2020/198474 PCT/US2020/024963

POROUS EPOXY NANOCOMPOSITE MONOLITHS

BACKGROUND
[0001] This application claims the benefit of United States Provisional Patent Application
No. 62/823,921, filed March 26, 2019, titled POROUS EPOXY NANOCOMPOSITE
MONOLITHS, which is incorporated by reference herein in its entirety.

FIELD OF THE INVENTION
[0002] Various embodiments of the present invention relate generally to porous

nanocomposites and more specifically to porous epoxy nanocomposite monoliths.

BACKGROUND
[0003] Porous materials are crucial for numerous applications, including energy conversion
and storage, catalysis, tissue engineering, drug delivery, cell-makers, smart filtering, and
photonics. Porous monoliths have proven useful as an alternative stationary phase material
for diverse applications including liquid chromatography. A porous monolith can be defined
as an object having a continuous solid phase that defines a plurality of internal channels
extending through. A plethora of methods have been developed to fabricate porous
monoliths. However, these methods require high temperature treatments or incur significant
materials shrinkage. For many applications, requiring specifically sized pores and/or
channels, unpredictable shrinkage is a major problem. A need exists for a means of creating
porous materials that can be processed in ambient conditions, with reduced volume change or
shrinkage. A need also exists for a way of producing such porous materials that may be
molded into forms that are ideal for a desired application.
[0004] Current technologies for producing porous polymers include controlled phase
separation of a crosslinking polymer or oligomer and a sacrificial porous phase, silica sol gel
reactions in place of a polymeric system, and particle sintering. All of these methods have
serious limitations and drawbacks. Controlled phase separation of a crosslinking polymer or
oligomer and a sacrificial porous phase can be used to make a porous polymer, but the
crosslinking network excludes the porogen during crosslinking, which can occur with
nanoscopic range. One problem is that the overall pore structure is highly linked to the

shrinkage that occurs during polymerization. Another issue is that the final structures all have



WO 2020/198474 PCT/US2020/024963

15290-009PCO Patent

the surface chemistry of the photoresist unless further post-treatment is applied. One solution
to both problems is to create the structures ex situ, but this is laborious.
[0005] The problem of chemistry has been mitigated to a great extent by using silica sol gel
reactions in place of polymeric systems, but sol gel reactions have an even greater tendency
to shrink than polymer crosslinking, such that large gaps can be left around the edges of the
channels if done in situ. Finally, a majority of conventional porous materials are made by
particle sintering, but this requires high temperature and often high-pressure treatments.
BRIEF SUMMARY
[0006] Various embodiments relate to a method of preparing a porous material. The method
may comprise preparing a mixture. The mixture may comprise from about 10 to about 30%
by mass of a matrix material, from about 20 to about 60% by mass of a plurality of particles,
from about 20 to about 60% by mass of a porogen, and from about 1 to about 10% by mass of
an interfacial compatibilizer. The matrix material and the porogen may be selected so as to
be phase separated in the mixture. According to various embodiments, the mixture may be a
bicontinuous emulsion. According to various embodiments, preparing the mixture may be
done at room temperature.
[0007] The method may further comprise placing the mixture into a form. As will be
described in greater detail hereinafter, the form may be a temporary mold that will later be
removed or may be a structure into which the final porous material is intended to remain.
Therefore, according to various embodiments, the method may or may not further comprise
removing the porous material from the form to produce at least one porous monolith.
According to various embodiments, the form may be a mold. According to various
embodiments, the form may be at least a portion of a microfluidic channel, such as may be
employed in a microfluidic device or a microfluidic chip.
[0008] The method may further comprise initiating a solidification of the matrix material
during which the porogen remains nonvolatile and the matrix material and the porogen
remain phase separated. Initiating the solidification of the matrix material may be done
before, after, or as the mixture is placed into the form. According to various embodiments,
initiating the solidification may comprise initiating a crosslinking reaction of the matrix
material by adding a crosslinker to the mixture. The crosslinker may bond to the matrix
material and thereby be incorporated into the porous material. According to various

embodiments, the crosslinker may be selected from the group consisting of amine crosslinker,
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peroxide crosslinker, photo crosslinker, photoacid generator, and combinations thereof.
According to various embodiments, the crosslinker may be added in an amount of from about
5% to about 50% by weight of the matrix material. According to various embodiments,
initiating the solidification may comprise exposing the matrix material to ultraviolet light.
According to various embodiments, initiating the solidification may be done by elevating the
temperature of the mold in a range of 30 to 150 degrees Celsius.

[0009] The method may further comprise removing at least a portion of the porogen to obtain
the porous material. According to various embodiments, removing the porogen may comprise
exposing at least the matrix material to a fluid. Exposing at least the matrix material to the
fluid may comprise one selected from the group consisting of rinsing, soaking, flushing, and
combinations thereof. According to various embodiments, removing the porogen may
comprise exposing at least the matrix material to a vacuum. According to various
embodiments, removing the porogen may comprise exposing at least the matrix material to an
elevated temperature in the range of 30 to 1000 degrees Celsius.

[0010] The amounts of each component were previously given as weight percentages based
on the total weight of the mixture. According to various embodiments, it is also useful
describe the amounts of the components by volume. For example, according to various
embodiments, the mixture may comprise the matrix material in an amount of from about 10
to about 40% by volume based on a total volume of the mixture. The mixture may comprise
the plurality of particles in an amount of from about 10 to about 40% by volume based on a
total volume of the mixture. The mixture may comprise the porogen in an amount of from
about 30 to about 70% by volume based on a total volume of the mixture. The mixture may
comprise the interfacial compatibilizer in an amount of about 1 to about 30% by volume
based on a total volume of the mixture.

[0011] A variety of materials may be used as the matrix material. For example, according to
various embodiments, the matrix material may be selected from the group consisting of a
polymer, an oligomer, and combinations thereof. The matrix material may be an epoxy. The
matrix material may be a multi-part epoxy. The matrix material may be a photocrosslinkable
resin. The matrix material may be a thermally crosslinkable resin. The matrix material may
be a thermoplastic resin. The matrix material may be a vitrimer resin.

[0012] A variety of materials may be used as the particles. For example, according to various

embodiments, the plurality of particles may comprise at least one selected from the group
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consisting of activated carbon, silica, fumed silica, epoxidized silica, alumina, carbon
nanotubes, graphite, graphene, titania, latex, silica aerogel, silica xerogel, carbon foam,
silicone rubber, butadiene rubber, aluminum, gold, silver, cadmium selenide, boron nitride,
and combinations thereof. As will be discussed hereinafter, the particles may have a wide
range of sizes. According to various embodiments, the particles may have an activity. For
example, the particles may have an activity selected from the group consisting of an
antimicrobial activity, a catalytic activity, a plasmonic activity, a photoabsorbing activity,
piezoelectric activity, and combinations thereof.

[0013] A variety of materials may be used as the porogen. For example, according to various
embodiments, the porogen may be an oil. According to various embodiments, the oil may be
selected from the group consisting of vegetable oil, petroleum oil, silicone oil, and
combinations thereof.

[0014] A variety of materials may be used as the interfacial compatibilizer. For example,
according to various embodiments, the interfacial compatibilizer may comprise an epoxidized
oil. According to various embodiments, the epoxidized oil may be selected from the group
consisting of an epoxidized soybean oil, an epoxidized alkane, an epoxy silicone, and
combinations thereof.

[0015] According to various embodiments, the method may further comprise preparing a
second mixture, wherein the second mixture is different than the first mixture, the second
mixture comprising: from about 10 to about 30% by mass of a second matrix material, from
about 20 to about 60% by mass of a second plurality of particles, from about 20 to about 60%
by mass of a second porogen, and from about 1 to about 10% by mass of a second interfacial
compatibilizer. The second matrix material and the second porogen may be phase separated
in the second mixture. The method may further comprise placing the second mixture into the
form adjacent to the first mixture. The term “adjacent” includes both abutting a disjointed
configurations. The method may further include initiating a solidification of the second
matrix material during which the second porogen remains nonvolatile and the second matrix
material and the second porogen remain phase separated. Finally, the method may include
removing at least a portion of the second porogen to obtain the porous material. The porous
material may include a first portion and a second portion. The first portion may comprise the
solidified matrix material from the first mixture and the second portion may comprise the

solidified matrix material from the second mixture. As will be readily appreciated by a
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person having ordinary skill in the art any number of mixtures may be employed in this
fashion.

[0016] Various embodiments relate to porous materials produced by any of the methods
according to any of the embodiments described herein. The porous material, according to
various embodiments, may exhibit low shrinkage by occupying a volume that is from about
85% to about 100% of a volume of the form. The porous material so produced may comprise
a plurality of pores and a plurality of particles. According to various embodiments, each of at
least a portion of the plurality of particles may comprise an embedded portion and an exposed
portion, wherein the embedded portion is embedded within the matrix material, and wherein
the exposed portion is exposed beyond a surface of at least one of the plurality of pores.
According to various embodiments, at least the exposed portion may exhibit an activity
selected from the group consisting of an antimicrobial activity, a catalytic activity, a reactive
activity, a binding activity, a plasmonic activity, a photoabsorbing activity, a conductive
activity, a piezoelectric activity, and combinations thereof. According to various
embodiments, at least the exposed portion may be modified to exhibit an activity selected
from the group consisting of an antimicrobial activity, a catalytic activity, a reactive activity,
a binding activity, a photoabsorbing activity, a conductive activity, a piezoelectric activity,
and combinations thereof. The modification may be selected from a thermal treatment, a
chemical treatment, an electrodynamic treatment, a bioreaction treatment, and combinations
thereof.

[0017] According to various embodiments, the porous material may comprise a plurality of
portions. For example, according to various embodiments, the porous material may comprise
a first portion and a second portion. The first portion may be prepared as described above.
The second portion may be prepared by a method comprising: preparing a second mixture,
wherein the second mixture is different than the first mixture, the second mixture comprising:
from about 10 to about 30% by mass of a second matrix material, from about 20 to about
60% by mass of a second plurality of particles, from about 20 to about 60% by mass of a
second porogen, and from about 1 to about 10% by mass of a second interfacial
compatibilizer. The second matrix material and the second porogen may be phase separated
in the second mixture. The method may further comprise placing the second mixture into the
form adjacent to the first mixture; initiating a solidification of the second matrix material

during which the second porogen remains nonvolatile and the second matrix material and the
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second porogen remain phase separated; and removing at least a portion of the second
porogen to obtain the porous material. As will be readily appreciated by a person having
ordinary skill in the art any number of mixtures may be employed in this fashion such that the
porous material may have any number of portions with varying compositions. Of course, the
same composition may be repeated.

[0018] Various embodiments relate to a microfluidic channel comprising a porous material.
The microfluidic channel comprising the porous material may be produced by a method
comprising preparing a mixture. The mixture may comprise from about 10 to about 30% by
mass of a matrix material, from about 20 to about 60% by mass of a plurality of particles,
from about 20 to about 60% by mass of a porogen, and from about 1 to about 10% by mass of
an interfacial compatibilizer. According to various embodiments, the matrix material matrix
material and the porogen may be phase separated in the mixture. The method may further
comprise placing the mixture into a form; initiating a solidification of the matrix material
during which the porogen remains nonvolatile and the matrix material and the porogen
remain phase separated; and removing at least a portion of the porogen to obtain the
microfluidic channel comprising the porous material. According to various embodiments,
after the solidification the porous material may occupies a volume that is from about 85% to
about 100% of a volume of the microfluidic channel. According to various embodiments, the
solidification may comprise initiating a crosslinking reaction of the matrix material.

Initiating the crosslinking reaction may be done before placing the mixture into the
microfluidic channel.

[0019] According to various embodiments, the microfluidic channel may comprise a plurality
of porous materials. For example, the microfluidic channel may further comprise a second
porous material prepared by a method comprising: preparing a second mixture, herein the
second mixture is different than the first mixture, the second mixture comprising: from about
10 to about 30% by mass of a second matrix material, from about 20 to about 60% by mass of
a second plurality of particles, from about 20 to about 60% by mass of a second porogen, and
from about 1 to about 10% by mass of a second interfacial compatibilizer. The second matrix
material and the second porogen may be phase separated in the second mixture. The method
may further comprise placing the second mixture into the microfluidic channel adjacent to the
first mixture; initiating a solidification of the second matrix material during which the second

porogen remains nonvolatile and the second matrix material and the second porogen remain
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phase separated; and removing at least a portion of the second porogen to obtain the

microfluidic channel comprising the second porous material in addition to the first porous

material. As will be readily appreciated by a person having ordinary skill in the art any

number of mixtures may be employed in this fashion such that the porous material may have

any number of portions with varying compositions. Of course, the same composition may be

repeated.

[0020] These and other features, aspects, and advantages of various embodiments will

become better understood with reference to the following description, figures, and claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Embodiments are illustrated by way of example, and not by way of limitation, in the

figures of the accompanying drawings in which like reference numerals refer to similar

elements and in which:

[0022] FIG. 1 is an example according to various embodiments, illustrating a scanning

electron microscope (SEM) image of monoliths after porogen removal formed with the same

amount of epoxy and particles with 7 wt% epoxidized oil and 13 wt% vegetable oil;

[0023] FIG. 2 is an example according to various embodiments, illustrating a scanning

electron microscope (SEM) images of monoliths after porogen removal formed with the same

amount of epoxy and particles with 2 wt% epoxidized oil and 39 wt% vegetable oil;

[0024] FIG. 3 is an example according to various embodiments, illustrating a photograph of a

porous epoxy composite monolith structure, specifically a macroscale bone analog;

[0025] FIG. 4 is an example according to various embodiments, illustrating an SEM image of

a porous epoxy microstructures synthesized from 60 nm fumed silica particles;

[0026] FIG. 5 is an example according to various embodiments, illustrating an SEM image of

porous epoxy microstructures synthesized from 6~8 nm graphene particles;

[0027] FIG. 6 is an example according to various embodiments, illustrating observed

viscosity values at room temperature before curing for porous materials according to various

embodiments overlaid upon a known relationship between strength, viscosity, and

temperature to define an ideal processing region;

[0028] FIG. 7 is an example according to various embodiments, illustrating a relationship

between apparent viscosity and curing time for both neat epoxy and various embodiments;
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[0029] FIG. 8 is an example according to various embodiments, illustrating a relationship
between apparent viscosity and curing time for various embodiments demonstrating an ideal
amount of epoxidized soy oil (ESO) that results in the stiffest monolith;
[0030] FIG. 9 is an example according to various embodiments, illustrating a porous material
having a plurality of porous monoliths prepared via a parallel fabrication method;
[0031] FIG. 10 is an example according to various embodiments, illustrating a focused ion
beam (FIB) cross-sectional image of a porous monolith;
[0032] FIG. 11 is an example according to various embodiments, illustrating a relationship
between pore volume and particle size along with SEM images for embodiments;
[0033] FIG. 12 is an example according to various embodiments, illustrating a relationship
between mechanical properties and particle selection for various embodiments;
[0034] FIG. 13 is an example according to various embodiments, illustrating a post growth of
calcite within various embodiments with and without dopamine present;
[0035] FIG. 14 is an example according to various embodiments, illustrating an on-demand
gravity fed filtration application fabricated within a commercial syringe utilizing porous
materials according to various embodiments; and
[0036] FIG. 15 is an example according to various embodiments illustrating two monoliths
cured together into a single structure.
[0037] It should be understood that the various embodiments are not limited to the examples
illustrated in the figures.

DETAILED DESCRIPTION
[0038] In the following description, for the purposes of explanation, numerous specific
details are set forth in order to provide a thorough understanding of the present invention. It
will be apparent, however, to one skilled in the art that the present invention may be practiced
without these specific details. In other instances, well-known structures and devices are
shown in block diagram form in order to avoid unnecessarily obscuring the present invention.
[0039] Notwithstanding that the numerical ranges and parameters setting forth the broad
scope are approximations, the numerical values set forth in specific non-limiting examples
are reported as precisely as possible. Any numerical value, however, inherently contains
certain errors necessarily resulting from the standard deviation found in their respective
testing measurements at the time of this writing. Furthermore, unless otherwise clear from

the context, a numerical value presented herein has an implied precision given by the least
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significant digit. Thus, a value 1.1 implies a value from 1.05 to 1.15. The term “about” is
used to indicate a broader range centered on the given value, and unless otherwise clear from
the context implies a broader range around the least significant digit, such as “about 1.1”
implies a range from 1.0 to 1.2. If the least significant digit is unclear, then the term “about”
implies a factor of two, e.g., “about X implies a value in the range from 0.5X to 2X, for
example, about 100 implies a value in a range from 50 to 200. Moreover, all ranges disclosed
herein are to be understood to encompass any and all sub-ranges subsumed therein. For
example, a range of "less than 10" for a positive only parameter can include any and all sub-
ranges between (and including) the minimum value of zero and the maximum value of 10,
that is, any and all sub-ranges having a minimum value of equal to or greater than zero and a
maximum value of equal to or less than 10, e.g., 1 to 4.

[0040] Additional details for several embodiments are described in the Appendices, attached
hereto. Any statement made in any appendix applies only to the embodiment in that
appendices and not to other embodiments described elsewhere, unless specifically repeated.
[0041] In the foregoing specification, the invention has been described with reference to
specific embodiments thereof. It will, however, be evident that various modifications and
changes may be made thereto without departing from the broader spirit and scope of the
invention. The specification and drawings are, accordingly, to be regarded in an illustrative
rather than a restrictive sense. Throughout this specification and the claims, unless the
context requires otherwise, the word “comprise” and its variations, such as “comprises’ and
“comprising,” will be understood to imply the inclusion of a stated item, element or step or
group of items, elements or steps but not the exclusion of any other item, element or step or
group of items, elements or steps. Furthermore, the indefinite article “a” or “an” is meant to
indicate one or more of the item, element, or step modified by the article.

[0042] As discussed above, current methods to make porous monoliths require high
temperature treatment, which incur significant materials loss and pore size shrinkage.
Various embodiments described herein provide a way of creating porous materials that can be
processed in ambient conditions, with reduced materials loss, and that result in a product that
can be molded into forms of any size.

[0043] The method according to various embodiments described herein differs from the
current technologies for producing porous polymers in many respects. For example,

according to the method of various embodiments, the porogen may phase separate from the
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crosslinking phase during the whole reaction and the crosslinking phase may include a large
fraction of particle fillers. According to various embodiments the particle fillers may be
nanoparticle fillers. In addition, this porogen phase is nonvolatile during the extent of the
crosslinking reaction. Here, “nonvolatile” indicates that a majority of the porogen remains
until the final form of the phase-separated network is fixed or cured. Keeping the porogen
phase separate from the crosslinking phase and also lacking in volatility during the whole
reaction is similar to some crosslinking phase-separated gel systems, such as block
copolymers or lyotropic liquid crystals. In these systems, crosslinked porous networks are
created by adding a small amount of crosslinking agent or sol gel or using ultraviolet
exposure to crosslink one domain of a system that would already be phase-separated due to a
chemically induced phase separation that is restricted to a specific length scale. In lyotropic
liquid crystals, that length scale is determined by a surfactant interacting with water and
possibly an oil phase. If the surfactant has affinity for both phases, its lowest energy state is
to distribute evenly at the interface. This sets a density of interface for equilibrium that
creates bicontinuous networks of hydrophobic phase in water. By crosslinking the
hydrophobic phase, the network is fixed, generally in the sub-50 nm scale. Similarly, recent
developments in bijel materials have accomplished the same feat over a much larger range of
network sizes by replacing the surfactant with particles, although these systems only work in
a narrow range of designer chemistries and form on the volatile evaporation of a host solvent,
necessitating considerable volumetric shrinkage.

[0044] Various embodiments relate to a method of producing engineered porous materials
which can possibly be used as substrates for various applications such as satellite propulsion,
filtration, and drug delivery. Various embodiments establish an approach for creating porous
materials with tunable pore size, shape and surface chemistry. According to various
embodiments, a porous material generating system may include a commercial two-part
epoxy; a plurality of particles, such as silica; epoxidized soybean oil; and vegetable oil.
Crosslinked porous networks are created by adding a small amount of crosslinking agent or
sol gel or using ultraviolet exposure to crosslink one domain of a system that would already
be microphase separated due to a chemically induced phase separation.

[0045] Various embodiments relate to a method of preparing a porous material. The method
of preparing the porous material, may include a step of preparing a mixture. Preparing the

mixture may be performed under a variety of conditions, the mixture may have a variety of
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properties and characteristics, the components of the mixture may each have a variety of
properties and characteristics and may be present in the mixture in various amounts. For
example, the mixture may be a bicontinuous emulsion. As used herein, the term
“bicontinuous emulsion” refers to a type of emulsion wherein the aqueous or polar phase and
the oily or non-polar phases are characterized as both being continuous. Here “aqueous/non-
aqueous” and “polar/non-polar” are used as common examples of phase-separating media;
however, such emulsions may be prepared using other chemical non-compatibilities.
According to various embodiments, it is an advantage of the present invention that the step of
preparing the mixture may be accomplished at ambient conditions, for example, at room
temperature and pressure. Alternatively, the mixture may be accomplished at a temperature
within a range having a lower limit and/or an upper limit. The range may include or exclude
the lower limit and/or the upper limit. The lower limit and/or upper limit can be selected
from about 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120,
125, 130, 135, 140, 145, 150, 155, and 160 degrees Celsius. For example, according to
certain embodiments, the mixture may be accomplished at a temperature in a range of 30 to
150 degrees Celsius, or any combination of lower limits and upper limits described.
Furthermore, the mixture may include a variety of components. The amount of each
component may be specified by mass or by volume. For purposes of this disclosure, when an
amount of a component is specified by volume, then normal temperature and pressure are
implied. According to various embodiments, the mixture may include a matrix material, a
plurality of particles, a porogen, and an interfacial compatibilizer.

[0046] The matrix material may have a variety of properties and characteristics and may be
present in the mixture in various amounts. For example, according to various embodiments,
the matrix material may be selected from a polymer, an oligomer, and combinations thereof.
The matrix material may be a resin such as a photocrosslinking or photopolymerizing resin, a
thermally crosslinking resin, a vitrimer resin, or a thermoplastic resin. The matrix material
may be an epoxy. Vitrimers are a class of plastics, which are derived from thermosetting
polymers (thermosets) and are very similar to them. Vitrimers consist of molecular, covalent
networks, which can change their topology by thermally activated bond-exchange reactions.
The matrix material may, for example, be a multi-part epoxy, such as a 2-part epoxy.
According to various embodiments, the mixture may include an amount of the matrix

material within a range having a lower limit and/or an upper limit. The range may include or
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exclude the lower limit and/or the upper limit. The lower limit and/or upper limit can be
selected from about 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,
26,27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, and 40 % by mass based on the total
mass of the mixture. For example, according to certain embodiments, the mixture may
include from about 10 to about 30% by mass of the matrix material, or any combination of
lower limits and upper limits described. According to various embodiments, the mixture may
include the matrix material in an amount within a range having a lower limit and/or an upper
limit. The range may include or exclude the lower limit and/or the upper limit. The lower
limit and/or upper limit can be selected from about 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18,19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42,
43,44, 45, 46,47, 48, 49, and 50 % by volume based on the total volume of the mixture. For
example, according to certain embodiments, the mixture comprises the matrix material in an
amount of from about 10 to about 40% by volume based on a total volume of the mixture, or
any combination of lower limits and upper limits described.

[0047] The porogen may have a variety of properties and characteristics and may be present
in the mixture in various amounts. For example, according to various embodiments, the
porogen may be an oil. The oil may be any suitable oil, including one selected from
vegetable oil, petroleum oil, silicone oil, and combinations thereof. According to various
embodiments, the mixture may include the porogen in an amount within a range having a
lower limit and/or an upper limit. The range may include or exclude the lower limit and/or
the upper limit. The lower limit and/or upper limit can be selected from about 10, 11, 12, 13,
14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38,
39,40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63,
64, 65, 66, 67, 68, 69, and 70 % by mass based on the total mass of the mixture. For
example, according to certain embodiments, the mixture may include the porogen in an
amount of from about 20 to about 60% by mass, or any combination of lower limits and
upper limits described. According to various embodiments, the mixture may include the
porogen in an amount within a range having a lower limit and/or an upper limit. The range
may include or exclude the lower limit and/or the upper limit. The lower limit and/or upper
limit can be selected from about 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41,42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65,
66, 67, 68, 69,70, 71, 72,73, 74, and 75% by volume based on the total volume of the
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mixture. For example, according to certain embodiments, the mixture may include the
porogen in an amount of from about 30 to about 70% by volume based on a total volume of
the mixture, or any combination of lower limits and upper limits described.

[0048] The interfacial compatibilizer may have a variety of properties and characteristics and
may be present in the mixture in various amounts. For example, according to various
embodiments, the interfacial compatibilizer may include an epoxidized oil. The epoxidized
oil may be any suitable epoxidized oil, such as one selected from an epoxidized soybean oil,
an epoxidized alkane, epoxy silicone, and combinations thereof. According to various
embodiments, the mixture may include the interfacial compatibilizer in an amount within a
range having a lower limit and/or an upper limit. The range may include or exclude the lower
limit and/or the upper limit. The lower limit and/or upper limit can be selected from about 1,
2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, and 25% by mass
based on the total mass of the mixture. For example, according to certain embodiments, the
mixture may include the interfacial compatibilizer in an amount of from about 1 to about
10% by mass, or any combination of lower limits and upper limits described. According to
various embodiments, the mixture may include the interfacial compatibilizer in an amount
within a range having a lower limit and/or an upper limit. The range may include or exclude
the lower limit and/or the upper limit. The lower limit and/or upper limit can be selected
fromabout 1, 2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,
26,27, 28, 29, and 30% by volume based on the total volume of the mixture. For example,
according to certain embodiments, the mixture may include the interfacial compatibilizer in
an amount of from about 3 to about 10% by volume based on a total volume of the mixture,
or any combination of lower limits and upper limits described.

[0049] According to various embodiments, the surfactant agent may be selected so as to be
fully miscible with both the matrix material (for example, the epoxy) and the porogen. Such
that when the three materials are mixed, it will have a tendency to segregate to the porogen-
epoxy interface. According to various embodiments, the interfacial compatibilizer may be
selected such that it is an effective surfactant for two hydrophobic phases of the mixture. This
can trigger a phase separation into an emulsion of epoxy-in-oil or oil-in-epoxy depending on
the proportion. Upon crosslinking, the three-part emulsion macrophase may then separate to a
light phase (likely oil rich) on top and an epoxy rich phase underneath. This is due to the

large density mismatch and low viscosities of the oil phase. This is where, according to
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various embodiments, the particle fillers become especially important. The particles may be
selected to favor the epoxy phase or the epoxy-oil interface, greatly increasing its viscosity.
As aresult, the macrophase separation is not possible and, further, the texture induced by the
particles appears to create a bicontinuous network within a specific compositional range.
[0050] Generally, the plurality of particles may have a variety of properties and
characteristics and may be present in the mixture in various amounts. According to various
embodiments, the plurality of particles may include at least one selected from activated
carbon, silica, fumed silica, epoxidized silica, alumina, carbon nanotubes, boron nitride
nanotubes, graphite, graphene, titania, barium titanate, latex, silica aerogel, silica xerogel,
carbon foam, silicone rubber, butadiene rubber, aluminum, gold, silver, cadmium selenide,
boron nitride, chitosan powder, and combinations thereof. The particles may be any size or
any combination of sizes. The particles may include nano-scale particles, micro-scale
particles, and/or particles smaller or larger. Without wishing to unnecessarily limit the scope
of the invention, which can employ particles of any size, some examples of nano-scale-sized
particles and micro-scale-sized particles are provided. Nano-scale particles may have an
average diameter within a range having a lower limit and/or an upper limit. The range may
include or exclude the lower limit and/or the upper limit. The lower limit and/or upper limit
can be selected from about 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150,
160, 170, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330,
340, 350, 360, 370, 380, 390, 400, 500, 600, 700, 800, and 900 nm. For example, according
to certain embodiments, the particles may have an average diameter from about 10 nm to
about 300 nm, or any combination of lower limits and upper limits described. Micro-scale
particles may have an average diameter within a range having a lower limit and/or an upper
limit. The range may include or exclude the lower limit and/or the upper limit. The lower
limit and/or upper limit can be selected from about 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280,
290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 500, 600, 700, 800, and 900 um.
For example, according to certain embodiments, the particles may have an average diameter
from about 1 um to about 20 pm, or any combination of lower limits and upper limits
described. According to other embodiments, the particles may have a size of about 20 pm or

less.
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[0051] According to various embodiments, the particles may have an activity selected from
an antimicrobial activity, a catalytic activity, and combinations thereof. According to various
embodiments, the mixture may include the plurality of particles in an amount within a range
having a lower limit and/or an upper limit. The range may include or exclude the lower limit
and/or the upper limit. The lower limit and/or upper limit can be selected from about 10, 11,
12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37,38, 39,40,41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61,
62, 63, 64, 65, 66, 67, 68, 69, 70,71, 72,73,74, 75,776, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86,
87, 88, 89, and 90 % by mass based on the total mass of the mixture. For example, according
to certain embodiments, the mixture may include the plurality of particles in an amount from
about 20 to about 80% by mass based on the total mass of the mixture, or any combination of
lower limits and upper limits described. According to various embodiments, the mixture may
include the plurality of particles in an amount within a range having a lower limit and/or an
upper limit. The range may include or exclude the lower limit and/or the upper limit. The
lower limit and/or upper limit can be selected from about 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41,42,43, 44,45, 46,47, 48, 49, 50, 55, 60 % by volume based on the total volume of the
mixture. For example, according to certain embodiments, the mixture may include the
plurality of particles in an amount of from about 10 to about 40% by volume or of greater
than 5% by volume based on a total volume of the mixture, or any combination of lower
limits and upper limits described.

[0052] One complication associated with the addition of particles is that, according to various
embodiments, and depending on the amount of particles employed, hand mixing may be
impossible. This is not only because of the increased viscosity, but also because of the air that
becomes trapped in the paste during manual mixing. Instead of hand mixing, various
embodiments may employ mechanical mixing, such as via a Flacktek Speedmixer®, which
utilizes mixing speeds of up to 3000 rpm in two axes to create air-free homogenized
mixtures. The viscosity of this paste does not allow for macrophase separation during curing
and, depending on the composition, can range from a toothpaste-like to putty-like viscosity.
[0053] The viscosity of the paste, in particular, is highly advantageous for processing.

Molding into micro or nanostructures requires a certain range of viscosity where viscous
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forces are much greater in magnitude than capillary forces. Further, the long lifetime of the
homogenization allows for structures that are of a nearly arbitrary scale.

[0054] FIG. 6 is an example according to various embodiments, illustrating observed
viscosity values at room temperature before curing for porous materials according to various
embodiments overlaid upon a known relationship between strength, viscosity, and
temperature to define an ideal processing region. These viscosities range from about 1x10* to
about 1x10° Pa.s and place them in the ideal processing range without requiring a change in
temperature. Figure 7 is an example according to various embodiments, illustrating a
relationship between apparent viscosity and curing time for both neat epoxy and various
embodiments.

[0055] FIG. 8 demonstrates various embodiments formulated with different proportions of
interfacial compatibilizer indicating a signature of the ideal proportion of compatibilizer (for
this formulation, 6%), as indicated by (1) the highest starting storage modulus and (2) the
highest final storage modulus.

[0056] According to various embodiments, the mixture may be prepared in a form or the
mixture may be prepared and then placed into a form. The form may be any structure, such
as a mold or at least a portion of a microfluidic channel. The mold may impart a desired
shape and size to the resulting porous material. Of course, the method of preparing the
porous material, may include a step of removing the porous material from the form to
produce at least one porous monolith.

[0057] The method of preparing the porous material may include a step of initiating a
solidification of the matrix material. Initiating the solidification may be accomplished in a
variety of ways. According to various embodiments, initiating the solidification may include
initiating a crosslinking reaction of the matrix material. According to various embodiments,
the step of initiating a crosslinking reaction of the matrix material may include adding a
crosslinker to the mixture. The crosslinker may be selected based on crosslinking
polymer/resin. For example, according to various embodiments, the crosslinker may be
selected from commercial amine, peroxide, or other agents and may be activated either
through photo or thermal means by triggering epoxide, urethane, thiol, free radical or other
mechanisms. According to various embodiments, the crosslinker may bond to the matrix
material and thereby become incorporated into the resulting porous material. If the means of

crosslinking is photoactivation, the component identified as “crosslinker” may optionally
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include a photosensitizer, such as rhodamine, 2-Isopropylthioxanthone, porphyrin, squaraine,
and other UV or visible absorbing materials. The crosslinker may be added in an amount
within a range having a lower limit and/or an upper limit. The range may include or exclude
the lower limit and/or the upper limit. The lower limit and/or upper limit can be selected
fromabout 1, 2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,
26,27, 28, 29, 30, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, and 50 % by weight. For example,
according to certain embodiments, the crosslinker may be added in an amount of from about
5% to about 25% by weight, or any combination of lower limits and upper limits described.
According to various embodiments, the step of initiating a crosslinking reaction of the matrix
material may include exposing the matrix material to ultraviolet light. The step of initiating a
crosslinking reaction of the matrix material may be done before or after placing the mixture
into the form.

[0058] According to various embodiments, the step of initiating a crosslinking reaction of the
matrix material may be done by elevating the temperature of the mold. The mold may be
elevated to a temperature within a range having a lower limit and/or an upper limit. The
range may include or exclude the lower limit and/or the upper limit. The lower limit and/or
upper limit can be selected from about 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90,
95, 100, 105, 110, 115, 120, 125, 130, 135, 140, 145, 150, 155, and 160 degrees Celsius. For
example, according to certain embodiments, the mold may be elevated to a temperature in a
range of 30 to 150 degrees Celsius, or any combination of lower limits and upper limits
described.

[0059] The method of preparing the porous material, may include a step of removing at least
a portion of the porogen to obtain the porous material. The step of removing the porogen
may include exposing the matrix material to a fluid. Exposing the matrix material to the fluid
to remove the porogen may be done in any suitable manner, include one selected from
rinsing, soaking, flushing, and combinations thereof. For example, the matrix material may
be rinsed, soaked, and/or flushed with the fluid to remove the matrix material. The fluid may
be selected from the solvents in which the porogen gets dissolved. According to various
embodiments, the solvent may be selected from water, methanol, ethanol, butanol, terpineol,
acetone, butanone, propylene glycol monomethyl ether acetate, ethyl acetate, ethylene glycol,
toluene, xylene, heptane, hexane, hexanes, cyclohexane, hexadecane, silicone oil, vegetable

oil, alkane oil, and combinations thereof.
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[0060] According to various embodiments, removing the porogen may include exposing the
matrix material to a vacuum.

[0061] According to various embodiments, removing the porogen may include exposing the
matrix material to an elevated temperature, which may be also used to alter the matrix or
particle materials. The matrix or particle materials may be exposed to a temperature within a
range having a lower limit and/or an upper limit. The range may include or exclude the lower
limit and/or the upper limit. The lower limit and/or upper limit can be selected from about
25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 125, 130,
135, 140, 145, 150, 155, 160, 170, 180, 190, 200, 225, 250, 275, 300, 325, 350, 375, 400,
425, 450, 475, 500, 525, 550, 575, 600, 625, 650, 675, 700, 725, 750, 775, 800, 825, 850,
875, 900, 925, 950, 975, and 1000 degrees Celsius. For example, according to certain
embodiments, the matrix material may be exposed to a temperature in a range of 30 to 150
degrees Celsius, or any combination of lower limits and upper limits described.

[0062] Various embodiments relate to a porous material produced by any of the methods
descried herein. For example, various embodiments relate to a porous material produced by a
method that includes preparing a mixture, the mixture comprising: from about 10 to about
30% by mass of a matrix material, from about 20 to about 60% by mass of a plurality of
particles, from about 20 to about 60% by mass of a porogen, and from about 1 to about 10%
by mass of an interfacial compatibilizer; placing the mixture into a form; initiating a
crosslinking reaction of the matrix material; and removing at least a portion of the porogen to
obtain the porous material.

[0063] Advantageously, according to various embodiments, the porous material produced by
the methods described herein may exhibit low shrinkage relative to the form. As used herein,
the term “low shrinkage” means that the porous material may occupying a volume that is
from about 85% to about 100% of a volume of the form. Indeed, according to various
embodiments, the porous material produced by the methods described herein may exhibit a
low shrinkage by occupying a volume that is within a range having a lower limit and/or an
upper limit. The range may include or exclude the lower limit and/or the upper limit. The
lower limit and/or upper limit can be selected from about 85, 86, 87, 88, 89, 90, 91, 92, 93,
94, 95, 96, 97, 98, 99, and 100 % of a volume of the form. For example, according to certain

embodiments, the porous material produced by the methods described herein may exhibit a
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low shrinkage by occupying a volume that is from about 85% to about 100% of a volume of
the form., or any combination of lower limits and upper limits described.

[0064] The porous material produced by the methods described herein may include a
plurality of pores. According to various embodiments, each of at least a portion of the
plurality of particles may include an embedded portion and an exposed portion. The
embedded portion may be embedded within the matrix material, and the exposed portion is
exposed beyond a surface of at least one of the plurality of pores. According to various
embodiments, at least the exposed portion may exhibit beneficial activity, such as an activity
selected from an antimicrobial activity, a catalytic activity, a plasmonic activity, a
photoabsorbing activity, piezoelectric activity, and combinations thereof.

[0065] Various embodiments relate to a kit for preparing a porous material. The kit may
include the components of the mixture described above, and optionally a crosslinker. For
example, the kit may include from about 10 to about 30% by mass of a matrix material, from
about 20 to about 60% by mass of a plurality of particles, from about 20 to about 60% by
mass of a porogen, and from about 1 to about 10% by mass of an interfacial compatibilizer.
If present, the crosslinker may be kept isolated from all of the other components or at least
from the matrix material. The crosslinker is optional because, the crosslinking reaction may
be initiated in other ways, for example by exposing the mixture to sufficient ultraviolet light
or temperature as to chemically alter the resin. In some embodiments, the resin may also not
be crosslinked, but rather hardened by cooling through a solidification and/or glass transition.
[0066] Various embodiments relate to a microfluidic channel that includes a porous material.
The microfluidic channel may be or be intended to be a component of a microfluidic device,
such as, for example, a microfluidic chip. The porous material may exhibit “low shrinking”
with respect to the microfluidic channel, as discussed herein. The method and the “low
shrinkage” achieved thereby, may result a fluidic chip where the monolith is directly
introduced into the channel before curing and adheres to the walls of the fluidic channel in
the chip such that a seal is formed. According to various embodiments, the seal may be
sufficient such that all of the fluid in the channel passes through the monolith rather than
around it. The microfluidic channel including the porous material may be produced by any of
the methods described herein. For example, the microfluidic channel including the porous
material may be produced by a method comprising preparing a mixture, the mixture

comprising: from about 10 to about 30% by mass of a matrix material, from about 20 to about
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60% by mass of a plurality of particles, from about 20 to about 60% by mass of a porogen,
and from about 1 to about 10% by mass of an interfacial compatibilizer; placing the mixture
into the microfluidic channel; initiating a crosslinking reaction of the matrix material; and
removing at least a portion of the porogen to obtain the microfluidic channel comprising the
porous material. According to various embodiments, the step of initiating the crosslinking
reaction of the matrix material may be done before or after placing the mixture into the
microfluidic channel.

[0067] According to various embodiments, multiple porous monoliths may be cured together
to provide abrupt changes in porosity within the same monolith and therefore within various
portions of the microfluidic channel. Example 14 provides a demonstration. With respect to
the preparation of a microfluidic channel, having multiple porous monoliths, the microfluidic
channel including the porous material may be produced by a method comprising preparing a
first mixture, the first mixture comprising: from about 10 to about 30% by mass of a first
matrix material, from about 20 to about 60% by mass of a first plurality of particles, from
about 20 to about 60% by mass of a first porogen, and from about 1 to about 10% by mass of
a first interfacial compatibilizer; preparing a second mixture, the second mixture comprising:
from about 10 to about 30% by mass of a second matrix material, from about 20 to about
60% by mass of a second plurality of particles, from about 20 to about 60% by mass of a
second porogen, and from about 1 to about 10% by mass of a second interfacial
compatibilizer; placing the first mixture and the second mixture into the microfluidic channel;
initiating a crosslinking reaction of the first matrix material and the second matrix material;
and removing at least a portion of the first porogen and the second porogen to obtain the
microfluidic channel comprising the porous material. According to various embodiments, the
step of initiating the crosslinking reaction of the first matrix material and the second matrix
material may be done before or after placing the mixtures into the microfluidic channel. Any
number of mixtures may be prepared. The mixtures may be placed into the microfluidic
channel in any configuration. The possible configurations include at least abutting
configurations and disjointed configurations. According to abutting configurations, the first
mixture contacts at least a portion of the second mixture. According to disjointed
configurations, the first mixture does not directly contact the second mixture. Combinations
of abutting and disjointed configurations may be employed. The first mixture and the second

mixture may include different materials or different loadings of materials. For example, the
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first mixture may include particles having a different size than the second mixture. Another
example would be a mixture where the first mixture has the same size as the second, but the
particles are different types (e.g. a metal and a non-metal).

[0068] Microfluidic approaches have demonstrated an extreme degree of control necessary
for the testing of porous systems. Various embodiments allow for the integration of porous
materials into microfluidic channels, and further, do so in a means that is compatible with in
situ imaging. Such embodiments open the doors for a wide range of experiments on porous
media that would otherwise be impossible. To this end, various embodiments provide
multicomponent porous epoxies. These materials rely on a phase separation of bicontinuous
microstructures induced by surfactant-like materials that reside at the interface of a
multiphase system of epoxy, particles, and a nonvolatile liquid porogen. The pore structure
may be defined by the phase separation and curing before the removal of the porogen, which
can be done without shrinkage of the superstructure. Tuning of this system can lead to high-
viscosity materials that can be molded into micro or macrostructures. These materials may
be useful for in situ observation of homogeneous, mixed, and particulate flows within porous
media.

[0069] Some potential applications of the methods and materials according to various
embodiments include energy conversion, CubeSat and other satellite propulsion, tissue
engineering, and smart filtering.

EXAMPLES

Examples 1 — 2

[0070] A purpose of Examples 1 and 2 is to demonstrate results obtained, according to
various embodiments. More specifically, these examples show results obtained at a transition
of mixed to bicontinuous of a monolith created with a plurality of activated carbon particles
having an average size of about 100 nm (obtained from Skyspring Nanomaterials) after
removal of the oil. While both examples are bicontinuous, the morphological differences are
stark despite the main compositional shift being in the porogen phase, indicating the
importance of all components in the process. Molding into micro or nanostructures requires a
certain range of viscosity where viscous forces are much greater in magnitude than capillary
forces. Further, the long lifetime of the homogenization allows for structures that are of a

nearly arbitrary scale.
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Example 1

[0071] First, the specific amount of two-part epoxy, particles, epoxidized oil, and vegetable
oil are placed in a mixing cup. In a specific example shown in Figure 1, the composite was
made of 9.52 wt% Epon 828 (Hexion Inc.) epoxy resin, 9.52 wt.% Versamid 125 (Gabriel
Performance Products) curing agent, 4.77 wt% epoxidized soybean oil (from Arkema Inc.),
44.62 wt% canola oil, and 28.58 wt% activated carbon (100 nm, Skyspring Nanomaterials).
The components were speed mixed for 1 minute in a Flacktek Speedmixer at 3500 RPM.
After the composite gets cured, to make it porous, the porogen (canola oil) was removed by
submerging the monolith of the composite into acetone bath for at least 1 day. Finally, the
porous composite was dried in air.

[0072] Figure 1 is an example according to various embodiments, illustrating a scanning
electron microscope (SEM) image of monoliths after porogen removal. The revised
composition of the monoliths after porogen removal is: 18.18 wt% Epon 828 (Hexion Inc.)
epoxy resin, 18.18 wt.% Versamid 125 (Gabriel Performance Products) curing agent, 9.10
wt% epoxidized soybean oil, and 54.54 wt% activated carbon (100 nm).

Example 2

[0073] First, the specific amount of two-part epoxy, particles, epoxidized oil, and vegetable
oil are placed in a mixing cup. In a specific example shown in Figure 1, the composite was
made of 8.00 wt% Epon 828 (Hexion Inc.) epoxy resin, 8.00 wt.% Versamid 125 (Gabriel
Performance Products) curing agent, 4.00 wt% epoxidized soybean oil (from Arkema Inc.),
40.00 wt% canola oil, and 40.00 wt% activated carbon (100 nm). The components were
speed mixed for 1 minute in a Flacktek Speedmixer at 3500 RPM. After the composite gets
cured, to make it porous, the porogen (canola oil) was removed by submerging the monolith
of the composite into acetone bath for at least 1 day. Finally, the porous composite was dried
in air.

[0074] FIG. 2 is an example according to various embodiments, illustrating a scanning
electron microscope (SEM) images of monoliths after porogen removal. The revised
composition of the monoliths after porogen removal is: 13.13 wt% Epon 828 (Hexion Inc.)
epoxy resin, 13.13 wt.% Versamid 125 (Gabriel Performance Products) curing agent, 6.67

wt% epoxidized soybean oil, and 66.67 wt% activated carbon (100 nm).

Examples 3
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[0075] A purpose of Examples 3 is to demonstrate molding of the porous materials according
to various embodiments into forms of a nearly arbitrary scale, including but not limited to
micro-scale or nano-scale forms. Figure 3 shows a demonstration of a macroscale molded
part using this technique. More specifically, Figures 3 shows a porous epoxy composite
monolith structures assembled at a cm scale.

[0076] First, to make a composite, 4.81 wt% Epon 828 (Hexion Inc.) epoxy resin, 4.81 wt.%
Versamid 125 (Gabriel Performance Products) curing agent, 1.93 wt% epoxidized soybean
oil (from Arkema Inc.), 21.15 wt% canola oil, and 67.30 wt% silica nanoparticles (400 nm)
were placed in a mixing cup. Second, the ingredients are mixed using Flacktek Speedmixer at
3000 rpm for 1 min. Third, the mixed composite had putty-like viscosity which was pressed
against a skeleton hand mold/template. The composite was cured at room temperature for 24
hours. After the composite was cured, the composite-template attachment was placed in
acetone bath for 8 hours. Acetone drives out the porogen (canola oil) from the composite
which resulted in porous structure. Finally, the porous composite was detached from the
template and dried in air.

[0077] FIG. 3 is an example according to various embodiments, illustrating a photograph
image of a porous epoxy composite monolith structure, specifically a bone analog.
Examples 4 - 5

[0078] A purpose of Examples 4 — 5 is to demonstrate porous epoxy microstructures
synthesized from different particle precursors.

[0079] According to various embodiments the resultant microstructure may depend on the
particles that are added. Examples 4 — 5, along with Example 2, show characteristic results
arising from different particle types. Without wishing to be bound by theory, it is
hypothesized that this has to do with a combination of particle chemistry, particle size, and/or
particle roughness/fractality. The importance of particle chemistry is evident on the
macroscale, as has been discussed, with some particles not segregating into the epoxy phase.
This is evidenced by much longer curing times, indicating complete mixing of the
components.

Example 4

[0080] First, to make a composite, 8.89 wt% Epon 828 (Hexion Inc.) epoxy resin, 8.89 wt.%
Versamid 125 (Gabriel Performance Products) curing agent, 4.44 wt% epoxidized soybean

oil (from Arkema Inc.), 44.44 wt% canola oil, and 33.34 wt% silica nanoparticles (60 nm,
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Skyspring Nanomaterials) were placed in a mixing cup. Second, the ingredients are mixed
using Flacktek Speedmixer at 3000 rpm for 1 min. The composite was cured at room
temperature for 24 hours. After the composite was cured, the composite-template attachment
was placed in acetone bath for 8 hours. Acetone drives out the porogen (canola oil) from the
composite which resulted in porous structure. Finally, the porous composite was detached
from the template and dried in air. Figure 4 is an example according to various embodiments,
illustrating an SEM image of a porous epoxy microstructures.

Example 5

[0081] First, to make a composite, 10 wt% Epon 828 (Hexion Inc.) epoxy resin, 10 wt%
Versamid 125 (Gabriel Performance Products) curing agent, 4 wt% epoxidized soybean oil
(from Arkema Inc.), 40 wt% canola oil and, 36 wt% graphene (6-8 nm, 10 um flakes,
Skyspring Nanomaterials) were placed in a mixing cup. Second, the ingredients are mixed
using Flacktek Speedmixer at 3000 rpm for 2 min. The composite was cured at room
temperature for 24 hours. After the composite was cured, the composite-template attachment
was placed in acetone bath for 8 hours. Acetone drives out the porogen (canola oil) from the
composite which resulted in a porous structure. Finally, the porous composite was dried in
air. FIG. 5 is an example according to various embodiments, illustrating an SEM image of a
porous epoxy microstructures synthesized from 10~20 nm fumed silica particles, which form
large aggregates.

Example 6

[0082] A purpose of this example is to demonstrate results obtained from a parallel
fabrication method according to various embodiments.

[0083] First, a composite was mixed with the same composition as listed in Example 2.
Afterward, the putty-like composite is molded against a template with an array of holes
created using laser patterning of AZ-50XT (Integrated Micromaterials) photoresist. Upon
curing, both the composite-template attachment is placed in acetone bath. Acetone dissolves
the photoresist of template, resulting composite with micro-pillars. Acetone also drives out
the porogen (canola oil) from the composite which results in porous structure. Finally, the
porous composite is dried in air

[0084] FIG. 9 is an example according to various embodiments, illustrating a porous material

having a plurality of porous monoliths prepared via a parallel fabrication method.
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Example 7

[0085] A purpose of this example is to demonstrate characteristics of a porous monolith
formed according to various embodiments.

[0086] To make pillars, putty-like composite, prepared as discussed in the Example 2, is
molded against a photoresist template with array of holes created using laser patterning of
AZ-50XT (Integrated Micromaterials) photoresist. Upon curing, both the composite-template
attachment is placed in acetone bath. Acetone dissolves the photoresist of template, resulting
composite with micro-pillars. Acetone also drives out the porogen (canola oil) from the
composite which results in porous structure. Afterward, the porous composite is dried in air.
To compare the bulk porosity with the porosity of microstructures, a cross-section cut is
carried out using focused ion beam (FIB) from the top of the pillar to a few microns
underneath of its base.

[0087] Fig. 10 is an example according to various embodiments, illustrating a focused ion
beam (FIB) cross-sectional image of the porous monolith as imaged by a scanning electron
microscope (SEM).

Example 8

[0088] A purpose of this example is to compare the curing temperature, curing time, porosity,
and shrinkage characteristics of a porous material according to various embodiments with
other materials.

[0089] First, the specific amount of two-part epoxy, particles, epoxidized oil, and canola oil
are placed in a mixing cup. Second, the ingredients are mixed using speed-mixer at 3000 rpm.
After the composite gets cured, to make it porous, the porogen (canola oil) is removed by
submerging the monolith of the composite into acetone bath. Finally, the porous composite is
dried in air.

[0090] The results are summarized in Table 1, with the last three entries listing properties of

other common materials for comparison.

Table 1
Material Temperature Time Porosity Shrinkage
porous materla'l according to RT 1 day 30~60% | 1~5%
various embodiments
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Epon 828 (Hexion) epoxy resin 7
wt%, Versamid 125 (Gabriel
Performance Products) resin
(crosslinking agent) 7 wt%, super
activated carbon (<100 nm, RT 1 day ~40% 0.53%+0.09%
Skyspring Nanomaterials) 40
wt%, epoxidized soybean oil
(Arkema Inc.) 6 wt%, and canola
0il 40 wt%

Epon 828 (Hexion) epoxy resin
8.89 wt%, Versamid 125 (Gabriel
Performance Products) resin
(crosslinking agent) 8.89 wt%,
silica (60~70 nm, Skyspring RT 1 day ~60% 2.50%+0.22%
Nanomaterials) 33.34 wt%,
epoxidized soybean oil (Arkema
Inc.) 4.44 wt%, and canola oil
44 .44 wt%

Epon 828 (Hexion) epoxy resin
8.89 wt%, Versamid 125 (Gabriel
Performance Products) resin
(crosslinking agent) 8.89 wt%,
silica (400 nm, Skyspring RT 1 day ~40% 0.23%+0.14%
Nanomaterials) 33.34 wt%,
epoxidized soybean oil (Arkema
Inc.) 4.44 wt%, and canola oil
44.44 wt%

Epon 828 (Hexion) epoxy resin
8.89 wt%, Versamid 125 (Gabriel
Performance Products) resin
(crosslinking agent) 8.89 wt%,
silica (1000 nm, Skyspring RT 1 day ~25% 0.01%+0.08%
Nanomaterials) 33.34 wt%,
epoxidized soybean oil (Arkema
Inc.) 4.44 wt%, and canola oil
44 .44 wt%

Epon 828 (Hexion) epoxy resin 7
wt%, Versamid 125 (Gabriel
Performance Products) resin
(crosslinking agent) 7 wt%, super
activated carbon (<100 nm,
Skyspring Nanomaterials) 38
wt%, carbon nanotubes
(Nanocomp) 2 wt%, epoxidized

RT 1 day ~40% 2.91%=+0.06%
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soybean oil (Arkema Inc.) 6 wt%,
and canola oil 40 wt%

Regorcmpl—formaldehyde (from R0 °C 1 week 80~90% | 2~8%

various literature) (aqueous)

Epoxy/sﬂlcone (from various RT 1 day 0% 2-7%

literature)

Sol gel (from various literature) RT I week 70~99% | 60~85%
(aqueous)

[0091] As can be seen from Table 1, the porous material according to various embodiments
can be cured quickly at room temperature and exhibits a good porosity and low shrinkage.
Example 9

[0092] A purpose of this example is to demonstrate a methodology to obtain different pore
volumes from the same particle material. Figure 11 shows the pore volume of various
embodiments made from differing particle sizes of silica as determined by mercury
porosimetry.

[0093] The sample labeled “60 nm” was prepared as described in Example 4. The sample
labeled “400 nm” was prepared as described in Example 3. The sample labeled “1 pm” was
prepared as follows: The composite was made by speed mixing 8.89 wt% Epon 828 (Hexion
Inc.) epoxy resin, 8.89 wt.% Versamid 125 (Gabriel Performance Products) curing agent,
4.44 wt% epoxidized soybean oil (from Arkema Inc.), 44.44 wt% canola oil, and 33.34 wt%
silica (1 um). The components were speed mixed for 1 minute in a Flacktek Speedmixer at
3500 RPM. After mixing, the composite was molded into thin bars and allowed to cure.
Samples were soaked in acetone to remove the oil for 8 hours, followed by drying in air.
[0094] It can be seen that the particle size selection affects the pore size distribution.

Examples 10 — 12

[0095] A purpose of these examples is to demonstrate the ability to change materials
properties through the use of different particles.

Example 9

[0096] To characterize mechanical properties, a porous composite was made as described in
Example 3 using particles of different sizes and chemistries. Afterward, mechanical

properties were measured in a dynamic mechanical analyzer (DMA).
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[0097] The sample labeled “Silica (400 nm)” was made with the same procedure described in
Example 3.

[0098] The sample labeled “Calcium carbonate (5000 nm)” was prepared as follows: A
porous composite made using CaCOs particles. The composite was made by speed mixing 7
wt% Epon 828 (Hexion Inc.) epoxy resin, 7 wt% Versamid 125 (Gabriel Performance
Products) curing agent, 2.8 wt% epoxidized soybean oil (from Arkema Inc.), 27.8 wt%
canola oil, and 55.6 wt% calcium carbonate (5 microns, BeanTown Chemical). The
components were speed mixed for 1 minute in a Flacktek Speedmixer at 3500 RPM. After
mixing, the composite was molded into thin bars and allowed to cure. Samples were soaked
in acetone to remove the oil for 4 hours, followed by drying in air.

[0099] The sample labeled “Silicone (1000 nm)” was prepared as follows: A porous
composite made using CaCOj3 particles. The composite was made by speed mixing 8.8 wt%
Epon 828 (Hexion Inc.) epoxy resin, 8.8 wt% Versamid 125 (Gabriel Performance Products)
curing agent, 3.5 wt% epoxidized soybean oil (from Arkema Inc.), 35.1 wt% canola oil, and
43.9 wt% silicone particles (3 microns, Dowsil EP-5500, Dow Inc.). The components were
speed mixed for 1 minute in a Flacktek Speedmixer at 3500 RPM. After mixing, the
composite was molded into thin bars and allowed to cure. Samples were soaked in acetone to
remove the oil for 4 hours, followed by drying in air.

[0100] Fig. 12 shows the DMA results. It was seen that the storage (real part) and complex
(imaginary part) of the mechanical properties could be changed over several orders of
magnitude.

Example 10

[0101] To characterize electrical properties, a porous composite was made as described in
Example 2 and Example 4 using particles of different sizes and chemistries, including blends
with two particle types. The second set of particles were carbon nanotubes (CNT,
Nanocomp), which were added to the particle mix at ~4 wt%. Afterward, electrical properties
were measured with a two-point probe.

[0102] Table 2 shows the conductivity results. It was seen that the electrical resistivity could

be changed over several orders of magnitude.
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Particle Resistivity (2-m)
Super activated carbon (SAC) 325-440
SAC+carbon nanotube (CNT) pulp 0.4-0.8
Graphene+CNT pulp 0.05-0.15
Example 11

[0103] To characterize piezoelectric properties, porous composites were made from
piezoelectric materials.

[0104] A porous composite made using BaTiOs particles. The composite was made by speed
mixing 5.4 wt% Epon 828 (Hexion Inc.) epoxy resin, 5.4 wt% Versamid 125 (Gabriel
Performance Products) curing agent, 2.2 wt% epoxidized soybean oil (from Arkema Inc.),
21.7 wt% canola oil and, 65.2 wt% BaTiO3 (400 nm, Skyspring Nanomaterials). The
components were speed mixed for 1 minute in a Flacktek Speedmixer at 3500 RPM. After
mixing, the composite was molded into thin bars and allowed to cure. Samples were soaked
in acetone to remove the oil for 4 hours, followed by drying in air.

[0105] A porous composite made using ZnO particles. The composite was made by speed
mixing 5.4 wt% Epon 828 (Hexion Inc.) epoxy resin, 5.4 wt% Versamid 125 (Gabriel
Performance Products) curing agent, 2.2 wt% epoxidized soybean oil (from Arkema Inc.),
21.7 wt% canola oil and, 65.2 wt% zinc oxide (Skyspring Nanomaterials). The components
were speed mixed for 1 minute in a Flacktek Speedmixer at 3500 RPM. After mixing, the
composite was molded into thin bars and allowed to cure. Samples were soaked in acetone to
remove the oil for 4 hours, followed by drying in air.

[0106] It was found that the barium titanate composites had a permittivity of 4.8 F/m at 100
Hz and a d33 of 1.8 pC/N. Similarly, embodiments made of zinc oxide were found to have a
permittivity of 0.115 F/m at 100 Hz and a d33 of 1.1 pC/N.

Example 12

[0107] A purpose of this example is to show the ability to perform post treatments to the
porous monoliths. A porous composite was made using chitosan particles. The composite was
made by combining 8.5 wt% Epon 828 (Hexion Inc.) epoxy resin, 8.5 wt.% Versamid 125
(Gabriel Performance Products) curing agent, 3.4 wt% epoxidized soybean oil (from Arkema

Inc.), 33.9 wt% canola oil and 45.8 wt% chitosan powder. The components were speed mixed
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for 1 minute in a Flacktek Speedmixer at 3500 RPM. The composite was allowed to harden
in the mixing cup without additional molding. Samples were then soaked in acetone to
remove the oil for 4 hours, followed by drying in air. A layer of polydopamine was then
deposited within the pores of some of the monoliths by submerging the samples for 2 minutes
in a 2 mg/ml polydopamine solution buffered by 10 mM of
tris(hydroxymethyl)aminomethane to a pH of 8.5. The dopamine solution containing the
sample was then mixed with .33 M Na;HCO3 and 0.033M CaCl; in a 1:1:1 ratio in order to
deposit CaCOs onto the chitosan surfaces. The solution was stirred for 24 hours. After rinsing
and drying, these samples were observed by an x-ray diffractometer.

[0108] FIG. 13 shows via X-ray diffraction that biomineralization took place only in the
presence of polydopamine through a reaction with chitosan. This illustrates that the porous
monoliths can be treated afterwards to perform additional chemistry.

Example 13

[0109] Alternatively, a CaCOj3 porous composite was made using the procedure in Example
9. The composite material was then placed in a 1:1 wt.% chitosan — acetic acid aqueous
solution with .1 wt% Triton x-100 used as a surfactant to reduce surface tension. After 24
hours, the composite samples were removed and dried allowing for the chitosan to deposit
within the composite pores.

[0110] FIG. 14 is an example according to various embodiments, illustrating an on-demand
gravity fed filtration application fabricated within a commercial syringe of fluid 15 utilizing
porous materials 16 according to various embodiments. The fluid 15 (which is subject to
filtration) is a mixture of water, oil, surfactant, graphite flakes (1 pm), and rhodamine dye.
The fluid 15 turns black in color due to graphite flakes. The graphite is being retained in the
filter because the pores of the filter 16 are smaller than the sizes of graphite flakes, and as a
result the filtered fluid 17 passes through the filter 16 is free from graphite. The rhodamine
dye is responsible for pink color of the filtered fluid 17.

Example 14

[0111] A purpose of this example is to show the ability to cure multiple porous monoliths,
having different properties, together into a single structure.

[0112] A first mixed composite was prepared as in Example 3. More specifically, to make a
composite, 4.81 wt% Epon 828 (Hexion Inc.) epoxy resin, 4.81 wt.% Versamid 125 (Gabriel

Performance Products) curing agent, 1.93 wt% epoxidized soybean oil (from Arkema Inc.),
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21.15 wt% canola oil, and 67.30 wt% silica nanoparticles (400 nm) were placed in a mixing
cup. Second, the ingredients are mixed using Flacktek Speedmixer at 3000 rpm for 1 min.
Third, the mixed composite had putty-like viscosity which was pressed against a skeleton
hand mold/template.

[0113] A second mixed composite was prepared as in Example 4. More specifically, to
make a composite, 8.89 wt% Epon 828 (Hexion Inc.) epoxy resin, 8.89 wt.% Versamid 125
(Gabriel Performance Products) curing agent, 4.44 wt% epoxidized soybean oil (from
Arkema Inc.), 44.44 wt% canola oil, and 33.34 wt% silica nanoparticles (60 nm, Skyspring
Nanomaterials) were placed in a mixing cup. Second, the ingredients are mixed using
Flacktek Speedmixer at 3000 rpm for 1 min.

[0114] The first and second mixed composites were both putty-like formulations. They were
placed between two Teflon sheets in contact and cured at room temperature for 24 hours such
that a complete interface was formed between the materials before immersion in acetone for 8
hr and drying in air. Figure 15 is an example according to various embodiments illustrating
two monoliths cured together into a single structure. More specifically, Figure 15 shows the
two monolith formulations cured together to form a fully-connected interface.

[0115] Referring to Figure 15, the overall structure 1500 included a first monolith 1502 and a
second monolith 1504 that were connected via an interface 1506. The first monolith 1502
corresponds to the first mixture with 400 nm silica nanoparticles. The second monolith 1504
corresponds to the second mixture with 60 nm silica nanoparticles.

[0116] This example demonstrates that multiple porous monoliths may be cured together to
provide abrupt changes in porosity within the same monolith, this is something that would be

difficult to do via any other means.
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CLAIMS

What is claimed is:

1. A method of preparing a porous material, the method comprising:

preparing a mixture, the mixture comprising:

from about 10 to about 30% by mass of a matrix material,

from about 20 to about 60% by mass of a plurality of particles,

from about 20 to about 60% by mass of a porogen, and

from about 1 to about 10% by mass of an interfacial compatibilizer,
wherein the matrix material and the porogen are phase separated in the mixture;
placing the mixture into a form;
initiating a solidification of the matrix material during which the porogen remains
nonvolatile and the matrix material and the porogen remain phase separated;
removing at least a portion of the porogen to obtain the porous material.

2. The method according to Claim 1, wherein the mixture comprises the matrix material
in an amount of from about 10 to about 40% by volume based on a total volume of the
mixture.

3. The method according to Claim 1, wherein the mixture comprises the plurality of
particles in an amount of from about 10 to about 40% by volume based on a total
volume of the mixture.

4. The method according to Claim 1, wherein the mixture comprises the porogen in an
amount of from about 30 to about 70% by volume based on a total volume of the
mixture.

5. The method according to Claim 1, wherein the mixture comprises the interfacial
compatibilizer in an amount of from about 1 to about 30% by volume based on a total
volume of the mixture.

6. The method according to Claim 1, wherein the matrix material is selected from the

group consisting of a polymer, an oligomer, and combinations thereof.

7. The method according to Claim 1, wherein the matrix material is an epoxy.

8. The method according to Claim 1, wherein the matrix material is a multi-part epoxy.

9. The method according to Claim 1, wherein the matrix material is a photocrosslinkable
resin.
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10. The method according to Claim 1, wherein the matrix material is a thermally
crosslinkable resin.

11. The method according to Claim 1, wherein the matrix material is a thermoplastic
resin.

12. The method according to Claim 1, wherein the matrix material is a vitrimer resin.

13. The method according to Claim 1, wherein the plurality of particles comprise at least
one selected from the group consisting of activated carbon, silica, fumed silica,
epoxidized silica, alumina, carbon nanotubes, graphite, graphene, titania, latex, silica
aerogel, silica xerogel, carbon foam, silicone rubber, butadiene rubber, aluminum,
gold, silver, cadmium selenide, boron nitride, and combinations thereof.

14. The method according to Claim 1, wherein the particles have an average diameter
from about 10 nm to about 300 nm.

15. The method according to Claim 1, wherein the particles have an activity selected from
the group consisting of an antimicrobial activity, a catalytic activity, a plasmonic
activity, a photoabsorbing activity, piezoelectric activity, and combinations thereof.

16. The method according to Claim 1, wherein the porogen is an oil.

17. The method according to Claim 16, wherein the oil is selected from the group
consisting of vegetable oil, petroleum oil, silicone oil, and combinations thereof.

18. The method according to Claim 1, wherein the interfacial compatibilizer comprises an
epoxidized oil.

19. The method according to Claim 18, wherein the epoxidized oil is selected from the
group consisting of an epoxidized soybean oil, an epoxidized alkane, an epoxy
silicone, and combinations thereof.

20. The method according to Claim 1, wherein the mixture is a bicontinuous emulsion.

21. The method according to Claim 1, wherein preparing the mixture is done at room
temperature.

22. The method according to Claim 1, wherein initiating the solidification comprises
initiating a crosslinking reaction of the matrix material by adding a crosslinker to the
mixture.

23. The method according to Claim 22, wherein the crosslinker bonds to the matrix

material and is thereby incorporated into the porous material.
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24,

25.

26.

27.

28

29.
30.

31.

32.

33.

34.

35.

36.

The method according to Claim 22, wherein the crosslinker is selected from the group
consisting of amine crosslinker, peroxide crosslinker, photo crosslinker, photoacid
generator, and combinations thereof.
The method according to Claim 22, wherein the crosslinker is added in an amount of
from about 5% to about 50% by weight of the matrix material.
The method according to Claim 1, wherein initiating the solidification comprises
exposing the matrix material to ultraviolet light.
The method according to Claim 1, wherein initiating the solidification is done before
placing the mixture into the form.
The method according to Claim 1, wherein initiating the solidification is done by
elevating the temperature of the mold in a range of 30 to 150 degrees Celsius.
The method according to Claim 1, wherein the form is a mold.
The method according to Claim 1, wherein the form is at least a portion of a
microfluidic channel.
The method according to Claim 1, further comprising removing the porous material
from the form to produce at least one porous monolith.
The method according to Claim 1, wherein removing the porogen comprises exposing
at least the matrix material to a fluid.
The method according to Claim 32, wherein exposing at least the matrix material to
the fluid comprises one selected from the group consisting of rinsing, soaking,
flushing, and combinations thereof.
The method according to Claim 1, wherein removing the porogen comprises exposing
at least the matrix material to a vacuum.
The method according to Claim 1, wherein removing the porogen comprises exposing
at least the matrix material to an elevated temperature in the range of 30 to 1000
degrees Celsius.
The method according to Claim 1, further comprising:
preparing a second mixture, wherein the second mixture is different than the
first mixture, the second mixture comprising:
from about 10 to about 30% by mass of a second matrix material,
from about 20 to about 60% by mass of a second plurality of particles,

from about 20 to about 60% by mass of a second porogen, and
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37.

38.

from about 1 to about 10% by mass of a second interfacial compatibilizer,
wherein the second matrix material and the second porogen are phase separated in the
second mixture;
placing the second mixture into the form adjacent to the first mixture;
initiating a solidification of the second matrix material during which the second
porogen remains nonvolatile and the second matrix material and the second porogen
remain phase separated;
removing at least a portion of the second porogen to obtain the porous material.
A porous material, comprising at least a first portion produced by a method
comprising:
preparing a mixture, the mixture comprising:

from about 10 to about 30% by mass of a matrix material,

from about 20 to about 60% by mass of a plurality of particles,

from about 20 to about 60% by mass of a porogen, and

from about 1 to about 10% by mass of an interfacial compatibilizer,
wherein the matrix material and the porogen are phase separated in the mixture;
placing the mixture into a form;
initiating a solidification of the matrix material during which the porogen remains
nonvolatile and the matrix material and the porogen remain phase separated;
removing at least a portion of the porogen to obtain the porous material,
wherein the porous material comprises a plurality of pores,
wherein each of at least a portion of the plurality of particles comprises an embedded
portion and an exposed portion,
wherein the embedded portion is embedded within the matrix material, and
wherein the exposed portion is exposed beyond a surface of at least one of the
plurality of pores.
The porous material according to Claim 37, wherein the porous material exhibits low
shrinkage by occupying a volume that is from about 85% to about 100% of a volume

of the form.
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39.

40.

41.

42.

43.

The porous material according to Claim 37, wherein at least the exposed portion
exhibits an activity selected from the group consisting of an antimicrobial activity, a
catalytic activity, a reactive activity, a binding activity, a plasmonic activity, a
photoabsorbing activity, a conductive activity, a piezoelectric activity, and
combinations thereof.
The porous material according to Claim 37, wherein at least the exposed portion is
modified to exhibit an activity selected from the group consisting of an antimicrobial
activity, a catalytic activity, a reactive activity, a binding activity, a photoabsorbing
activity, a conductive activity, a piezoelectric activity, and combinations thereof.
The porous material according to Claim 40, wherein the modification is selected from
a thermal treatment, a chemical treatment, an electrodynamic treatment, a bioreaction
treatment, and combinations thereof.
The porous material according to Claim 37, wherein the porous material further
comprises a second portion prepared by a method comprising:
preparing a second mixture, wherein the second mixture is different than the first
mixture, the second mixture comprising:

from about 10 to about 30% by mass of a second matrix material,

from about 20 to about 60% by mass of a second plurality of particles,

from about 20 to about 60% by mass of a second porogen, and

from about 1 to about 10% by mass of a second interfacial compatibilizer,
wherein the second matrix material and the second porogen are phase separated in the
second mixture;
placing the second mixture into the form adjacent to the first mixture;
initiating a solidification of the second matrix material during which the second
porogen remains nonvolatile and the second matrix material and the second porogen
remain phase separated;
removing at least a portion of the second porogen to obtain the porous material.
A microfluidic channel comprising at least a first porous material, the first porous
material produced by a method comprising:
preparing a mixture, the mixture comprising:

from about 10 to about 30% by mass of a matrix material,

from about 20 to about 60% by mass of a plurality of particles,

39



WO 2020/198474 PCT/US2020/024963

15290-009PCO Patent

44.

45.

46.

from about 20 to about 60% by mass of a porogen, and

from about 1 to about 10% by mass of an interfacial compatibilizer,
wherein the matrix material and the porogen are phase separated in the mixture;
placing the mixture into the microfluidic channel;
initiating a solidification of the matrix material during which the porogen remains
nonvolatile and the matrix material and the porogen remain phase separated;
removing at least a portion of the porogen to obtain the microfluidic channel
comprising the first porous material,
wherein after the solidification the first porous material occupies a volume that is
from about 85% to about 100% of a volume of the microfluidic channel.
The microfluidic channel according to Claim 43, wherein the solidification comprises
initiating a crosslinking reaction of the matrix material.
The microfluidic channel according to Claim 43, wherein initiating the crosslinking
reaction is done before placing the mixture into the microfluidic channel.
The microfluidic channel according to Claim 43, wherein microfluidic channel further
comprises a second porous material prepared by a method comprising:
preparing a second mixture, wherein the second mixture is different than the first
mixture, the second mixture comprising:

from about 10 to about 30% by mass of a second matrix material,

from about 20 to about 60% by mass of a second plurality of particles,

from about 20 to about 60% by mass of a second porogen, and

from about 1 to about 10% by mass of a second interfacial compatibilizer,
wherein the second matrix material and the second porogen are phase separated in the
second mixture;
placing the second mixture into the microfluidic channel adjacent to the first mixture;
initiating a solidification of the second matrix material during which the second
porogen remains nonvolatile and the second matrix material and the second porogen
remain phase separated;
removing at least a portion of the second porogen to obtain the microfluidic channel

comprising the second porous material in addition to the first porous material.
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