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ABSTRACT 

An intrinsically microporous hydroxyl-functionalized polyimide (PIM-PI) made from 4,4′-

(hexafluoroisopropylidene)diphthalic anhydride (6FDA) and 2,6(7)-dihydroxy-3,7(6)-

diaminotriptycene (DAT1-OH), was thermally converted to polybenzoxazole (PBO). The 

thermal rearrangement of the PIM-PI to PBO significantly increased the free volume, which was 

reflected by a boost in its microporosity as indicated by enhanced Brunauer-Emmett-Teller 

(BET) surface area from 167 to 405 m2 g-1. The increase in free volume noticeably improved the 

gas permeability but also resulted in reduced gas-pair selectivity. The fresh PBO membrane 

made by thermal treatment at 460 °C for 30 minutes (TRIP-TR-460-30) with a PBO conversion 

of 98% displayed a 20-fold higher CO2 permeability of 840 barrer than the initial value of 43 

barrer for the 6FDA-DAT1-OH polyimide at the expense of ~ 60% decrease in pure-gas 

CO2/CH4 selectivity from 52 to 21. The TRIP-TR-460-30 PBO showed good performance for 

propylene/propane separation with pure-gas C3H6 permeability of 21 barrer and C3H6/C3H8 

selectivity of 16 for a 28-days aged sample. When tested under mixed-gas conditions C3H6 

permeability dropped to 12.8 barrer and C3H6/C3H8 selectivity of 8. TRIP-TR-460-30 PBO 

displayed mechanical properties comparable some rigid polyimides with tensile strength, 

Young’s modulus and elongation at break of 58 MPa, 1.83 GPa and 4.3%, respectively. 

 

Keywords: gas separation, triptycene, polyimide, thermal rearrangement, polybenzoxazole, 

propylene/propane separation 
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1. Introduction 

Over the last two decades, the sales of membrane-based gas separation systems have grown 

significantly reaching ~$1.0-1.5 billions/year, primarily in applications for nitrogen production 

from air, hydrogen and olefin recovery from petrochemical streams, and purification of natural 

gas [1,2]. To further advance the application range of gas separation membrane technology, 

development of more permeable and selective materials and reproducible production of thin 

defect-free membranes is needed [1]. Because of their high permeability balanced with good 

selectivity, polymers of intrinsic microporosity (PIMs) have become an attractive group of future 

generation membrane materials for gas separations. In 2004, Budd and McKeown first reported 

solution-processable ladder PIMs containing rigid and kinked sites of contortion in the polymer 

backbones that disrupted efficient chain packing and significantly enhanced microporosity and 

gas permeability while maintaining moderate gas-pair selectivity for O2/N2, CO2/N2 and others 

[3,4]. The potential use of the prototype ladder PIM-1 as ultra-permeable ‘reverse selective’ 

membrane material for highly selective separation of C3+ hydrocarbons from methane- or 

hydrogen-containing feeds was demonstrated with gas mixtures by Thomas et al. in 2009 [5,6]. 

These early studies initiated intensive research efforts on design of new ladder PIMs and 

polyimides of intrinsic microporosity (PIM-PIs) and understanding their structure-property 

relationships for membrane-based gas separations [7-10]. 

Triptycene, a unique paddlewheel-like three-dimentional fused ring structure with high 

internal free volume (FFV) is an important molecular building block for the design of high-

performance polymers [11]. The first attempts to incorporate triptycene building blocks into 

polymer backbones, such as polyesters, polyamides and polyurethanes faced challenges such as 

poor solubility, brittleness due to low molecular weight, and undesirable gas permeation 
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properties [12]. Later, high molecular weight organo-soluble triptycene-based polyimides were 

introduced with good film forming and promising gas separation properties [13-20]. The 

successful synthesis of solution-processable ultramicroporous ladder PIMs and PIM-PIs 

integrated with the triptycene building block, such as TPIM-1, PIM-Trip-TB, PIM-BTrip-TB, 

and KAUST-PI-1, demonstrated unprecedented gas separation properties for some gas pairs 

defining the 2015 pure-gas upper bounds for O2/N2, H2/CH4, and H2/N2 [21-26]. Equally 

promising, PIM-PIs made from triptycene-based dianhydrides and hydroxyl-functionalized 

diamines are located on the 2018 mixed-gas CO2/CH4 performance trade-off for polymeric 

membrane materials [10, 27-30]. 

Along with the design of intrinsically microporous polymers, post-modification is an alternative 

method to generate microporosity and to enhance gas separation performance.  The discovery of 

polybenzoxazoles (PBOs) by Tullos and coworkers in the late 1990s was based on the thermal 

re-arrangement of ortho-positioned hydroxyl-containing polyimides into PBOs when heated 

above 350 °C under inert atmosphere [31]. Later Park and co-workers demonstrated that the 

thermal rearrangement of low-free-volume polyimides into PBOs induced significant 

microporosity in these materials, leading to increased free volume and concurrent boost in gas 

permeability [32,33]. Besides exceptional gas permeation properties, specifically for CO2/CH4 

separation, the thermally rearranged (TR) membranes demonstrated strong resistance to 

plasticization by gas molecules [34-36]. The follow up research on TR membranes investigated 

the performance of a variety of PBOs made from low-free-volume hydroxyl-functionalized 

polyimides and thermally treated under different protocols [37-42]. Most of the studied precursor 

polyimides were based on 4,4′-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) reacted 

with dihydroxyl-functionalized diamines, such as 2,2'-bis(3-amino-4-hydroxyphenyl) 
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hexafluoropropane (APAF) and 3,3'-dihydroxybenzidine (HAB). These polyimides were 

characterized by low- to moderate gas permeability with high gas-pair selectivity and exhibited 

significantly enhanced microporosity after the thermal treatment and PBO transformation, 

showing up to 2-3 orders of magnitude increase in permeability but with significant 

commensurate drop in gas-pair selectivity [40,43]. 

These early studies of TR treatment on conventional low-free-volume OH-containing 

polyimides inspired our and other groups to apply the same concept to hydroxyl-functionalized 

microporous polyimides (PIM-PIs) [44-46]. Li et al. demonstrated formation of mechanically 

very strong PBOs derived from spiro-centered polyimides with functional dihydroxyl groups that 

exhibited enhanced permeability with concomitant decrease in gas-pair selectivity [44]. 

Alghunaimi and coworkers reported that fresh TR membranes made from a hydroxyl-

functionalized triptycene-dianhydride-based PIM-PI (TDA1-APAF) displayed more than 30-fold 

increase in gas permeability and sustained good selectivity for O2/N2 (5.7 for PIM-PI vs. 5.4 for 

PBO), whereas CO2/CH4 selectivity dropped from 55 to 27 [47]. 

A major limitation of PBO membranes made by thermal re-arrangement results from their 

typically poor mechanical properties [48]. This deficiency was overcome by previous work of 

Lee’s group by demonstrating that PBOs made from hydroxyl-functionalized spirobisindane 

PIM-PIs [44] or PBO-co-PIs exhibited significantly enhanced mechanical properties [48-51]. 

The concept of using polyimide copolymer precursors has also been applied to triptycene-

containing PBO-co-PIs in which a non-TR-able triptycene moiety was incorporated in the repeat 

unit to enhance the mechanical properties of 6FDA-APAF-derived PBOs [52]. A similar 

approach to mitigate the brittleness of PBOs has been reported for polymer blends containing a 
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TR-able polyimide (6FDA-HAB) and a polyimide with non-functional groups that cannot 

undergo thermal rearrangement (6FDA-Durene) [53]. 

In this work, we prepared and characterized PBO membranes from a microporous 

dihydroxyl-functionalized triptycene-diamine-based polyimide (6FDA-DAT1-OH) recently 

reported by Alaslai and coworkers (Fig. 1a) [30]. The pristine PIM-PI and PBO membranes 

(Fig. 1b) were characterized by TGA-MS, FTIR, BET, WAXD, DMA and gas permeation 

measurements. The effects of physical aging on the gas permeation properties of fully converted 

PBO membranes were evaluated over a period of 85 days.  

 

Fig. 1. a) Geometrically optimized structure of 6FDA-DAT1-OH polyimide with simulated 

three-dimensional conformations obtained by Materials Studio 6.0 (Biovia); b) thermal 

rearrangement scheme of 6FDA-DAT1-OH polyimide to TR-6FDA-DAT1-OH. 

 

2. Experimental 

2.1. Materials and membrane preparation 

The hydroxyl-functionalized PIM-PI precursor studied in this work, 6FDA-DAT1-OH, was 

synthesized as previously reported [30]. For preparation of isotropic membranes, the polymer 
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was first dissolved in THF (5 wt/vol%) and the solution was then filtered into a leveled glass 

Petri dish through a 0.45 µm PTFE filter. The solvent was slowly evaporated at room 

temperature and the pre-dried polymer film was further dried in a vacuum oven (Thermo Fisher 

Scientific Lindberg/Blue M™) at 120 °C for 24 h. Thereafter, the film was thermally treated in a 

Carbolite Three Zone Tube Furnace (Carbolite HZS 12/900, Watertown, Wisconsin, USA) under 

inert nitrogen atmosphere at 250 °C for 3 hours for complete removal of any solvent traces. The 

fully dried 6FDA-DAT1-OH membranes had a thickness of 50±5 µm. Thermal treatment of the 

250 °C annealed 6FDA-DAT1-OH films for TR conversion was performed in the same furnace 

under nitrogen environment with an oxygen concentration below 5 parts per million, as 

monitored via a Cambridge Sensotec Ltd Rapidox 3100 Oxygen Analyzer. The furnace was 

heated at a ramping rate of 3 °C per minute to a specific isothermal soak temperature (400 and 

460 °C) at which the films were treated for either 30 or 60 minutes. Finally, the films were 

naturally cooled to room temperature.  

 

2.2. Characterization of pristine 6FDA-DAT1-OH polyimide and TR-derived PBO membranes  

The thermal stability of the isotropic polymer membranes was determined by 

thermogravimetric analysis (TGA) using a NETZSCH STA-449 F1 under nitrogen environment 

coupled with a NETZSCH QMS 403C Aёolos mass spectrometer (MS). TGA-MS analysis of the 

polymer films started with a drying step at 100 °C for 30 minutes followed by gradual heating to 

800 °C at a ramping rate of 3 °C per minute. To determine the weight loss during thermal 

treatment, TGA analysis was performed using the same heating protocol as the polymer films 

thermally treated using the Carbolite HZS 12/900 Three Zone Tube Furnace. A dynamic 

mechanical analyzer (DMA — Model Q 800, TA Instruments) was used to determine tensile 
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strength, Young’s modulus and elongation at break of the pristine 6FDA-DAT1-OH polyimide 

and the thermally treated PBO films. Chemical structural changes in the membranes caused by 

thermal treatment were determined by performing Fourier transform infrared spectroscopy 

(FTIR) using a Varian 670-IR FT-IR spectrometer with Smart-Omni transmission. Wide-angle 

X-ray diffraction (WAXD) of the PIM-PI and thermally treated PBO films was performed on a 

Bruker D8 ADVANCE diffractometer using a scanning rate of 0.5 degree per minute and 

scattering angles 2 ranging from 7 to 40°; the average d-spacing was calculated according to the 

Bragg’s law. Brunauer–Emmett–Teller (BET) surface areas were determined by N2 sorption at 

77 K using Micrometrics ASAP 2020 with micropore option. Density of the polymers was 

determined gravimetrically by precisely measuring thickness, area and weight of carefully dried 

isotropic films immediately after removal from the oven. 

 

2.3. Gas permeation experiments  

Pure-gas permeation properties of the isotropic PIM-PI and PBO membranes were measured 

via the constant-volume/variable-pressure method. Prior to the gas permeation experiment, the 

films were degassed for 24 h to remove any potential residual contaminants from the permeation 

system as well as the membranes. Pure-gas permeabilities of He, H2, N2, O2, CH4, CO2, C3H6 

and C3H8 were measured at 2 bar and 35 °C — for the pristine 6FDA-DAT1-OH polyimide C3H6 

and C3H8 were tested at 4 bar. The gas permeability was calculated as follows: 

𝑃 = 1010
𝑉𝑑𝑜𝑤𝑛𝑙

𝑝𝑢𝑝𝐴𝑅𝑇

𝑑𝑝

𝑑𝑡
 

where 𝑃 is permeability coefficient measured in barrer (1 barrer = 10−10 cm3(STP) cm cm−2 s−1 

cm Hg−1 or 7.5 x 10−18 m3(STP) m m−2 s−1 Pa−1), 𝑝𝑢𝑝 is the upstream pressure (cmHg), 𝑇 is the 
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operating temperature (°C), 𝑉𝑑𝑜𝑤𝑛 is the calibrated permeate volume (cm3), 𝑑𝑝/𝑑𝑡 is the 

permeate side pressure rise (cmHg s-1)  𝐴 and 𝑙 are the effective area (cm2) and the film thickness 

(cm), respectively, and 𝑅 is the gas constant (0.278 cm3 cmHg cm-3(STP) K-1). 

The pure-gas selectivity of a membrane material, 𝛼𝐴𝐵, is defined as: 

𝛼𝐴𝐵 = 𝑃𝐴/𝑃𝐵 

where 𝑃𝐴 and 𝑃𝐵 refer to the permeability coefficients of gases A and B, respectively. The time 

lag method D = 𝑙2/6was used to calculated the apparent diffusion coefficient D (cm2 s-1), where 

 is the time lag of the permeability measurement (s) and 𝑙 is the membrane thickness (cm). By 

applying the solution/diffusion gas transport relationship the apparent solubility coefficient S 

(cm3(STP) cm-3 cmHg-1) was calculated as: S = P/D. 

The mixed-gas permeation properties were measured with a C3H6/C3H8 feed in a 1:1 molar 

ratio at a total pressure of 2 bar at 35 °C using the general procedure described by Swaidan et al. 

[36]. The mixed-gas permeability was determined by:  

𝑃𝑖 =
𝑦𝑖𝑉𝑑𝐿

𝑥𝑖𝑝𝑢𝑝𝐴𝑅𝑇

𝑑𝑝

𝑑𝑡
× 1010 

where yi and xi are the mol fractions of component i in the permeate and feed, respectively. The 

mixed-gas C3H6/C3H8 selectivity was obtained from: 

𝛼(𝐶3𝐻6/𝐶3𝐻8) =
𝑦𝐶3𝐻6/𝑦𝐶3𝐻8
𝑥𝐶3𝐻6/𝑥𝐶3𝐻8
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3. Results and Discussion  

3.1. Thermal rearrangement of 6FDA-DAT1-OH polyimide into PBOs 

The range of thermal conditions for the formation of the PBOs was determined by 

performing TGA-MS experiments of the pristine 6FDA-DAT1-OH polyimide. The TGA weight 

loss curve followed the typical behavior of ortho-hydroxyl-functionalized polyimides with a 

clear two-step decomposition profile, as shown in Fig. 2a. The temperature range for the thermal 

rearrangement of the polyimide precursor to the PBO is located between ~350 to 500 °C. 

Evolution of CO2 in this temperature range due to PBO formation was confirmed by mass 

spectroscopy (Fig. 2b).     

 
Fig. 2. a) TGA profile and derivative weight and b) CO2 signal of the pristine 6FDA-DAT1-OH 

polyimide measured by TGA-MS.  

 

The thermal treatment conditions including choice of isothermal soak temperature and 

holding time for the formation of PBO were chosen by monitoring the weight loss of the 6FDA-

DAT1-OH by TGA at five temperatures between 350-500 °C. The precursor polyimide was 

heated to the target temperature at 3 °C per minute and then held at the soak temperature for 30 
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or 60 minutes. The isothermal TGA profiles of pristine 6FDA-DAT1-OH in Fig. 3 revealed that 

the thermal treatment at 350, 400, 420, and 440 °C for 60 minutes yielded weight loss of 3.0, 3.5, 

4.9, and 7.9%, respectively, which was significantly lower than the theoretical weight loss of 

12.1%. Assuming that the weight loss was exclusively due to evolution of CO2, the PIM-PI to 

PBO conversions were ~25, 29, 40 and 65%, respectively. The treatment at 460 °C over 60 

minutes indicated almost full (93%) conversion of 6FDA-DAT1-OH polyimide to the PBO 

analogue. 

  
 

Fig. 3. Weight loss of 6FDA-DAT1-OH films measured by TGA treated at different isothermal 

temperatures as function of holding time. The color transformation is shown for samples 

prepared under different heating protocols. 

 

It is important to note that TGA weight loss data can only be used as an approximation to 

establish the process conditions used for the actual weight loss occurring in the tube furnace 

during the TR heating cycle for the pristine 6FDA-DAT1-OH film, including the cooling process 

from the holding temperature to room temperature. For example, a pristine film treated in the 

furnace at 400 °C for 60 minutes (TRIP-TR-400-60) and then naturally cooled to room 

temperature lost 7.3% weight, corresponding to a PIM-PI to PBO conversion of 60%. On the 
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other hand, the thermal process monitored by TGA at 400 °C for 60 minutes gave only a 

conversion of 29% with a weight loss of 3.5%. Even more significant, a 6FDA-DAT1-OH film 

treated at 460 °C for 60 minutes (TRIP-TRC-460-60) and then cooled to room temperature lost 

16.7% of its weight (100% conversion + 4.6% weight loss due to main chain degradation), 

whereas the TGA result showed only 11.3% weight loss (93% PBO conversion) over the same 

isothermal holding period but without taking into account the weight loss during the cooling 

cycle. This “overshooting” in weight loss is a clear indication of partial main chain degradation 

beyond the pure PBO formation. A similar trend was previously observed for partially degraded 

PBOs made from related thermally rearranged OH-functionalized triptycene-based polyimides 

[47,54].  

In our work, weight loss was measured after the initial heat treatment at 250 °C to the final 

soaking temperature and complete cooling cycle to room temperature. Optimum conditions for 

TR conversion to PBO were achieved at 460 °C for 30 minutes, denoted as TRIP-TR-460-30, 

with a weight loss of 11.9% which was close to the theoretical weight loss of 12.1% due to the 

evolution of CO2 (98% conversion). The TGA scan of the TRIP-TR-460-30 sample after thermal 

treatment in the tube furnace clearly indicates full conversion of the hydroxyl-functionalized 

polyimide precursor to the corresponding PBO derivative and also no detectable main chain 

degradation (Fig. S1). 

 

3.2. Characterization of the pristine 6FDA-DAT1-OH polyimide and its TR-derived PBOs  

The conversion of the 6FDA-DAT1-OH polyimide precursor to the PBO derivatives was 

confirmed by comparing its FTIR spectrum with that of partially converted TRIP-TR-400-60 and 

fully converted TRIP-TR-460-30 samples (Fig. 4). The TRIP-TR-400-60 sample displayed only 
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relatively small changes in peak location and intensity compared to the pristine polyimide, in 

agreement with expectations due to only partial PBO conversion. The precursor polyimide 

displayed a broad peak around 3400 cm-1, which is typically assigned to hydroxyl groups 

[32,33,54,55]. After the thermal treatment at 460 °C for 30 minutes (98% conversion), this peak 

disappeared demonstrating the loss of the hydroxyl functionality. Meanwhile, the PBO formation 

was confirmed by the appearance of the characteristic peaks around 1554 and 1020 cm-1, which 

is in good agreement with previous TR-PBO studies [32,33]. Moreover, the intensities of two 

imide peaks around 1715 and 1377 cm-1, indicating the presence of C=O and C–N stretching of 

the imide bond respectively, were significantly reduced in the TRIP-TR-460-30 sample 

compared to the pristine 6FDA-DAT1-OH polyimide [32,33,54,55]. 

  
 

Fig. 4. FTIR spectra of the pristine 6FDA-DAT1-OH polyimide and TR-derived PBOs (TRIP-

TR-400-60 and TRIP-TR-460-30). 

 

The main feature of the thermal rearrangement from the polyimide precursor to the 

corresponding PBO is the formation of newly formed micropores within the polymer matrix, 

which leads to an increase in the free volume as indicated by a boost in Brunauer-Emmett-Teller 
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(BET) surface area [31,32] as measured by low temperature nitrogen sorption at 77 K (Fig. 5). 

The BET surface area of the fully converted TRIP-TR-460-30 PBO increased more than two fold 

(405 vs. 167 m2 g-1) compared to the precursor 6FDA-DAT1-OH polyimide.  

     
 

Fig. 5. N2 sorption isotherms of 6FDA-DAT1-OH polyimide and TRIP-TR-460-30 measured at 

77 K up to 1 bar. 

 

WAXD analysis of the pristine 6FDA-DAT1-OH polyimide and TRIP-TR-460-30 PBO film 

samples displayed broad amorphous peaks, as shown in Fig. 6. The diffraction spectra of the 

TRIP-TR-460-30 PBO broadened and shifted towards lower scattering angles, indicating a more 

open microstructure compared to the pristine hydroxyl-functionalized PIM-PI. The average d-

spacing for the main amorphous peak increased from 5.5 Å in 6FDA-DAT1-OH to 5.7 Å in the 

PBO, which is qualitatively consistent with the WAXD analysis of TR-PBO samples in several 

earlier studies [31,32]. Furthermore, a shoulder peak appeared in the TRIP-TR-460-30 sample 

around 2 ~ 12° (d-spacing = 8.0 Å) indicating the formation of larger micropores. In summary, 

both BET and WAXD measurements confirmed qualitatively that the temperature-induced 
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structural rearrangement in the 6FDA-DAT1-OH created more free volume and an increased 

fraction of larger micropores. This trend is in qualitative agreement with the gas permeation 

properties of the polymers, as discussed below. 

  
 

Fig. 6. WAXD spectra of pristine 6FDA-DAT1-OH polyimide and TRIP-TR-460-30 films. 

 

Rigid microporous PBOs made by thermal rearrangement of ortho-hydroxyl-functionalized 

polyimides often possess poor mechanical strength that limits their practical use for industrial 

membrane applications [48]. In 2016, Luo and coworkers reported a triptycene-containing 

polyhydroxyimide (TPHI) made from an ether-bridged triptycene-containing dianhydride 

(TPDAn) and 2,2’-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane (APAF) together with its 

thermally rearranged PBOs [54]. As expected for a triptycene-containing polyimide, the TPHI 

was rigid with tensile strength of 87 MPa and elongation at break of 2.9% (Table 1). After mild 

heat treatment at 350 °C, the TPHI-TR-350 sample (28% conversion to PBO) showed significant 

loss in both tensile strength and elongation at break. TPHI samples treated at 400 and 450 °C, i.e. 

TPHI-TR-400 (87% conversion) and TPHI-TR-450 (100% conversion and partial main chain 
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degradation), were too brittle for measurement of their mechanical properties (Table 1). 6FDA-

DAT1-OH and its TR analogs showed more promising results. Compared to the 6FDA-DAT1-

OH precursor, the tensile strength and elongation at break of the fully converted TRIP-TR-460-

30 PBO decreased only moderately from 68.7 to 58 MPa and 5.2 to 4.3%, respectively (Table 

1). The TRIP-TR-460-30 PBO is also compared to a series of 6FDA-based copolymers based on 

APAF and non-TR-able 1,4-triptycene diamine [52]. Clearly, the TRIP-TR-460-30 PBO of this 

study had enhanced mechanical properties with higher tensile strength and elongation at break 

compared to other triptycene-containing PBOs listed in Table 1. For comparison, the fully 

converted TRIP-TR-460-30 PBO demonstrated similar mechanical properties as rigid 

polyimides, such as 6FDA-DATRI (contains triptycene unit) and 6FDA-Durene [56]. 

Furthermore, even the partially main-chain degraded TRIP-TRC-460-60 PBO derivative 

exhibited moderate mechanical properties with tensile strength and elongation at break of 41 

MPa and 3.7%, respectively. A more complete list of mechanical properties of polyimides and 

TR-derived PBOs is presented in the Supplementary Information (Table S1 and Fig. S2) 

Table 1  
Mechanical properties of triptycene-containing polyimide-derived PBOs — 6FDA-DAT1-OH 

and TPHI homopolymers, a series of TPI-PHI copolymers and their TR analogues. Two rigid 

polyimides (6FDA-DATRI and 6FDA-Durene) are included for comparison. 

 

Membrane  Density, 

(g cm-3) 

Tensile 

strength  

(MPa) 

Elongation at 

break 

(%) 

Young’s 

Modulus, 

(GPa) 

6FDA-DAT1-OH 1.24 68.7±0.1 5.2±0.8 2.31±0.24 

TRIP-TR-460-30 1.15 58±5 4.3±0.5 1.83±0.01 

TRIP-TRC-460-60a 1.13 41±10 3.7±0.5 1.61±0.17 

TPHI precursor [54]   1.339 87±12 2.9±0.5 3.41±0.07 

TPHI-TR-350 [54] 

TPHI-TR-400 [54] 

TPHI-TR-450a [54] 

  1.318 

  1.287 

  1.273 

37±3 

b 

b 

1.1±0.1 

b 

b 

3.08±0.26 

b 

b 
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TPI-PHI-0.25c [52] 

TPI-PBO-0.25 [52] 

  1.490 

  1.409 

63±8 

16±3 

3.2±1.2 

0.7±0.1 

  2.82±0.39 

  2.52±0.75 

TPI-PHI-0.50d [52] 

TPI-PBO-0.50 [52] 

1.451 

1.381 

64±5 

16±3 

2.9±0.3 

0.7±0.1 

2.77±0.11 

2.27±0.26 

TPI-PHI-0.75e [52] 

TPI-PBO-0.75 [52] 

1.407 

1.361 

56±6 

13±4 

2.8±0.4 

0.6±0.2 

2.62±0.38 

2.46±0.40 

6FDA-DATRI [57] 1.297 62 4.5 - 

6FDA-Durene [58] 1.333 81.6±2.5 5.13±0.1 2.12±0.34 

 
a Partially degraded main chain. 
b Too brittle to determine mechanical properties. 
c Copolymer made from 6FDA-triptycene-1,4-diamine (0.25) and 6FDA-APAF (0.75) 
d Copolymer made from 6FDA-triptycene-1,4-diamine (0.5) and 6FDA-APAF (0.5) 
e Copolymer made from 6FDA-triptycene-1,4-diamine (0.75) and 6FDA-APAF (0.25) 

 

 

3.3. Pure-gas permeation properties of the pristine 6FDA-DAT1-OH polyimide and TR-derived 

PBOs  

The pure-gas permeability of He, H2, N2, O2, CH4, and CO2 was measured at 2 bar and 35 °C 

(Table 2). The pure-gas permeation properties of 6FDA-DAT1-OH of this study are in 

reasonable agreement with earlier results reported by Alaslai et al. [30]. The variations in 

permeability and selectivity between the two data sets may be attributed to differences in 

membrane thickness and different drying protocols [59].  
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Table 2  
Pure-gas permeability and ideal selectivity of fresh pristine 6FDA-DAT1-OH polyimide and its 

fresh and aged TR-derived PBO analogs. Gas permeation properties of related triptycene-based 

hydroxyl-functionalized polyimides (TDA1-APAF and TPHI) and their PBOs are included for 

comparison [47,52,54]. 
 

Polymer Pure-gas permeability (barrer) Ideal selectivity 

He H2 N2 O2 CH4 CO2 H2/CH4 O2/N2 CO2/CH4 

6FDA-DAT1-OH a - 127 2.7 14.0 1.40 70 91 5.2 50 

6FDA-DAT1-OH b 90 90 1.54 9.36 0.83 43 109 6.0 52 

TRIP-TR-400-60 b 127 155 3.79 19.5 2.54 96.0 61 5.1 38 

TRIP-TR-460-30 b 478 791 50 170 40.1 840 20 3.4 21 

TRIP-TR-460-30 b 

aged 28 days 

(330) (507) (23.4) (99.2) (22.1) (505) (23) (4.2) (23) 

TRIP-TR-460-30  

aged 85 days b 

(303) (453) (20.4) (88.0) (19.2) (444) (24) (4.3) (23) 

TDA1-APAF c 92 94 1.5 8.5 0.73 40 129 5.7 55 

TDA1-APAF 

TR460-15c  

703 1547 58 311 49.4 1328 31 5.4 27 

TDA1-APAF-

TR460-15  

aged 150 days c 

(664) (1304) (29.4) (185) (20.1) (699) (65) (6.3) (35) 

TPHId - 27 0.19 - 0.09 4.7 300 - 52 

TPHI-TR-400-120d - 520 16 - 8.3 320 62 - 39 

TPHI-TR-450-30d,e - 810 8.4 - 4.0 270 200 - 67 

TPI-PBO-0.25 - 878 53 197 34 952 26 3.7 28 

 

a Ref. 30; 6FDA-DAT1-OH films were dried at 120 °C for 24 h and then at 200 °C for 24 h 

under vacuum; thickness ~ 75 μm; permeability was measured at 35 °C with 2 bar feed pressure. 
b This study; 6FDA-DAT1-OH films were dried at 250 °C for 3 h under nitrogen; thickness ~ 50 

µm; permeability was measured at 35 °C with 2 bar feed pressure. 
c Ref. 47; TDA1-APAF films were dried at 250 °C for 12 h under vacuum; thickness ~ 70 µm; 

permeability was measured at 35 °C with 2 bar feed pressure. 
d Ref 54; TPHI films were methanol treated and then dried at 180 °C overnight; thickness ~ 30–

70 µm; permeability measured at 35 °C with 11 bar feed pressure. 
e Partial main chain degradation. 
f Ref. 52; copolymer made from 6FDA-triptycene-1,4-diamine (0.25) and 6FDA-APAF (0.75). 
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As expected, the transformation of the microporous 6FDA-DAT1-OH polyimide (167 m2 g-1) to 

TR-derived PBOs enhanced the gas permeability but a significant drop in gas-pair selectivity 

was observed – following the prevailing general trend for TR membranes [40,43]. For example, 

after 60% conversion of the PIM-PI precursor to PBO (TRIP-TR-400-60), CO2 permeability 

increased from 43 to 96 barrer with a concurrent decrease in CO2/CH4 selectivity from 52 to 38. 

Additional PBO conversion to 98% after heating to 460 °C for 30 minutes (TRIP-TR-460-30) 

significantly increased the CO2 permeability to 840 barrer but CO2/CH4 selectivity further 

declined to 21. A similar trade-off between increased permeability at the sacrifice of lower 

selectivity was observed for all other gas pairs. As shown for CO2, O2, N2 and CH4 in Table S2 

the increase in permeability for the PBO membranes resulted primarily from a significant 

increase in the diffusion coefficients of all gases and was most affected for the larger gas 

molecules; hence, the diffusion- and permeability selectivity for O2/N2 and CO2/CH4 decreased 

(Table S3), most likely due to creation of larger free volume elements with increased PBO 

conversion, as suggested by the WAXD results.  

Physical aging is a naturally occurring phenomenon in glassy polymers that leads to 

densification of the polymer matrix toward its equilibrium state, and, hence, loss of gas 

permeability over time [60]. This process is strongly dependent on materials type, membrane 

thickness, and test conditions, as also demonstrated for TR-derived PBOs [46,61]. In our study, 

the gas permeability loss for the TRIP-TR-460-30 PBO membrane over time was significant — 

for example, the H2 permeability dropped from 791 barrer to 507 barrer after 28 days and 453 

barrer after 85 days. Interestingly, the H2/CH4 selectivity increased only by 20% from 20 to 24, 

indicating that the aging process primarily affected larger free volume elements. 
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Alghunaimi et al. recently reported the gas permeation properties of PBOs made from 

thermally rearranged polyimides derived from 9,10-dimethyl-2,3,6,7-triptycene tetracarboxylic 

dianhydride (TDA1) and 2,2’-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane (APAF) [47]. 

The PBO (TDA1-APAF-TR460-15) obtained by heat treatment of the microporous TDA1-APAF 

polyimide (260 m2 g-1) yielded 95% conversion, which enhanced CO2 permeability from 40 to 

1328 barrer with a commensurate drop in CO2/CH4 selectivity from 55 to 27 [47]. Physical aging 

over a period of 150 days densified the TDA1-APAF-TR460-15 membrane as indicated by ~2-

fold lower CO2 permeability of 699 barrer but enhanced CO2/CH4 selectivity of 35. The 

tightening of the aged TDA1-APAF-TR460-15 structure was demonstrated by shifts toward 

smaller d-spacing from 7.7 to 5.5 Å and increased peak intensity of the WAXD spectra at 2of 

~22°, corresponding to d-spacing of 4.0 Å  [47]. Physical aging of the TRIP-TR-460-30 

membrane over 85 days also resulted in a ~2-fold drop in CO2 permeability from 840 to 444 

barrer; however, in contrast to the results obtained for aged TDA1-APAF-TR460-15, the 

CO2/CH4 selectivity increased only marginally from 21 to 23 (Table 2).  

Luo et al. investigated the gas permeation properties of a low-free-volume polyimide (TPHI) 

and its TR analogs based on an ether-bridged triptycene-dianhydride (TPDAn) and APAF (Table 

2) [54]. Heat treatment of the polyimide at 400 °C for 2 h  (TPHI-TR-400) yielded 87% PBO 

conversion and resulted in ~70-fold increase in CO2 permeability from 4.7 to 320 barrer and 

~20% loss in CO2/CH4 selectivity from 52 to 39 — an excellent combination of permeability and 

selectivity. By heating the TPHI membrane to 450 °C for 30 minutes, 100% PBO conversion 

was achieved but with partial degradation of the main chain. The resulting PBO/intermediate 

carbon membrane had excellent gas permeation properties with CO2 permeability of 270 barrer 
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and CO2/CH4 selectivity of 67 [54]. However, the practical use of this extremely rigid membrane 

type is questionable due to the poor mechanical properties discussed above. 

Because of their excellent chemical resistance and high gas permeability PBO membranes 

made by thermal treatment of ortho-hydroxyl-functionalized microporous polyimides could 

potentially be considered for highly energy-intensive petrochemical applications, such as 

propylene/propane separation. In 2003, Burns and Koros proposed a pure-gas propylene/propane 

permeability/selectivity upper bound curve based on a limited database for polymeric membrane 

materials [62]. Very few data are currently available for PBO membranes (Table 3) — Smith et 

al. performed the thermal rearrangement of a PBO based on 6FDA-APAF polyimide and 

reported a pure C3H6 permeability of ~17 barrer and C3H6/C3H8 selectivity of 16 [40]. Swaidan 

and co-workers reported C3H6/C3H8 separation properties of a TR-derived PBO from an 

intrinsically microporous hydroxyl-functionalized spirobisindane-based polyimide (PIM-6FDA-

OH) [63]. The C3H6 permeability of the pristine PIM-6FDA-OH polyimide of 3.5 barrer 

increased 4-fold to 14 barrer for the TR-derived PBO analog with a concurrent decrease in 

C3H6/C3H8 selectivity from 30 to 15 [63]. Under mixed-gas conditions using a 1:1 feed, the PBO 

displayed a reduced C3H6 permeability of 11 barrer and C3H6/C3H8 selectivity of ~11, essentially 

independent of pressure up to 5 bar [63]. 

Table 3 
Pure-gas propylene and propane transport properties of 6FDA-DAT1-OH polyimide, TRIP-TR-

460-30 and other TR-derived PBO membranes tested at 35 °C and 2 bar. 

 

Polymer Pure-gas permeability (barrer) Ideal selectivity 

C3H6 C3H8 C3H6/C3H8 

6FDA-DAT1-OH (this study)a 0.3 0.009 33 

TRIP-TR-460-30 (this study) 39 1.72 23 

TRIP-TR-460-30 aged for 28 days 21 1.29 16 

PIM-6FDA-OH-TR [63] 14 0.93 15 

6FDA-APAF-TR [40] 17 1.06 16 
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a Permeability determined at 4 bar and 35 °C. 

 

The pristine 6FDA-DAT1-OH polyimide of our study displayed excellent pure-gas C3H6/C3H8 

selectivity of 33 but exhibited very low C3H6 permeability of 0.3 barrer (Table 3). To ensure 

accurate permeation data, the experiment was performed for more than six days for each gas at 4 

bar to decrease the time required to reach steady-state conditions. A fresh TRIP-TR-460-30 PBO 

membrane demonstrated more than 100-fold increase in C3H6 permeability to 39 barrer 

combined with a C3H6/C3H8 selectivity of 23. Previously reported PBOs, 6FDA-APAF-TR and 

PIM-6FDA-OH-TR, showed C3H6 permeability of 17 and 14 barrer and C3H6/C3H8 selectivity of 

16 and 15, respectively [40,63]. After 28 days of physical aging the TRIP-TR-460-30 PBO 

membrane performance declined as the C3H6 permeability dropped to 21 barrer with a 

simultaneous decrease in C3H6/C3H8 selectivity to 16. Notwithstanding, based on its pure-gas 

properties the performance of the TRIP-TR-460-30 PBO membrane was located near the 2003 

propylene/propane upper bound proposed by Burns and Koros (Fig. 7) [62]. 

The 28-days aged TRIP-TR-460-30 PBO membrane exhibited reduced performance when 

tested under mixed-gas conditions with a 1:1 molar propylene/propane feed with C3H6 

permeability of 12.8 barrer and C3H6/C3H8 selectivity of 8. However, the TRIP-TR-460-30 PBO 

membrane still displayed performance on the mixed-gas propylene/propane 

permeability/selectivity performance trade-off proposed by Zhang and Koros [64] (Fig. 7).  

 

4. Conclusions  

In this work, the structural, mechanical and gas transport properties of TR-derived PBOs made 

from an intrinsically microporous dihydroxyl-functionalized PIM-PI (6FDA-DAT1-OH) were 

investigated. The thermally-induced rearrangement of the PIM-PI resulted in an increase in the 
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permeability of all gases due to a large increase in microporosity as indicated by development of 

enhanced BET surface area for the fully converted TRIP-TR-460-30 PBO. However, as typically 

observed for TR-derived PBOs, the boost in permeability was accompanied by a decrease in 

ideal selectivity for all traditional gas pairs, such as CO2/CH4, H2/CH4, O2/N2 etc. The 28-day 

aged TRIP-TR-460-30 PBO membrane showed a C3H6 permeability of 21 barrer and C3H6/C3H8 

selectivity of 16. When tested under mixed-gas conditions, the C3H6 permeability dropped to 

12.8 barrer with a simultaneuous decrease in C3H6/C3H8 selectivity to 8; nevertheless, its 

performance was located on the 2012 mixed-gas propylene/propane trade-off curve. The TRIP-

TR-460-30 PBO membrane possessed similar mechanical properties as rigid polyimides, which 

could be a potential benefit for practical membrane formation scale-up. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Performance of 6FDA-DAT1-OH polyimide and the fresh and 28-days-aged TRIP-TR-

460-30 PBO relative to the 2003 pure-gas propylene/propane permeability/selectivity upper 

bound curve [62]; the related 6FDA-APAF-TR is shown for comparison [40]. Also included is 

the mixed-gas performance of a 28-days old TRIP-TR-460-30 PBO membrane at 2 bar feed 

pressure in comparison with the 2012 polymer membrane materials mixed-gas upper bound [64]. 
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