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The concept of free volume is useful for explaining aspects of the chain mobility and permeability

of polymers, even though its precise definition is subject to debate. Polymers that trap a large

amount of interconnected free volume in the glassy state behave in many respects like

microporous materials and potentially find application in membrane separations and

heterogeneous catalysis. The development is outlined of a new type of polymer, for which the

molecular structure contains sites of contortion (e.g. spiro-centres) within a rigid backbone (e.g.

ladder polymer). These polymers of intrinsic microporosity (PIMs) include both insoluble

network polymers and soluble non-network polymers that may be processed into membranes or

other useful forms. Experimental methods are discussed for elucidating the free volume or

micropore distribution, and the behaviour of PIMs is compared with that of the ultrapermeable

polymer poly(1-trimethylsilyl-1-propyne).

Introduction

‘‘Nature—unqualified Being—has two forms that make it up:

the atoms, and the void where atoms are placed and travel

their varied paths.’’ Lucretius, The Nature of Things, Book I,

lines 419–421, transl. F. O. Copley.1

According to the philosophy of Epicurus (ca. 341–271 BC),

as expressed by the Latin poet Lucretius (ca. 99–55 BC), all

things are made up of matter—atoms in constant motion—and

void, without which atoms could not move. The same

distinction between ‘‘occupied volume’’ and ‘‘free volume’’ is

employed today by polymer scientists to help explain aspects

of polymer chain mobility and of the transport of small

molecules through polymers. A glassy polymer may be

considered to contain a certain amount of frozen free volume

as isolated elements. If the proportion of free volume is

increased to the extent that it is effectively interconnected, the

polymer may take on the characteristics of a microporous

material (i.e., containing pores of dimensions ,2 nm). Such
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polymers offer considerable scope for application in molecular

separations and heterogeneous catalysis, and have properties

that complement those of conventional microporous materials

such as zeolites and activated carbons.

This article explores the territory that lies between dense

polymer systems and porous solids. Key ideas are outlined

concerning free volume in polymers and a new approach is

discussed for generating polymers with molecular structures

that give rise to intrinsic microporosity.

Free volume and the glass transition

The idea that molecular motion in liquids and solids requires

molecule-sized holes was developed by Eyring2 and others.

These holes, which collectively make up the free volume, are

constantly moving in the liquid state. Doolittle3 related the

viscosity of a liquid to its relative free volume. In the context of

polymers, a hole, or free volume element, may be considered to

be similar in size to a segment of a polymer molecule and more

than one may be required for mobility (i.e., motion in

polymers involves cooperative movement of portions of a

polymer chain). Fox and Flory4 suggested that the glass

transition, Tg, represents an iso-free volume state, occurring at

a critical fractional free volume for large scale movement of

polymer segments. The fractional free volume, fV, in the glassy

state may be calculated as 0.025 (i.e., 2.5% free volume) on the

basis of the Williams–Landel–Ferry (WLF) equation,5 which

describes the temperature dependence of viscosity and relaxa-

tion times for amorphous polymers, and which may be derived

on the basis of the Doolittle relationship. A substantially larger

fV at Tg may be inferred from Simha and Boyer’s relationship,

(aR 2 aG)Tg 5 0.113, where aR and aG are the coefficients of

thermal expansion in the rubbery and glassy states, respec-

tively.6 Other attempts to quantify free volume give further

different values, depending on the assumptions made about

what constitutes free volume.

There are a number of contributions to a polymer’s specific

volume, V (5 1/r, where r is polymer density), as indicated

in Fig. 1a. Firstly, there is the molecular volume, a useful

estimate of which is the specific van der Waals volume, Vw,

which can be calculated by group contribution methods.7,8

When molecules are packed in a condensed phase, there is a

limit to the packing density which can be achieved, so each

molecule actually requires more space than its molecular

volume Typically, Vw is multiplied by 1.3, based on the

packing density of a molecular crystal at 0 K. Some workers

regard this as the occupied volume, in which case the fractional

free volume is given by eqn. (1).

fV 5 (V 2 1.3Vw)/V (1)

For a variety of glassy polymers, this approach gives values of

fV in the range 0.11–0.23.9 The free volume may then be

subdivided into two types: interstitial free volume, which is

spread amongst all the molecules, and hole free volume, which

is localised but readily redistributed.10 It is the hole free

volume that is of relevance to the WLF equation.

Whilst some workers define the occupied volume as the

volume of the liquid at equilibrium at 0 K,10 in which case it

is independent of temperature, others include the effect of

thermal vibrations in the occupied volume. A picture presented

in many polymer textbooks is that the occupied volume

increases approximately linearly with temperature throughout

the glassy and rubbery regimes, whilst the free volume is

approximately constant in the glassy state but increases rapidly

with temperature in the rubbery state.11,12 Despite the lack of

consensus as to the definition of free volume, it has proved a

remarkably useful semi-quantitative concept.

Experimentally, Tg is marked by a change in the slope of a

plot of V versus T, which is the kind of behaviour expected for

a second-order thermodynamic transition. However, Tg is very

strongly influenced by kinetic effects and over the years there

has been much debate as to whether Tg is a purely kinetic

phenomenon, or whether it overlies a genuine thermodynamic

transition. If a rubber is cooled rapidly, the observed Tg is

higher than if it is cooled slowly (typically, a tenfold change in

cooling rate leads to about a 3 K change in Tg). If the sample

is then held at constant temperature a little below Tg, it is

found that V decreases over time, a process referred to as

isothermal volume recovery or physical aging (Fig. 1b). This

can be understood in terms of excess free volume trapped on

rapid cooling and slowly lost on physical aging. The aging

process is accompanied by changes in the mechanical and

permeation properties of the polymer.

Transport of small molecules through polymers

The transport properties of small molecules in polymers are of

significance because of the effect a molecular penetrant can

have on the mechanical and other properties of a polymer, and

are of particular relevance to barrier polymers (where the aim

is to inhibit transport), controlled release polymers (where

transport of an active agent out of the polymer should happen

in a predetermined fashion) and membrane polymers (where

Fig. 1 (a) One interpretation of the contributions to the specific

volume of a polymer and their dependence on temperature. (b)

Illustration of kinetic effects and the process of physical aging.
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preferential transport of one component of a mixture is

desired). Membrane processes that utilise polymers include gas

separation (e.g., nitrogen generation from air), vapour

permeation (e.g., recovery of volatile organic compounds

from gas streams), pervaporation (e.g., dehydration of ethanol)

and reverse osmosis (e.g., desalination of water).13 Of special

interest here is gas separation, which has provoked a great deal

of research into the relationships between polymer structure

and transport properties.

The permeation of small molecules through an amorphous

rubbery membrane, driven by a partial pressure difference

across the membrane, is often understood in terms of a

solution–diffusion model. Gas molecules on the high-pressure

side of the membrane dissolve in the polymer, diffuse down a

concentration gradient, and desorb on the low pressure side of

the membrane. The permeability coefficient, P, is the product

of a solubility coefficient, S, and a mutual diffusion coefficient

or diffusivity, D (eqn. (2)).

P 5 SD (2)

The permeability of small molecules through an amorphous

glassy membrane is usually much lower than for a rubbery

material, although there are exceptions as will be discussed

later. For glassy polymers, P often decreases with increasing

pressure, but may subsequently increase because of plasticiza-

tion. The decrease in P may be understood in terms of a dual-

mode sorption model.14–18 Excess free volume in the glassy

state is assumed to exist as isolated microvoids, within which

sorption of small molecules occurs. Small molecules may

also dissolve in and diffuse slowly through dense regions

of polymer. There is thus a local equilibrium between

dissolved molecules (for which Henry’s law is assumed to

apply) and sorbed molecules (for which a Langmuir model is

employed). The pressure-dependence of P is a consequence of

the shape of the adsorption isotherm, which is concave to the

pressure axis.

The diffusion process involves both small molecule and

polymer motion. The mobility of polymer segments is slow

compared to translational motion of small molecules, so the

limiting step in diffusion is generally considered to be the

movement of a polymer segment to provide a space into which

a small molecule can move. Diffusion coefficients may be

related to the fractional free volume (eqn. (3)).19

D 5 Aexp(2B/fV) (3)

Various forms of eqn. (3), differing in the definitions of A

and B, have been used to describe the mobility of small

molecules in rubbery20–22 and glassy23,24 polymers. Since small

molecules can themselves contribute free volume to the system,

diffusion coefficients may depend strongly on concentration.

Thran et al.9 have investigated the correlation between D

and fV for several gases in a range of glassy polymers. They

conclude that, whilst D for weakly interacting molecules is

determined largely by fV, other factors also have an influence.

There is a dependence on the polymer structure, which is

related to the stiffness of the polymer chains and to the

cohesive energy. There is also a dependence on the nature of

the penetrant, and it is suggested that very small species, in

particular H2 and He, are able to diffuse through the fixed

interstitial free volume rather than being dependent on

fluctuations in the hole free volume.

For membrane processes, the ability to discriminate between

components of a mixture is important, and for a mixture of

two species, A and B, the selectivity, aA/B, may be expressed as

a ratio of permeabilities (eqn. (4)).

aA/B 5 PA/PB 5 (SA/SB)(DA/DB) (4)

In terms of the solution–diffusion model, selectivity may

arise either through the solution term (solubility selectivity) or

through the diffusion term (mobility selectivity). For rubbery

polymers, with their high free volumes, values of D are

relatively high and the mobility selectivity is low. Rubbery

polymers are most commonly employed for their ability to

separate large organic vapour molecules from smaller gas

molecules, because of their high solubility selectivity. On the

other hand, conventional, low free volume, glassy polymers

exhibit low values of D and show a high mobility selectivity,

smaller gas molecules diffusing more rapidly than larger ones.

For gas separations, most attention has been paid to glassy

polymers, because high selectivities can be achieved. However,

glassy polymers usually exhibit much lower permeabilities than

are desirable for practical application. It has been found that

modifications to the polymer structure that improve perme-

ability generally lead to a decrease in selectivity and vice versa.

In other words, there is a trade-off between selectivity and

permeability. Robeson25 demonstrated an upper bound in

double logarithmic plots of selectivity against permeability

for a wide range of polymers. Robeson’s 1991 upper bound for

O2/N2 is shown in Fig. 2, together with more recent data26–69

for polymers that perform close to, or exceed, the upper

bound. The objective of much research is to generate polymers

that perform in the upper right region of Fig. 2, and some of

the most interesting materials achieved thus far are polymers

of intrinsic microporosity (PIMs).

Fig. 2 Relationship between oxygen/nitrogen selectivity and oxygen

permeability. (—) Robeson’s 1991 upper bound.25 (#) More recent

results for a range of polymers.26–69 (&) PIM-1. (m) PIM-7.
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Polymers that perform in the vicinity of the upper bound are

generally stiff-chain glassy polymers, whilst rubbery materials

lie well below the upper bound. Polymers that function well

with one pair of gases usually also perform well with other

pairs of gases. The slope of the upper bound relates to

the kinetic diameters of the gases involved. Freeman70 has

developed a theory to rationalize these observations and justify

an empirical principle that to obtain the best permeability/

selectivity properties, up to a limit, one needs to create a

polymer structure with a stiff backbone (which enhances

mobility selectivity at the expense of diffusivity) whilst also

disrupting interchain packing (to improve permeability). This

principle is taken to the extreme with PIMs, as is discussed

later. Alentiev and Yampolskii71 showed that the trade-off

behaviour could be predicted on the basis of a free volume

model. Both Freeman70 and Alentiev and Yampolskii71

indicate that one way to surpass the upper bound is for

solubility selectivity (SA/SB) to be enhanced. It will be seen

later that, even if the ratio SA/SB is unchanged, a significant

improvement can be achieved through an overall increase in S,

and hence P.

Ultra-high free volume polymers

In recent years, several glassy polymers have been developed

that exhibit remarkably high gas permeability, attributed to

extremely high excess fractional free volume. Notable amongst

these are poly(1-trimethylsilyl-1-propyne) (PTMSP),65,72 poly-

(4-methyl-2-pentyne) (PMP),73 and a 2,2-bistrifluoromethyl-

4,5-difluoro-1,3-dioxole–tetrafluoroethylene copolymer

(designated Teflon AF 2400 by Du Pont).60,74 The structures

of these polymers, and their permeabilities, are indicated

in Table 1.

PTMSP is known as the most permeable of all polymers to

gases. It has a backbone of alternating single and double

bonds, like other polyacetylenes, but the double bonds are not

significantly conjugated.65 The bulky trimethylsilyl and methyl

groups cause the polymer chain to be twisted. Furthermore,

there is a very high barrier to rotation about the single bonds

(170 kJ mol21),75 so that at normal temperatures it cannot

easily change its conformation. These twisted, inflexible

polymer chains trap a considerable amount of excess free

volume (fV 5 0.32, based on eqn. (1)).76 Sorption measure-

ments suggest that PTMSP is essentially porous, with a void

fraction of about 0.25, leading to the suggestion that free

volume elements are connected to give a micropore structure.77

The permeability of PTMSP depends on the history of the

sample and can decrease dramatically over time, which

has been attributed in part to changes in the amount and

distribution of free volume.78

Polymers of intrinsic microporosity (PIMs)

A few years ago, a programme of research commenced in

Manchester aimed at generating organic microporous mate-

rials through step-growth polymerization. The initial objective

was a network polymer incorporating planar phthalocyanine

units, with a microporous structure allowing access to a

catalytically active transition metal ion within the central

cavity of the macrocycle. Whilst phthalocyanines are poten-

tially useful and versatile catalysts, and are utilised for the

oxidative destruction of sulfurous impurities in crude petro-

chemicals, their application as heterogeneous catalysts is

limited because of the strong tendency for the macrocycles to

stack together through p–p and other non-covalent interac-

tions. Previous attempts at network formation had resulted in

non-porous solids.79 We sought, therefore, to link the

macrocycles together through rigid, nonlinear linking units

that would inhibit cofacial association and prevent structural

relaxation to a dense solid. A suitable linking unit is derived

from the commercially available monomer 5,59,6,69-tetrahy-

droxy-3,3,39,39-tetramethyl-1,19-spirobisindane (A1 in Fig. 3).

The fused ring structure gives rigidity and the spiro-centre (i.e.,

a single tetrahedral C atom shared by two rings) makes it

nonlinear (i.e., provides a site of contortion). A double

aromatic nucleophilic substitution reaction of A1 with 4,5-

dichlorophthalonitrile yields a bis(phthalonitrile) precursor

that forms a phthalocyanine network, via a cyclotetrameriza-

tion facilitated by a metal ion template (Fig. 3).80 The network

polymers are obtained as highly coloured, free-flowing,

insoluble powders. Low-temperature N2 adsorption measure-

ments (discussed further below), indicate high apparent surface

areas (500–1000 m2 g21 by BET analysis), with significant

adsorption at very low relative pressures (p/pu , 0.01),

suggestive of a microporous structure. Studies of the activity

of the phthalocyanine networks as heterogeneous catalysts,

using hydrogen peroxide degradation as a test case, demon-

strate a substantial improvement when compared to precipi-

tated low molar mass phthalocyanines (Fig. 4).

The next objective was to establish a more general route

to microporous network polymers. The remarkably efficient

double aromatic nucleophilic substitution (i.e., dioxane-forming

Table 1 Typical values of oxygen permeabilitya and oxygen/nitrogen
selectivity for some ultra-high free volume polymers

Polymer Structure
PO2/
Barrer aO2/N2 Ref.

PTMSP 6100 1.8 65

PMP 2700 2.0 73

Teflon AF
2400

n 5 0.87, m 5 0.13

1600 2.0 60

a Units of permeability coefficient: 1 Barrer 5 10210 cm3 [STP]
cm cm22 s21 cmHg21 5 3.35 6 10216 mol m m22 s21 Pa21.
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reaction)81,82 between an aromatic monomer bearing multiple

hydroxyl groups and an aromatic monomer bearing multiple

fluorines (or chlorines) proved eminently suitable (Fig. 5).

We were thus able to generate network polymers with high

apparent surface areas incorporating pre-formed phthalo-

cyanine (monomers A1 + B3, Fig. 5), porphyrin (monomers

A1 + B1, Fig. 5),83 hexaazatrinaphthylene (monomers A1 +
B2, Fig. 5)84 and other units with ligands capable of binding

to metal ions or with cavities able to host organic molecules. To

obtain an intrinsically microporous polymer, at least one of

the monomers must contain a site of contortion such as a

spiro-centre (monomer A1, Fig. 5), a non-planar rigid skeleton

(monomers A2, A4, A7, Fig. 5) or a single covalent bond about

which rotation is severely hindered (monomers A5, B1, Fig. 5).

For network formation, the average functionality of the pair of

monomers should be greater than two, with each pair of

adjacent hydroxyl groups or fluorines counting as a single

functional group for dioxane formation.

Having established a general approach to microporous

networks, we explored the potential of non-network polymers

formed from pairs of bifunctional monomers. Reaction of

monomer A1 with tetrafluorophthalonitrile (monomer B4,

Fig. 5) was found to give a fluorescent yellow polymer of

high molar mass (Mw 5 140 000 g mol21 by gel permeation

chromatography with light scattering detector).85,86 This

polymer (termed PIM-1) is soluble in solvents such as

tetrahydrofuran and chloroform, and can be precipitated as

a powder or cast from solution to form a robust membrane.

Low-temperature N2 adsorption–desorption analysis (see

below) indicates that PIM-1 in powder or membrane

form has a high apparent surface area and exhibits micro-

porous character. Dynamic mechanical analysis of a PIM-1

membrane shows a tensile storage modulus of 0.9 GPa,

decreasing only marginally up to its decomposition tempera-

ture (.350 uC).86 There is no evidence of crystallinity or a

glass transition below the decomposition temperature. The

rigid but highly contorted molecular structure of PIM-1,

that frustrates efficient packing in the solid state, is illustrated

in Fig. 6.

Membranes of PIM-1 were tested for the removal of organic

compounds from aqueous solution by pervaporation.86 The

membranes are organophilic, the permeate being enriched

in the organic component (e.g., a feed of 5 wt% phenol in

water gave a permeate of nearly 50 wt% phenol), and the

Fig. 3 (a) Preparation of spiro-linked phthalocyanine network

polymer. (b) Model of monomer A1 showing the site of contortion.

Fig. 4 Dependence of extent of reaction on time for the degradation

of H2O2 (0.74 mol dm23, T 5 30 uC) with ($) low molar mass Co

phthalocyanine and (&) spiro-linked Co phthalocyanine network as

catalyst (1 mol% Co). Oxygen evolution measured with a gas burette.

Data obtained by Helen Kingston (University of Manchester).

Phthalocyanine network prepared by Verena Maffei (University of

Manchester).
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fluxes achieved were comparable to the rubbery polymer

poly(dimethyl siloxane). This is unusual for a glassy polymer,

with the notable exception of PTMSP.87

PIM-1 was the first of a family of soluble polymers of

intrinsic microporosity.85 The apparent microporosity is

termed ‘‘intrinsic’’ because, although like any glassy structure

it is non-equilibrium, it arises as a consequence of the

molecular structure and is not generated solely through

processing. The common features of a PIM are (i) no, or very

highly restricted, rotational freedom about all bonds in the

backbone and (ii) the inclusion of sites of contortion such as

spiro-centres.

The gas permeation properties of membranes formed from

PIM-1 (Fig. 6) and PIM-7 (Fig. 7) were investigated at the

Fig. 5 Preparation of PIMs by the dioxane-forming polymerization of appropriate hydroxylated aromatic monomers (e.g., A1–A7) with

fluorinated or chlorinated aromatic monomers (e.g. B1–B7). For microporosity at least one monomer must contain a site of contortion.

Fig. 6 (a) Chemical structure of PIM-1. (b) Molecular model of PIM-

1 showing its highly contorted, rigid structure.

Fig. 7 PIM-7 and the formation of an insoluble PIM-7/Pd2+ complex.
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GKSS Research Centre.88 In the permeation experiment, a

membrane is held between two evacuated chambers. Gas at

a particular pressure is then admitted to one chamber and the

pressure in the other chamber monitored. D and P are

calculated from the time-lag and the steady permeation rate,

respectively. Results are given in Table 2 for a 46 mm thick

PIM-1 membrane and a 28 mm thick PIM-7 membrane. The

permeabilities are higher than for most glassy polymers, only

exceeded by ultra-high free volume polymers such as PTMSP,

PMP and Teflon AF 2400 (Table 1). However, whilst the latter

polymers fall beneath Robeson’s upper bound, the PIMs

exhibit selectivities substantially above it for important gas

pairs such as O2/N2 (Fig. 2). It can be seen in Table 2 that the

O2/N2 separation for the PIMs is dominated by the mobility

selectivity. The solubility selectivity is small, but the values of

solubility, derived by application of the solution–diffusion

model, are extraordinarily high, significantly higher than the

values encountered with other polymers.71 Thus, the improved

performance of PIMs over Robeson’s upper bound is linked

to large apparent solubilities, boosting the permeability whilst

maintaining selectivity. The high apparent solubility of gases in

PIMs may be attributed to the microporous character of

PIMs, which provides a high capacity for gas uptake, coupled

with chemical functionality that strengthens intermolecular

interactions and encourages sorption. In contrast, for the

ultra-high free volume polymer PTMSP the high permeability

arises largely from very high diffusion coefficients.77

Differences in behaviour between PIMs and PTMSP are likely

to relate in part to differences in the distribution of free

volume, as discussed below.

For commercial gas separations, very thin polymer films are

necessary, to maximise the flux through the membrane. These

need to be coated onto a more permeable support, for

structural stability. Thin-film composite membranes have been

prepared at the GKSS Research Centre by dip-coating dilute

solutions of PIM-1 onto an asymmetric porous polyacryl-

onitrile support (Fig. 8). Composite membranes with a range

of active layer thicknesses and permeation properties were

obtained by varying the concentration of the coating solution,

the solvent composition, and pre-treatment of the support.

In PIM-7 (Fig. 7), the phenazine unit can act as a ligand for

the coordination of metal ions. For example, the addition of

bis(benzonitrile)palladium(II) dichloride to a yellow solution

of PIM-7 results in immediate precipitation of a red solid,

which has an apparent surface area of 650 m2 g21 and contains

.20 wt% Pd2+. This material is insoluble in all solvents tested,

presumably because Pd2+ is acting as a crosslink between

PIM-7 macromolecules, giving a network structure. We have

found the palladium-containing material to be an effective

heterogeneous catalyst for aryl–aryl coupling Suzuki reactions.

Furthermore, a solvent-cast film of PIM-7 can be crosslinked

with Pd2+ ions, opening up possibilities for catalytic membrane

sytems.

Distribution of free volume/micropores

The concept of free volume has proved extremely useful

despite, as discussed earlier, the difficulty in deciding where the

boundary lies between ‘‘occupied’’ and ‘‘free’’ volume. This

difficulty is compounded by the likelihood that effective free

volume is different for different penetrants. Furthermore, not

only the amount of free volume but also its distribution (or

the distribution of effective micropore size if the free volume

elements are interconnected) is likely to have a significant

Table 2 Gas permeation dataa at 30 uC for a PIM-1 membrane (46 mm thick) and a PIM-7 membrane (28 mm thick)88

PIM Gas PX/Barrer DX/1028 cm2 s21 SX/1023 cm3 cm23 cmHg21 aX/N2 DX/DN2 SX/SN2

PIM-1 N2 92 22 42 — — —
PIM-1 O2 370 81 46 4.0 3.7 1.1
PIM-1 H2 1300 1700 7.6 14 77 0.2
PIM-1 CO2 2300 26 880 25 1.2 21
PIM-1 CH4 125 6.8 180 1.4 0.3 3.9
PIM-7 N2 42 16 26 — — —
PIM-7 O2 190 62 31 4.5 3.9 1.2
PIM-7 H2 860 1100 8 20 69 0.3
PIM-7 CO2 1100 21 520 26 1.3 20
PIM-7 CH4 62 5.1 120 1.5 0.3 4.6
a PX is permeability coefficient; units: 1 Barrer 5 10210 cm3 [STP] cm cm22 s21 cmHg21 5 3.35 6 10216 mol m m22 s21 Pa21. DX is
diffusion coefficient. SX is solubility coefficient, calculated on the basis of the solution–diffusion model from SX 5 PX/DX. Overall selectivity
aX/N2, mobility selectivity DX/DN2 and solubility selectivity SX/SN2 are for the gas relative to N2. The data are for measurements at 200 mbar
feed pressure.

Fig. 8 Scanning electron micrograph (30u tilted) of a thin-film com-

posite membrane of PIM-1 on an asymmetric polyacrylonitrile support.

This membrane exhibits a selectivity aO2/N2 5 3.8 and an O2 permeance

(i.e. permeability divided by thickness) of 0.48 m3 m22 h21 bar21. The

0.36 mm thick PIM-1 layer was dip-coated from tetrahydrofuran

(1 wt%). SEM courtesy of Michael Schossig (GKSS Research Centre).
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influence on polymer properties. A number of techniques

have been used to investigate free volume in polymers,

including 129Xe NMR,89 spin probe methods,90 inverse gas

chromatography91 small-angle X-ray scattering92 and mole-

cular modelling.93,94 One of the most extensively applied

techniques for determining the distribution of free volume

is positron annihilation lifetime spectroscopy (PALS). Low-

temperature gas adsorption methods are now also being

applied to certain polymer systems. These last two methods

are discussed further below.

Positron annihilation lifetime spectroscopy (PALS)

Positrons (e+), the antiparticles of electrons (e2), are generated

by the decay of many radioactive isotopes, such as 22Na. A

positron may react with an electron to give a metastable

positronium (Ps) particle. There are two forms of Ps which

differ significantly in their average lifetimes. Antiparallel spins

give para-positronium, p-Ps, which has an average lifetime in

vacuum of 0.125 ns, whilst parallel spins give ortho-positro-

nium, o-Ps, which has a much larger average lifetime in

vacuum (142 ns). Within dense matter the lifetime of o-Ps is

reduced, because it can ‘‘pick off’’ electrons from surrounding

molecules and annihilate. In a polymer, o-Ps tends to be

localized in free volume elements (FVE) and the lifetime may

be related to the concentration, size and distribution of FVE.95

PALS studies of the ultrapermeable polymers PTMSP and

Teflon AF 2400 indicate a bimodal size distribution of FVE,

with small microvoids of diameter in the range 0.5–0.8 nm and

larger microvoids of diameter in the range 1–1.5 nm.96 On

moving to less and less permeable polymers, there is a loss of

the larger FVE and the bimodal distribution converges

ultimately on a unimodal distribution. Similar results have

been obtained from molecular modelling studies.93,94

Low-temperature gas adsorption

Analysis of the adsorption and desorption of N2 at liquid N2

temperature (77 K) is a classic method for determining the

surface area and pore structure of porous materials.97,98 The

technique has only rarely been applied to polymers, since they

usually have low specific surface areas. In principle, a molecule

such as N2 can be used as a probe of microporosity, or

interconnected free volume, in polymers. However, micropore

filling is associated with the very low relative pressure region of

the adsorption isotherm, so extremely high vacuum and very

effective sample outgassing procedures are needed if suitable

data are to be obtained.

Ilinitch et al.99 investigated phenylene oxide polymers by

low-temperature N2 adsorption–desorption. They observed a

broad hysteresis, with the desorption curve lying above the

adsorption curve down to very low relative pressures. Whilst

hysteresis at higher relative pressures is associated with meso-

porosity (i.e., containing pores of dimensions 2–50 nm),100 low

pressure hysteresis is generally linked to microporosity. It may

arise where there is a network structure of micropores, with

constrictions leading to larger cavities, or alternatively where

the penetrant causes a microporous material to swell. For the

phenylene oxide polymers, a series of experiments demon-

strated that the adsorption process did not lead to permanent

structural changes in the polymers and that N2 was completely

removed from the samples on evacuation at ambient tempera-

ture. It was also found that the slightly smaller O2 molecule

(kinetic diameter of O2 5 0.346 nm, cf. N2 5 0.364 nm) gave

higher sorption capacities and higher apparent surface areas.

On the basis of these results, it was suggested that phenylene

oxide polymers possess some intrinsic microporosity with

effective pore diameters at 77 K around 0.4 nm.

Polymers designed to possess intrinsic microporosity, as

discussed above, and ultrapermeable polymers such as PTMSP,

exhibit similar low pressure hysteresis to the phenylene oxide

polymers studied by Ilinitch et al., but have much higher

Fig. 9 Low-temperature N2 adsorption–desorption analysis of (%)

a spiro-linked Co phthalocyanine network, (&) PIM-1, (#)

freshly precipitated PTMSP and ($) aged PTMSP. (a) N2 adorption

and (- - - -) desorption isotherms. (b) Expansion of the very low relative

pressure region of the adsorption isotherms. (c) Pore size distributions

calculated by the Horvath–Kawazoe method (slit-pore, carbon-

graphite model). PTMSP supplied by Prof. V. Khotimskiy (Institute

of Petrochemical Synthesis, Moscow). Data obtained by Carin

Tattershall and Jia He (University of Manchester) using a

Micromeritics ASAP 2020 analyser.
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sorption capacities, indicating a more fully developed micro-

porous structure. N2 adsorption–desorption isotherms are

shown in Fig. 9a for powder samples of a phthalocyanine

network polymer, of the non-network polymer PIM-1, and of

PTMSP both as received (i.e. an aged sample) and freshly

reprecipitated. For PTMSP the sorption capacity decreases

on aging, consistent with the known decrease in permeability.

The very low relative pressure region of the adsorption

isotherms for the four samples is expanded in Fig. 9b. Whilst

the low pressure adsorption behaviour of the phthalocyanine

network polymer and PIM-1 are similar to each other, for

PTMSP the N2 uptake commences at a higher relative

pressure, suggesting a larger effective pore size. Fig. 9c shows

pore size distributions for the four samples, calculated by the

method of Horvath and Kawazoe,98,101,102 who related the

relative pressure at which a micropore of particular size is

filled to an average interaction energy within the pore. The

results in Fig. 9c were obtained assuming a slit-pore geometry

and using a carbon-graphite potential. Other models give

qualitatively similar results, but different numerical values.

Low-temperature gas adsorption shows clear differences

between the PIMs and PTMSP, the latter exhibiting a greater

proportion of larger micropores in the pore size distribution,

consistent with the differences in gas permeability. There is a

lower limit to the micropore size detectable by N2 adsorption,

determined ultimately by the size of the N2 molecule. The

procedures used here were not able to resolve a bimodal

distribution for PTMSP, as obtained by PALS and molecular

modelling. Further work is required to develop the most

appropriate models for polymer systems and to provide proper

comparison with results from other techniques.

Conclusions

The ability to tailor the molecular structure of a polymer so as

to manipulate the amount and distribution of free volume

enables materials to be fashioned that combine the charac-

teristics of a conventional polymer and a microporous solid.

Polymers of intrinsic microporosity (PIMs) are obtained by

forming a backbone that has no freedom to change

conformation, yet that is sufficiently contorted so as to

prevent efficient packing. PIMs, which include both insoluble

networks and soluble non-network polymers, represent a new

class of microporous material, generated through polymer

chemistry and offering processability combined with control

over surface functionality and properties. PIMs offer unri-

valled scope as bespoke materials for membrane separations,

heterogeneous catalysis and other applications.
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