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Abstract: Novel types of microporous material are re-
quired for chemoselective adsorptions, separations and
heterogeneous catalysis. This concept article describes
recent research directed towards the synthesis of poly-
meric materials that possess microporosity that is intrin-
sic to their molecular structures. These polymers (PIMs)
can exhibit analogous behaviour to that of conventional
microporous materials, but, in addition, may be process-
ed into convenient forms for use as membranes. The ex-
cellent performance of these membranes for gas separa-
tion and pervaporation illustrates the unique character
of PIMs and suggests immediate technological applica-
tions.
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Introduction

The study of materials that possess voids of molecular di-
mensions is an area of nanoscience with well-established
technological applications.!'! Microporous materials are de-
fined as solids that contain interconnected pores of less than
2 nm in size and consequently, they possess large and acces-
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sible surface areas—typically 300-1500 m?’g~' as measured
by gas adsorption. In the past decades, there has been an in-
tense international effort to optimise conventional micropo-
rous materials, such as zeolites (aluminosilicates) and acti-
vated carbons, for specific applications in adsorption, sepa-
rations and heterogeneous catalysis.?*! However, it is recog-
nised that there is a pressing requirement to find entirely
novel approaches to the synthesis of microporous materials
to benefit fundamental research and to provide new techno-
logical opportunities.’) In recent years there has been a
growing emphasis on using organic components for the con-
struction of microporous materials. It is anticipated that by
careful selection of organic precursors it will be possible to
exert precise control over the chemical nature of the accessi-
ble surface and to introduce specific molecular recognition
or catalytic sites, thus facilitating chemoselective adsorption
and the design of highly efficient heterogeneous catalysts.
Ordered crystalline structures have considerable visual
impact, and none are more pleasing than those of the zeo-
lites and related microporous solids. Therefore, it is under-
standable that the synthesis of “organic zeolites”, in which
rigid organic units are assembled into a microporous, crys-
talline structure by metal-ligand®" or hydrogen bonds,®
has developed into a major research area in the past decade.
Initially, such materials were classified as “microporous”
simply on the basis of X-ray crystal structures, even when
the removal of solvent from the void space destroyed the
crystalline order. Early examples also suffered from inter-
penetration of one lattice within the pores of another, re-
sulting in restricted access to the internal void space. How-
ever, impressive advances based on coordination chemistry,
especially by Yaghi and co-workers, have provided highly
porous crystalline zeolite-like materials termed metal-or-
ganic frameworks (MOFs), which demonstrate vast accessi-
ble surface areas by the reversible adsorption of gas.[®”! Re-
cently, this methodology has been applied to the assembly
of microporous structures by using porphyrin derivatives
with catalytic potential.’'? It is also apparent that some co-
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ordination solids derived from more flexible organic ligands
demonstrate dynamic behaviour with microvoids that can
expand in the presence of an adsorbate.”) Purely organic
frameworks held together by hydrogen bonds are often too
fragile to survive the removal of included solvent; however,
some recently prepared hydrogen-bonded microporous ma-
terials, such as those reported from the groups of
Wuest®314 and Aoyama,['”) show enhanced stability, but as
yet, none have displayed high surface areas using gas ad-
sorption.

The size- and shape-selectivity of adsorption derived from
the well-defined micropores within crystalline solids, togeth-
er with their aesthetic appeal, will ensure a continued inter-
est in the synthesis of organic zeolite analogues. However,
as demonstrated by various microporous inorganic materials
(e.g., amorphous silica) and activated carbons, crystalline
order is not a prerequisite for useful microporosity and this
article will survey the less explored area of microporosity
within amorphous organic materials, in particular network
polymers and glass-forming polymers.

Activated carbon—the original organic microporous materi-
al: The ability of charcoal to adsorb contaminants from
water has been known for thousands of years and today acti-
vated carbons are used in vast quantities as adsorbents, deo-
dorizers and catalyst supports.'®!”) During the carbonisation
process, planar graphene sheets are formed by the condensa-
tion of polynuclear aromatic units with the associated expul-
sion of side-chain groups. If suitable precursors are used, ex-
tended graphite sheets are produced that pack efficiently
owing to the formation of an intermediate liquid-crystalline
state, called the “carbonaceous mesophase”, to give a non-
porous solid. However during the carbonisation of coals and
wood (commonly nutshells are employed), cross-linking
occurs, which leads to extended graphitisation and ordered
packing. The resulting network polymer, composed of ran-
domly arranged graphene sheets, is intrinsically micropo-
rous.'*!”! Commercial carbons can offer surface areas well
in excess of 1200 m*g~' depending upon the precursor mate-
rial and post-carbonisation treatment. Given the method of
preparation, it is unsurprising that most activated carbons
possess a wide distribution of pore sizes ranging from micro-
porous to mesoporous (20-50 nm) to macroporous (>
50 nm). Futhermore, the surface of activated carbons is
chemically ill-defined with a large variety of oxygen- and ni-
trogen-containing functional groups present, in addition to
the polycyclic aromatic units that form the graphene
sheets."™?!] The heterogeneous structure and chemical
nature of the exposed surface area explains the ability of ac-
tivated carbons to adsorb a wide range of organic com-
pounds and metal ions, but limits its potential for chemo-se-
lective processes.
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Microporous Organic Network Polymers

It is clear from the activated carbons that non-crystalline or-
ganic materials may possess a microporous structure. In ad-
dition, there are examples of amorphous silica or metal
oxide networks in which rigid organic subunits such as phen-
ylene,”! anthracene®?Y or porphyrin®! derivatives have
been incorporated to give hybrid microporous materials.
Despite the intense research effort concentrating on control-
ling polymer macro- and mesoporosity,?* ! the concept of
preparing purely organic microporous network polymers is
almost entirely unexplored—with the exception of Webster’s
poly(arylcarbinol) networks, which demonstrated high sur-
face areas (800-900 m*g™!) by nitrogen adsorption.?*>"!

A few years ago, we initiated a research programme with
the objective of preparing polymer networks with micropo-
rous structures similar to that of activated carbon, but with
a range of well-defined surface chemistries. Considering its
enormous commercial importance and the limited scope for
systematic chemical or structural modification, it is surpris-
ing that the structure of activated carbon had not previously
inspired imitation.

The general strategy involves the incorporation of extend-
ed aromatic components, to mimic the graphene sheets of
activated carbons, within a rigid polymer network. Initially,
the phthalocyanine macrocycle was selected as the aromatic
component due to its extended planarity (diameter ~
1.5 nm) and range of useful properties. These include oxida-
tive catalysis if appropriate transition-metal ions are placed
in its central cavity (e.g., the Merox process for the oxida-
tive removal of sulfurous impurities in crude petrochemi-
cals).P!l Previously prepared phthalocyanine network poly-
mers show a strong tendency of the macrocycles to aggre-
gate into columnar stacks, due to strong noncovalent inter-
actions (primarily s—m interactions), resulting in nonporous
solids.”? Therefore, it was deemed essential to use a highly
rigid and nonlinear linking group between the phthalocya-
nine subunits that would ensure their space-inefficient pack-
ing, thus preventing structural relaxation and consequent
loss of microporosity. Perfectly suited to fulfil these require-
ments is a linking group derived from the commercially
available 5,5,6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1"-spi-
robisindane (monomer A1). The spirocentre (i.e., a single
tetrahedral carbon atom shared by two rings) of A1 pro-
vides the nonlinear shape, and the fused-ring structure the
required rigidity. Phthalocyanine network polymers are gen-
erally prepared from a bis(phthalonitrile) precursor through
a cyclotetramerisation reaction that is usually facilitated by
a metal-ion template. Such a reaction using the bis(phthalo-
nitrile), prepared from the dioxane-forming reaction be-
tween monomer A1 and 4,5-dichlorophthalonitrile, gives
network polymers as free-flowing, highly coloured powders
(Scheme 1). Spectroscopic (ESR, UV/visible absorption)
and X-ray diffraction analyses of the network polymers con-
firm that the spirocyclic cross-links prevent a close packing
of the phthalocyanine components, giving an amorphous mi-
croporous structure—as depicted by the model shown in
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catalysts, for example, iron—por-
phyrin derivatives can display
similar activity to that of the cy-
tochrome P450 enzymes, includ-
ing the catalysis of alkene epox-
idations and hydrocarbon hy-
droxylations.**l These reactions
are achieved by using environ-
mentally benign oxidants, such
as oxygen or hydrogen perox-
ide. Thus, the possibility of
being useful heterogeneous cat-
alysts makes porphyrins desira-
ble components of a micropo-

Scheme 1. The preparation of phthalocyanine-based microporous network polymers from spirocyclic monomer
A 1. Reagents and conditions: i) K,CO;, DMF, 80°C; ii) metal salt, quinoline, 200°C.

Figure 1. Simple three-dimensional model of the phthalocyanine-based
microporous network polymer, with the aromatic macrocycles represent-
ed by cross-like shapes. The model helps to visualise the microporosity of
the material, which is caused by the random and inefficient packing of
the phthalocyanine units due to the rigid spirocyclic structure of the link-
ing groups.

Figure 1. Nitrogen adsorption measurements (e.g., Figure 2)
show that the materials have high surface areas (in the
range 500-1000 m*g™") with very significant adsorption at
low relative pressure (P/P°<0.01) indicating microporosi-
ty.3

Following on from the successful preparation of these
phthalocyanine network polymers of intrinsic microporosity
(Network-PIMs), it was of interest to determine whether
other rigid structures are also suitable components for use
in the assembly of microporous organic materials. The relat-
ed metal-containing porphyrins are an important family of
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rous material; however, their
preparation, unlike phthalocya-
nine formation, is a low-yield-
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Figure 2. The nitrogen adsorption/desorption isotherm at 77 K for a mi-
croporous phthalocyanine network polymer (with M= Co?**). The equiv-

alent volume of adsorbed nitrogen at STP versus the relative pressure is

plotted. From the isotherm a BET surface area of 650 m’*g~" can be cal-

culated. The shape of the isotherm and the large volume of nitrogen ad-
sorbed at low relative pressure indicates microporosity.

ing reaction that is unsuitable for polymer network assem-
bly. Instead, rigid spirocyclic linking groups were introduced
directly between preformed porphyrin subunits by means of
the efficient dioxane-forming reaction between the meso-tet-
rakis(pentafluorophenyl)porphyrin (monomer B1;
Scheme 2) and the monomer A 1. Although in this case the
linking group is not wholly composed of fused rings, there is
significant steric restriction to rotation about the single
carbon—carbon bond at the meso-positions of the porphyrins
to prevent structural relaxation, as demonstrated by the at-
tainment of Network-PIMs of high surface areas (900-
1100 m>g ™).

It is now clear that dioxane formation (i.e., a double aro-
matic nucleophilic substitution) offers a general reaction for
the preparation of Network-PIMs from appropriate hy-
droxylated aromatic monomers (e.g., A1-A7) and fluorinat-
ed (or chlorinated) aromatic monomers (e.g., B1-B7), as
shown in Scheme 2.0 For microporosity, at least one of the
rigid monomers must contain a “site of contortion”, which
may be a spirocentre (e.g., A1 and B7), a single covalent
bond around which rotation is hindered (e.g., A5, B1 and
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Scheme 2. PIMs are prepared by means of a dioxane-forming polymerisation reaction using a combination of appropriate hydroxylated aromatic mono-
mers (e.g., A1-A7) and fluorinated (or chlorinated) aromatic monomers (e.g., B1-B 7). See text for further details.

B6) or a nonplanar rigid skeleton (e.g., A2, A4 and A7). If
two planar monomers react together (e.g., A3 with B2), a
nonporous material results. To obtain an insoluble network
polymer, the average functionality (f,,) of the monomer
combination should be greater than two (f,,>2); for diox-
ane formation each pair of adjacent hydroxyl groups or fluo-
rines counts as a single functional group. The inexhaustive
“pick-and-mix” range of successful monomers includes pre-
formed, fluorinated phthalocyanine B3, the tridentate
ligand hexachlorohexaazatrinaphthylene B2 and rigid hy-
droxylated monomers that possess cavities for hosting or-
ganic molecules, such as cyclotricatechylene A4 or calixre-
sorcarene A 7.5

Creating Microporous Materials Without a
Network Structure

All conventional microporous materials (e.g., zeolites and
carbons) are network polymers held together by robust co-
valent bonds (Figure 3a and 3c). Network-PIMs have an
amorphous structure similar to activated carbon (Figure 3c).
Crystalline zeolites analogues such as the MOFs are effec-
tively networks with strong noncovalent cross-links com-
posed of metal-ligand or multiple hydrogen bonds (Fig-
ure 3b); some of these display swelling in the presence of an
adsorbate. We wished to answer the question: can intrinsic
microporosity be obtained from a polymer without a net-
work structure? The relatively weak intermolecular interac-
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Figure 3. Two-dimensional representations of microporous structures.
a) Crystalline ordered material composed of a covalent network (e.g.,
zeolites). b) Crystalline ordered material composed of strong noncovalent
interactions (e.g., MOFs). ¢) Amorphous covalent network (e.g., activat-
ed carbon and network-PIMs). d) A non-network material composed of
a rigid and contorted polymer (e.g., PIM-1).
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tions within such a material could be reversibly disrupted by
solvent to allow solution processing—a clear advantage over
other microporous materials.

Generally, polymers pack space efficiently because the
macromolecules can bend and twist to maximise intermolec-
ular interactions. However, it has long been recognised that
some polymers can possess large amounts of void space,
which is usually referred to as free volume. It is reasonable
to anticipate that above a certain amount of free volume the
voids would be interconnected and, therefore, the polymer
will behave as a conventional microporous material despite
the lack of a network structure (Figure 3d). A polymer held
above its glass transition temperature (7,) exists in a rub-
bery state and has a relatively large amount of free volume
due to transient voids existing between the highly mobile
polymer chains. On cooling below its T,, the proportion of
free volume decreases so that there is insufficient space for
large-scale movements of the polymer backbone, and the
polymer then behaves as a rigid glass. For most polymers,
the fraction of free volume that remains in the glassy state is
relatively small, but for some polymers that possess a rigid
molecular structure, it is possible to “freeze-in” a larger
amount of free volume (up to 20%) by cooling or the rapid
removal of a solvent. Such high free-volume glassy polymers
(e.g., polyimides, polyphenyleneoxides, etc.) are used in the
manufacture of membranes as the voids assist the transport
of gas or liquid across the material, but these voids are not
interconnected, and the accessible surface area, as measured
by gas adsorption, is low. However, there are a few exam-
ples of “ultra-high free-volume” polymers, best represented
by the much studied polyacety-
lene derivative poly(1-trime-
thylsilyl-1-propyne)  (PTMSP)
and the fluoropolymer Teflon
AF 2400 (a copolymer of 4,5-di-
fluoro-2,2-bis(trifluoromethyl)-
1,3-dioxole and tetrafluoroethy-
lene).® These polymers have
been classified as microporous
on the basis of exceptionally
high gas permeabilities, which
can be 2-3 orders of magnitude
higher than those displayed by
conventional high free-volume
polymers, suggesting that their
free volume (~30%) is inter-
connected.’” Masuda first de-
scribed PTMSP in 1983 and
since that time it has been the
focus of considerable funda-
mental and applied interest, es-
pecially for membrane applica- a)
tions.!

In this context, it was of in-
terest to prepare non-network
polymers from various combi-
nations of the bifunctional
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monomers (Scheme 2; f,,=2) that had proved successful in
forming Network-PIMs. If at least one of the two precursor
monomers contains a “site of contortion” (e.g., A1, A2, A5
or B7), the dioxane-forming polymerisation reaction gives
polymers that possess high surface areas as powdered solids
(500-850 m?g~"; Figure 4)."8! These polymers of intrinsic mi-
croporosity (PIMs) confirm that a network structure is not
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Figure 4. The nitrogen adsorption/desorption isotherm at 77 K for a pow-
dered sample of PIM-1. From the isotherm a BET surface area of
850 m*g ! can be calculated. The shape of the isotherm indicates marked
hysteresis, which may be related to the ability of the polymer to swell in
nonsolvents—in this case condensed nitrogen.

necessary for the generation and maintenance of micro-
porosity within an organic material. Instead, intrinsic micro-
porosity can arise simply from a polymer whose molecular
structure is highly rigid and contorted so that space-efficient
packing in the solid state is prohibited (Figure 5). In particu-
lar, the lack of rotational freedom along the polymer back-
bone ensures that the macromolecules cannot rearrange

d) Selution

&) Metal-ion
cross-linked
network

Figure 5. a) Model of a molecular fragment of PIM-1 showing its randomly contorted structure together with
cartoon representations of the various states that can be obtained from a PIM including: b) a microporous
solid due to the inability of the polymer molecules to pack efficiently, c) a solvent-swollen gel, d) solution and
¢) a metal-ion cross-linked microporous network.
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their conformation to collapse the open structure of the ma-
terial. Differential scanning calorimetry shows no glass tran-
sition or melting point for each of the polymers, and samples
of powdered material heated to below their decomposition
temperatures (300°C for 24 h) or left for prolonged periods
of time (>1 year) under ambient conditions display similar
surface areas to freshly precipitated samples. Thus, so long
as the polymer’s molecular structure remains intact, its mi-
croporosity and mechanical robustness are maintained.™"!

Despite their rigid structures, these PIMs are freely solu-
ble in some organic solvents, which allows an estimation of
their average molecular mass by gel-permeation chromatog-
raphy. The highly fluorescent spiropolymer PIM-1 (Table 1),
derived from monomers A1 and B4 and consisting of a
completely fused-ring structure, proved to be of particularly
high molecular mass (typically, M,, =140 000 gmol™"), which
confirms the exceptional efficiency of the dioxane-forming
polymerisation reaction. The high molar mass and good sol-
ubility of PIM-1 allow conventional solution-based polymer
processing techniques to be applied. For example, robust,
self-standing films of high optical clarity and high surface
area (650 m?g™") can be prepared by simply casting from so-
lution (Figure 6). Dynamic mechanical thermal analysis of a
cast film of PIM-1 shows a tensile storage modulus (E") of
about 1 GPa, in the range expected for a glassy polymer; a
value that hardly decreases as the temperature is increased
up to 350°C in air (Figure 7).
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Figure 6. PIM-1 a) in powdered form, b) in THF, and c) as a solvent cast
film suitable for use as a membrane.
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Figure 7. Dynamic mechanical thermal analysis of PIM-1 self-standing
film: dependence on temperature of (left-hand axis) tensile storage mod-
ulus E’ and tensile loss modulus E” and (right-hand axis) loss tangent,
tano.

Table 1. Gas permeability data for a range of polymers of interest for gas separation membranes.

As anticipated, the solution
processability of PIMs offers a
significant advantage over con-
ventional insoluble micropo-

y
x=0.80, y = 0.20

Teflon AF2400 rous materials in, for example,
- F,C. CF, o} 0 FC. CF the preparation of membranes
3 3 . . .
O O \ N o) 3s| Ve or for the appllcatlon of micro-
S ]@E p = ,, porous coatings. These materi-
L N N, als are also able to swell rever-
PPy (6FDA-TAB) Pl (6FDA- 4MDAB) PTSMP sibly in the presence of a non-
solvent such as MeOH (Fig-
O 'O Ny ure 5c¢), which may also pro-
:@[ N~ vide a valuable advantage in
.O O’ applications such as adsorp-
n tion. We believe that the abili-
PIM-1 PIM-7 ty of the polymers to swell
Polymer T, P(O,) «(O/Ny)  D(O)x10°  S(0,)x10° SAP Ref. may also contribute to the hys-
[°C] [Barrer]  [em?s™]  [em*STP)]  [em~>cmHg™] teresis observed in their nitro-
PES 185 14 56 44 32 ol [42] gen adsorption isotherm (e.g.,
PPO 207 12 4.6 12 10 ] [43] Figure 4). In this case, as nitro-
PPy(6FDA-TAB) >400 15 5.9 7.0 21 (el [44] gen is condensed within the
Teflon (AF 2400) 250 1140 2.1 850 12 Ll [38,45] " micropores the structure of the
PI (6FDA-4MDAB) 430 122 34 66 19 650 [46a,49] material relaxes allowin
PTMSP >200 9000 1.4 5200 15 950 [45,47] . R g
PIM-1 > 400 370 4.0 2 46 850 [4&49] access to VOldS that were 1nac-
PIM-7 >400 190 45 62 30 750 [49] cessible at lower relative pres-
[a] Barrer =x 107" cm*(STP)cm 's 'ecmHg'; [b] SA=BET surface area of powdered sample. [c] Not mea- SUICS.
sured.
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Gas Permeability: Evidence for a Continuous
Spectrum of Free Volume for Rigid Polymers

The study of the gas permeability of polymers is a well-es-
tablished technological field due to the extensive commer-
cial interest in using polymer-derived membranes for gas
separations. Over the past four decades an enormous
volume of data has been compiled on the two main per-
formance indicators of a polymer: the permeability coeffi-
cient P(x) for a particular gas (x) and the selectivity of one
gas (x) over another (y), which in most cases is ideal selec-
tivity, a(x/y) = P(x)/P(y), derived from single-gas permeabili-
ty measurements. For a useful polymer membrane it is desir-
able to have both high permeability and high selectivity.
Some preliminary permeability data for PIM-1 and PIM-7 is
given in Table 1, along with similar data for a selection of
polymers of interest for the fabrication of gas separation
membranes. As might be expected for microporous materi-
als, films of PIMs are highly gas permeable with only the
“ultra-permeable” polymers, most notably poly(1-trimethyl-
silyl-1-propyne) (PTMSP) and Teflon AF 2400, demonstrat-
ing higher overall gas permeability.

Unfortunately, polymers that give highly selective mem-
branes are generally of low permeability and vice versa. Ro-
beson has quantified this trade-off by developing the idea of
an upper bound in double logarithmic plots of selectivity
against permeability.”"*? For example, an updated Robeson
plot for O, versus N, is given in Figure 8, on which data for

10.0 «

{05 ML)

1.0 - & . 'l

0.1 1.0 10,0 100 1000 10000
F (Q.)/ Barrer

Figure 8. The Robeson plot showing the trade-off between polymer gas
permeability and ideal selectivity for oxygen versus nitrogen. The empiri-
cal upper bound line is shown and is based upon the polymers that dem-
onstrated the best selectivity for a given permeability in 1991. For com-
mercial separation membranes, it is desirable to obtain polymers whose
data points lies above the upper bound line and towards the top right-
hand side of the plot.

PIM-1 and PIM-7 are also plotted. Since the original plots
were published in 1991, there has been significant develop-
ment of polymers with high selectivity at low permeability,
in addition to the disclosure of further examples of ultra-
high free-volume polymers exhibiting very high permeability
but low selectivity.” However, it has proved difficult to
achieve polymers with the desirable combination of high
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permeability (e.g., oxygen permeability, P(O,)>100 Barrer)
and good selectivity (e.g., P(O,)/P(N,)>3.5). Polymers
PIM-1 and PIM-7 show substantially higher selectivities
than other polymers of similar permeability, and represent a
significant advance across Robeson’s upper limit. PIMs also
lie above or near to the upper bound line for several other
commercially important gas combinations, including CO,/
CH,, H,/N, and H,/CH,. This behaviour indicates that these
PIMs are inherently different to the many hundreds of poly-
mers that have been investigated for gas permeability, in-
cluding the microporous ultra-permeable polymers, and it is
of interest to speculate as to the cause of this difference.

Gas permeation through polymer membranes is frequent-
ly discussed in terms of a simple solution-diffusion model,
for which the permeability coefficient (P) is the product of a
diffusion coefficient (D) and a solubility coefficient (S). For
a glassy polymer, the main factor influencing the diffusion
coefficient for a given gas is the amount of free volume
within the polymer. The solubility coefficient is related to
the strength of the intermolecular interactions between the
gas and the polymer. It has been noted® that polymers that
lie on or close to Robeson’s upper bound line all possess
very rigid molecular structures. These include polypyrro-
lones (e.g., 6FDA-TAP)*! and certain polyimides (e.g.,
6FDA-4MDAB)™! in which rigidity is engineered by the use
of trifluoromethyl and methyl substituents to restrict rota-
tion within the polymer backbone. PIM-1 and PIM-7, for
which rigidity and the prohibition of rotation are ensured by
their rigid spirocyclic fused-ring structures, are possibly the
ultimate expression of this design concept.

For O, and N,, the measured values of D and those of S
calculated from D and P on the basis of the solution-diffu-
sion model are given in Table 1. The separation achieved by
each polymer is dominated by the mobility selectivity, which
favours the smaller oxygen molecule (diameter=0.346 nm)
rather than the larger nitrogen molecule (diameter=
0.364 nm) and, for a microporous polymer, is primarily de-
pendent on the size distribution of the micropores. For PIM-
1 and PIM-7, the contribution of solubility selectivity in
favour of oxygen is small, but the overall values of solubility
are extraordinarily high, significantly higher than the values
typically encountered with other polymers. Thus, the im-
proved performance of PIMs over Robeson’s upper bound
line is linked to large apparent solubilities, boosting the per-
meability whilst maintaining selectivity. The high apparent
solubility of gases in PIMs may be attributed in part to their
microporous character, which provides a high capacity for
gas uptake. Furthermore, the PIMs incorporate polar groups
that strengthen intermolecular interactions and encourage
sorption. In PIM-1, the nitrile groups may be assumed to en-
hance both the strength of intermolecular forces and, be-
cause of their lateral position, the free volume, giving rise to
even higher apparent solubilities than PIM-7. In contrast,
for the ultrapermeable polymers such as PTMSP, the high
permeability arises largely from very high diffusion coeffi-
cients (Table 1). PTMSP, like the PIMs described here, ex-
hibits microporous character in low-temperature N, sorption
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analysis, but there are differences in the sorption behaviour
at very low relative pressures that suggest a larger average,
and broader distribution of, apparent pore size for PTMSP
as compared to the PIMs (Figure 9). As the pore size in-

0.08 4
0.07 +
0.06 +

0.05 +
dV/dw

JemPa A 0.04 +
g.

0.03 +
0.02 +

0.01 +

pore width /A

Figure 9. Apparent pore size distributions calculated by Horvath-Kawa-
zoe method (slit pore, carbon-graphite model) for powder samples of
PIM-1 (open circle) and freshly precipitated PTMSP (solid square) de-
rived from N, adsorption/desorption results.

creases, different transport mechanisms come into play, such
as surface diffusion. Larger pores allow more rapid diffu-
sion, but diminish selectivity for light gases.

The concept of enhancing gas—polymer interactions, and
hence permeability, of a polymer system by the addition of
polar substituents (e.g., nitrile, nitro, etc.) has been dis-
missed previously, due to the concomitant increase in poly-
mer cohesion energy, which generally reduces free volume
and thereby permeability.*™ For PIMs, the highly rigid mo-
lecular structure can clearly tolerate strongly polar groups
without causing the collapse of free volume suffered by
other more flexible polymers. The ability to introduce highly
polar functional groups without compromising microporosi-
ty is an important feature of the PIMs and will allow the fur-
ther design of selective polymers for gas separations with
even greater permeability.

Potential applications of PIMs

As demonstrated above, the combination of high permeabil-
ity and good selectivity makes PIMs interesting candidates
for gas membrane applications, such as the generation of
oxygen-enriched air for enhanced combustion and fermenta-
tion processes or for the removal of CO, from methane. In
this context there is a general demand for ultrapermeable
polymers of good thermal and chemical stability, especially
as the technological potential of PTMSP (a polymer that
has attracted a great deal of attention in the patent litera-
ture)* is severely limited due to its rapid loss of micro-
porosity on standing and lack of chemical stability towards
heat, radiation or UV light in the presence of oxygen.*:>
However, gas separation is just one of several areas where
PIMs have technological potential. Being organic micropo-
rous materials with amorphous structures related to that of
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activated carbon, it was anticipated that the Network-PIMs
should be suitable for the adsorption and separation of or-
ganic compounds, and this has been confirmed by measuring
the adsorption of phenol from aqueous solution. This proc-
ess is of environmental relevance as phenols are common
contaminants of wastewater streams from industrial process-
es. The Network-PIM, of surface area 850 m’g', derived
from the spiromonomer A1 and hexachlorohexaazatrinaph-
thylene B2, adsorbs up to 5 mmolg™" of phenol from solu-
tions of initial concentration of 0.2molL™' (ie., 0.5g of
phenol for 1 g of Network-PIM). In addition, this material
can be used for the efficient removal of phenol from water
at low concentration (5-20x10* molL™").*! Similar results
are obtained from phthalocyanine-based Network-PIMs.
Carbons with comparable specific surface areas exhibit max-
imum adsorption capacities for phenol in the range 1-
4 mmolg™" from aqueous solution.>*>’

The removal of phenol from aqueous solution has also
been achieved by pervaporation of robust self-standing films
derived from soluble PIM-1 or PIM-7 as membranes.”” Per-
vaporation is a process in which the feed is a liquid mixture
and a vacuum is applied to the opposite side of the mem-
brane to remove permeate as a vapour, which is then con-
densed and collected. In Figure 10 it can be seen that, with

60
organophilic
Permeate
conc.
(wt % phenol)
hydrophilic
0 10 20 30 40 50 60

Feed conc. (wt % phenol)

Figure 10. Pervaporation-based separation of phenol from aqueous so-
lution using a membrane derived from PIM-1. Generally, the efficiency
of separation may be expressed as a separation factor, a=(Y,/Y,)/(X,/
X,), in which (Y,/Y,) is the weight ratio of organic compound to water in
the permeate and (X,/X,) is the weight ratio of organic compound to
water in the feed. Values of a of 16-18 were obtained at temperatures in
the range 50-80°C and feed compositions in the range 1-5wt%
phenol.*

the PIM-1 membrane, the permeate was enriched in phenol
up to tenfold, which demonstrates that the membrane is
strongly organophilic (i.e., selective for organic compounds
over water).

For Network-PIMs containing either the phthalocyanine,
porphyrin or hexaazatrinaphthylene subunit, it is possible to
introduce appropriate transition-metal ions for catalytic ac-
tivity. Preliminary studies on the degradation of hydrogen
peroxide by using metal-containing porphyrin or phthalo-
cyanine networks show a greatly enhanced rate relative to
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nonporous microcrystalline model compounds.®” In addi-
tion, the hexaazatrinaphthylene subunit is a well-established
ligand capable of forming a complex with up to three transi-
tion-metal ions.!™! Exposing the orange network polymer to
a solution of bis(benzonitrile)palladium(m) dichloride in
chloroform gave a highly coloured material with a mass
loading of palladium dichloride of 40 % .5l Nitrogen adsorp-
tion analysis of the material subsequent to metal adsorption
gave a specific surface area of 347 m*g™". Much of the loss
of specific surface area can be attributed to the gain in mass
(65%) of the material rather than a loss of intrinsic micro-
porosity. Clearly, such Network-PIMs offer great potential
as heterogeneous catalysts and chemoselective adsorbents.

Similar metal-containing materials of even higher specific
surface area can be derived from PIM-7 by exploiting the
ability of its phenazine subunits to act as a ligand for metal-
ion coodination. Thus the addition of bis(benzonitrile)palla-
dium(m) dichloride to a yellow solution of PIM-7 causes an
immediate precipitation of a red solid that is insoluble in all
solvents. This material contains over 20 % by mass Pd** and
has a surface area of 650 m*g~'. It can be deduced that the
Pd** ion acts as a cross-link between the PIM macromole-
cules to give a network material (Figure Se). Recent work
has shown that these palladium-containing microporous ma-
terials successfully act as efficient heterogeneous catalysts
for aryl-aryl coupling Suzuki reactions.”” Of interest is the
observation that a solvent cast film of PIM-7, swollen in
methanol, can also be cross-linked by Pd** ions to give an
insoluble network (Figure 11). This process has potential for
the fabrication of reactive membranes.

Figure 11. A solvent cast film of PIM-7. The darker portion has been
treated with a solution of palladium(m) dichloride bis(benzonitrile) and is
no longer soluble in organic solvents, indicating formation of a metal-ion
cross-linked network polymer (see Figure 5¢).

Conclusion

The area between two established fields of technology is
often a stimulating and rewarding research environment.
We believe that PIMs effectively bridge the gap between

Chem. Eur. J. 2005, 11, 2610-2620 www.chemeurj.org
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CONCEPTS

conventional microporous materials and polymers, because
they possess properties common to both classes of material.
The potential offered by the structural diversity of PIMs,
which can be controlled simply by the choice of monomer
precursors, remains largely unexplored. Nevertheless, the
few examples that have been studied suggest an enticing
prospect of readily processed, custom-made organic micro-
porous materials designed to adsorb, or react with, target
molecules by using the principles of molecular recognition.
It can be assumed that once a potentially useful material is
recognised its performance can be tuned incrementally by
synthesis. Ultimately, the concept of PIMs may be devel-
oped to provide materials to engage in highly specific proc-
esses that mimic the sophisticated “lock-and-key” receptor
sites found in enzymatic catalysis.!

PIMs provide another example of the utility of amor-
phous organic materials. The fascinating and beautiful crys-
talline mimics of zeolites that increasingly grace the pages
of journals will stimulate welcome interest in organic micro-
porous materials. Ultimately, however, commercial applica-
tions may result from materials that can be readily fabricat-
ed into useful forms. A lesson to be learned from the devel-
opment of polymers and organic electronic materials is that
it pays to play to the strengths of organic materials (e.g.,
processability and the exquisite control over structure and
function through synthesis). The PIMs concept is built upon
the firm foundations of polymer technology and we believe
that it offers a highly practical approach to organic micropo-
rous materials.
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