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Highlights 

• Highly selective and stable inter-crosslinked MMMs were synthesized 

• Polymer-filler thermal crosslinking leads to superior plasticization stability 

• Thermal crosslinking was achieved at temperatures as low as 200°C 

• Inter-crosslinked MMMs show defect-free behavior up to 30 wt. % PPN loading 

• The roles of physical and chemical polymer-filler interactions were elucidated 

 

 

  



 

 

Abstract 

Poor interfacial compatibility is the most common issue inhibiting performance enhancement in 

mixed matrix membranes (MMM) for gas and liquid separations. To address this issue, we 

fabricated highly selective and permeable inter-crosslinked mixed matrix membranes (IcMMMs) 

based on carboxylic-acid functionalized polymer of intrinsic microporosity-1 (CPIM) containing 

up to 30 wt. % triptycene-isatin polymer porous network (PPN) particles. Polymer-filler inter-

crosslinking is accomplished via thermal decarboxylation at 200°C, which is the lowest 

temperature this reaction has been found to occur in the literature. This low temperature 

circumvents potential issues with degradation of porous supports or gutter layer materials, and thus 

enables these materials to be integrated into traditional membrane processes. The resulting 

IcMMMs exhibit gel fractions above 90%. Beyond IcMMMs, membranes based on neat CPIM, 

thermally crosslinked CPIM, as well as non-crosslinked CPIM-PPN mixed matrix membranes 

were fabricated to elucidate the individual and synergistic effects of filler inclusion and thermal 

treatment. In addition to showing upper bound permeability-selectivity performance, IcMMMs 

also exhibit an almost unprecedented stability against plasticization upon extended exposure to 

CO2 up to 50 atm or above. This study shows that crosslinking across the polymer-filler interface 

is the key feature to achieve simultaneous enhancement in permeability, selectivity, and stability. 

To elucidate the molecular mechanism of these enhancements in the IcMMMs with respect to the 

baseline materials, permeability was broken into its sorption and diffusion contributions and an 

energetic analysis of sorption was performed. The low cost of PPNs coupled with the mild 

crosslinking temperature make this approach highly scalable, resulting in materials exhibiting high 

rigidity and structural stability with the potential to excel in aggressive separations, such as organic 

solvent separations or high-CO2 content, high-pressure natural gas sweetening. 
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1. Introduction 

Chemical separations account for a significant fraction of global energy consumption, which is 

estimated to be 8 GJ per person on the hearth every year [1]. Although membrane separations hold 

promise as energy efficient and sustainable alternatives to thermal-based separations, their large-

scale implementation has been hindered by long-standing challenges, such as poor selectivity and 

stability. These challenges are especially difficult to solve within the context of the chemically and 

thermally harsh operating conditions in applications such as sour gas processing, carbon capture, 

hydrogen production, and organic solvent separation [1–3]. 

A trade-off relationship between permeability and selectivity exists in polymer membranes, 

wherein attempts to enhance permeability are typically accompanied by a loss in selectivity, and 

vice-versa [4,5]. While strides in enhancing permeability while maintaining modest selectivity 

have continually been made by synthesizing extremely rigid polymer architectures, improving 

selectivity without significantly compromising permeability has proven to be a challenge [3,6,7]. 

As recommended by the US National Academies in 2019 [8], enhancing permeability and 

selectivity, while important, is not sufficient. The long-term stability of membrane permeability 

and selectivity remains a mostly unsolved challenge. Many existing state-of-the-art polymer 

membranes based on linear glassy polymers, despite exhibiting adequate separation performance 

in the short term, suffer from poor long-term stability due to plasticization and physical aging 

[9,10]. A generally accepted idea is that the suppression of chain rotation via the use of monomers 

exhibiting fused rings, such as those found in polybenzimidazoles (PBIs), might help fix this issue. 

However, these polymers still exhibit a marked aging and plasticization propensity [11,12]. 

Spirocyclic polymers, such as polymers of intrinsic microporosity (PIMs), are another example of 

functional materials designed to exhibit high permeability and rigidity. PIMs typically consist of a 

combination of rigid kinked moieties, such as spiro centers, which generate internal microporosity, 

and fused rings, which hamper chain rotation. Since their discovery, a plethora of functionalization 

approaches have been devised to engineer their properties by direct substitution of the nitrile 

groups. A large variety of substitutions have been proposed, such as amidoximes [13,14], 

carboxylic acids [15,16], amines [17–19], amides [20,21], thioamides [22], and tetrazoles [23]. 

Despite their positive effects on permeability and selectivity in the short time frame, these 

approaches alone are not sufficient to fix long-term stability issues [10,14,15,17,18]. 
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Although increasing monomer rigidity inhibits atomic-scale fluctuations, polymer chain mobility 

must be halted to guarantee a stable performance in chemically and thermally harsh environments 

[10]. The core challenge to be addressed is to synthesize materials exhibiting, even in harsh 

environments, a permanent structure at multiple length scales, while maintaining a free volume 

architecture capable of offering adequate size sieving ability. Solving this challenge requires 

simultaneous freezing of local atomic fluctuations to preserve permeability and selectivity (i.e., 

rigid/kinked monomers) [24], as well as reduction of the chain mobility responsible for 

plasticization and physical aging. Thus, a combination of both rigid molecular architectures and 

chain immobilization techniques could be a favorable strategy to produce membranes meeting the 

expected needs. 

Fabricating immobilized molecular architectures presents a distinct challenge when considering 

that polymers should be solvent-soluble and go through a vitrification process during fabrication 

as a thin film. This process inherently produces non-equilibrium (i.e., glassy) materials with some 

degree of chain mobility. Given this conflict between the nature of membrane processing and the 

need for stable materials, fabrication of highly stable membranes often requires post-modification 

chemical treatments, thermal treatments, or the incorporation of additives [3,25–27].  

Crosslinking is an effective approach to immobilize polymer chains, leading to membranes 

exhibiting enhanced plasticization resistance [28–34]. Polyimides (PIs) exhibiting carboxylic 

groups were crosslinked using various diols or multivalent metal ion coordination to the 

carboxylate form. This result was generally successful and resulted in films exhibiting adequate 

plasticization resistance upon exposure to CO2 up to 30-40 atm [28–30]. In 2008, Kratochvil and 

Koros used thermal decarboxylation at 389°C to crosslink diamino benzoic acid (DABA) 

containing PIs, followed by rapid quenching [31]. This decarboxylation approach was more 

effective than the diol crosslinking, as it produced membranes exhibiting plasticization resistance 

up to 45 atm, with a CO2 permeability at plasticization of 450 Barrer. Of equal importance, these 

membranes resisted hydrolysis and did not require external crosslinking agents. The crosslinking 

temperature, however, was above the polymer’s Tg, which may be problematic if the polymer 

experiences degradation below its glass transition. Decarboxylation crosslinking has been 

successfully extended and combined into hybrid approaches to modify polyimides [32,35–37], 

PIMs [34], Tröger’s base polymers [38], and thermally rearranged polymers [39]. All these 

approaches, however, rely on crosslinking temperatures above 300 °C, which makes the processing 
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and scale-up of these membranes difficult, as conventional gutter layers or porous support 

materials do not withstand such high temperatures. Additionally, many of these crosslinked films 

still exhibit performance instabilities under harsh conditions, especially when fabricated as thin 

films [32]. In this study, we propose a fabrication approach capable of producing fully crosslinked 

spirocyclic polymers at temperatures as low as 200°C, where most of porous support will not 

experience any degradation issues. 

Another approach to enhance selectivity and stability relies on the incorporation of porous 

materials in polymers to fabricate mixed matrix membranes (MMM). While zeolites were initially 

considered, researchers have turned to designing metal organic frameworks (MOFs) and other 

hybrid porous materials due to their better compatibility with polymers. Overall, the MMM 

approach offers the well-defined and permanent structure of the incorporated particles, but it also 

introduces the need to engineer polymer-filler interactions, find optimal filler loadings, and design 

new fabrication routes. Solving the problem of poor polymer-filler compatibility, which 

compromises selectivity due to the formation of defects at filler-polymer interfaces, has been of 

particular focus [40,41]. Recently, the discovery of new synthetic routes made it possible to 

fabricate fully organic porous fillers, such as porous organic cages (POCs), porous aromatic 

frameworks (PAFs), and porous polymer networks (PPNs) [42,43]. These materials exhibit some 

key features, such as i) lack of inorganic components, ii) tunable porosity and microporosity, and 

iii) capability of being functionalized. These features tend to eliminate the structural defects 

typically observed in conventional MMMs by promoting intimate polymer-filler blending. In some 

instances, these organic additives establish physical and chemical interactions with the polymer, 

such that the blend resembles a single phase rather than a heterogeneous medium. For this reason, 

these material systems have been called molecularly mixed composite membranes (MMCMs). 

Lively et al. fabricated MMCMs for organic solvent separations exhibiting molecular weight cut-

off below 236 g/mol in methanol, ethanol, and toluene in organic solvent nanofiltration (OSN) 

tests [44]. Noteworthy, this approach may also benefit membrane’s long-term stability. Indeed, as 

shown by Noble et al., incorporation of PAFs significantly reduces the aging propensity of high 

free volume microporous glassy polymers, such as PTMSP and PIM-1 [45,46].  

In this study, we combine the crosslinking and mixed matrix membrane approaches to design 

polymer membranes exhibiting simultaneously high selectivity, high stability and superb 

plasticization resistance. We demonstrate that PPNs synthesized from isatin and triptycene can be 
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blended with carboxylic-acid functionalized PIM-1 (CPIM) to form defect-free MMMs at loadings 

as high as 30 wt. %. Thermally induced decarboxylation crosslinking is then utilized to crosslink 

not only CPIM to itself, but the CPIM to the PPN. These composite membranes, wherein the filler 

and continuous phase are chemically bonded, are thus specified as inter-crosslinked mixed matrix 

membranes (IcMMMs). Notably, crosslinking is accomplished at 200°C, which is the lowest 

temperature this reaction has been found to occur in the literature. This low temperature 

circumvents potential issues with degradation of porous supports or gutter layer materials, thus 

facilitating the scale up and integration of these materials into membrane processes. The low cost 

of PPNs compared to other fillers, such as PAFs (50 vs 500 $/g), improves the scalability of the 

proposed approach. The resulting IcMMMs exhibit upper bound permeability-selectivity 

performance for several gas pairs and an impressive CO2 plasticization resistance up to at least 50 

atm for extended exposure times, which places these membranes among the most stable ever 

reported. Finally, fundamental structure-property correlations are presented to explain the 

molecular origin of the observed behaviors. 

 

2. Theoretical Background 

Pure gas permeability (𝑃) in dense membranes is described by the solution-diffusion model: 

 𝑃 = 𝐷̅ × 𝑆 (Eq. 1) 

where 𝐷̅ is the concentration-averaged diffusion coefficient and 𝑆 is the solubility coefficient given 

by the fugacity-normalized penetrant concentration in the polymer phase (i.e., C), so that 𝑆 = 𝐶/𝑓. 

Based on the solution-diffusion model, the ideal permeability-selectivity of gases A and B, 𝛼𝐴/𝐵, 

is defined as follows: 

𝛼𝐴/𝐵 =
𝑃𝐴

𝑃𝐵
=

𝐷𝐴

𝐷𝐵
×

𝑆𝐴

𝑆𝐵
                       (Eq. 2) 

where (
𝐷𝐴

𝐷𝐵
) and (

𝑆𝐴

𝑆𝐵
) are the diffusion-selectivity (i.e. size-sieving ability) and the solubility-

selectivity, respectively.   

The dual mode sorption/transport model describes small molecule sorption and transport in glassy 

polymers by envisioning the polymer phase as a heterogeneous medium (i.e, Henry’s and 

Langmuir’s contributions):  

𝐶 = 𝑘𝐷 𝑓 +
𝐶𝐻

′  𝑏 𝑓

1+𝑏 𝑓
                            (Eq. 3) 
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where C is the penetrant concentration in the polymer, f is the fugacity in the external gas phase,  

𝑘𝐷 is the Henry’s solubility coefficient, 𝐶𝐻
′  is the Langmuir sorption capacity, and 𝑏 is the 

Langmuir affinity parameter [15,47]. 

Fundamental insights into the penetrant-polymer and penetrant-penetrant interactions responsible 

for the membrane transport behavior can be gained by examining the energetics of penetrant 

sorption in the membrane material. Isosteric heats are the enthalpy of sorption at constant penetrant 

concentration in the polymer phase. The enthalpy of sorption is the difference in enthalpy between 

a penetrant in the bulk gas phase and the same penetrant when condensed in the polymer phase. 

The isosteric heat is related to energetic changes due to condensation of the penetrant, interaction 

of the penetrant with the polymer, and interaction of the penetrant with other penetrants already in 

the polymer phase [48]. In this work, isosteric heats are used to base the membrane plasticization 

propensity on a rational thermodynamic basis. Isosteric heats of sorption were determined by 

collecting gas sorption isotherms at multiple temperatures, as follows [48]:  

(
𝑑(ln 𝑝)

𝑑(
1

𝑇
)

)
𝐶

=
∆𝐻𝑆

𝑅
                       (Eq. 4) 

where p is the pressure at which the penetrant concentration 𝐶 is achieved, 𝑇 is the temperature, 𝑅 

is the gas constant, and ∆𝐻𝑆 is the isosteric heat. 

Besides equilibrium gas uptake, the dual-mode model has also been adapted to describe the 

diffusion of gases in each of the two modes, assuming the existence of a distinct contribution of 

penetrant mobility from each sorbed mode in the polymer rather than a single representative 

diffusion coefficient [47,49]. Therefore, according to the partial immobilization model, the gas 

permeability P can be expressed as follows: 

𝑃 = 𝑘𝐷 𝐷𝐷 +
𝐶𝐻

′  𝑏 𝐷𝐻

1+𝑏 𝑓
                 (Eq. 5) 

where 𝐷𝐷 and 𝐷𝐻 are the Henry mode and Langmuir mode diffusion coefficients, respectively. 

The ratio of the two diffusion coefficients is given as the parameter 𝐹, where 𝐹 = 𝐷𝐻/𝐷𝐷. A value 

of 𝐹 = 0 represents the ‘total immobilization’ case wherein gases sorbed in Langmuir sites do not 

contribute to the measured diffusivity, whereas a value of 𝐹 = 1 corresponds to ‘no 

immobilization’ wherein the diffusion behavior of gases does not depend on which sorbed mode 

the gas occupies. 
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3. Experimental Methods 

3.1. Materials. Details about the chemicals used and their purification routes are provided in the 

Supporting Information (SI), Section S1. 

 

3.2. Synthesis of PIM-1. PIM-1, the precursor material for carboxylated PIM-1 (CPIM), was 

synthesized as shown in Figure 1A, via high-temperature polycondensation. Details are provided 

in the SI, Section S2. 

 

 

Figure. 1. Synthetic routes to (A) PIM-1, (B) CPIM, and (C) triptycene isatin PPN. (D and F) 

defect-free CPIM membranes, (E) a defect-free MMM30 membrane, (G) the synthesized triptycene 

isatin powder, (H) color comparison of a MMM30 membrane before (top) and after (bottom) 

thermal treatment, and (I) demonstration of CPIMTT’s insolubility after soaking in THF for 24h. 

 

3.3 Acid Hydrolysis of PIM-1. Carboxylated PIM-1, denoted herein as CPIM, was prepared via the 

acid hydrolysis method with minor modifications (cf., Figure 1B) [15]. Specifically, 0.8 g of PIM-

1 was combined with 48 mL of deionized (DI) water, 16 mL of glacial acetic acid, and 48 mL of 

sulfuric acid in a 250 mL single neck round-bottom flask equipped with a water-cooled condenser 

and magnetic stir bar. The reaction was heated by submersion of the flask in an oil bath at 150°C 

under stirring at 200 rpm. After 48h, the reaction mixture was decanted into 500 mL of water. The 

resulting solution was filtered to recover a brown-colored product. To retain the protonated form 

of the acid groups, the product was refluxed in 200 mL of DI water with 3-4 drops of sulfuric acid 
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for 24h. Finally, the final product was recovered by filtration and dried in a vacuum oven at 110°C 

overnight. The degree of carboxylation, determined via elemental analysis, was about 90% (cf. 

Table 1). 

 

3.4 Synthesis of Triptycene-Isatin Porous Polymer Network. Porous polymer networks (PPN) were 

synthesized in-house via the hydroxyalkylation reaction between triptycene and isatin (cf., Figure 

1C). Details regarding the synthesis procedure are provided in the SI, Section S3, along with some 

relevant PPNs properties. The rationale for selecting triptycene-isatin PPN to be mixed with CPIM 

is that carboxy moieties in the CPIM backbone are expected to produce, upon thermal treatment, 

radical crosslinking with the triptycene moieties in the PPN to favor the formation of IcMMMs. 

Also, triptycene units provide their unique internal free volume, referred to as configurational free 

volume [50–52], which exhibits extremely uniform distribution, offering high selectivity as well 

as long-term stability [42]. Finally, isatin, which is an activated ketone exhibiting high reactivity 

in the hydroxyalkylation reaction, is cheap, readily available, and contains amide groups that can 

favorably interact with gases such as CO2. 

 

3.5. Membrane Fabrication. In this study, four kinds of membranes were fabricated: neat CPIM, 

thermally treated (i.e., thermally crosslinked) CPIM, mixed matrix membranes comprising CPIM 

and 30 wt. % PPN (MMM), and thermally treated membranes of CPIM and 30 wt. % PPN (i.e., 

IcMMMs). A loading of 30 wt. % PPN is the previous highest successful loading achieved in the 

literature, and this loading was used throughout this study to serve as a benchmark for comparison 

[43]. All membranes were fabricated via solution casting. Details are reported in the SI, Section 

S4.  

After fabrication, dense, self-standing (i.e., support-free) membranes, 140-180 m thick, were 

thermally crosslinked by placing them in a glass petri dish in a room-temperature vacuum oven 

equipped with a cold trap, which was filled with liquid nitrogen. Vacuum was pulled for 30 minutes 

to remove gases and any residual moisture. Following this step, the oven was heated to 200 °C 

over the course of one hour. The samples were held at this temperature under vacuum for 24h, and 

then were allowed to slowly cool to room temperature. This procedure avoids any potential 

oxidation processes that could complicate the crosslinking process. Regarding sample 



8 

 

nomenclature, the uncrosslinked MMM containing 30 wt.% PPN will be denoted MMM30, and 

the thermally crosslinked IcMMM containing 30 wt. % PPN will be called IcMMM30  throughout 

the manuscript. Thermally crosslinked CPIM will be denoted CPIMTT. PPN-containing samples 

had a darker appearance, and the color darkened further upon thermal treatment, as shown in 

Figures 1D-H. As shown in Figure 1I, both thermally crosslinked membranes (i.e., CPIM-TT and 

IcMMM30) are insoluble in THF. 

 

3.6. Structural Characterization. Details regarding the compositional (NMR, FTIR, elemental 

analysis), thermal (DSC, TGA-MS), and physical (BET, gel fraction) characterization are provided 

in the SI, Sections S5-12. 

   

3.7 Sorption/Transport Measurements and Plasticization Study. Pure gas H2, CH4, and CO2 

permeability was measured at 35 °C and up to 30 atm using a constant volume, variable pressure 

apparatus. Details are provided in the SI, Section S13. 

High pressure CO2 permeability measurements were run, up to 50 atm at 35 °C, to assess 

membrane plasticization resistance. Membranes were first exposed to a low CO2 pressure (0.2-0.5 

atm), which was increased stepwise until a discernible minimum in permeability was observed. 

Permeability rise due to CO2-induced plasticization is a transient dynamic process dependent on 

polymer relaxation, and steady increases in permeability can be observed to occur for multiple 

days at constant CO2 pressures [29,32,53]. Thus, a standard procedure was determined to equalize 

the membrane exposure time to each CO2 pressure, wherein each CO2 pressure was held for 24 

hours, and the downstream side of the membrane was vacuumed out until measurement at the end 

of each 24 hours.  

To gain fundamental insights into the transport mechanism via the dual-mode model, pure gas CO2 

and CH4 sorption was measured at temperatures between 15-50°C and up to 40 atm, using the 

pressure decay method [54]. H2 was excluded from sorption measurements, due to its extremely 

low condensability [55]. Details regarding the sorption measurements are provided in the SI, 

Section S14. Diffusion coefficients were determined from experimental sorption and permeation 

data, using the solution-diffusion model. 
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4. Results and Discussion 

4.1 Synthesis and Characterization of PIM-1, CPIM, and Triptycene-Isatin PPN. Successful 

synthesis of PIM-1, CPIM, and the triptycene-isatin PPN was confirmed by ATR-FTIR, 1H NMR, 

and 13C NMR spectroscopy. Chemical structures of PIM-1 and CPIM are shown in Figure 2A-B, 

where they are labelled with the corresponding NMR proton or carbon assignments.  

 

Figure 2. Molecular structures with numbered carbon assignments and lettered proton 

assignments for (A) PIM-1 and (B) CPIM. (C) ATR-FTIR, (D) 1H NMR, and (E) 13C NMR spectra     

of the synthesized materials are shown. 
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In Figure 2C, the ATR-FTIR spectra of the synthesized materials are shown. Both PIM-1 and 

CPIM exhibit the characteristic IR absorption bands, namely, the C=C aromatic stretching at 1600 

cm-1 [56,57], the dibenzodioxane C-O-C stretch at 1010 cm-1 [58,59], as well as the methyl, 

methylene bridge, and aromatic stretching and bending peaks at 2840-3000 cm-1 and 1360-1490 

cm-1, respectively [57,60,61]. PIM-1 exhibits the characteristic nitrile C≡N stretch at 2238 cm-1, 

which disappears in CPIM. The latter, instead, exhibits new peaks appearing as a broad -OH stretch 

near 3500 cm-1,  as well as a carbonyl stretch at 1720 cm-1 corresponding to the carboxylic acid -

COOH group [15]. The triptycene-isatin PPN exhibits the typical C=O stretch at 1708 cm-1, N-H 

bend at 1469 cm-1, and C-N stretch at 1320 cm-1 characteristic of the lactam moiety [42].  Details 

about the PPN BET area and thermal stability are provided in the Supporting Information, sections 

S9 and S15, respectively. 

1H NMR spectra for CPIM and PIM-1 are shown in Figure 2D. The peaks for the PIM-1 backbone 

(labeled A, B, C, D) are invariant between the PIM-1 and CPIM spectra and correspond to the 

expected structures for these materials [15,62]. Successful carboxylation of PIM-1 is confirmed 

by the appearance of the acidic proton signal in the 1H NMR spectrum for CPIM at 11.9 ppm. In 

the 13C spectra for PIM-1 and CPIM (cf., Figure 2E), the corresponding backbone peaks are 

preserved as in the case of the 1H NMR spectra, and the almost complete shifting/disappearance 

of the signal at 95 ppm (i.e. carbon 5) and appearance of a signal at 162.9 ppm characteristic of 

the -COOH group in the 13C spectrum of CPIM further confirm a successful carboxylation reaction 

[15,62,63]. 

To determine the degree of hydrolysis of CPIM (i.e., number of nitriles in PIM-1 converted to 

carboxylic acid groups in CPIM), combustion elemental analysis was performed. Elemental 

analysis was chosen since direct quantification by integration of 1H NMR peaks is difficult to 

achieve due to exchange of the acidic protons with water [15,64]. Moreover, estimates from mass 

losses during decarboxylation would underestimate the degree of decarboxylation [15,62] since 

this process is self-catalyzed by nearby acid groups, therefore complete decarboxylation is not 

generally observed to occur in a single isolated mass loss during TGA analysis [31,65]. As shown 

in Table 1, the experimental N/C mass ratio in neat PIM-1 matches theoretical predictions, and the 

calculated degree of hydrolysis of the synthesized CPIM is 92.0%. This conversion is in agreement 

with literature data [15]. Since a dilute sulfuric acid solution is applied in the last processing step, 

a certain amount of sulfur is expected to be retained in the final CPIM product. Consistently, a 
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slight increase in the sulfur content between PIM-1 and CPIM (~0.3 wt. %) is apparent. Some 

implications of this residual acid content will be discussed in Section 4.2.  

 

Table 1: Elemental analysis, in terms of atomic weight percents, of the synthesized PIM-1 and 

CPIM. The degree of hydrolysis is the percentage of nitrile groups in PIM-1 that have been 

converted into carboxylic acids. Sulfur (S) was tested to determine whether residual sulfuric acid 

was retained in the final product. 

sample data source % C % N % S N/C 
degree of hydrolysis 

(%) 

PIM-1 Experimental 72.97 5.83 0.21 0.08 0 

Theory 75.64 6.08 0 0.080 0 

CPIM Experimental 63.7 0.41 0.504 0.00637 92.0 

Theory 69.9 0 0 0 100 

 

4.2 Membrane Formation and Thermal Crosslinking. Decarboxylation crosslinking has been 

successfully achieved in various acid-containing polyimides and microporous polymers, including 

CPIM, but usually at temperatures in excess of 300°C [31,33,35,38]. Significant losses in 

crosslinking efficiency and plasticization resistance have been reported as crosslinking 

temperature is decreased from 425°C to as low as 300°C for both polyimides and microporous 

PIMs [33,35,38]. Given that the temperature used in this study (200°C) for the decarboxylation 

crosslinking reaction is relatively low, gel fraction analysis, FTIR, 13C CP/MAS NMR, and TGA-

MS were used to confirm that crosslinking successfully occurred, as well as to quantify the extent 

of crosslinking.  

The gel fraction characterizes the amount of insoluble material of a crosslinked gel. By using THF, 

a good solvent for CPIM, soluble material was leached out of crosslinked membranes (i.e., 

CPIMTT and IcMMM30), and the fraction of remaining mass gives an estimate of the crosslinking 

efficiency. Du et al. previously reported, for CPIMs crosslinked at 375°C for 40 minutes, gel 

fractions of 85-92% with degrees of hydrolysis of 85-100% [34]. For the CPIM reported herein, 

with a 92% degree of hydrolysis, the gel fraction of the resulting crosslinked (i.e., thermally 

treated) membrane, CPIMTT, is 90 ± 1%. The thermally crosslinked IcMMM30 exhibits a gel 
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fraction of 94.1 ± 0.7%. Remarkably, these results confirm that crosslinking efficiency is not 

sacrificed by the lower crosslinking temperature. To the best of our knowledge, this is the first 

time that thermal crosslinking of PIM derivatives has been achieved at temperatures as low as 

200°C [34,66,67]. 

One possibility is that crosslinking occurs by formation of anhydrides, rather than by formation of 

covalent C-C bonds. However, the presence of anhydrides as primary crosslinking products was 

ruled out by hydrolysis testing, wherein samples of CPIMTT were boiled in water for 10 days, 

after which the gel fraction was measured again. Despite the aggressive hydrolytic conditions 

employed, these membranes retained gel fractions close to 90% (cf. Table S4, SI). Therefore, 

despite the lower temperature, a high crosslinking efficiency, resulting in hydrolysis-resistant 

crosslinks, can be achieved by extending the crosslinking time. 

Figure 3A shows ATR-FTIR spectra of MMM30 and IcMMM30 membranes. Two main spectral 

features confirm the chemical transformations occurring. First, the signals associated to the 

carboxylic acid -OH and C=O stretches at 3500 cm-1 and 1720 cm-1 are depressed in the thermally 

treated sample, indicating some degree of decarboxylation occurs during treatment. Moreover, 

peaks located at 1440-1480 cm-1 in IcMMM30 experience a 25 cm-1 blueshift to 1465-1513 cm-1, 

while the C-O-C stretch at 1004 cm-1 present in the MMM30 sample becomes significantly 

diminished along with the appearance of a new peak at 975 cm-1 in the IcMMM30 sample. The 

large blueshift in the stretching region between 1440-1480 cm-1 in the IcMMM30 sample, which 

includes C=C aromatic stretching, C-O stretching,  and methylene bridge -CH2 bending modes 

[57,68–70], is likely the result of changes to the substitution pattern on the aromatic benzodioxin 

moieties in the CPIM backbone or carbon-carbon bond disruption between the methylene bridge 

and spiro center. Notably, the bending vibration of the methyl groups at 1369 cm-1 [60] is 

unaffected by thermal treatment, which indicates that any C-C bond scission is prone to occur 

close to the spiro center in the PIM backbone. Changes in the C-O-C stretch in the thermally treated 

sample further confirm the significant change in the substitution pattern on the aromatic moieties, 

namely, loss of acid groups or formation of the aromatic C-C crosslinks that typically occur during 

decarboxylation crosslinking [31,65]. 
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Figure 3. Study of the thermal treatment by (A) FTIR-ATR of MMM30 and IcMMM30, (B) 13C-

CP/MAS NMR spectra of CPIM, CPIMTT, MMM30 and IcMMM30, (C) TGA mass loss analysis 

of MMM30 and IcMMM30, and (D) mass spectrometry signals corresponding to the TGA 

experiments in (C). 

 

13C CP/MAS NMR spectra were collected on both untreated and thermally treated analogues of 

CPIM and MMM15 (Figure 3B). Since the thermal crosslinking process occurs due to the CPIM 

chemistry, 15 wt. % loading was used instead of 30% to maximize the signal due to changes 

happening to the CPIM. The signals expected for the CPIM structure agree with the 13C NMR 
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presented in section 4.1 and signals corresponding to the aromatic carbons in the triptycene-isatin 

PPN are observed at 123 and 145 ppm as a distinct peak and shoulder contribution, respectively. 

Additionally, the methine bridge in the triptycene group appears at 54 ppm [42]. No significant 

changes in the peaks corresponding to the carbon skeleton in either CPIM or the PPN are observed 

to occur due to the thermal annealing process. This is likely due to changes in the substitution 

pattern producing signals that are overshadowed by already extant signals, or that subtle changes 

are occurring that are beyond the limit of detection of the instrument.  

Notable shoulder contributions to the aliphatic carbons in the CP/MAS spectra appear at 67 and 

25 ppm in the untreated samples. These signals either greatly diminish or completely disappear 

upon thermal treatment. These align well with the expected 13C signals for THF—the casting 

solvent for the samples—shown in Figure 2E. However, all samples used for the CP/MAS analysis 

were dried at 110°C for 12h under vacuum before analysis, so it seems unlikely that THF, with a 

boiling point of 66°C, would remain occluded in the samples after this treatment. Further, the 

signal is still weakly present in the CPIMTT sample, which was treated at 200°C for 24 hours 

under vacuum. These apparently contradictory observations are explained by considering the 

interaction between the casting solvent, THF, and the residual sulfuric acid present in the CPIM 

after synthesis that was detected using elemental analysis (cf. Table 1). As mentioned earlier, a 

dilute acid wash is applied in the final step of the CPIM synthesis to retain the protonated acid 

form, and the residual sulfuric acid likely interacts with THF in the casting solutions for the 

membranes to form short-chain oligomers of THF (i.e., poly(THF)), which have 13C signals that 

correspond to those seen in Figure 3B [71]. Sulfuric acid is a common catalyst in ring-opening 

polymerizations (ROPs) and is known to catalyze the cationic ROP of THF, leading to the 

production of oligomeric species with molecular weights < 1000 Da [72]. These oligomeric 

polyTHF species will have a significantly higher boiling point than THF and have been shown to 

degrade under inert conditions at the temperatures employed [71,73]. Considering the small 

amount of sulfuric acid present and the relatively weak signals seen in the CP/MAS, these polyTHF 

species are likely removed during thermal treatment through a combination of thermal degradation 

and evaporation processes. The effect of the poly(THF) species on the degree of crosslinking or 

hydrolytic stability of the crosslinked membranes was found to be minimal. Specifically, CPIMTT 

membranes boiled in water and cast from either THF or DMF exhibited gel fractions close to 90% 
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(cf. Table S4, SI). Possible effects of poly(THF) on membrane transport properties are discussed 

in Section 4.4. 

Further confirmation of the chemical crosslinking mechanism is provided by the TGA-MS 

measurements on MMM30 and IcMMM30 membranes shown in Figure 3C-D. PPN, due to its 

thermal stability, should not contribute significantly to the observed differences, and TGA of neat 

CPIM closely reflects that of the MMM30 sample. TGA of neat CPIM and PPN are discussed in 

the SI, Section S15. Thus, the different mass losses exhibited by the two samples should originate 

from processes occurring during the thermal treatment process. Notably, the untreated MMM30 

sample shows a sloping mass loss of 5.72% from 100-250°C that is not present in the IcMMM30 

sample. As both samples were dried at 110 °C overnight in a vacuum oven before analysis, it is 

unlikely that this difference in mass loss is due to residual moisture or solvent and is instead a 

combination of low-temperature decarboxylation and removal of the poly(THF) that occurs during 

thermal treatment.  

The smaller area of the first derivative decarboxylation peak for the thermally treated sample, 

relative to the untreated sample, confirms the partial decarboxylation occurring during thermal 

treatment that was also seen in the FTIR analysis. By comparing the mass losses from 250 to 

375°C, it appears that the MMM30 membrane loses about 3% more mass during decarboxylation. 

For a fully carboxylated CPIM, complete decarboxylation of this sample would result in a 12.46% 

mass loss (after adjusting for the 30 wt. % PPN content) [15]. After accounting for the 92.0% 

hydrolysis of the CPIM found from elemental analysis, this 3% mass loss difference indicates that 

approximately 25.8% of acid groups are lost during thermal treatment. 

In the mass spectrometry signals (cf. Figure 3D), differences were observed primarily in the lower 

temperature degradation products. First, a m/z = 29 signal was observed from the MMM30 sample 

from 140-350°C that is not observed from IcMMM30. This ion fragment was assumed to be 

associated with the ethyl ion fragment originating from either the evolution or decomposition of 

THF or poly(THF) oligomers, but would also be produced in the degradation of the main-chain 

PIM backbone [74,75]. The m/z = 29 signal presents as a bimodal evolution in MMM30 with 

peaks centered at 200 and 300°C, which suggests that multiple pathways could be producing this 

signal. Minor degradation of the aliphatic C-C bonds in the aliphatic moieties of the PIM backbone 

could also contribute to the observed degradation behavior, as changes in these peaks were 

observed in the FTIR spectra (cf. Figure 2C). The absence of this signal from IcMMM30 at these 
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lower temperatures provides direct confirmation that these species are efficiently removed during 

thermal treatment. For the m/z = 18 signal, which corresponds to water evolution, some differences 

between MMM30 and IcMMM30 are observed as well. While both samples exhibit an evolution 

near 100°C, typical of physi-sorbed moisture, the untreated MMM30 sample exhibits a secondary 

water evolution spanning from 140-350°C. This behavior is also consistent with the same 

degradation pathways discussed for the m/z = 29 signal, in addition to the expected water 

production as a result of condensation of adjacent acid groups to anhydride groups [31,65]. Little 

to no changes were observed in the production of carbon dioxide between the two samples (m/z = 

44). 

Based on the observed decarboxylation, high gel fractions, and hydrolysis resistant crosslinks, it 

seems that the conventional decarboxylation pathway, in which a free radical process induces 

degradation of anhydride species leading to the formation of C-C crosslinks, is occurring in our 

materials. One interesting feature of this pyrolytic degradation is the ability to sustain crosslinks 

to external aromatic substrates, rather than just between two acid-containing sites. Eskay et al. 

studied in depth this chemistry and found that aromatic acids grafted to naphthalene by a free 

radical process [65]. Thus, since this degradative pathway has been established to be occurring in 

the samples studied, some degree of grafting between CPIM and the aromatic substrates on the 

PPN should take place. The various crosslinking pathways leading to C-C crosslinks in the 

membrane are illustrated in Figure 4A, with the resulting hypothesized inter-crosslinked structure 

portrayed in Figure 4B. The effect of inter-crosslinking on the membrane plasticization resistance 

and transport properties is discussed in Section 4.5. 

 

Figure 4. (A) Proposed crosslinking mechanism, with the final C-C crosslinked structures 

highlighted in blue. (B) Artwork depicting the structure of IcMMM30. 
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4.3 Pure Gas Permeability and Selectivity. Pure gas H2, CH4 and CO2 permeabilities at 

35°C in CPIM, CPIMTT, MMM30, and IcMMM30 are tabulated in section S17, SI. CH4 

and H2 (cf., Figure S6, SI) permeability isotherms exhibit the dual mode behavior typical 

of glassy polymers, with a constant or monotonically decreasing permeability as a function 

of fugacity. In the case of CO2, the dual mode behavior is observed, in the entire pressure 

range, up to 50 atm, only for IcMMM30, while the other samples exhibit a clearly 

discernible upturn ascribed to plasticization. Details about the CO2-induced plasticization 

behavior are provided in Section 4.5.  

Pure-gas H2/CH4 selectivity at 35°C and 10 atm is shown, as a function of H2 permeability, in an 

upper-bound plot in Figure 5A.  

 

 

Figure 5. Upper bound plots for the (A) H2/CH4 (35°C, 10 atm) and (B) CO2/CH4 (35°C, 1 atm) 

gas pairs. State of the art polymer membranes are denoted in gray and include cellulose acetate 

(CA) [53], polysulfone (PSf) [76,77], polycarbonate (PC) [78], PIM-1 [15], Matrimid® [79,80], 

and Pebax [81]. Previously reported PIM-based composite membranes are shown as green 

triangles: 1- PIM-1/POSS [82], 2- PIM-1/CC3 [83], 3- PIM-1/COF(SNW-1) [84], 4- PIM-

1/pDCX [85], 5- PIM-1/UiO-66-NH2 [40], 6 – CPIM/UiO-66-NH2 [40], 7 – CPIM/diacetyl 

biphenyl PPN [86]. 
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H2 permeability and H2/CH4 selectivity decrease by 32% and 22%, respectively, upon thermal 

treatment of CPIM (i.e., CPIMTT). Upon blending with 30 wt. % triptycene-isatin PPN (i.e., 

MMM30), a further 84% decrease in the H2 permeability and 49% decrease in the H2/CH4 

selectivity is observed relative to CPIM. However, after thermal treatment of MMM30, the 

resulting IcMMM30 experiences a >1,000% increase in the H2 permeability and a 66% increase in 

selectivity with respect to its untreated analogue MMM30 membrane, with an overall performance 

lying on the 2008 upper bound. As shown in Figure 5B, quantitatively similar results were 

observed for the CO2/CH4 gas pair at 35°C and 1 atm. To note, data at 1 atm instead of 10 atm 

were used for the CO2/CH4 upper bound to avoid any artifacts due to plasticization of CPIM, 

CPIMTT and MMM30. To put these results in a broader perspective, in Figures 5A-B, the 

performance of the IcMMM30 is compared to that of state-of-the-art materials and, including other 

spirocyclic polymers. 

As shown by Lozano et al., blending triptycene-isatin PPN with polyimides with no thermal 

treatment leads to an increase in permeability and a moderate drop in selectivity, while a marked 

permeability drop is observed in MMM30 relative to CPIM [43]. As discussed in Section 4.4, the 

~65% CO2 permeability decrease experienced by MMM30 relative to neat CPIM is ascribed to the 

presence of short-chain, oligomeric poly(THF) species, which are expected to partially occupy the 

PPN pores. Poly(THF) oligomers in MMM30, whose presence is confirmed by solid state 13C 

CP/MAS NMR measurements, were found to be removed efficiently by the thermal treatment at 

200°C. Interestingly, gas permeability in CPIM, which also contains poly(THF), is not 

significantly hindered, as it closely matches previously reported values [15]. This fact suggests 

that poly(THF) preferentially occupies the PPN pores, more than the CPIM excess free volume 

pockets. More investigation on this phenomenon is underway. To shed light on the fundamental 

origin of the observed transport behavior, in section 4.4 gas permeability and selectivity were 

broken into their elementary sorption and diffusion contributions. 
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4.4 Pure Gas Sorption, Diffusion, and Dual Mode Modeling. Pure gas CO2 and CH4 sorption 

isotherms at 35°C in CPIM, CPIMTT, MMM30 and IcMMM30 are shown in Figures 6A-B as a 

function of fugacity in the contiguous external gas phase. Fugacity was calculated using the Peng-

Robinson equation of state, and experimental uncertainties were calculated using linear error 

propagation [54]. H2 sorption in these polymers is below the limit of experimental detectability, 

therefore it could not be measured. Finally, diffusion coefficients were calculated from 

experimental permeability and sorption data, via the solution-diffusion model. 

CO2 and CH4 sorption in CPIMTT are 59% and 44% higher than in neat CPIM, respectively. 

Similar increases in the sorption capacity have been reported in the literature  for acid-containing 

polymers upon thermal decarboxylation [37]. More in general, thermal decarboxylation of 

polymers produces two competitive effects. First, it allows a more densely packed structure to 

form, due to free volume collapse (i.e., accelerated physical aging), which causes a moderate 

decrease in penetrant solubility; secondly, removing bulky -COOH groups creates new 

microcavities, increasing Langmuir’s mode sorption. Sorption isotherms in Figures 6A-B, and 

solubility coefficients in Figure 6C indicate that the latter effect largely overwhelms the former. 

More specifically, the dual mode analysis, summarized in Figures 6A-B and Table 2, suggests that, 

for both CO2 and CH4, CPIMTT exhibits larger values of the Langmuir sorption capacity, 𝐶𝐻
′ , 

relative to CPIM, which confirms that thermal decarboxylation enhances, at least for these 

materials, sorption capacity. However, as discussed in the previous section, gas permeability 

decreases upon thermal treatment of CPIM, indicating that a parallel decrease of diffusivity must 

take place (cf., Figure 6D). To explain this behavior on a more fundamental basis, diffusivity was 

broken into its Henry’s (i.e., 𝐷𝐷) and Langmuir’s (i.e., 𝐷𝐻) contributions using the partial 

immobilization model (cf. Section S18, SI). The dual mobility modeling points out two main 

effects. First, for both penetrants and in both CPIM and CPIMTT, 𝐷𝐻 is one order of magnitude 

lower than 𝐷𝐷 (cf., Table 2). Moreover, in CPIMTT, the relative contribution of Langmuir’s mode 

diffusion to the total overall diffusivity (i.e., 𝐹 =
𝐷𝐻

𝐷𝐷
⁄ , cf., Table 2) is almost doubled relative 

to CPIM, which explains why gas diffusivity and permeability decrease upon thermal treatment of 

CPIM. This physical picture is also consistent with the increase of the Langmuir’s sorption 

capacity, 𝐶𝐻
′ , observed in CPIMTT relative to CPIM, which causes sorption to increase upon 

thermal treatment. 
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Figure 6. Pure (A) CO2 and (B) CH4 sorption isotherms in CPIM, CPIMTT, MMM30 and 

IcMMM30. (C) Pure CO2 solubility coefficients and CO2/CH4 ideal solubility-selectivity. (D) Pure 

CO2 diffusivity and CO2/CH4 ideal diffusivity-selectivity. (E) Henry’s and Langmuir’s mode 

CO2/CH4 diffusivity-selectivity (i.e., 𝐷𝐷
𝐶𝑂2 𝐷𝐷

𝐶𝐻4⁄  and 𝐷𝐻
𝐶𝑂2 𝐷𝐻

𝐶𝐻4⁄ ). 

 

To avoid mathematical artifacts and enhance the physical meaning of the parameters, the dual 

mode fit of sorption data was run by constraining the slope of ln(kD) and ln(b) versus gas critical 

temperature to be the same as the slope of ln(S) versus gas critical temperature at 10 atm, according 

to the procedure recommended by Smith et al. [15,87].  

Incorporating 30 wt. % PPN causes a 37% increase in CO2 sorption in MMM30 relative to CPIM, 

which is consistent with the much larger surface area exhibited by PPN relative to CPIM, as shown 

by BET measurements (SBET(PPN) = 695 m2/g > SBET(CPIM) = 373 m2/g). Notably, this fact 

indicates that CPIM is not extensively infiltrating and occupying the PPN’s pores, thus ruling out 

any possible polymer interlocking through the PPN’s porosity. This picture is also supported by 

simple geometric considerations. More specifically, the PPN cavities’ diameter is less than 0.7 nm 

[42], while the cross-sectional diameter of bulky CPIM is expected to be 0.75 nm or higher, based 

on the end-to-end distance of the carbonyl oxygens in terephthalic acid. The lack of CPIM 
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interlocking through the PPN porosity is also confirmed by the plasticization study, as discussed 

in section 4.5. 

However, gas permeability in MMM30 is lower than in CPIM, which can only be caused by a 

parallel decrease in diffusivity (cf., Figure 6D). The CO2 diffusion coefficient in MMM30 is almost 

six times lower than in CPIM due to i) the presence of triptycene units, which, as previously shown, 

slow down gas diffusion [50] and ii) oligomeric poly(THF) partially occupying the PPN pores, as 

discussed in Section 4.2. For both CO2 and CH4, MMM30 exhibits lower values of 𝐷𝐷 and 𝐷𝐻 

relative to neat CPIM. In the case of 𝐷𝐻, a larger decrease is observed for CH4 (-82%), which is a 

bulkier penetrant relative to CO2 (-70%). 

Finally, IcMMM30 experiences no significant changes in gas sorption relative to MMM30, 

especially in the case of CO2. In the case of CH4 a slight increase is apparent within the 

experimental uncertainty. Therefore, the large permeability increase exhibited by IcMMM30 

relative to the non-thermally treated MMM30 is essentially due to the diffusion behavior. This fact 

is confirmed by the simultaneous increase in 𝐷𝐻 and 𝐷𝐷 observed in IcMMM30 for both penetrants 

relative to MMM30. Interestingly, if we take CPIM as the basis of comparison, the larger 

permeability exhibited by IcMMM30 mirrors its larger gas sorption capacity relative to CPIM, 

while diffusivity is essentially the same for the two materials. In other words, while sorption tends 

to increase in the order CPIM < CPIMTT < MMM30 ≈ IcMMM30, diffusion first decreases in 

the order CPIM > CPIMTT > MMM30, and then for IcMMM30 it recovers a similar value as for 

the original CPIM sample. As shown in Table 2, the increase in CO2 sorption observed from CPIM 

to IcMMM30 is due to a 114% increase in the Langmuir sorption capacity, 𝐶𝐻
′ , while the Henry’s 

mode contribution, 𝑘𝐷, exhibits a much smaller increase of 8.14%. Therefore, the increased 

sorption capacity exhibited by IcMMM30 relative to the baseline material, CPIM, is likely caused 

by i) the elimination of bulky -COOH groups, and ii) the additional surface area provided by the 

microporous PPN.  

𝐷𝐷 and 𝐷𝐻 values for CO2 in IcMMM30 recover and slightly surpass the values observed in CPIM. 

In the case of CH4, 𝐷𝐷 recovers almost the same value as for CPIM, while 𝐷𝐻 surpasses the value 

observed in CPIM by 170%. This trend is consistent with the increase in Langmuir capacity offered 

by the PPN and with the efficient removal of poly(THF) and subsequent pore activation of the 

PPN, as discussed in the structural analysis. Overall, CO2/CH4 diffusion selectivity increases by 



22 

 

7.3% in IcMMM30 relative to CPIM, while solubility-selectivity experiences a 4.4% decrease. 

Fractional free volume (FFV) calculations confirm this physical picture, with both CPIM and 

IcMMM30 exhibiting essentially similar FFVs of 21.0% (cf. Table S3, SI). More details on the 

role and interpretation of FFV are provided in the SI, Section S4. 

Interestingly, while Henry’s CO2/CH4 diffusion selectivity (i.e., DD
CO2 DD

CH4⁄ ) remains 

approximately constant among samples, Langmuir’s CO2/CH4 selectivity (i.e., DH
CO2 DH

CH4⁄ ) 

increases in the order CPIM ≈ CPIMTT < MMM30 < IcMMM30. This behavior is primarily 

attributed to the presence of triptycene units in the PPN structure, which contain configurational 

free volume (i.e., the intramolecular spaces within triptycene moieties), providing an effective 

enhancement of the size sieving ability in specifically the Langmuir mode of transport, in 

accordance with the mechanism discussed by Box et al. [50]. 

In conclusion, the observed increase in CO2 permeability in the order MMM30 < CPIMTT ≈ CPIM 

< IcMMM30 is due to increases in both CO2 sorption and diffusivity. The slight increase in 

diffusivity selectivity is offset by a small decrease in sorption selectivity, which renders the overall 

CO2/CH4 permeability selectivity essentially constant across samples. 

 

Table 2: Summary of the dual mode model fittings. Error bars were obtained using the Jackknife 

resampling technique. Parameters were fit with respect to penetrant fugacity and were constrained 

using the technique reported in [15,87].  

sample gas 
𝑘𝐷   

(CCSTP /(CCpol atm)) 

𝐶𝐻
′   

(CCSTP/CCpol) 

b  

(atm-1) 

DD × 107
 

(cm2/s) 

DH × 108
 

(cm2/s) 
F 

CPIM 

CO2 2.58 ± 0.04 34.0 ± 0.98 
0.597  

± 0.03 
15.57 ± .03 3.4 ± 0.3 0.022 

CH4 0.81 ± 0.17 14.4 ± 6.4 
0.192  

± 0.040 
2.0 ± 0.4 1.2 ± 0.6 0.060 

CPIMTT 

CO2 2.68 ± 0.1 50.7 ± 2.0 
0.680  

± 0.043 
9.8 ± 0.4 4.4 ± 0.4 0.045 

CH4 0.88 ± 0.04 21.3 ± 1.2 
0.226  

± 0.012 
1.64 ± 0.08 1.5 ± 0.2 0.092 

MMM30 CO2 3.26 ± 0.10 64.5 ± 3.0 
0.682  

± 0.070 
4.0 ± 0.2 1.1 ± 0.2 0.027 
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CH4 1.20 ± 0.09 29.5 ± 2.5 
0.257  

± 0.015 
0.48 ± 0.03 0.18 ± 0.02 0.038 

IcMMM30 

CO2 2.79 ± 0.050 73 ± 1 
0.713  

± 0.028 
25.4 ± 0.5 11.0 ± 0.5 0.043 

CH4 1.10 ± 0.02 34.7 ± 0.7 
0.286  

± 0.007 
3.6 ± 0.1 0.9 ± 0.1 0.026 

 

4.5 CO2-induced Plasticization Study. A dedicated plasticization study was run by measuring, in 

the series of four materials, CO2 permeability at 35°C up to 50 atm. In Figure 7A, the plasticization 

behavior of non-thermally treated samples, i.e., CPIM and MMM30, is shown as a function of 

pressure. CPIM plasticizes at about 7 atm, which is in reasonable agreement with previously 

reported data [15]. Recently, Matesanz-Niño et al. showed that hydrogen bonding between an acid-

containing polyimide and triptycene-isatin PPN was able to suppress CO2-induced plasticization 

up to 30 atm, thus it was hypothesized that hydrogen bonding between the -COOH groups in CPIM 

and amide groups in the PPN may lead to plasticization resistance [88]. In striking contrast with 

the expected behavior, MMM30 suffers from an even stronger plasticization propensity relative to 

CPIM, with the onset of plasticization showing up at about 4 atm. The stronger plasticization 

propensity exhibited by MMM30 relative to neat CPIM indicates that i) the polymer-filler physical 

interactions (e.g., CPIM threading through or interlocking with the PPN) is not occurring, which 

mirrors the results of the sorption-diffusion study discussed in the previous section, and that ii) 

significant CPIM-PPN chemical interactions, such as hydrogen bonding, is not occurring in non-

thermally treated mixed matrices.  

The plasticization behavior of thermally treated samples is shown in Figure 7B. Thermally treated 

CPIM, i.e., CPIMTT, plasticizes at about 15 atm CO2. The enhanced plasticization resistance 

exhibited by the latter polymer relative to CPIM is consistent with its crosslinked structure 

resulting from thermally induced decarboxylation. Remarkably, IcMMM30 does not exhibit any 

detectable CO2-induced plasticization up to 50 atm, which places this material among the best 

reported in terms of plasticization resistance. As shown in Figure 7C, the plasticization resistance 

exhibited by IcMMM30 is comparable only to that of a handful of other polymeric membrane 

materials, such as membranes fabricated with branched MOFs [89], polymers with ultra-rigid 

sidechain porosity [90],  and advanced crosslinked polyimides exhibiting π-stacking interactions 
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[37]. It should be noted that, for this test, each CO2 pressure was held for 24h, thus IcMMM30 was 

exposed to high pressures of CO2 for 14 days by the end of the experiment, which makes its 

plasticization resistance even more remarkable. Interfacial polymer-PPN crosslinking is 

responsible for the excellent plasticization resistance exhibited by IcMMM30. Previously, Jiang 

et al. reported high plasticization resistance in membranes fabricated by mixing poly(ethylene 

oxide) with UiO-66 MOFs exhibiting polymer-filler crosslinking relative to composites with no 

interfacial crosslinking [91], a result that confirms the trend observed in this study.  

 

Figure 7. CO2 plasticization test for (A) untreated samples (i.e., CPIM and MMM30) and (B) 

thermally treated samples (i.e., CPIMTT and IcMMM30). (C) Review of CO2 plasticization 

pressures for the materials reported in this study, as well as state of the art materials. Stars 

represent crosslinked films, and half-filed symbols are thin films (< 1 μm). Data for non-

crosslinked film are from ref. [90], and data for crosslinked and mixed-matrix films are tabulated 

in the SI, Table S9. 

 

While polymer-filler crosslinking seems to be the key factor, any effects due to simple physical 

interactions between CPIM and the PPN should be ruled out. The thermal treatment was performed 

at 200°C, which is well below the glass transition temperature of PIM materials (i.e., > 400°C) 

[92]. Additionally, DSC measurements confirmed that none of the studied samples exhibited glass 

transitions or any relaxations below 300°C, as shown in Section S7, SI. This fact, in conjunction 

with the rigidity exhibited by CPIM and its bulky structure, would exclude the occurrence of any 

CPIM interlocking or threading through the cavities of the PPN (whose microcavities are primarily 

<0.7 nm in diameter [42]) as a result of thermal treatment. 
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The plasticization resistance exhibited by IcMMM30 is confirmed, from a thermodynamic 

standpoint, by the analysis of the isosteric heats of sorption (cf., Figure 8). Being a non-polar, non-

plasticizing gas, CH4 should exhibit almost no variations in the energetics of interaction with the 

polymer phase, and this is seen to be the case, where the isosteric heat of CH4 sorption is, within 

the experimental uncertainty, constant as a function of CH4 concentration in the polymer (cf., 

Figure 8A). In contrast, CO2, which is a more condensable quadrupolar gas, is known to plasticize 

polymers. As shown in Figure 8B, the isosteric heat of CO2 sorption in CPIM, CPIMTT and 

MMM30 exhibit a well detectable minimum as a function of CO2 concentration in the polymer. 

The presence of this minimum indicates that positive deformation work is required to 

accommodate additional CO2 molecules in the polymer by pulling apart polymer chains. 

Interestingly, the concentration at which the minimum appears substantially increases by moving 

from CPIM to CPIMTT as a consequence of crosslinking. Remarkably, the CO2 isosteric heat of 

sorption in IcMMM30 does not exhibit any minimum, as it monotonically decreases with 

increasing CO2 concentration. This fact indicates that little or no deformation work is being 

provided to pull polymer chains apart for accommodating additional penetrant molecules in this 

sample, which mirrors the results of the plasticization study, confirming that strong, irreversible 

polymer-filler inter-crosslinking is the key factor leading to superior plasticization resistance. 

Thus, engineering the polymer-filler interface with covalent bonds appears to be a viable strategy 

to simultaneously tackle the problems of membrane permeability, selectivity, and stability without 

adding too much complexity to the material synthesis or membrane fabrication process. 
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Figure 8. Isosteric heats of sorption for (A) CH4 and (B) CO2 in CPIM, CPIMTT, MMM30, and 

IcMMM30. Continuous lines denote experimentally determined values, and the shaded region 

surrounding each line is the experimental error determined, at each concentration, via linear error 

propagation and the standard error of linear regression [93]. 

 

To better highlight the excellent stability exhibited by IcMMM30 and put it in a broader 

perspective, in Table S9, SI, we compare the plasticization pressures (i.e., the pressure at which a 

minimum in CO2 permeability is observed) across several polymers. Although comparing each 

polymer’s plasticization propensity on a pressure basis is easy to do, it is more interesting, from a 

fundamental perspective, to compare the plasticization onset across materials at a given number of 

CO2 molecules accommodated in the polymer matrix (i.e., at a given concentration), as shown in 

Table 3. 
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Table 3: Comparison of the pressures, permeabilities, and concentrations at which CO2-induced 

plasticization occurs in CPIM, CPIMTT, MMM30, IcMMM30 and state of the art materials. 

Literature data are taken from ref. [94]. 

polymer 

CO2 plasticization 

pressure 

(atm) 

CO2 permeability 

at plasticization 

(Barrer) 

CO2 concentration 

at plasticization 

(CCSTP/CCpol) 

temperature 

(°C) 

CPIM 7 546 ± 14 45 ± 2 35 

CPIMTT 15 368 ± 16 83 ± 2 35 

MMM30 5 196 ± 4 66 ± 4 35 

IcMMM30   > 50  976 ± 26 > 193 ± 2 35 

Polysulfone 34 3.6 47 23 

Matrimid® 12 4.8 47 22 

P84 22 0.92 48 23 

Cellulose acetate 11 6 31 27 

Cellulose triacetate 10 7.3 31 24 

 

All polymers presented in this study, apart from the neat CPIM, plasticize at higher CO2 

concentrations relative to previously reported polymers, indicating that PIM derivatives provide 

an excellent platform of materials to design highly stable membranes. Interestingly, MMM30, 

which is the lowest performance material among those studied in this work (cf. Figure 7), exhibits 

a much better stability when its performance is evaluated on concentration basis. Specifically, 

MMM30 plasticizes at a CO2 content of about 66 CCSTP/CCpol, while P84 polyimide, one of the 

most rigid materials used for organic solvent separations, plasticizes at a CO2 content of 48 

CCSTP/CCpol. This comparison is useful to put in broader perspective our results and indicates that 

comparing plasticization propensity on solubility basis is formally more correct than pressure-

based comparisons. 
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Data in Table 3 are summarized in Figure 9, where plasticization CO2 permeability is compared 

across polymers in a 3D plot, as a function of plasticization pressure and plasticization CO2 

concentration. Remarkably, IcMMM30 stands out among state-of-the-art materials, exhibiting, 

simultaneously, no plasticization up to 50 atm, high plasticization CO2 permeability, and superb 

CO2 plasticization concentration. 

 

Figure 9. Plasticization CO2 permeability vs. plasticization pressure and plasticization CO2 

concentration in several glassy polymers of interest in membrane separations. IcMMM30   

outperforms other materials in all three axes. 

 

5. Conclusions 

Free-standing, mechanically robust inter-crosslinked mixed matrix membranes (IcMMMs) based 

on carboxylated polymer of intrinsic microporosity-1 (CPIM) and triptycene-isatin porous 

polymer networks (PPNs) were synthesized and characterized. Mutual polymer-filler crosslinking, 
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through a free-radical decarboxylation mechanism, was accomplished via a mild thermal treatment 

at 200°C under vacuum for 24h. It was shown that the main compositional changes resulting from 

the crosslinking process were minor decarboxylation, removal of low-molecular weight 

contaminants, and formation of hydrolytically stable crosslinks. The resulting IcMMMs perform 

on the 2008 upper bound for a variety of gas separation applications and exhibit ultra-high stability 

against plasticization upon prolonged CO2 exposure up to 50 atm.  

To isolate and quantify the individual and synergistic contributions of physical vs chemical 

polymer-filler interactions to the IcMMMs’ performance, their structure and properties were 

compared vis-à-vis with those of neat CPIM, thermally treated CPIM, and CPIM-PPN mixed 

matrix membranes. The individual and synergistic effects of PPN incorporation and thermal 

treatment were studied via a detailed structural and transport analysis to demonstrate that polymer-

filler crosslinking is the key factor enabling simultaneously high permeability, high selectivity, 

and superior long-term stability against plasticization. It was shown that the high permeability and 

selectivity exhibited by IcMMM30 stem from its high sorption capacity, and Langmuir’s size-

sieving ability, respectively. Removal of the low-molecular weight contaminants was also found 

to have an activating effect on the IcMMMs. IcMMMs stand out in terms of plasticization CO2 

permeability, plasticization pressure, and plasticization CO2 concentration relative to conventional 

rigid glassy polymers, such as polyimide P84, Matrimid®, cellulose acetate and polysulfone. 

One advantage of the fabrication approach developed in this work, due to the lower crosslinking 

temperature employed relative to prior studies, is its compatibility with conventional thin-film 

composite support layers such as PDMS or PAN. Investigation on the plasticization, physical 

aging, mixed gas transport, and organic solvent transport characteristics of the newly synthesized 

materials in the form of thin film composite membranes is underway. 
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