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ABSTRACT: The past decade has seen the development of microporous materials (i.e., materials containing
pores of dimensions <2 nm) derived wholly from organic components. Here we review this nascent area with
a particular emphasis on amorphous polymers that possess intrinsic microporosity (IM), which is defined as
microporosity that arises directly from the shape and rigidity of component macromolecules. Although IM
can be readily identified within soluble non-network polymers and oligomers, for network polymers it is
harder to differentiate IM from template effects that are responsible for the microporosity within hyper-cross-
linked networks. The numerous examples of microporous polymers assembled from rigid monomers by the
formation of rigid linking groups are surveyed and their IM assessed. The potential applications of these

materials are highlighted.

Introduction

Microporous materials are solids containing interconnected
pores of less than 2 nm in size that can be exploited for hetero-
geneous catalysis, adsorption, separation, and gas storage.'
Conventional microporous materials consist of crystalline inor-
ganic frameworks (e.g., zeolites and related structures) or amor-
phous network structures (e.g., silica, activated carbon). How-
ever, the past decade has seen major advances in the preparation
of microporous materials using organic components. For exam-
ple, great interest has been generated by crystalline organic—
inorganic hybrid materials, such as Yaghi’s metal organic frame-
works (MOFs)>™* and the structurall;/ related purely organic
covalent organic frameworks (COFs).>® These porous crystals
are assembled under thermodynamic control using rapidly re-
versible bonding and hence favor the formation of the most
stable structure. Generally, porous materials are less stable than
those that are densely packed, but in the case of MOFs and COFs
the void space within the crystal structure is initially filled with
solvent molecules, which are removed by the application of heat
and vacuum after synthesis. The breakthrough property of these
materials, as compared to previously obtained open-framework
coordination polymers,” is that the ordered structure of the
framework is maintained during solvent evacuation to provide
what is often called “permanent” porosity, as demonstrated by
reversible gas adsorption (e.g., N, at 77 K). In low-temperature
N, adsorption, microporous materials are characterized by high
uptake at very low relative pressures and by high apparent surface
areas as determined, typically, by the Brunauer—Emmet—Teller
(BET) method.®

Commercially useful amorphous materials, such as activated
carbons, demonstrate that crystalline order is not a prerequisite
for microporosity, and it was established more than 30 years ago
that amorphous organic microporous materials can be prepared
by the formation of a hyper-cross-linked polymer (HCP) net-
work.”!" Such materials are assembled under kinetic control
using irreversible polymerization reactions, for example, by the
cross-linking of chloromethylated styrene using Friedel—Crafts
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alkylation, and are obtained initially as solvent-swollen gels.'"'?

Over the past decade a great variety of hyper-crosss-linked micro-
porous polymer networks have been prepared using different
polymerization chemistries and monomers.” 1371 On removal
of the solvent, HPCs display permanent porosity (e.g., appa-
rent BET surface areas up to 2000 m> g~ ')'*!'* with a broad
pore size distribution ranging from micropores through meso-
pores (2—50 nm) to macropores (>50 nm)."" The microporo-
sity within HPCs can be thought to arise from the template effect
of the solvent molecules trapped within the polymer network as it
forms, whereas the larger pores originate from phase separation
of the polymer from the solvent. The mechanism of micropore
formation within HPCs appears closely related to that which
occurs to give molecularly imprinted polymers (MIPs), in which
a highly cross-linked network is prepared around template
molecules of interest, so that when the template is removed a
receptor site of the correct size, shape, and binding functionality is
obtained.”® Therefore, the microporosity in MIPs and HCPs
could be described as “extrinsic” with the relatively soft polymer
matrix being molded around a rigid template.

In recent years we have prepared amorphous organic
microporous materials by exploiting the concept of intrinsic
microporosity (IM),>! ™% defined as “a continuous network of
interconnected intermolecular voids, which forms as a direct
consequence of the shape and rigidity of the component macro-
molecules”.***° In general, polymers pack space so as to max-
imize attractive interactions between the constituent macromo-
lecules and, hence, minimize the amount of void space gfrom a
molecule’s point of view “empty space is wasted space”).* Most
polymers have sufficient conformational flexibility to allow them
to rearrange their shape so as to maximize intermolecular
cohesive interactions and pack space efficiently. However, several
members of well-established classes of polymers can possess IM
(e.g., polyacetylenes, fluorinated polymers, and polyimides), and
these are exploited in the polymer membrane field where they are
more commonly described as high free volume or ultrapermeable
polymers.*' Our approach to maximizing IM has been to design
polymers with highly rigid and contorted molecular structures to
provide “awkward” macromolecular shapes that cannot pack
space efficiently. These polymers of intrinsic microporosity
(PIMs) do not possess rotational freedom along the polymer
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backbone, which ensures that the macromolecular components
cannot rearrange their conformation, so that their “awkward
shape” is fixed during synthesis. In this Perspective, we discuss
further the concept of intrinsic microporosity, indicating syn-
thetic routes to polymer-based microporous materials, discussing
how their pore structure may be characterized, and outlining
promising avenues for their exploitation.

Structural Requirements for Intrinsic Microporosity

PIMs are polymers with relatively rigid, “awkwardly shaped”
backbones. In the context of promoting inefficient packing, can
the vague description of an “awkwardly” shaped polymer be
more rigorously defined? The mathematical theory of packing 3D
geometric shapes into space has had a long history, and it has
been calculated that most solid, convex shapes can fill space with
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a packing efficiency coefficient of at least 0.74,*** which is the
optimum value for identical spheres and is similar to the typical
packing efficiency of molecules within a crystal.*** The optimal
packing efficiency of any shape is an ordered arrangement and
random (i.e., amorphous) packing lowers packing coefficients
significantly (e.g., that of the most efficient random close
packing of spheres is thought to be 0.64).** Furthermore, it
has been demonstrated by mathematical modeling that random
packing of geometric shapes with strongly concave faces is highly
inefficient, and this can be explained qualitatively bg/ the in-
complete mutual interpenetration of the concavities.*>*® Hence,
we can describe molecules with “awkward” shapes as those that
pose similar packing problems due to their concavities. Such
molecules have been assigned “internal molecular free volume”
(IMFV), as defined by Swager et al.*” (see Figure 1A), and this
concept has been used to explain the physical properties of
triptycene-containing polymers* > and liquid crystals,*’->*
which self-assemble by mutual interpenetration of the triptycene
units so as to minimize the IMFV arising from the component’s
three concavities.

The possible solid-state packing arrangements of a typical
concave molecular unit, and those of macromolecules prepared
by linking them together, are represented in two dimensions in
Figure 1. Often, cavity-containing molecules form clathrate
crystals with a relatively dense packing arrangement, with solvent
molecules filling any residual voids resulting from the IMFV as
depicted in Figure 1B. In most cases removal of the solvent results
in the collapse of the crystal, however, recent studies have shown
that several such molecular crystals (e.g., that of 3,3',4.4'-tetra-
(trimethylsilylethynyl)biphenyl) can possess significant perma-
nent porosity.>> >’ In most cases, random packing of concave-
shaped molecules, as represented in Figure 1C, will give an
amorphous glass with a larger amount of free volume than the
crystal, but for most concave molecules this will be insufficient to
provide IM, for which the voids must be sufficiently intercon-
nected for transport of a probe molecule to occur with minimal
energy barrier. Figure 1D represents the packing within crystal-
line COFs for which the porosity is optimized by linking the
apexes of the concave units such as triphenylene or tetraphenyl-
methane using borate ester™® or enamine™ links to provide
crystalline open frameworks. This general strategy of linking
concave shapes to produce open crystalline frameworks was
previously exploited by Wuest to obtain hydrogen-bonded mo-
lecular crystals, with impressively large porosity, which, unfortu-
nately, are unstable to the complete removal of included
solvent,**°

Figure 1E—G gives a two-dimensional depiction of IM arising
from the random packing of oligomers, polymers, and networks
that are derived from linking the apexes of rigid concave
molecular units via fused rings or using linking groups within
which rotation is severely hindered. Below, we review polymer-
based materials that possess IM arising from rigid components
with well-defined concavities and attempt to make a conceptual
distinction between porosity due to other factors, especially
molecular template effects, which are characteristic of hyper-
cross-linked polymers.

Perhaps the clearest demonstration of IM is found for well-
defined rigid oligomers containing triptycenes as the concave
unit, such as MacLachlen’s nickel—salen-linked triptycene oli%-
omers®" and our organic molecules of intrinsic microporosity®
(OMIMs, Figure 2). These molecules possess sufficiently large
concavities that mutual interpenetration is highly restricted, and
they form microporous glasses as represented in Figure 1E. These
oligomers can adsorb significant amounts of nitrogen at 77 K and
possess apparent BET surface areas of up to 600 m? g~ '. There-
fore, an extended macromolecular structure is not necessary for
generating solids with IM.
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Figure 1. Two-dimensional representations of the solid-state packing of a concave molecular unit (A) shown enclosed within its equivalent nonconcave
geometric shape. The internal molecular free volume (IMFV) is defined as the difference in volume of the concave unit as compared to the nonconcave
shape and is a measure of concavity. (B) A space-efficient crystal packing arrangement analogous to that found in clathrates. (C) A random packing
arrangement for the concave molecular units for which the free volume is greater than the sum of the IMFV of the component units but is not sufficient
for microporosity. (D) The least space efficient crystalline packing arrangement obtained by linking the concave units at their apexes to obtain a crystal
containing macrocyclic porosity that is much greater than the sum of the IMFV (the black bars indicate bonding). This arrangement is analogous to
that found in COFs and related materials. (E) The amorphous packing of well-defined rigid oligomers based on the concave unit (e.g., oligomeric
molecules of intrinsic microporosity (OMIMs), Figure 2). Such oligomers possess large concavities for which mutual interpenetration is highly
restricted. (F) The amorphous packing of concave units incorporated into non-network polymers of intrinsic microporosity (PIMs). The IP arises from
the mutually impenetrable concavities formed due to the contorted shape of the rigid polymers. (G) An amorphous network polymer derived from the

concave unit with the IP arising from concavities including those associated with macrocycles.

o‘o

5

Figure 2. Anexample of an organic molecule of intrinsic microporosity (OMIM), which demonstrates significant microporosity in its amorphous solid

state without possessing a macromolecular structure. 02

The microporous non-network polymers, amorphous net-
works, and ordered organic networks assembled by the forma-
tion of rigid linking groups (via the reactions A—P depicted in
Figure 3) between rigid monomers (1—109) are summarized in
Tables 1—3, respectively. For non-network, soluble polymers it is
relatively straightforward to attribute IM, as cross-linking is
usually needed to stabilize a purely templated structure. Such
non-network polymers are listed in Table 1. Structural units with
well-defined cavities are provided by 1,1-spirobisindanes (e.g.,
1,7, 12—15,25) 21372533349 9. splroblsfluorenes (e.g.,31,21)%
bisnaphthalenes (e.g., 5, 23), %65 | 1-spirobis,2,3,4-tetrahydro-
naphthalenes (16— 19),22 and 9,10~ ethanoanthracene (8, 9).%* For
most of these polymers very significant microporosity is demon-
strated by N, adsorption with apparent BET surface areas in the
range of 600—750 m* g~ '. The soluble polymer that demonstrates
the greatest IM (apparent BET surface area = 850 m? g~ ') is
derived from monomer 14, which is based on the 1,1-spirobisin-
dane framework to which has been fused two fluorene units via
spiro-centers to provide additional concavities.”> For PIMs, the
fused ring linking group is formed using an efficient double
aromatic nucleophilic substitution reaction between a catechol
(1,2-dihydroaryl) and 1,2-difluoro- (or 1,2-dichloro-) aryl unit

(Figure 3, reaction A).** More conventional polyimide syn-
thesis (Figure 3, reaction B) can also be exploited by using the
rigid bis(anhydride) spiro(bisindane) monomer 25, with greater
IM being obtained if the rotation about the imide C—N bonds
is hindered by steric crowding, which is supplied by substituents on
the diamine comonomer (e.g., 26, 30).2"2%*%* In contrast,
the use of imide linking groups and concave-containing monomers
within which there is relatively unhindered rotation (e.g., bis-
naphthylene 23) allows the lower limits of IM to be delineated for
non-network polymers.?"** This demonstrates the strict require-
ment for the prevention of rotational freedom in order to provide
IM in non-network polymers.

An assessment of the role of IM within amorphous network
polymers is more problematic, and even the definition of IM
as arising from the inefficient packing of “component macro-
molecules” is difficult to apply to networks, which are composed
formally of a single macromolecule. At one extreme, hyper-
cross-linked polystyrenes, although highly microporous, do not
possess IM as the component polystyrene is relatively flexible
and does not possess permanent concavities. Whereas, at the
other extreme, network polymers derived from similar cavity-
containing components such as 1,1-spirobisindane 1,>>~
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Figure 3. Reactions used to form rigid linkages between rigid monomers to prepare microporous polymers (Tables 1—3): (A) base-mediated aromatic
nucleophilic substitution; (B) imide formation; (C) amide formation; (D) metal ion-mediated phthalocyanine formation; (E) Cu/Pd-mediated ethylynyl
coupling; (F) Pd-mediated aryl—ethylynyl (Sonogashira—Hagihara) coupling; (G) Pd-mediated aryl—aryl (Suzuki) coupling; (H) Ni(COD),-mediated
aryl—aryl (Yamamoto) coupling; (I) FeCls-mediated thiophenyl—thiophenyl oxidative coupling; (J) Co-mediated ethylynyl cyclotrimerization; (K)
ZnCl, mediated nitrile cyclotrimerization; (L) imine formation; (M) lithium-mediated formation of tetraphenylsilane; (N) lithium-mediated formation
of carbinols; (O) borate anhydride formation; (P) borate ester formation.

9,9-spirobisfluorenes (e.g., 42),°° or tetraphenylmethane (e.g.,
43)°” as non-network PIMs, and that are connected by the
same fused ring®™*>737 or imide®®®’ linking groups, possess a
subnanometer pore structure which must be ascribed to IM
(Table 2). Although direct comparisons are difficult, it seems
clear that networks possess greater microporosity than non-
network polymers assembled from similar monomers, presum-
ably due to macrocyclization. For example, the polyimide net-
work derived from monomers 24 and 42 has an apparent BET
surface area of 984 m? g~ !, whereas that of the soluble polyimide
from monomers 24 and 31 is only 554 m? g~ '.*% The most
microporous amorphous network prepared to date using the
concept of IM (apparent BET surface area = 1730 m* g ') is that
derived from triptycene monomer 36.2°® The shape of this
monomer constrains the growth of the polymer within the
same plane to provide a rigid macromolecular structure with
large concavities. The faces of the ribbonlike “struts” between the
triptycenes are oriented perpendicular to the plane of the macro-
molecular growth. This arrangement blocks face-to-face associa-
tion between these planar struts, leading to greater IM. For this
network there is also likely to be a significant contribution to the
IM from macrocycles.

For the attainment of microporosity in network polymers,
it appears that the requirement for the prevention of rotation
about single bonds is relaxed, presumably due to the network
itself preventing structural rearrangement that could result in a

collapse of the porous structure. Hence, the formation of rigid
networks using metal-mediated ethynylene—ethynylene (Table 2;
Figure 3, reaction E),” ethynylene—aryl (PAEs, reaction F),”*~"*
or aryl—aryl (reactions G and H)"*”° coupling reactions is com-
patible with obtaining highly microporous materials and
provides what have been termed as conjugated microporous
polymers (CMPs) by Cooper.”"’® These materials demonstrate
high apparent BET surface areas in the range 500—1300 m? g~ .
An interesting structure—property relationship is evident for
these materials in that the longer the linear struts between the
branch points, the lower is the porosity.70’77 This is opposite to
what is found in MOFs and COFs (e.g., compare COF-6 and
COF-8, Table 3) and is likely to relate to the longer struts having a
larger number of bonds with rotational freedom, which will
reduce IM. Other microporous networks have been prepared
by reactions involving triazine formation from aromatic nitriles
(Table 2; monomers 86—92; Figure 3, reaction K),” 8 alkyne
trimerization (monomers 83 and 84; reaction J), or phthalocya-
nine formation (monomer 41; reaction D),** using concavity-
containing monomers. An alternative strategy to similar materi-
als, termed elemental organic frameworks (EOMs) by Rose,*>
involves the lithium-mediated synthesis of the concave molecular
unit tetraphenylsilane (Figure 3, reaction M) during network
formation from monomers 54 or 72 with 98. This is a similar
strategy to the preparation of hyper-cross-linked polycarbinol
networks derived from monomers 71 and 99—102 via lithiation
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Table 1. Non-Network Microporous Polymers Derived from Rigid
Monomers (See Chart 1)
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Table 2. Continued

surface
surface area area (BET;
monomers  synthesis® name” (BET; m? g }) ref monomer(s)  synthesis” name” m?gh ref
1+2 A PIM-1 760 33,34 45 +57 F PAE from 1 136 90
1+3 A PIM-2 600 33 45 + 58 F PAE from 2 867 90
1+4 A PIM-3 560 33 45 +59 F PAE from 3 682 90
5+2 A PIM-4 440 33 45 + 60 F PAE from 4 247 90
5+3 A PIM-5 540 33 45 + 61 F PAE from 5 739 90
6+3 A PIM-6 430 33 45 + 62 F PAE from 6 723 90
1+7 A PIM-7 680 24 45 + 63 F PAE from 7 690 90
8+7 A PIM-8 677 24 45 + 64 F PAE from 8 761 90
1+9 A PIM-9 661 24 45 + 65 F PAE from 9 648 90
8+9 A PIM-10 680 24 45 + 66 F PAE from 10 293 90
10+7 A Cardo-PIM-1 621 24 45 + 67 F PAE from 11 140 90
10+9 A Cardo-PIM-2 580 24 45 + 68 F PAE from 12 322 90
12+2 A polymer from 5 501 25 45 + 69 F PAE from 13 853 90
13+2 A polymer from 6 560 25 45+ 70 F PAE from 14 803 90
14+2 A polymer from 7 895 25 45+ 71 F PAE from 15 3 90
15+2 A polymer from 8 656 25 45+ 72 F PAE from 16 204 90
16 +2 A polymer from 5 432 22 45+ 73 F PAE from 17 42 90
17 +2 A polymer from 8 395 22 45 + 74 F PAE from 18 262 90
18 +2 A° polymer from 10 713 22 45+ 175 F PAE from 19 880 90
19 +2 A polymer from 14 203 22 45 1+ 76 F PAE from 20 542 90
20 +2 A polymer from 15 590 22 45 + 77 F PAE from 21 637 90
21 +2 A polymer from 16 300 22 45+ 78 F PAE from22 779 90
1+22 A MP-1 679 117 52+79 G Pl 450 73
23 424 B polyimide 57 64 52 + 80 G P2 210 73
25+ 26 B PIM-PI-1 680 21 52 H YSN 1275 75
25 426 B PIM-PI-2 500 21 51 H YBN 1255 75
25 +27 B PIM-PI-3 471 21 51+ 52 H 580 75
25+ 28 B PIM-PI-4 486 21 81 1 PS4TH 971 118
25429 B PIM-PI-7 485 21 81 1 from 1 577 128
25+ 30 B PIM-PI-8 683 21 82 I from 2 1060 128
24 + 31 B P4 551 63 83 J PT4AC 762 118
31+32 C P3 156 63 84 J PS4AC2 1043 118
“See Figure 3.” As given in reference. © It is thought that this molecule 42 + 85 C PA1 50 66
is cross-linked due to an additional Aldol reaction, which takes place 86 K mDCB 850 79,91
during polymerization. 87 K TCB 730 79
88 K TCBP 1345 79
Table 2. Network Microporous Polymers Derived from Rigid 89 K DCBP 1150 79
Monomers (See Chart 2) 90 K DCTP 1900 79
91 K TCS 583 77
surface 92 K PAF-2 1109 80
area (BET; 93 + 94 L SNW-1 1377 19
monomer(s)  synthesis” name” m?g ") ref 93+ 95 L SNW-2 842 19
93 + 96 L SNW-3 1133 19
1+ 33 A Por-PIM 980 37 93 + 97 L SNW-4 1213 19
2435 A CTC-PIM 830 27 72+ 98 M EOF-2 1046 82
2+ 36 A Trip-PIM 1760 26, 68 72 + 99 N 570 129
37 A MP-2 1050 17 72 4 100 N polymer 1 1167 13, 129, 130
1+39 A Pe-PIM 201 119 100 + 101 N 561 13,129, 130
39 A MP-2 1050 117 100 + 102 N 443 13,129, 130
2(1) g n I?clif’)h}\/l éé(5)9_7 50 éé’é 6 “See Figure 3. ” As given in reference.
metal salt
42 +24 B PI1 982 66
43 + 44 B polymer 5 750 67
45 E HCMP-| 842 69 Table 3. Ordered Framework Polymers Derived from Rigid
46 E HCMP-2 827 69 Monomers (See Chart 3)
45 + 47 F CMP-0 1018 70, 71
45 + 48 F CMP-1 834 70, 71 surface area
45 + 49 F CMP-2 634 70, 71 monomer(s)  synthesis® name” (BET;m*g ™) ref
46 + 47 F CMP-3 522 70, 71
46 + 51 F CMP-4 744 70, 71 79 O COF-1 750 6, 131
47 + 50 F CMP-5 512 70, 71 79 + 103 P COF-5 1670 6, 131
46 + 52 F P3 510 73 103 + 104 P COF-6 750 131, 132
53 + 46 F El 1213 72 103 + 105 P COF-8 1350 131, 132
53 + 45 F E2 448 72 80 + 103 P COF-10 1760 131,132
54 + 46 F E3 1092 72 106 O COF-102 3620 5,131
54 + 45 F E4 925 72 107 (0] COF-103 3530 5, 131
45 +55 F NCMP-0 1108 74 108 o PPy-COF 923 133
55 + 56 F NCMP-1 968 74 43 + 94 M COF-300 1360 58
55 +47 F NCMP-2 900 74 101 H PAF-1 5600 92
55 + 48 F NCMP-3 866 74 109 L CTF-1 791 79,91
55+ 49 F NCMP-4 546 74 “See Figure 3. ” As given in reference.
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of aryl bromides (reaction N), described by Webster et al. in the
early 1990s.'*%33% For EOMs the networks with longer struts
between the silane nodes (i.e., biphenyl versus phenyl) demon-
strated greater microporosity. Therefore, for amorphous micro-
porous network polymers there appears to be a trade-off bet-
ween the effect of enhancing the concavities by increasing the

O
D =G0

31

length of the internodal struts versus introducing bonds with
unhindered rotation that can cause the collapse of the micro-
porous structure.

Based on the concept of IM, a greater degree of rotational
freedom and flexibility either within the concave molecular unit
or in the linking group should reduce the contribution of IM to
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Chart 2 Continued

o

CO,Et 100
929

Br 101

the porosity of the network.®® However, can the loss of IM due to
the extra flexibility of the network be compensated by an increase
in microporosity arising from template effects? If so, is there a
continuum for amorphous microporous networks, from those
with IM to purely hyper-cross-linked polymers, as the flexibility
of the network increases? Davankov et al., in their review of
hyper-cross-linked polymers,” predicted that many types of poly-
mer could be made microporous by the introduction of exten-
sive cross-linking, so long as the correct solvent is employed as
template. Their optimism has proved correct.”'*!*~!” However,
it is clear that most network polymers do not demonstrate
significant microporosity by N, adsorption. For example, those
which incorporate long alkyl chains within the framework are not
microporous,'® presumably due to their flexibility allowing the
collapse of porosity during solvent removal. Long alkyl chains
laterally attached to a rigid COF® or PIM® framework also
reduce microporosity by a pore-blocking effect. Networks com-
posed of rigid concave units linked by amide bonds®® are found to

Br.

97 I CHO 8
Br
EtO)J\OEt O O Br@OOBr

102

Br

be nonporous, which may be due to strong internetwork hydro-
gen bonding combining with a degree of rotational freedom to
prevent the development of IM. However, it is possible that such
amide-linked networks could be microporous if formed in the
presence of a suitable template, as is the case for molecularly
imprinted polymers, which are usually derived from hydrogen-
bonding polymers and can possess significant microporosity
(BET surface areas >300 m* g~ ").5"% It is notable that several
PAEs with large microporosity can be prepared, which incorpo-
rate —OH or —NH, groups (e.g., from monomers 64, 65, 76, or
77) that can act as strong H-bonding donors. These network are
prepared in the presence of triethylamine, which may be acting as
a H-bond accepting template.”® In contrast, networks with true
IM should demonstrate microporosity that is independent of the
presence of a template during formation. Without studies to
demonstrate the absence of extrinsic microporosity for a parti-
cular polymer system, it seems sensible to classify those amor-
phous microporous networks that contain single bonds with
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unhindered rotation (e.g., biphenyl, ethylyene, etc.) as hyper-
cross-linked polymers.

Crystalline polymers such as COFs represent the optimal porous
structure obtainable for a given concave molecular unit. COFs are
prepared by linking the apexes of the unit (e.g., triphenylene 103,
tetraphenylmethane 106, etc.) using borate anhydride™® borate
ester,® or enamine® formation to provide the open frameworks
(Table 3; Figure 3, reactions O, P, and M, respectively). Other
synthetic methods such as triazine formation (reaction K) and
Yamamoto aryl—aryl coupling (reaction H) also appear to provide
crystalline porous polymer networks termed a covalent triazine-
based framework (CTF-1)"°" and a porous aromatic framework
(PAF-1), respectively, with the latter apparently demonstrating
the highest surface area of any porous material (BET surface
area >7000 m? g ").”* In each case, strong but rapidly reversible
covalent bonds dictate the low-density packing, with additional
thermodynamic stability being provided by the inclusion of solvent
(or molten metal salts in the case of the CTFs) within the pores
during the assembly of the organic framework.

Characterization of Pore Structure

In order to understand how molecular structure influences the
pore structure and hence the properties of a microporous poly-
mer-based material, methods are needed for characterizing the
pore structure in terms of, e.g., pore size distribution. A variety
of experimental methods may be employed to investigate
microporosity in amorphous materials. For example, small- angle
X ;ray scattering has been applied to microporous carbons and

#Xe NMR has been applied to glassy polymers.”**> Here, we
focus on gas sorption analysis, positron annihilation lifetime
spectroscopy, and computational techniques.

Gas Sorption Analysis. Microporous and mesoporous
materials are commonly characterized by N, adsorption/
desorption at liquid nitrogen temperature (77 K). At the
lowest pressures, the very smallest pores accessible to N, are
filled because multiwall interactions give rise to enhanced
adsorption. On increasing the pressure, progressively larger
pores are filled. Above a certain size (in practice around 2 nm),
the mechanism of pore filling changes, with condensate
building from the walls toward the center. This represents
the transition from micropores to mesopores. Mesopores are
often associated with a hysteresis loop; the desorption curve
lies above the adsorption curve because desorption has to
occur by evaporation from a liquid meniscus. The hysteresis
loop associated with mesoporosity always closes at a relative
pressure p/p° = 0.4, where p° is the saturation pressure. There
are various methodologies for calculating pore size distribu-
tions in the micropore and mesopore regions.
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Figure 4. Experimental N adsorption (filled symbols) and desorption
(open symbols) isotherms at 77 K for a mlcroporous crystal formed
by 3,3 ,4,4'- tetra(trlmethylsﬂylethynyl)b1pheny1 (®, ), a network-PIM
incorporating cobalt phthalocyanine® (M, 0), the soluble, mem-
brane- formlng polymer PIM-1'"7 (@, O), a network-PIM based on methyl-
triptycene®® (A, A), and an isotherm calculated from a static atomistic
packing model of PIM-1 (x).'%®

Given its history for characterizing other types of micro-
porous material, high N, uptake at low p/p°® may be taken as
the primary indicator of microporosity in polymer-based
materials. Figure 4 compares typical N, adsorption/desorption
isotherms for a microporous crystal formed by 3,3',4,4'-
tetra(trimethylsilylethynyl)biphenyl,> a network-PIM inc-
orporatin %cobalt phthalocyanine (from monomer 41; reac-
tion D),?>* the soluble, membrane-forming polymer PIM 1
(from monomers 1 and 2; reaction A),>*** and a network-PIM
based on methyltriptycene (monomers 2 and 36; reaction A).%*°8
All these materials exhibit the low-pressure uptake char-
acteristic of microporosity. The crystal shows minimal
hysteresis, but the polymer-based materials all exhibit
increasing uptake with increasing relative pressure and a
hysteresis that extends down to low relative pressures.
However, the hysteresis does not form a closed loop, as
observed for mesoporous materials. Instead, it has to be
attributed to plasticization and swelling of the polymer or
to the tortuosity of the micropore structure.

The distribution of micropore size can be calculated from
the very low pressure region of a N, adsorption isotherm by
the Horvath—Kawazoe (HK) method.”® In this method it is
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Figure 5. Pore size distributions determined from N, adsorption at 77 K
by the HK method for a microporous crystal formed by 3,3'.4,4'-tetra-
(trimethylsilylethqynyl)biphenyl5 > (#), a network-PIM incorporating cobalt
phthalocyanine® (), the soluble, membrane-forming polymer PIM-1'"7
(@), and a network-PIM based on methyltriptycene®® ().

assumed that all pores of a certain size will fill at a particular
relative pressure. It was originally derived for slit-shaped
pores in a carbonaceous material but has subsequently been
adapted to other pore geometries and types of material.
Figure 5 shows micropore distributions calculated by the
HK method from the experimental isotherms of Figure 4.
For the crystal, the structure is known from X-ray single
crystal analysis. It contains a bicontinuous network of open
channels of 0.4 nm minimum diameter, connecting voids of
1.1 nm maximum diameter. The larger voids at 1.1 nm are
clearly seen in the HK pore size distribution. The smaller
channels would fill at a pressure lower than is experimentally
achievable, so the uptake associated with them appears at a
larger apparent size, around 0.6 nm. The broad agreement
between the crystal structure and the HK distribution gives
some confidence in the use of N, adsorption for micropore
analysis, although the distortion of the distribution at the
experimental limit needs to be kept in mind. For the three
polymer samples in Figure 5 we see evidence of a broad
distribution of pore size in the micropore ( <2 nm) region.

Molecular probes other than N, can be utilized in a similar
way. In particular, CO, can be used to extend the distribu-
tion to smaller micropore size. This is demonstrated for
PIM-1 in Figure 6, which compares pore size distributions
from HK analysis of CO, adsorption at 303 K with that from
N, adsorption. Figure 6 also includes results from positron
annihilation lifetime spectroscopy (PALS) and computer
modeling, which are discussed further below.

Positron Annihilation Lifetime Spectroscopy (PALS).
Orthopositronium (0-Ps), a metastable particle produced
by the reaction of a positron with an electron, is the ultimate
probe of the empty spaces in a material. In a vacuum, o-Ps
has an average lifetime of 142 ns, but within matter this
is reduced because the o-Ps can “pick off” electrons and
annihilate. In a polymer, o-Ps tends to be localized in free
volume elements or holes, in which case its lifetime decreases
with decreasing hole size. If assumptions are made about the
shape of the hole (e.g., spherical or cylindrical), the hole size
can be calculated using the Tao—Eldrup model.””*® In high
free volume polymers, such as PIM-1, more than one o-Ps
lifetime may be measured, which can be interpreted in terms
of either a broad or a bimodal distribution of hole size.
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Figure 6. Comparison of pore size distributions for PIM-1 determined
from N, adsorption at 77 K (@), CO, adsorption at 303 K (x) [data
courtesy of Gregory Larson, Pennsylvania State University, and Nha-
mo Chaukura, Universitg of Manchester], positron annihilation life-
time spectroscopy (---),”> and calculated by computer simulation
(grand canonical Monte Carlo method) (bars).'®

Figure 6 shows a hole size distribution obtained for PIM-1
from PALS, assuming a bimodal distribution.”” PALS con-
firms that the polymer contains free volume elements or
voids in the size range associated with microporosity. How-
ever, as with other experimental techniques, the shape of the
distribution depends on the model used.

Atomistic Computer Simulation. While there is ambiguity
in the micropore distributions obtained from experimental
data, further insight can be achieved through computer
modeling. Figure 6 includes a pore size distribution, appro-
priate for a probe the size of a nitrogen molecule, determined
for three packing models of PIM-1."% The data in Figure 6,
which were obtained by a method that divides complex
regions of free volume into smaller elements, are consistent
with a broad distribution of pore size in the micropore range.
The model is for a static system, without any consideration of
polymer dynamics. It may be considered to represent the
“instantaneous” porosity, excluding effects of plasticization,
structural relaxation, or swelling due to the presence of the
probe. The N, adsorption isotherm calculated for this static
system is included in Figure 4. It shows a plateau (cor-
responding to micropore filling) with an effective surface
area of 435 m? g~'. The additional uptake and hysteresis
observed in the experimental isotherm for PIM-1 in Figure 4
may be attributed to the effects of polymer dynamics and the
influence of the probe.

A variety of experimental techniques, and atomistic com-
puter simulation, all support the contention that PIMs
and related polymer-based materials are microporous as
defined by ITUPAC (pore size <2 nm). However, there is as
yet no unequivocal means of describing and characterizing
the detailed pore structure or of accounting fully for the
effects of polymer dynamics. Experimentally, improved
methodologies are needed for characterizing microporous
materials in terms of pore size distribution. Computation-
ally, there is a need to link static behavior to dynamic effects
in order to establish and predict the interrelationships be-
tween the molecular structure of a polymer, the effective pore
structure, and the useful properties of the material.

Applications of Microporous Polymer-Based Materials

The drive to explore the concept of intrinsic microporosity,
and so to develop new types of polymer-based microporous
material, arises from the advantages of combining microporosity
with the processability of a polymer. In particular, the ability to
generate soluble, and hence solution-processable, film-forming
microporous materials offers unique benefits.
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Many key technological challenges involve molecular separa-
tions, whether on a massive scale, such as the capture of green-
house gases, or on a tiny scale, as in the detection of trace
contaminants. Intrinsically microporous materials can selectively
take up and transport molecular species, making them useful in
membranes and as adsorbents. Further applications arise from
the incorporation of catalytic functionality and by utilizing the
optical and electronic properties of the materials. Some promis-
ing avenues of exploitation are outlined below.

Membranes. Membrane technology provides a route to
energy-efficient, cost-effective processes for a wide range of
industries. Of particular interest are processes for the separa-
tion of liquid, gas, and vapor mixtures. In all membrane
separations, there is a balance between the separation that is
achievable (expressed in terms of a separation factor or
selectivity) and the productivity (expressed as a flux or
permeance). In general, it is desirable to maximize the
productivity, so as to minimize the membrane area required,
and the challenge is to develop membrane materials that
show improved separation with high flux.

Pervaporation Membranes. In pervaporation, the feed is a
liquid mixture and the permeate is removed as a vapor. The
driving force for transport comes from application of a
vacuum or sweep gas to the permeate side of the membrane.
An advantage of pervaporation is that it can be used to break
an azeotrope. Commercial pervaporation plants, e.g., for
dehydration of ethanol/water mixtures, commonly employ
hydrophilic membranes. However, there is increasing inter-
est in hydrophobic membranes for wastewater treatment
and for the separation of organic—organic mixtures. Perva-
poration was the first application of PIM membranes to be
investigated. PIM-1 was shown to form a hydrophobic
membrane, selectively transporting organics, such as phenol
and aliphatic alcohols, from mixtures with water. High flux,
coupled with good separation factor and stability, makes this
a promising area for further development.**

Nanofiltration Membranes. In nanofiltration, a pressure is
applied to a liquid feed. Unlike pervaporation, there is no
phase change on permeation. The membrane retains mole-
cules above a certain size. This is a well-established technol-
ogy for treating aqueous feeds. An area with significant pot-
ential for growth is that of solvent-resistant nanofiltration for
the treatment of organic mixtures.'’> Membranes of PIM-1
and PIM copolymers show promise in this respect.'!193

Gas Separation Membranes. In membrane gas separation,
the driving force comes from a pressure difference across the
membrane.*' For a given gas pair, the trade-off between
permeability (permeance multiplied by membrane thickness)
and selectivity (expressed as a ratio of permeabilities) may
be represented by a double-logarithmic plot of selectivity
against the permeability of the fastest species (Figure 7). In
1991, Robeson plotted data in this way for a wide range of
polymers, demonstrating an empirical upper bound.'®*
When PIMs were developed, they were shown to cross the
1991 upper bound for important gas pairs such as O,/N, and
COz/CH4.105 This contributed to Robeson’s revision of the
upper bound in 2008.'°° In common with other glassy
polymers, the transport properties of PIMs are dependent
on their processing history. In particular, a methanol treat-
ment, which helps flush out residual solvent and allows
relaxation of the polymer chains, can significantly enhance
permeability (see Figure 7).'°” The transport properties
of PIM membranes can be tailored through chemical modi-
fication such as carboxylation'®® and through the incorpora-
tion of comonomers.>'*!1° A further approach to improving
membrane performance is the formation of mixed-matrix
membranes.'!!
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Figure 7. Double-logarithmic plot of O,/N, selectivity versus O, per-
meability showing Robeson’s 1991 (solid line)'* and 2008 (dashed
line)'° upper bounds and experimental data for PIM-1 (0),”*1% PIM-1
after methanol treatment (@),'” addition-type poly(trimethylsilylnor-
bornene)(+),'>*'** Teflon AF2400 (2)'*!%® poly(trimethylsilylpro-
pyne) (0),"*" and various other polymers which have been studied
since 1991 (#). Units of permeability: 1 barrer = 107'° cm® [STP] cm
em 2s 'emHg ' =335%x 10" molmm™2s ! Pa”l.

Adsorbents for Water Treatment. There is a long history of
the use of microporous materials as solid-state adsorbents.
Polymer-based microporous materials offer the potential for
fine-tuning the functionality and pore structure for specific
adsorption processes. Being organic, they have a particular
affinity for organic species. Thus, network-PIMs show se-
lective uptake of phenol® and small dye molecules® from
aqueous solution.

Adsorbents for Gas Storage. Porous polymers of various
types have been investigated for methane storage'* and
hydrogen storage.!>!8:20:27-1127118 The Jatter is of particu-
lar significance for vehicles powered by hydrogen—oxygen
fuel cells. For a weakly adsorbing gas such as H,, adsorption
is enhanced in very small pores (ultramicropores, width ca.
0.7 nm) because of multiwall interactions. As indicated above,
PIMs have a relatively high concentration of pores in this size
range. The challenge is to increase the capacity while retaining a
favorable pore structure.

Catalysis. The PIM concept originally developed from
work aimed at incorporating metallophthalocyanines*® and
metalloporphyrins®’ into networks that allowed access to
their catalytic metal centers. It has been demonstrated that
phthalocyanine and porphyrin network-PIMs are more
effective as heterogeneous catalysts than their low molar
mass analogues, in test reactions such as the oxidation of
hydroquinone.'” A cobalt phthalocyanine network-PIM
has been shown to be effective for the catalytic desulfuriza-
tion of salt water.'”® A hexazatrinaphthylene-based network-
PIM* binds palladium, giving an effective catalyst for
Suzuki carbon—carbon coupling reactions. Similarly, palla-
dium nanoparticles have been incorporated within a con-
jugated PAE network by processing in supercritical CO,."*!
Therefore, we anticipate that intrinsically microporous
polymer-based materials will play an increasing role in
the application of flow chemistry on the laboratory and
industrial scale.

Sensors. A recently reported optical sensor exploits the
rapid change in refractive index of a thin film of PIM-1 on
adsorption of organic vapor to provide a dramatic green-to-
red color change, which can be visualized for sensing con-
centrations down to 5 ppm or detected by a fiber-optic
spectrometer down to 50 ppb.'*? The response is general
for all organic vapors, but the hydrophobic nature of PIM-1
ensures the lack of interference by humidity. The fabrication
and performance of this device both benefit from the unique
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combination of solvent processability and microporosity of
the PIM component.

Conclusions

Materials with cavities or channels of molecular dimensions
(i.e., microporous materials as defined by [UPAC, having pore
sizes <2 nm) find widespread application in separations and
catalysis. The desire to combine the properties of a microporous
material with the processability of a polymer has prompted
significant research in recent years. Extrinsic microporosity in
hyper-cross-linked and molecularly imprinted polymers arises
from the template effects of solvent or other small molecules.
Intrinsic microporosity forms as a direct consequence of the shape
and rigidity of the macromolecular chain. An essential feature of
a material with intrinsic microporosity is the presence of rigid
structural components with well-defined concavities. To create a
polymer of intrinsic microporosity (PIM), such components must
be linked in a way that prevents collapse of the micropore
structure. This requires linking groups with no significant rota-
tional freedom about backbone bonds.

In order to establish the relationships between macromolecular
structure, pore structure, and properties, reliable methods are
needed for characterizing the pore size distribution. Gas adsorp-
tion (N, at 77 K; CO, at 303 K), positron annihilation lifetime
spectroscopy, and computer simulation all provide insight into
micropore structure, but further research is needed to refine the
methodologies used and fully to understand the influence of
polymer dynamics on the behavior of microporous polymer-
based materials.
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