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Azide-based Cross-Linking of Polymers of
Intrinsic Microporosity (PIMs) for
Condensable Gas Separationa,b

Naiying Du, Mauro M. Dal- Cin, Ingo Pinnau, Andrzej Nicalek,
Gilles P. Robertson, Michael D. Guiver*

Introduction

Membrane technology has become increasingly attractive

for gas separation due to its economical and environmental

advantages, such as lower cost, reduced energy consump-

tion, portability andmodularnature,making it valuable for

offshore and remote-location gas processing.[1] During the

last decade in the industrial gas separations sector, there

has been a continued interest in further improving

technology for the separation or purification of mixtures

containing condensable gases.[2,3] However, a major

technological hurdle to industrial membrane separations

involving condensable gases at high pressures is plasticiza-

tion. Plasticization leads to membrane swelling, resulting

in a significant increase in the permeabilities of all
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Cross-linked polymers of intrinsic microporosity (PIM)s for gas separation membranes, were
prepared by a nitrene reaction from a representative PIM in the presence of two different
diazide cross-linkers. The reaction temperature was optimized using TGA. The homogenous
membranes were cast from THF solutions of different
ratios of PIM to azides. The resulting cross-linked struc-
tures of the PIMsmembranes were formed at 175 8C after
7.5 h and confirmed by TGA, XPS, FT-IR spectroscopy and
gel content analysis. These resulting cross-linked poly-
meric membranes showed excellent gas separation per-
formance and can be used for O2/N2 and CO2/N2 gas
pairs, as well as for condensable gases, such as CO2/CH4,
propylene/propane separation. Most importantly, and
differently from typical gas separation membranes
derived from glassy polymers, the crosslinked PIMs
showed no obvious CO2 plasticization up to 20 atm pres-
sure of pure CO2 and CO2/CH4 mixtures.
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components in the feed and a decrease in the gas

selectivities. Although numerous research articles and

patents describe new high-performance polymers (e.g.,

polyimides, polysulfones, polycarbonates, polyethers, poly-

amides, polyarylates, polypyrrolones, etc.) with desirable

gas separationproperties,[4] the selectivitiesofmixedgases,

which contain at least one condensable gas component

under high pressure conditions are generally much lower

than expected, due to plasticization. Since 2004, a novel

class of polymers for gas separation, termed ‘polymers of

intrinsic microporosity’ (PIMs), which reveal unusually

highfreevolumeandhighsurfaceareas,havebeenreported

by Budd andMcKeown.[5,6] Different from other polymeric

microporous materials or zeolites and activated carbons,

which are widely used industrially, PIMs have special

ladder-typemain chain structureswith contorted or kinked

centers which prevent efficient space packing, resulting in

an intrinsically microporous structure. In addition, PIMs

have another attractive advantage of good processability:

high molecular weight PIMs are soluble in numerous

solvents and can be readily cast into membranes or films.

A number of published examples of PIMs have shown

single gas permeability data that are located around the

Robeson upper bound for the separation of important

gas pairs (O2/N2, CO2/N2, and CO2/CH4). PIMs character-

istically have moderate to good selectivity and very high

permeability.[7–9] However, PIMs cannot maintain good

performance at high pressures in the presence of con-

densable gases mixtures, such as propylene/propane and

CO2/CH4. This behaviour is similar to typical glassy

polymers used for gas separation processes operating by

the solution-diffusion mechanism, which usually suffer

fromplasticizationof thestiff polymermatrixby thesorbed

penetrantmolecules.[10] In view of the outstanding proper-

ties of PIMs, and the potential for their use in industrial gas

separations, there is a strong need to develop new

plasticization-resistant PIM membrane materials. Plastici-

zation is generally defined as an increase in the segmental

motion of polymer chains, due to the presence of one or

more sorbents. Consequently, the permeability of both

components increases and the selectivity decreases.[11] The

loss in selectivity for condensable gases ismainly causedby

a reduction in the diffusivity selectivity due to excessive

segmentalmotion.[12]Conventionalmethods for stabilizing

polymeric membranes are either annealing or cross-

linking. Cross-linking is a useful method to increase

membrane stability in the presence of aggressive feed

gases and to simultaneously reduce plasticization of the

membrane.Cross-linkingmethods forpolymermembranes

include thermal treatment, radiation, chemical cross-

linking,UV-photochemical, etc. Several investigationshave

shown that cross-linking of polymeric gas separation

membranes could improve separation characteristics by

decreasing plasticization.[13–17] However, most of the

preceding cross-linking methods involve procedures that

would be difficult to apply in commercial membrane

manufacturing processes. For example, excessive heat

treatment significantly reduces themembrane CO2 perme-

ability. Furthermore, the high temperatures that are

sometimes required (>350 8C) make this approach less

appealing for large-scale membrane production.

Previously reported work on network-PIMs with inter-

esting metal-containing phthalocyanine or porphorine-

like structures has shown that they have potential as

adsorbents and catalyst supports.[7] The present work

pertains to plasticization-resistant chemically cross-linked

PIMs via a nitrene reaction. A representative polymer, PIM-

1, was selected, since it is the most widely reported and

characterized ladder-type PIM. However this method could

be equally applicable to many other PIM structures. The

structure of PIM-1 is shown in Scheme 1, and is derived

from the step-growth polycondensation of 5,50,6,60-tetra-

hydroxy-3,3,30,30-tetramethylspirobisindane and 2,3,5,6-

tetrafluoroterephthalonitrile.

After film formation fromPIM-1 / azideprecursors, cross-

linked PIMs membranes with excellent gas separation

performance were prepared by heating under vacuum at

175 8C for 7.5 h. To maintain the film morphology and

minimize production costs, mild processing temperatures

are required (<180 8C preferably). Unlike many previously

reported chemical cross-linking methods based on cross-

linking reagents, non-solvent treatment and heat treat-

ment, the cross-linking reaction temperatures tend to be

Scheme 1. Structures of PIM-1, azide1 and azide2.
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lower with diazides.[18–20] While diazides have also been

previouslyutilized to cross-linkpolymers for gas separation

membranes,[21] the present PIM-1 / azide systems form

unique polymer networks having considerable free volume

andhaveexcellent gaspermeability / selectivityproperties,

particularly for gas pairs containing condensable gases.

Azides polymerize in situwithin and throughout the PIM-1

phase and thus stabilize the multiphase system. Conse-

quently, phase separation that may arise from the mutual

incompatibility inherent in multi-polymer systems at the

macroscale level can be avoided during the network

formation.[22] Thegas separation properties of the resulting

robust plasticization-resistant PIM membrane materials

were investigated.

Results and Discussion

The use of appropriate polymeric precursors is the first step

for preparing cross-linked membranes. Although pre-

treatment and cross-linking conditions are also crucial

issues in determining the membrane performance, the

chemical structure and physical properties of polymer

precursors should be considered foremost. Based on

the variety of high molecular weight PIMs reported in

the literature,[6,23–26] PIM-1 (Scheme 1) was selected as the

representative polymer in this class of materials, since it is

the most widely reported and characterized, due to its

simple preparation from commercial monomers, high

fractional free volume (FFV), high thermal stability, good

processability and mechanical properties. Two diazides

(Scheme 1) that are capable of thermal curing were

investigated as cross-linking reagents to form the cross-

linked PIM. These two diazides are negative-type thermally

activated or photo-sensitive compounds. The thermal

decomposition of the diazides proceeds with an initial

degradation of the �N�N N ‘single’ bond, releasing

nitrogen gas (N2) and leaving behind highly reactive

divalent nitrene groups. The nitrene group can initiate

addition reactions with the alkyl C�H to form a covalent

network. Besides creating chemical linkages between

nitrene groups and alkyl C–H on PIM-1 polymer chains

(such as >CH2 and �CH3), one of the diazides 2,6-bis(4-

azidobenzylidene)-4-methyl-cyclohexanone (azide2 in

Scheme 1) is also capable of reacting with itself to form a

network through the nitrene and C¼C bond. Hence, under

a variety of different reaction conditions, such as reaction

time, temperature and reagent ratios, PIM-1 / azide

membranes are capable of forming cross-linked or polymer

network structures.

The reaction temperature was investigated and opti-

mized using thermogravimetric analysis (TGA). The TGA

curves of PIM-1 / azide1 and PIM-1 / azide2 (mol%¼ 80:20)

from 100 to 600 8C are quite similar. At the first decom-

position stage between�140 8C and 200 8C, approximately

2.5� 3.0 wt.-% loss was observed for the mixtures, which

corresponds to almost complete decomposition compared

with the calculated response for decomposition of �N3

groups in PIM-1 / azide (mol%¼ 80:20). A relatively gradual

degradation rate with increasing temperature was main-

tained during the whole process. The lower the ratio of the

diazide: PIM in the mixtures, the smaller the weight loss

that was observed. The cross-linked PIM-1 / azides were

further characterized by TGA and DSC, and the results

compared to the polymeric nitrile precursor � PIM-1. As

with PIM-1, none of the cross-linked polymer films had a

discernableTg in themeasured rangeupto350 8C, likelydue

to the absence of rotational freedomof linkages in themain

chain. The resulting cross-linked matrix had a lower

thermal stability than the pure PIM-1, which begins to

decomposeat around430 8C.Asa result, for the cross-linked

PIM-1 / azide precursors, the initial weight loss occurring

before 430 8C ismainly attributable to thedecompositionof

–N–C,which resulted from thenitrene reaction. Theweight

loss occurring after 430 8C is caused mainly by the

decomposition of the polymer backbone of PIM-1. Details

are included in the Supporting Information, Fig. 1. From the

TGAdata, one can conclude that thepurePIM-1polymer is a

suitable precursor for making cross-linked membranes

utilizing the nitrene reaction.

The cross-linked structures were characterized by FT-IR

spectroscopy and XPS. The membranes cast from solutions

of PIM-1 with azide1 and 2 (PIM-1 / azides, mol%¼ 80:20)

show the characteristic absorption band of azides at

2100 cm�1, as shown in the Supporting Information,

Fig. 2. After a 7.5-hour cross-linking reaction at 175 8C, the

relative intensity of the azide absorption bands decreased

obviously compared with other bands. Other characteristic

absorption bands observed in PIM-1 / azide2 in the range of

1650� 1690 cm�1, corresponding to C¼C stretching vibra-

tions, almost disappeared after a 7.5-h reaction, indicating

that most of the C¼C groups of azide2 reacted.

XPS offers another useful spectroscopic method to

provide evidence of cross-linking. High-resolution spectra

(Supporting Information Fig. 3) of the nitrogen 1s binding

energies (BE) of diazides revealed two distinct peaks, one

centered at 401 eV and another centered at 404 eV, with a

2:1 ratio of the peak areas.[27] The less intense, higher

energy, 404 eV peak is unusual for covalently-bonded

nitrogen, and we assign this peak to the electron-deficient

nitrogen in the azide group. Reaction of the diazide with

PIM-1 via the nitrene reaction led to a considerable

reduction in intensity of the 404 eV peak. The nitrogen 1s

signal at 401 eV broadened, indicating the presence of

chemically distinct nitrogen atoms. Except for these two

small peaks, a large peak at 399 eV is attributed to �C N

groups present on the PIM-1 chain, indicating the reaction

primarily didnot occur through thenitrile group.Assuming
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thatazidedisappearance is correlated toproduct formation,

these results provide additional evidence that cross-linking

occurred.

The cross-linked structure was also analyzed for gel

content. PIM-1 can be readily dissolved in chloroform, THF,

dichloromethane etc. Different from PIM-1, the resulting

cross-linked PIM-1 / azides films were almost completely

insoluble in chloroform (see Supporting Information Fig. 4).

It was found that azide2 exhibited better cross-linking

performance than azide1, presumably because it can cross-

link with itself through the double bonds via nitrene,

whereas azide1 has no double bonds that allow this to

occur. Cross-linked PIM-1 / azide1 (PIM-1 / azide1, mol%¼

80: 20) has � 80% gel content remaining and cross-linked

PIM-1 / azides2 (mol%¼ 80 : 20) has> 95% gel content

remaining. The results indicate that the nitrene reaction

generated by diazides in the presence of PIM-1 led to an

insoluble cross-linking network.

Free-standing flexible films of the cross-linked

PIM-1 / azides with different ratios of PIM-1 and azides

were prepared for gas separation testing. Single-gas

permeability coefficients (P) for O2, N2, CH4, CO2, propane,

propylene and CO2/CH4mixtureswere determined at 25 8C

for dense, isotropic films and a summary of these P values

and selectivities for selected gas pairs are shown in Figure 1

to 3.

Based on a previous aging study we conducted, PIM-1

membranes undergo a significant decline in permeability

whenexposed to condensable gases during thefirst 100dof

testing; for example, the permeability declined to about

60% for CO2 and 40% for CH4, respectively. Thereafter, the

aging rate slowed down and the permeabilities only varied

5� 10% in the following 350 d. Annealing is another

approach for stabilizing polymericmembranes. Hence, pre-

aged PIM-1 (PIM-1�) and annealed PIM-1 (PIM-1A) were

selected as reference membranes for the cross-linked

membranes, rather than the newly-fabricated unannealed

PIM-1 membrane. In comparison with PIM-1A, which was

annealed under the same conditions as those that were

made by the nitrene reaction, the cross-linked PIM-1 /

azides exhibitedhigher selectivities, coupledwith expected

reductions in gas permeabilities. Figure 1 shows that

Figure 1. Relationship between pressure and pure gas CO2/CH4

selectivity for cross-linked PIM-1 / azides (mol%¼80 : 20),
PIM-1� and PIM-1A.

Figure 3. Effect of CO2 partial pressure on mixed gas CO2/CH4

selectivity in cross-linked PIM-1 / azide1, cross-linked PIM-1 /
azide2 (mol%¼ 80 : 20), PIM-1� and PIM-1A at 25 8C, Normalized
mixed gas selectivity vs. pressure was derived from mixed gas
selectivity vs. pressure (inset). The mixed gas CO2/CH4 feed
compositions (in mol% CO2: mol% CH4) were 50:50 and 80:20.
CO2/ CH4 mixed gases were tested at 3.4, 6.8, 10.2, 13.6 and
17 atm., corresponding to 1.7, 3.4, 5.1, 6.8 and 8.5 CO2 partial
pressures for the 50:50 composition and 2.72, 5.44, 8.16, 10.88 and
13.6 atm. CO2 partial pressures for the 80:20 composition.

Figure 2. Propylene permeability and pure gas propylene/propane
selectivity for various compositions of cross-linked PIM-1 / azide
membranes in comparison with reported data.
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compared to PIM-1, the azide-based cross-linked PIMs have

much higher selectivity for pure CO2/CH4 gas pair separa-

tion under the different pressures. The selectivities for

pure O2/N2 and CO2/N2 were in the range of 3.3–4.8 and

16–27, respectively (see Supporting Information Table 1).

These results agree with the general trade-off tendency for

selectivity – gas permeability for polymer membranes, i.e.

higherO2andCO2permeability isgainedat thecostof lower

selectivity and vice versa. In addition, the value of the

annealed PIM-1A was almost the same as the PIM-1� and

half the values of PIM-1 typically reported before,[8] but

coupled with a corresponding increase in selectivity

(Figure 1).

An experimentally observed upper bound plot for C3H6/

C3H8 separation, constructed using available literature

data,was reportedpreviously.[28]Compared to themajority

ofpreviously reportedpolymers, cross-linkedPIM-1 /azides

exhibit high permeabilities coupled with moderate selec-

tivities that combine to give values that are close to, or even

exceed, the experimentally observed upper bound for

the C3H6/C3H8 gas pair (Figure 2). These results suggest

cross-linked PIM-1 / azide membranes have potential for

the industrially important separation of C3H6/C3H8, and

that the gas transport properties can be tuned by

controlling the cross-linking parameters.

Glassy polymers, such as polyimides, typically exhibit

substantial decreases in CO2/CH4 selectivity under mixed-

gas conditions, due to CO2 swelling. CO2 acts as a plasticizer

causing thepermeability of CH4 to increasemore relative to

CO2, resulting in a decrease in selectivity.[29] The CO2/CH4

selectivity for the cross-linked PIM-1 / azide polymer

membranes decreased to a lesser degree than PIM-1A and

PIM-1� for mixed gases at high CO2 partial pressure (up to

�20 atm) (Figure 3),which indicates that plasticizationwas

suppressed. The individual contributions of pressure

dependant pure gas permeabilities of CO2 and CH4 for

Figure 1 are shown in the Supporting Information Fig. 5. In

summary, cross-linked PIM-1 / azide polymer membranes

show resistance to plasticization at high CO2 partial

pressures.

Conclusion

Membranes with cross-linked structures derived from a

combination of PIM-1 and diazide precursors were success-

fully prepared via a low-temperature nitrene reaction. This

method is based on highly reactive nitrene groups

generated in situ that react with the alkyl >CH2 in the

PIM-1 spirobisindane segment. In the case of one of the

diazides, the nitrene may also react with the �C¼C� bond

of the cross-linking agent. The azide-based nitrene reaction

with PIM-1 is distinct from the [2þ 3] cycloaddition

reaction of azide with the nitrile group of PIM-1 leading

to a tetrazole functionality, which we recently reported for

CO2 separation applications.[30] The gas separation proper-

ties of the cross-linked polymers can be tuned by the

selection and concentration of diazide and the degree of

cross-linking. In comparisonwith PIM-1A and PIM-1�, cross-

linked PIM-1 / azides, prepared under these reaction

conditions, exhibited higher O2/N2, CO2/CH4 and CO2/N2

selectivities, coupled with expected reductions in gas

permeabilities. In addition, cross-linked PIM-1 / azides

exhibit high permeability coupled with moderate selectiv-

ity with values close to, or exceeding the experimentally

observed C3H6/C3H8 upper bound. The results of the mixed

gas CO2/CH4 experiments indicate that cross-linked PIMs

exhibit a reduction of plasticization in the presence of

condensable gases.
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