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Abstract: Porous polymers have been evolving continuously
since the introduction of foam rubber in 1929. Today, pore
diameters ranging from sub-nanometre to millimetre can be
generated controllably. Cutting-edge porous polymers are
now being applied at the forefront of critical problems with
societal and environmental impact including advanced
systems for biomedicine, water purification, energy storage,
and gas purification and storage. The commonly-used pore
generation approaches include macromolecular design, self-

assembly, phase separation, solid and liquid templating, sol-
gel formation, and foaming. In each, The Chemistry of
Polymers, both the polymerization chemistry and the macro-
molecular structural chemistry, must be applied advanta-
geously to generate the empty volume within the polymer
and then fix it in place. This essay will traverse the various
pore size scales, describing the chemistries involved and
discussing their implications.
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1. Introduction: Much Ado about Nothing

Porous polymers, when using a broad, all-encompassing
definition, describes polymers that contain pores, small empty
volumes or spaces (where small, in this broad definition, can
be diameters ranging from sub-nanometre to millimetre). The
challenge in porous polymers is to generate the empty volume
and then fix it in place. The phrase The Chemistry of Polymers
contains a duality in meaning with interesting implications. In
essence, The Chemistry of Polymers can be used to describe
the polymerization chemistry, and in addition, to describe the
chemistry of the resulting macromolecular structure. Both
facets of The Chemistry of Polymers are of paramount
importance for the successful generation of porous polymers.
The generation and fixation of pores usually involves both the
wide-ranging toolbox of polymerization reactions and the
wide-ranging toolbox of macromolecular structures. Polymer
foams, with millimetre-scale pores, can be generated by gas
evolution during polymer synthesis or by gas evolution during
polymer processing. Microporous polymers, with sub-nano-
metre-scale pores, can be generated by the formation of
framework structures during polymer synthesis or by the
formation of hypercrosslinked networks during post-synthesis
processing. This essay will explore The Chemistry of Polymers
through the prism of porous polymers, and more specifically,
through the approaches used to generate micropores, meso-
pores, and macropores.

The International Union of Pure and Applied Chemistry
(IUPAC) has defined three pore-size classifications: micro-
pores (less than 2 nm), mesopores (between 2 and 50 nm), and
macropores (greater than 50 nm) — the term nanopore can be
applied to all three IUPAC pore-size classifications.
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2. Background: Don’t Know Much about History,
Don’t Know Much Chemistry

The 1920 Staudinger “On Polymerization” article insightfully
described the nature of the chemical structure in molecules
produced by polymerization reactions.!! Staudinger intuited
that these molecules consisted of covalently bonded entities
with exceptionally high molecular weights, rather than
colloidal assemblies of low molecular weight entities held
together by weaker bonds. Staudinger’s insights came after
Bayer AG, in 1909, began industrial production of synthetic
rubber (polyisoprene). The introduction of synthetic rubber
was a response to the increasing demand for the air-filled,
pneumatic, rubber tires that were introduced in the 1890s. The
advantageous combination of polymers and air that began with
the introduction of rubber tires continued with the introduction
of foam rubber. A rubber foam with a “sponge-like or cellular
structure from aqueous emulsions or dispersions™™ was
produced by Dunlop Rubber in 1929, using whipping to
successfully entrain millimetre-scale air bubbles into a latex
before it “set”.*™ This breakthrough in foam production
paved the way for a multitude of innovative polymer foams,
both rubbery and stiff, whose development paralleled the
development of the polymers themselves, including polystyr-
ene (PS, 1931), polyurethane (1937), and polyethylene
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(1941)." These families of polymer foams combined pore
generation processes (physical entrainment, chemical reac-
tions, and/or evaporation) with “setting” processes (polymer-
ization, crosslinking, and/or reducing the polymer mobility
through cooling).

The ability to generate pore-filled polymers has led to a
multitude of applications including membranes and polymer
absorbents-adsorbents. Porous polymer membranes based on
nitrocellulose (“collodion™), first mentioned by Fick in 1855,
were evaluated for dialysis. Membranes produced using a non-
solvent-induced phase separation (NIPS, immersing a solu-
tion-cast film in water during solvent evaporation) were
introduced by Bechhold in 1907.°7 NIPS was able to
successfully produce micrometre-scale pores by ensuring that
“the gradual diminution in size of the interstices [pores] in
collodion may be stopped”. The breakthrough Loeb-Sourirajan
phase separation process, introduced in the early 1960s,
produced defect-free, asymmetric reverse osmosis cellulose
membranes consisting of an ultrathin, selective film (high
flux) on a porous support (mechanical strength) making
industrial-scale production and application practical.®! These
examples demonstrate that it can take decades to find the right
combination of polymerization, macromolecular structure, and
processing to achieve feasibility for industrial application.

3. Approaches: How to Make Holes and Influence
Porosity

Some approaches to pore generation involve the polymer-
ization chemistry, some involve the macromolecular structural
chemistry, and some involve both.'"'? The continually-
expanding toolbox of polymerization reactions is constantly
providing new ways to synthesize macromolecules and to
produce novel macromolecular architectures. The macromo-
lecular structural chemistry influences the macromolecule’s
interactions with its environment (e.g. solvents, non-solvents,
other polymers). These interactions have been described by
the Flory-Huggins interaction parameter, which in turn, has
been related to the difference in the solubility parameters
ascribed to the polymer and the solvent. The solubility
parameter, in turn, has been directly related to the polymer’s
macromolecular structure through the chemical group attrac-
tion constants compiled by Small and Hoy.!""! The availability
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of a wide variety of polymerization chemistries and a wide
variety of macromolecular structural chemistries provides
access to an unlimited number of porous polymer possibilities.

The pore generation methodology is usually intrinsically
connected to the size-scale of the resulting pores. The
commonly used approaches to pore generation can be
categorized (in an extremely non-rigorous manner) as: macro-
molecular design, self-assembly, phase separation, solid and
liquid templating, sol-gel formation, and foaming.

Macromolecular design. Microporous structures can be
generated a priori through the design of relatively rigid
macromolecular structures. Pores can be generated either by
the manner in which the monomers are designed to assemble
during polymerization (e.g. covalent organic frameworks
(COFs), conjugated microporous polymers (CMPs), covalent
triazine frameworks (CTFs), and porous aromatic frameworks
(PAFs)) or by the manner in which stiff, twisted macro-
molecules pack during processing (e.g. polymers of intrinsic
microporosity (PIMs)). In addition, pores can also be
generated by locking-in the structure of a swollen polymer
(e.g. hypercrosslinking).['>+"]

Self-assembly. Mesoporous structures can be generated by
the spontaneous self-assembly of large molecules containing
sections that are incompatible.' The self-assembly of
surfactant molecules containing a hydrophilic head, a hydro-
phobic tail, and a polymerizable group can be used to produce
porous structures (hexagonal or cubic) that can then be
transformed into porous polymers through polymerization.
The self-assembly of block copolymers (BCPs) into cylindrical
or gyroidal structures can be used to produce porous polymers
by using a block or a block-linker that can be subsequently
removed (e. g. through etching).

Phase separation. Micrometre-scale porous structures,
most commonly used for membranes, are generated by
controlling the polymer-solvent miscibility, and thus, the phase
separation and the fixation of the phase separated structure
(e.g. NIPS and solvent induced phase separation (SIPS)).I'"!
Interestingly, Staudinger mentioned both SIPS and NIPS in his
ground-breaking 1920 article “On Polymerization”.!"

Solid and Liquid Templating. Micrometre-scale to milli-
metre-scale porous structures are generated around a remov-
able solid or liquid templating structure (e.g. salt leaching,
particle templating, emulsion templating) and fixed through
polymerization (for monomers) or solvent removal (for
polymer solutions).
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Sol-Gel Formation. Micrometre-scale to millimetre-scale
porous structures are generated by gel formation that is
followed by solvent removal (e. g. hydrogels, organogels).

Foaming. Millimetre-scale pores are generated through
gas generation and expansion (e.g. low boiling point solvents,
the products of chemical reactions) and fixed through
polymerization, crosslinking, and/or reducing the polymer
mobility through cooling.

This Essay will traverse various porous polymer size scales
and assess how the polymerization chemistries and the macro-
molecular structural chemistries enable the generation of
porous polymers through three representative processes:
macromolecular design, block copolymer self-assembly, and
emulsion templating. Some porous polymer applications that
have significant societal and/or environmental impact will be
discussed.

4. Macromolecular Design: A Hole in One

The challenges in accessing microporosity include the
extremely high polymer-polymer cohesive forces that exists
between the pore surfaces when they are less than a nanometre
apart and the extremely high solvent-removal capillary forces
during synthesis, both of which can drive pore elimination
through structural collapse. The macromolecular structures of
microporous polymers, therefore, must be designed from rigid
elements that are able to resist such forces. Crosslinked
polystyrene networks, described by Staudinger in the 1930s,!'®
are used for adsorption, separation, ion-exchange, and solid-
phase synthesis applications (e.g. Merrifield resins).'” Micro-
porous hypercrosslinked PS with extremely small pore
diameters (<2nm) and high specific surface areas (>
1000 m?¥/g) was introduced by Danankov in 1973 (the specific
surface area indicates the extents of microporosity and
mesoporosity).”?*?" Hypercrosslinking accesses microporosity
by locking-in the swollen state of polymer networks (e.g., via
a Friedel-Crafts reaction) followed by solvent removal. Such
microporous polymers have exhibited great potential for gas
adsorption, separation processes, energy storage, and catalysis.
Unfortunately, hypercrosslinking reactions are limited to
styrenics and a few other polymers and the control over the
pore size and the pore volume is relatively limited.

The concept of using the macromolecular design of
polymers for adsorption applications began in the mid-1990s
with Yaghi’s introduction of metal organic frameworks

(MOFs), which consist of organic ligands coordinated to metal
[22-23

ions.””! Since then, a wide variety of high-porosity polymer
families, both amorphous and crystalline, have been
introduced.'*'*?*2%! In the late 2000s, extensive libraries of

network systems (e.g. COFs,””) CMPs,*®) CTFs,* PAFs®")
and of linear systems (e.g. PIMs"®") were developed, as
illustrated schematically in Figure 1.

Superior control over the macromolecular structure, and
hence the pore size and volume, was initially enabled using
step growth polymerization (SGP) to synthesize two dimen-
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sional, crystalline COFs (illustrated schematically in Fig-
ure 1a). The rigid COF building blocks were originally linked
into two dimensional ordered structures with relatively few
faults using reversible, and therefore self-repairing, boroxine
linkers (boric acid self-condensation) and boronate ester
linkers (co-condensation with a rigid, hydroxyl-bearing linker).
Since the boron-containing linkages are relative unstable
(hydrolytically and oxidatively), the macromolecular design of
COFs with more robust linkage chemistries (e.g., amines,
imines, other nitrogen-containing groups) was achieved using
a judicious choice of monomers, broadening the available
porous structures and enhancing their applicative
practicality.”? A wide variety of conceptually similar polymer-
ization chemistries was then applied to generate innovative,
pre-designed, rigid macromolecular structures that could
successfully access microporosity.””

Another approach to accessing microporosity though
macromolecular design involves using rigid, three dimension-
ally contorted monomers (e.g., spirobifluorene) to synthesize
rigid, twisted, networks which are not able to pack efficiently,
thus entrapping empty volume (illustrated schematically in
Figure 1b). The long list of SGPs used to synthesize rigid,
twisted, microporous networks include Sonogashira-Hagihara
coupling for CMPs, Yamamoto coupling for PAFs, and a
variety of coupling, click, and cyclotrimerization reactions.!'”
PIMs are microporous polymers with rigid, contorted linear
macromolecules (as opposed to networks) that are, therefore,
processable (illustrated schematically in Figure 1c¢).

The use of microporous polymers in applications with
societal and/or environmental impact has demonstrated signifi-
cant potential. Unfortunately, while macromolecular design
can be used to synthesize microporous polymers with a wide
range of possible chemical structures, they are usually limited
to powders. On the other hand, the chemical structures of
microporous polymer monoliths are, for the most part, limited
to hypercrosslinked styrenics. One critical challenge for future
development is the successful generation of polymer monoliths
with accessible microporosities and chemical structures that
can be tuned via macromolecular design. Achieving both these
objectives will lead to a transformative enhancement in the
prospects for practical application.

5. Self-Assembly: An Ace in the Hole

A wide variety of mesoporous polymers have been generated
using various polymerization reactions to synthesize BCPs
with advantageous etching-solubility behaviors.'” A few
representative pore-generation processes are illustrated sche-
matically in Figure 2. BCP-generated mesoporous polymer
films can be applied as membranes, as lithographic masks, and
as templates for the generation of inorganic mesoporous
materials. The growing number of polymers available, the
growing number of mesoporous structures available, and the
enhancements in the ability to achieve “structural perfection”
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Figure 1. A schematic illustration describing the structures of microporous polymers generated through macromolecular design: (a) two
dimensional COFs; (b) three dimensional amorphous networks; (c) linear PIMs.

has enhanced the potential for the adoption of BCP-based
mesoporous polymers for industrial application.
Self-assembling BCPs with narrow molecular weight
distributions can be synthesized using a variety of polymer-
ization chemistries, with the most common consisting of
anionic polymerization and controlled radical polymerizations.
In these “living” polymerizations, sequential monomer addi-
tion is usually used to “grow” one block from another.
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Macromolecules that cannot be synthesized using a “living’
reaction can be incorporated into BCPs by attaching radical-
initiating groups at their end(s). The resulting “macroinitia-
tors” can then be used as anchors for “growing” additional
blocks. As described above for Macromolecular Design, the
macromolecular structural chemistry is critical. Thermody-
namically, blocks of incompatible polymers are driven to
phase separate, often into ordered structures, to minimize
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Figure 2. A schematic illustration describing the synthesis of mesoporous polymers through BCP self-assembly: (a) block removal; (b) additive

(e.g., HP) removal; (c) polymerization and BCP removal.

polymer-polymer interface. Phase diagrams that include
spherical, cylindrical, gyroidal, and lamellar phases have been
generated for diblocks, ABA triblocks, and ABC triblocks.
These diagrams present the microphase-separated structures as
functions of the composition, the molecular weight, and the
Flory-Huggins interaction parameter.””>*! The self-assembly
process and the resulting structure can be driven by temper-
ature, solvent evaporation, and/or the addition of a non-
solvent.

The size of the microphase-separated domains in BCPs,
limited by the covalent links between the blocks, is usually on
the order of 10 nm. Porous structures have been generated
from a long list of self-assembled BCP structures through a
combination of etching, dissolution, and physical
reconstruction.'****"! The popularity and ease of using BCP
self-assembly to generate mesoporous structures reflects the
spontaneous nature of the phase separation, the ability to
controllably design ordered (cylindrical) or bicontinuous
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(gyroidal) structures (through block composition, molecular
weight, and compatibility), and the ability to refine the
structure (through solvent and/or thermal annealing).['"*?
Access to the gyroidal structure (two phase-separated, con-
tinuous phases that are intertwined) is especially important for
generating continuous mesoporosity. The resulting mesoporous
polymers have been used as templates for the generation of
mesoporous metals, ceramics, and carbons.®>** In addition,
mesoporous polymers with cylindrical structures can be used
as membranes, as “lithographic” masks, and as templates for
generating nanometre-scale dot and pillar structures.*%#5>0-%]
The different approaches used for generating mesoporous
polymer structures from the self-assembled BCPs can be
loosely categorized as: block removal, additive removal, and
BCP removal.

Block Removal. One of the blocks is removed selectively,
leaving the other blocks as the structural framework (illus-
trated schematically in Figure 2a). Selective etching can be
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used to remove a block that was specifically incorporated into
the BCP based on its propensity to degrade with relative ease
(e.g., poly(lactic acid)). Incorporating an etchable or degrad-
able block-linker (e.g., oligomeric poly(methyl methacrylate))
into the BCP is an elegant variation on this approach. In an
ABC copolymer containing B as a degradable block-linker, the
A and C blocks are chosen for their ability to form a well-
defined microphase-separated structure and for their selective
solubilities (solvents for C do not dissolve A and vice versa).
Once the B block has been removed, one of the two endblocks
can then be removed through selective dissolution.™” For both
methods, the framework polymer must be robust enough to
withstand the pore generation process without collapsing.
Therefore, the framework polymers are usually glassy, cross-
linked, and/or crystalline.

Additive Removal. An additive that is preferentially
located in one of the blocks is removed, leaving the now
porous BCP in place (illustrated schematically in Figure 2b).
The additive, which is only miscible in one of the blocks, acts
as a porogen. This additive can be a low molecular weight
molecule or a homopolymer (HP) whose macromolecular
structure matches that of one of the blocks. A selective solvent
for the block in which the additive is located can be used to
remove the additive, leaving the additive-containing block on
the pore surface. A related porosity-generating process
involves reconstructing the microphase-separated structure
using a solvent that swells the minor block, but does not swell
the major, framework block. Collapse of the swollen polymer
during solvent removal can produce pores in the minor
phase.!'”

BCP Removal. A reactive additive that is preferentially
located in one of the blocks is polymerized and/or crosslinked
and the original structure-defining BCP is then removed
(illustrated schematically in Figure 2¢). This approach can be
used to generate porous ceramics and porous carbons that are
templated by the BCP microphase-separated structure. Block
copolymer macromolecular structural chemistry is first used to
generate a microphase-separated structure, and then, synthesis
chemistry is used to generate the desired wall material.

6. Emulsion Templating: Space — the Porous
Frontier

Emulsion templating (illustrated schematically in Figure 3a)
was originally associated with hydrophobic, crosslinked,
porous polymer monoliths known as “polyHIPEs” (PHs). PHs
were originally synthesized using free radical polymerization
in the external phases of water-in-oil (w/0) high internal phase
emulsions (HIPEs), emulsions containing internal phase
contents greater than 74 % (the maximum packing fraction of
monodisperse, undeformable spheres).® The emulsion’s two-
phase structure thus serves as a template for generating a
porous polymer monolith. Removing the internal phase
droplets (typically tens of micrometres in diameter) leaves
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voids that are highly interconnected through multiple holes
(typically micrometres in diameter) in the polymer walls. The
synthesis of hydrogel PHs (HG-PHs) within oil-in-water (o/w)
HIPEs and the synthesis of a wide variety of polymers within
a wide variety of HIPEs have extended the applicability of
emulsion templating even further.®>>% PHs have been applied
as flow-through supports, membranes, and column packing, as
adsorbents-absorbents (for removing organic and metal ion
contaminants from water and for oil-spill clean-up), as
scaffolds for tissue engineering, as containers for controlled
release, and as precursors for porous inorganics and porous
carbons. They have been applied as monoliths, as membranes,
as beads, as injectable HIPEs for biomedical applications, and
as inks for additive manufacturing.®" "

Polymers with hierarchically porous structures have critical
applicative advantages since they combine high specific
surface areas, ease of micropore accessibility, and fast trans-
port pathways. Emulsion-templating offers a highly versatile
spectrum of porous polymer possibilities and serves, in some
ways, as a microcosm of the various issues involved in the
chemistry of porous polymers.”’ Many of the polymer-
ization chemistries used in the other porous polymer systems
mentioned above can be applied within emulsion-templated
systems. In addition, many of the other pore generation
processes mentioned above (hypercrosslinking, self-assembly,
phase separation, sol-gel formation, and foaming) can be
applied within emulsion-templated systems to generate hier-
archical porosities with advantageous applicability.

6.1 Polymerization: And They Shall Become One

Conventional free radical polymerization (FRP) is, by far, the
polymerization chemistry most commonly used for PH syn-
thesis. Recently, a variety of controlled radical polymerizations
(e.g. atom transfer radical polymerization), ring opening
polymerizations, and SGPs have been developed for PH
synthesis, with non-aqueous oil-in-oil (0/0) emulsions used for
water-sensitive polymerizations.”™” The adoption of new
polymerization chemistries for emulsion templating not only
impacts the macromolecular structures available, but also the
pore-generation processes. In the generation of porous poly-
mers there are often multiple processes, such as phase
separation and/or gas expansion, that occur simultaneously
with polymerization. For the successful generation of porous
polymers, the relative progress of the different processes must
be synchronized. In emulsion templating, polymerization and
emulsion destabilization can occur simultaneously, especially
for polymerizations at higher temperatures. Advances in
polymerization chemistry have enabled syntheses at lower
temperatures (e. g., redox systems, UV initiation) and advances
in designing macromolecular structures have enabled locking-
in the emulsion-templated structure before extensive emulsion
destabilization can occur.

Emulsion templating offers advantageous options in poly-
merization reactions that are not available in single-phase
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Figure 3. A schematic illustration describing emulsion templating when the external phase contains: (a) monomers only, for a macroporous
structure; (b) monomers and a phase-separating porogenic component (solvent, degradable polymer) for a hierarchical porosity that includes
sub-micrometre pores; (c) self-assembling BCPs with a degradable block for a hierarchical porosity that includes mesoporosity.

polymerizations of the same monomers, including interfacial
FRP initiation (the initiator is in the internal phase) and
interfacial SGP (one of the monomers is in the external phase
and the other is in the internal phase). Interestingly, polymer-
ization chemistries that involve the HIPE interface can also be
used to produce truly closed-cell structures instead of the
highly interconnected open-cell structures that are typical of
emulsion templating.!”!

6.2 Emulsification: Divide the Waters from the Waters

Robust emulsion stabilization chemistries are vital for the
successful synthesis of emulsion-templated porous polymers.
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Originally, only relatively large amounts of a limited number
of surfactants were able to stabilize HIPEs. These surfactants
proved effective at reducing the size of the internal phase
droplets, but could leach out during use. Recently, a variety of
BCP surfactants were used to promote anchoring the surfactant
in the polymer wall through entanglement. These BCPs can be
used to tune the surface chemistry by designing a specific
block that would spontaneously migrate to the oil-water
interface.”>””! Most recently, surfactants with polymerizable
groups were covalently anchored to the polymer wall surface,
and in some syntheses, the polymerizable surfactant was the
only monomer."*®*¥ Pickering HIPEs, HIPEs stabilized using
either inorganic or polymeric amphiphilic nanoparticles (NPs),
have also been developed. One advantage of Pickering HIPEs
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is the relatively high stabilization efficiencies exhibited at
relatively low NP concentrations./®** %) Stabilizing NPs that
are functionalized can also play critical roles in the polymer-
ization reaction (the NPs can bear initiation sites) and in
defining the macromolecular structure (the NPs can bear
crosslinking sites). The presence of an internal phase and the
use of a stabilization system thus provide additional factors
that can be used to enable the generation of novel porous
polymer systems.

6.3 Polymer Wall Structure: Behold, There Was a Hole in the
Wall

The continually expanding list of polymers used successfully
in the generation of emulsion-templated porous polymers
follows the innovative developments in the chemistry of
polymerization and in the chemistry of emulsion stabilization.
The earliest PHs were hydrophobic, amorphous polymers
(styrenics and (meth)acrylates). Emulsion templating has now
been extensively extended through the development of HG-
PHs, semi-crystalline PHs, organic-inorganic hybrid PHs,
interpenetrating polymer network PHs, cyclic polymer PHs,
and SGP PHsP'™ The hypercrosslinking, self-assembly,
phase separation, sol-gel formation, and foaming processes
that have been used to produce the wide variety of porous
polymer systems available can also be applied within the walls
of emulsion-templated polymers to produce additional scales
of porous structure (schematically illustrated in Figures 3b and
c).

Post-synthesis hypercrosslinking of styrenic PHs via
Friedel-Crafts reactions has been used to achieve PHs with
specific surface areas as high as 1600 m*g.[>**'%] BCP self-
assembly, with semi-crystalline endblock domains and micro-
phase-separated midblock domains, has been observed within
the walls of a PH based on a methacrylated triblock copolymer
as the only monomer."™ Phase separation during polymer-
ization and/or crosslinking was observed within HIPEs
containing a significant amount of solvent in the external
phase, achieving specific surface areas as high as 570 m%
g.P#1%571%] The incorporation of other pore-generating proc-
esses within the PH walls includes the generation of highly
porous PH walls using gel formation and drying and the
generation of foamed PH walls using CO,-generating urea
reactions.!"”'"*! The application of the previously described
routes used to generate microporosity and mesoporosity could
also be applied within the PH walls to generate monoliths with
hierarchical porosities. The potential inherent within design-
able wall chemistries can be used to exploit emulsion
templating even further. For example, the development of
chiral walls could enable the generation of PHs for advanced
separation processes and the development of supramolecular
walls with reversible associations could enable the generation
of self-healing PHs.

Emulsion templating has not been limited to polymers,
with the emulsion-templated polymers themselves acting as
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templates for the generation of porous inorganics and porous
carbons. Porous inorganics (silica, titania, zirconia, alumina)
have been generated through the calcination of organic-
inorganic hybrid PHs or nanocomposite PHs.'"* Porous
carbons have been generated through carbonization of PHs
based on acrylonitrile, styrenics, polyphenols, furfuryl alcohol,
and resorcinol-formaldehyde.”

6.4 Environmental Impact: From Dust to Dust

One issue of paramount societal importance is the environ-
mental impact of polymers. Polymerization chemistries are
being developed to take advantage of monomers from renew-
able resources and macromolecular structural chemistries are
being developed to enhance degradability. PHs that were based
on renewable resource monomers such as polyphenols (e.g.,
tannin, tannic acid, lignin), plant oils (e.g., soybean, castor),
polysaccharides (e.g., alginate, chitosan, dextrin, pectin), and
lactide have recently been developed,®'*"'* as were PHs that
were based on polymers containing degradable groups (e.g.,
esters).P7 6062127151 1y addition, the recent advent of reactive
surfactants and/or reactive nanoparticles for HIPE stabilization
has produced a significant reduction in the amounts of
leachable components.

7. Outlook: The Shape of Pores to Come

The development of novel and innovative porous polymers
often tracks the development of novel and innovative polymer-
ization chemistries and macromolecular structural chemistries.
The key to producing porous polymers can lie in achieving a
balance in the often simultaneous processes of generating the
pores and locking-in the porous structure. Much of the current
porous polymer research and development is focused upon
applications with significant societal and environmental
implications.

7.1 Applications: Earth, Water, Air, and Fire

Health. Porous polymer dialysis membranes are essential for
blood purification. Intensive efforts are now being expended
for the development of porous polymers for controlled release
and tissue engineering applications. Water. Porous polymer
membranes are an integral part of the reverse osmosis process
used for generating drinkable water. Presently, there is also a
great deal of work that is focused on the development of
porous polymers both for the removal of organic and metal ion
contaminants from water and for oil-spill clean-up. Air. Porous
polymer membranes are central components of the gas
separation processes used for gas purification and recovery
and are also being developed for CO, capture applications.
Energy. Reducing the consumption of fossil fuels and
developing alternative energy sources are both environmental
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priorities. In transportation, whether automotive or aerospace,
reducing the vehicle mass will produce significant reductions
in fuel consumption. Polymers have always been at the
forefront of these efforts, whether as plastics, as polymer
composites, or as lightweight polymer foams. Porous polymers
are also playing important roles in advanced energy applica-
tions: in the development of lithium-polymer storage batteries
(e.g., nanoporous separators,!*” porous solid polymer
electrolytes*'l), in the development of polymer electrolyte
membrane fuel cells (PEMFCs),"**'*¥ and in the development
of hydrogen storage systems.['>1347137]
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