
1 

Finely Tuning the Microporosity in Phosphoric Acid Doped 1 

Triptycene-Containing Polybenzimidazole Membranes for Highly 2 

Permselective Helium and Hydrogen Recovery 3 

Yang Jiao a,b, Mengdi Liu c, Qi Wu a,b, Peijun Zheng d, Wei Xu e, Bangjiao Ye e, Hongjun 4 

Zhang e, Ruilan Guo c* and Shuangjiang Luo d* 5 

a School of Rare Earths, University of Science and Technology of China, Hefei 230026, China 6 
b Ganjiang Innovation Academy, Chinese Academy of Sciences, Ganzhou 341119, China 7 
c Department of Chemical and Biomolecular Engineering, University of Notre Dame, Notre Dame, 8 

IN 46556, USA 9 
d CAS Key Laboratory of Green Process and Engineering, State Key Laboratory of Multiphase 10 

Complex Systems, Beijing Key Laboratory of Ionic Liquids Clean Process, Institute of Process 11 

Engineering, Chinese Academy of Sciences (CAS), Beijing, 100190, China 12 
e State Key Laboratory of Particle Detection and Electronics, University of Science and Technology 13 

of China, Hefei 230026, China 14 

Email: rguo@nd.edu (R. Guo), sjluo@ipe.ac.cn (S. Luo) 15 

 16 

Abstract: High-performance polymer membranes with well-defined microporosity and 17 

size-sieving ability are especially attractive for helium and hydrogen recovery. Here we 18 

report novel macromolecular engineering of polybenzimidazole (PBI) membranes that 19 

integrate hierarchical triptycene units for high permeability and polyprotic acid doping 20 

for size sieving via controllable manipulation of microporous architecture. The 21 

triptycene moieties disrupt chain packing and introduce additional configurational free 22 

volumes, leading to significantly boosted He and H2 permeabilities compared to 23 

previously reported PBI membranes. The acid doping resulted in crosslinked PBI 24 

membranes via hydrogen bonding and proton transfer with dramatically enhanced gas 25 

selectivities. Via adjusting the H3PO4-doping level, triptycene-based 26 

polybenzimidazole (TPBI) composite membranes (TPBI-(H3PO4)x) exhibit the highest 27 
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gas selectivities for He enrichment (i.e., α(He/CH4) = 7052 ± 156) and H2 purification 28 

(i.e., α(H2/CH4) = 5128 ± 110) among existing polymeric gas separation membranes. 29 

Additionally, under mixed-gas conditions at 150 oC, the TPBI-(H3PO4)0.98 membrane 30 

displays a H2 permeability of 46.7 Barrer and a H2/CO2 selectivity of 16, far beyond 31 

the Robeson’s 2008 upper bound for H2/CO2 separation. The facile and diverse 32 

tunability and excellent gas separation performance make TPBI-(H3PO4)x membranes 33 

highly attractive for helium and hydrogen separation.  34 
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1 Introduction 40 

The fast-growing demand for clean and renewable energy has arisen to mitigate 41 

climate and environmental issues caused by carbon emissions. Hydrogen, produced 42 

mainly by steam reforming followed by the water-gas shift reaction, has emerged as a 43 

clean fuel and played increasingly essential roles in energy consumption (e.g., hydrogen 44 

fuel cell) if it can be purified efficiently from the shifted gas mixtures [1-6]. In addition, 45 

the unique characteristics of helium, which is currently extracted mostly from natural 46 

gas, render it indispensable in numerous critical medical and industrial applications [7]. 47 

However, the helium concentration in most natural gas reservoirs is rather low; thus, 48 

energy-efficient technologies of helium extraction are highly demanded. Membrane-49 

based separations are believed to be promising in hydrogen and helium recovery as 50 

highly energy-efficient alternatives compared to conventional cryogenic distillation and 51 

pressure swing adsorption, ascribing to their continuous, easy, and low carbon footprint 52 

operation [8]. 53 

Process economics for membrane-based hydrogen and helium recovery favor high 54 

permeability and selectivity, and the latter is particularly critical to demanding purity 55 

requirements in the purification. The selectivities of H2/CO2 and He/CH4 higher than 56 

10 and 1000, respectively, can significantly reduce purification costs [9, 10]. Inorganic 57 

membranes, such as graphene oxide [11], zeolites [12], alumina [13], and metal-organic 58 

frameworks [14-16] were demonstrated to have high molecular-sieving ability for 59 

hydrogen and helium separations. However, it is a considerable challenge regarding the 60 

cost and quantity of production for commercial-scale use [8]. Polymeric membranes 61 
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have achieved industry-scale output for various gas separation applications (e.g., 62 

natural gas purification, air separation) and attracted substantial attention. However, 63 

due to the similar kinetic diameter of H2 (2.9 Å) and CO2 (3.3 Å) as well as more 64 

favorable CO2-polymer interaction, commercial glassy polymer membranes usually 65 

displayed very low H2/CO2 selectivity (e.g., 2.5 for cellulose acetate, 2.4 for 66 

polysulfone, and 3.0 for Matrimid® polyimide [17]) due to the lack of well-defined 67 

microcavities that are crucial for molecular sieving.  68 

Polybenzimidazole (PBI) is a family of aromatic heterocyclic polymers containing 69 

the imidazole ring structure. PBIs exhibit excellent thermal stability and molecular 70 

sieving properties when used as H2/CO2 separation membranes at elevated temperatures 71 

due to highly rigid backbone structure and strong intermolecular hydrogen bonding [18, 72 

19]. However, existing commercial m-PBI membranes suffer from very low H2 73 

permeability. Various new diacids containing bulky groups, such as 74 

tetraaminodiphenylsulfone, isobutyl or trifluoromethyl groups, were employed to 75 

synthesize new PBI membranes with improved H2 permeabilities [20-22] which, 76 

however, were always accompanied by compromised size sieving properties. 77 

Crosslinking has become an effective method to tighten polymer chain-packing for 78 

enhanced size sieving. For instance, the H2/CO2 selectivity of m-PBI went up to 140 79 

after covalent crosslinking [23, 24]. The blend of m-PBI with Matrimid®5218 exhibited 80 

an H2 permeability range of 0.6~27.1 Barrer with H2/CO2 selectivity up to 9.4 [25]. 81 

While highly selective, these low-free-volume PBIs still have less attractive gas 82 

permeabilities because of the lack of interconnected microcavities. 83 
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Recently, triptycene units were incorporated into polymer architecture for gas 84 

separation membranes, which showed superb performance [26-31]. Triptycene is 85 

constituted by benzene and isopropyl groups, which fuse into three-dimensional 86 

structures with characteristic configurational free volumes. Previous studies have 87 

demonstrated that incorporating triptycene moieties efficiently disrupts chain packing, 88 

leading to increased fractional free volume for high gas permeabilities. Additionally, 89 

the unique internal free volume between the benzene ‘blades’ has dimensions 90 

comparable to the kinetic diameters of common gases, which provides an excellent 91 

opportunity to increase gas permeability and size sieving simultaneously via optimizing 92 

the size and size distribution of free volume elements in corresponding polymers [26, 93 

27, 32-35]. 94 

This study reports a series of novel triptycene-based PBIs with high gas 95 

permeabilities for hydrogen and helium recovery. Specifically, a new triptycene-based 96 

polybenzimidazole (TPBI) was prepared by polycondensation of 3,3'-97 

diaminobenzidine and a triptycene-based diacid monomer. Subsequently, a facile 98 

approach was employed to boost the size-sieving ability by doping TPBI with H3PO4 99 

to introduce strong intermolecular interactions. The TPBI and acid-doped TPBI 100 

composite membranes (TPBI-(H3PO4)x) were systematically evaluated regarding 101 

microporosity and gas transport properties. We demonstrate that both pure-gas and 102 

mixed-gas separation properties of TPBIs are highly tailorable via adjusting the H3PO4 103 

doping level, providing an attractive selectivity-driven engineering strategy allowing 104 

for superior gas separation performance. 105 
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2 Experimental 106 

2.1 Materials 107 

3,3'-Diaminobenzidine (DAB, ≥97%) was purchased from Sigma-Aldrich 108 

(Shanghai) and used as received. Phosphoric acid (PA, >98%) was purchased from 109 

Acros Organics (Shanghai). Phosphorus pentoxide (≥98%), methanesulfonic acid 110 

(99.5%), and anhydrous N,N-dimethylacetamide (99.8%) were purchased from Aladdin 111 

Chemical Co. (Beijing) and used without further treatment. The triptycene-containing 112 

diacid (TPD) monomer was synthesized following a previously reported procedure 113 

[27], and Eaton's reagent was produced by mixing phosphorus pentoxide with 114 

methanesulfonic acid (w/w: 1/10) at room temperature [36]. 115 

2.2 Synthesis of triptycene-containing polybenzimidazole (TPBI) 116 

 TPBI was synthesized by polycondensation between DAB and TPD in Eaton's 117 

reagent, which acted as the dehydrating agent and solvent. A mixture of DAB (0.4284 118 

g, 4.0 mmol) and Eaton's reagent (17.0381 g) was added into a 100 mL three-necked 119 

flask under a nitrogen atmosphere. After complete dissolution of DAB, a stoichiometric 120 

amount of TPD (1.0531 g, 4.0 mmol) was added into the flask, and the mixture was 121 

stirred at 100 oC for 3 h and then 140 oC for 5 h. The reaction solution was precipitated 122 

in deionized water. The solid was then filtered, boiled in 5% NaHCO3 solution, and 123 

deionized water, respectively, to remove residual reactants and salts. TPBI was 124 

collected after dried and vacuumed at 170 oC overnight. Yield: 95% (1.4073 g). 1H 125 

NMR (600 MHz, DMSO-d6): δ = 5.81 (s, 2H), 6.88 (s, 2H), 6.95 (m, 4H), 7.09 (m, 6H), 126 

7.35 (s, 2H), 7.63 (m, 4H), 7.78 (s, 2H), 7.97 (s, 2H), 8.24(s, 4H), 12.95(s, 2H). ATR-127 
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FTIR (membrane, ν, cm−1): ~3300 (br, -NH), 1630 (C=N str) 1450 (imidazole ring). 128 

Molecular weight: Mn = 7.6 × 104 g mol−1, Mw = 23.5 × 104 g mol−1, PDI = 3.1 (Scheme 129 

1).  130 

 131 

Scheme 1. Synthesis of TPBI via polycondensation between TPD and DAB 132 

2.3 Membrane preparation 133 

Dense TPBI membranes were obtained by the solution casting method. Specifically, 134 

0.6 g of TPBI was entirely dissolved in 10 mL DMAc and filtered with a 0.45 μm 135 

syringe filter to eliminate any undissolved polymers or dust. The solution was cast onto 136 

a clean and pre-dried glass plate and heated using an infrared lamp at 60 oC for 14 h. 137 

The isotropic film was obtained and peeled off from the glass plate, and the film was 138 

further dried under vacuum at 170 oC for 4 h to evaporate the residual solvent 139 

completely. Free of solvent in all films was verified by thermogravimetric analysis 140 

(TGA).  141 

The TPBI-PA composite membranes were fabricated by immersing the TPBI films 142 

(~25 μm) in PA/methanol solutions containing predetermined amounts of PA. The 143 

solution was stirred for 20 h and then dried in a vacuum oven at 110 oC for 4 h. The 144 

composite membranes are named TPBI-(H3PO4)-x, where x represents the PA weight 145 

content. The weights before and after PA treatment were recorded as m0 and m1, 146 

respectively, and the doping level was calculated using equation (1): 147 

� = (�����)/
��
�
��/
���

                               (1) 148 

2.4 Characterization 149 
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1H NMR was acquired on a Bruker AVANCE III 600 MHz spectrometer, and the 150 

polymers were dissolved in deuterated dimethylsulfone (DMSO-d6). Fourier transform 151 

infrared (FT-IR) spectra were obtained on a Thermo Nicolet-380 spectrometer in the 152 

wavenumber range of 400~4000 cm−1 and 32 scans in attenuated total reflection mode 153 

(ATR-FTIR). In situ FT-IR measurements were performed on a Bruker INVENIOR FT-154 

IR spectrometer coupled with a diffuse reflectance cell (Harrick). Molecular weight and 155 

polymer dispersity index (PDI) were measured by gel permeation chromatography 156 

(GPC, Waters 1515) with DMF as the eluent. The surface and cross-sectional 157 

morphologies were imaged using a Hitachi SU8020 scanning electron microscope 158 

(SEM), and the element distribution within the film was analyzed using the energy 159 

dispersive spectrometer (EDS). Thermogravimetric analysis (TGA) was performed on 160 

a SHIMADZU apparatus (DTG-60H) in the temperature range of 100~800 oC with a 161 

ramp rate of 10 °C min-1 under a N2 purge rate of 30 mL min-1. The mechanical 162 

properties of TPBI and TPBI-(H3PO4)x composite membranes were determined using a 163 

MTS-CMT6103 apparatus at room temperature according to the ASTM D-1708-13 164 

standard. At least five specimens with a gauge length of 40 mm, an initial width of 10 165 

mm, and a membrane thickness of 20~25 μm were measured, and the average values 166 

were recorded.  167 

X-ray photoelectron spectroscopy (XPS, PHI5000 VersaprobeIII) was measured 168 

using Mono AlKa of 1486.6 eV under 15 kV voltage and 4.5 mA beam. The element 169 

content of phosphorus content was carried out by an inductively coupled plasma 170 

spectrometer (ICP-9000, SHIMADZU). Wide-angle X-ray diffraction (WAXD) 171 
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measurements were carried out using a Rigaku Smartlab(9) diffractometer with Cu Kα 172 

radiation (wavelength λ = 1.54 Å) operated at 40 kV and 40 mA. The scan speed was 173 

5° min-1, the step size was 0.02° per step, and the average d-spacing was calculated by 174 

Bragg’s law. The densities of the membranes were measured using the buoyancy 175 

method on an analytical balance (Mettler Toledo, ME204) coupled with a density kit. 176 

The fractional free volume (FFV) was calculated as below: 177 

��� = ����.���
��

                            (2) 178 

where V0 is the occupied volume, and Vw represents the van der Waals volume [37]. 179 

The membrane thickness was obtained by a digital micrometer (Mitutoyo), and the 180 

effective gas permeation area was acquired by a scanner (CanoScan LiDE 300) and 181 

ImageJ software.  182 

The positron annihilation lifetime spectroscopy (PALS) was performed at elevated 183 

temperature on a fast-fast coincidence system with a time resolution of 200 ps in 184 

FWHM [38]. The samples were prepared by cutting into ~1×1 cm membrane 185 

specimens and stacked to 2 mm thickness. 22Na was used as the positron source, and 186 

the membrane was sandwiched by two 7.5 μm Kapton films. For accuracy, all PALS 187 

data were measured twice under vacuum and analyzed using the CONTIN program. 188 

Classical molecular dynamics (MD) simulation was performed with the 189 

COMPASS force field. For each system, the simulation box was put into ten polymer 190 

chains with five repeat units randomly at 298 K. Phosphoric acids were added according 191 

to the ratio in the experiment. Firstly, the systems were optimized with the conjugate 192 

gradient minimization algorithm to relax the chains. Then the simulation was performed 193 
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in an NPT (constant number of particles, pressure, and temperature) ensemble for 500 194 

ps at 298 K and 1 atm with a V-rescale thermostat and Berendsen barostat. Finally, 100 195 

ps production simulation was carried out at 298 K and 1 atm with a Nose thermostat 196 

and barostat. The time step is 1 fs. Long-range electrostatic interaction and van der 197 

Waals interaction were defined with a cutoff distance of 1.2 nm and managed by the 198 

particle-particle particle-mesh (PPPM) method. The trajectory data was stored for every 199 

1000 fs. LAMMPS was used to analyze the classical MD simulations. The visualized 200 

Connolly surface and occupied volume were shown in Materials studio with a probe 201 

radius of 2 Å.  202 

The partial charge of benzimidazole and phosphoric acids was calculated using 203 

Gaussian 16 code, and the 6-31+g(d,p) basis functions were applied [39]. The OPLSS-204 

AA force field and MKTOP [40] were used to parametrize all atoms.100 benzimidazole 205 

molecules and 100 phosphoric acids were randomly distributed in a cube box with a 206 

side length of 6.1 nm. The molecular dynamics (MD) simulation for the interaction 207 

between the benzimidazole and phosphoric acid at different temperatures (50, 70, 100, 208 

120, and 150 oC) was performed in the GROMACS 2019 software package [41-45], 209 

and the simulation time is 10 ns. The initial energy for each system was minimized with 210 

1 kJ mol-1 nm-1 force standard by 0.002 ps step length. Newtonian equation model was 211 

performed by the leapfrog algorithm [46]. The Particle-Mesh-Ewald (PME) with a 212 

fourth-order interpolation was used to evaluate the electrostatic interactions, and the 213 

grid spacing is 1.0 Å [47], whereas the short-range van der Waals interaction was 214 

defined with a maximum of 1.0 Å. LINCS algorithm was consulted to constrain the 215 
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hydrogen bond length and the number of hydrogen bonds between benzimidazole and 216 

phosphoric acid. 217 

 Pure gas permeabilities of He, H2, CO2, N2, and CH4 were measured at 35 oC and 218 

100 PSIA feed pressure on a home-built gas permeation apparatus according to the 219 

constant-volume, variable pressure method [48]. All membranes were thoroughly 220 

degassed on both sides for more than 24 h before introducing ultra-high purity upstream. 221 

The downstream pressure increment was monitored, and the pure gas permeabilities 222 

were acquired as follows: 223 

� = 10�� ���
�� !"#

$%&�&'()) − %
&�
&'(�+,-.                      (3) 224 

where P (Barrer, 1 barrer = 10-10 cm3 (STP) cm cm-2 s-1 cmHg-1) represents the gas 225 

permeability, Vd (cm3) is the downstream volume, l (cm) is membrane thickness, pup 226 

(cmHg) is the upstream pressure, T(K) is the measurement temperature, R (0.278 cm3 227 

cmHg cm-3(STP) K-1) is the gas constant value, A (cm2) is the effective film area, dp/dt 228 

represents the variation of downstream value related to time, and (dp/dt)leak is measured 229 

by the same method in a no-operation sealed permeation system. The ideal selectivity 230 

(αA/B) was defined as the permeability ratio of two gases (A and B): 231 

/0/1 = 2�
2�

                                 (4) 232 

The diffusion coefficient (D) was determined from the time-lag method [48] as 233 

follows: 234 

3 = �4
56                                   (5) 235 

where θ is the time-lag. The Solubility coefficient (S) was calculated based on the 236 

diffusion-solution model as follows: 237 
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7 = 2
8                                   (6) 238 

The mixed-gas permeabilities were measured on the same equipment with a gas 239 

chromatograph (Agilent 8890 GC system) connected to the downstream chamber. A 240 

50:50 H2/CO2 binary mixture was employed as the feed gas, and the sample cell 241 

temperature was regularly varied in the range of 35~150 oC. The high-pressure mixed-242 

gas He/CH4 separation performance of the TPBI membrane was evaluated using a 243 

0.3:99.7 He/CH4 binary mixture in the feed pressure range of 4~30 bar at 35 oC. The 244 

feed pressure was 100 PSIA, the permeate pressure was less than 10 Torr; the stage-cut 245 

was less than 0.01. Therefore, the concentration polarization in the feed can be avoided. 246 

The composition of the binary permeate gas mixture was determined using GC, and the 247 

mixed-gas permeability of gas A was calculated  as the following equation: 248 

�# = 10�� 9����
:��� !"#

&�
&'                          (7) 249 

where x/y represent gas feed/permeate mole fraction. The mixed-gas selectivities were 250 

calculated as follows: 251 

/0/1 = 9�/9�
:�/:�

                            (8) 252 

3 Results and discussion  253 

3.1 Fabrication of H3PO4-doped TPBI membranes 254 

TPBI was synthesized in high molecular weight via polycondensation between 255 

3,3'-diaminobenzidine (DAB) and the triptycene-containing diacid (TPD) in Eaton's 256 

reagent with an optimized heating protocol [36, 49]. The TPBI polymer exhibited the 257 

anticipated chemical structure confirmed by 1H NMR and FTIR (Figs. S1 and S2). The 258 

complete imidazole structure was verified by comparing the peak integrations between 259 
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the imidazole N-H proton (peak j, δ = 12.95) and the characteristic triptycene 260 

bridgehead proton (peak d, δ = 5.81). The characteristic benzimidazole structure was 261 

also confirmed by the C=N stretching at 1630 cm-1 and the imidazole ring vibration at 262 

1450 cm-1 in FTIR spectra. TPBI displayed a high weight-average molecular weight of 263 

234, 900 Da and a polydispersity index of 3.1, ensuring the fabrication of robust 264 

membranes. The geometrically optimized TPBI chain segments reveal the contorted 265 

conformation (Fig. 1a). 266 

A previous study demonstrated that excess doping of H3PO4 would severely 267 

deteriorate the mechanical strength of the composite membranes by swelling PBI 268 

segments, especially at high temperatures [50]. As such, the doping level (x = 0.33~1.46) 269 

was controlled and systematically varied by immersing the TPBI films in 270 

H3PO4/methanol solutions with different concentrations (Table S1). The even 271 

distribution of phosphorus was imaged with overlaid SEM/EDS mapping on the film 272 

surface and cross-section (Fig. 1c and 1d), revealing that the TPBI-(H3PO4)x composite 273 

membranes were homogeneously doped with H3PO4. The TPBI-(H3PO4)x composite 274 

membranes, especially with high doping levels (x = 0.98 and 1.46), showed much 275 

improved mechanical properties as compared to pristine TPBI film, likely due to 276 

enhanced inter-chain interaction related to proton transfer and hydrogen bonding 277 

between the acid and imidazole rings (Figs. 1e and S3). This is evidenced by the 278 

appearance of H2PO4
- bands in the FTIR spectra with the characteristic peaks of PO2 279 

(1050 cm-1) and P(OH)2 (870 and 945 cm-1) (Fig. 2a) [51]. 280 
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 281 

Fig. 1 (a) Chemical structure and (b) geometrically optimized chain segment of TPBI. 282 

The SEM images of (c) surface and (d) cross-section of TPBI-(H3PO4)0.98 membrane 283 

with EDS mapping show homogeneous phosphorus distribution (red dots). (e) 284 

Schematic illustration of the interaction between TPBI and H3PO4. 285 

The thermal stability of TPBI-(H3PO4)x membranes was evaluated by thermal 286 

gravimetric analysis (TGA). As shown in Fig. 2b and Table S1, the TPBI-(H3PO4)x 287 

composite membranes displayed the starting degradation temperatures of more than 288 

200 oC and a two-stage weight loss profile. The first-stage weight losses increase with 289 

the doping level and correspond well with the phosphoric acid to pyrophosphoric acid 290 

conversion, which releases H2O at elevated temperatures (200~500 oC) [52]. The 291 
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drastic weight loss after 500 oC is ascribed to the degradation of the PBI backbone. 292 

WAXD measurements were performed to illustrate the effect of H3PO4 doping on the 293 

PBI chain packing for TPBI-(H3PO4)x composite membranes (Fig. 2c). The precursor 294 

TPBI membrane exhibits a broad diffraction peak at 19.3°, corresponding to an average 295 

inter-segmental distance (i.e., d-spacing) of ~4.6 Å. The d-spacing values decrease with 296 

the increase of doping level, implying the hydrogen bonding and proton transfer 297 

promoted tight chain packing resulting in smaller average inter-segmental distances. 298 

Compared with previously reported non-triptycene containing PBI and PBI-(H3PO4)x 299 

composite membranes (e.g., m-PBI and m-PBI-(H3PO4)x [24]), the d-spacing values of 300 

the TPBI and TPBI-(H3PO4)x membranes are higher at the same doping level, 301 

confirming that rigid hierarchical triptycene moieties effectively disrupted chain 302 

packing. As discussed later, decreasing d-spacing values with the increasing doping 303 

level would inevitably lead to increased size sieving ability. 304 

 305 

Fig. 2 (a) FTIR spectra, (b) TGA profiles, and (c) WAXD patterns of the TPBI-(H3PO4)x 306 

membranes. The numbers in the figure represent the doping level. 307 

The microporosity of TPBI-(H3PO4)x membranes was characterized by positron 308 

annihilation lifetime spectroscopy (PALS), which measures the lifetime of spin-triplet 309 

positroniums (o-Ps) trapped in polymer free volume elements and correlates it with the 310 

size of the micropores [38]. The temperature dependence of the o-Ps lifetime of 311 
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membranes was analyzed using the CONTIN program. As shown in Fig. 3d-f, TPBI, 312 

TPBI-(H3PO4)0.46 and TPBI-(H3PO4)0.98 membranes displayed a unimodal pore size 313 

distribution centered at 6.4, 6.1, and 5.9 Å, respectively, at 35 oC, and shifted to 6.9, 6.3 314 

and 6.0 Å, respectively, at 150 oC. As the doping level increased, membrane pore size 315 

became smaller due to tighter chain packing via hydrogen bond. In addition, the 316 

microporous structure of the TPBI membrane series was simulated to illustrate their 317 

microporosity. As shown in Fig. 3a, TPBI showed a large accessible surface area and 318 

fraction free volume (FFV) induced by the rigid triptycene moieties. The overall FFV 319 

became smaller and more uniform after H3PO4 doping, which confirmed the hydrogen 320 

bonding induced PBI chain tightening by H3PO4 (Fig. 3b and 3c). All membranes 321 

exhibited larger average pore sizes at elevated temperatures (Fig. 3d-f) primarily due to 322 

thermal expansion [24], corresponding well with the results of in situ WAXD analysis 323 

(Fig. S4) and gas permeability data (Table S2). The less significant increase in the 324 

average pore size with temperature for the TPBI-(H3PO4)0.46 and TPBI-(H3PO4)0.98 325 

membranes can be ascribed to the hydrogen bonding-induced enhancement of inter-326 

chain interaction and the restriction of segmental motion.  327 
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 328 

Fig. 3 Computational modeling of microporous surfaces and corresponding pore-size 329 

distributions at elevated temperatures obtained from PALS for (a), (d) TBPI, (b), (e) 330 

TPBI-(H3PO4)0.46, and (c), (f) TPBI-(H3PO4)0.98 membranes. (Tubular regions in a-c 331 

represent the accessible surface area or free volume in membranes.)  332 

3.2 Gas transport properties  333 

Pure-gas transport properties of TPBI and TPBI-(H3PO4)x composite membranes 334 

were tested at 35 oC and 100 PSIA, and the results are shown in Table S3 and Fig. 4. 335 

Pure-gas permeabilities of membranes follow the order of gas kinetic diameter (i.e., 336 

He>H2>CO2>O2>N2>CH4), suggesting that diffusivity plays a dominant role in 337 

permeation (Fig. 4a). Remarkably, the TPBI membrane exhibits much higher gas 338 

permeabilities than non-triptycene-containing PBI membranes due to the incorporation 339 

of configurational free volume and the disruption of chain packing by the rigid and 3D 340 

structure of triptycene units. For instance, the H2 permeability of the TPBI membrane 341 

is 86 and 16 times those of the benchmark m-PBI [53] and TADPS-IPA [54], 342 

respectively. As depicted in Fig. 4a and 4b, increasing the doping level decreases pure-343 
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gas permeabilities and significantly increases H2 and He-related gas selectivities. 344 

Specifically, pristine TPBI shows the H2/CH4 and He/CH4 selectivities of 385 and 301, 345 

respectively, and the selectivity increases drastically with the doping level. The 346 

membrane with the highest doping level, i.e., TPBI-(H3PO4)1.46, displays the highest 347 

selectivity of 5128 significantly for H2/CH4 and 7052 for He/CH4 with the He and H2 348 

permeabilities of 5.0 and 3.6 Barrer, respectively, and the selectivities are among the 349 

highest values of any reported polymer membranes.  The H2/CO2 selectivity increased 350 

30 times from 2.2 in pristine TPBI film to 62.3 at the highest doping level of 1.46. The 351 

enhancement of gas selectivity with increasing doping level could be ascribed to the 352 

boosted size-sieving ability where much tighter chain packing enabled by strong H-353 

bonding significantly restricted the transport of large gases like CH4 and CO2 with much 354 

less impact on H2 transport. Although the average pore sizes obtained from PALS 355 

measurements were larger than the kinetic diameters of CO2 and H2, the high H2/CO2 356 

selectivities of the TPBI-(H3PO4)x membranes suggested that the connections of 357 

microvoids, or “bottlenecks,” plays a crucial role for size sieving [55]. This is evidenced 358 

by the remarkable increase of diffusivity selectivity with doping level (Fig. S5). 359 

Additionally, the diffusivity coefficient correlated well with the kinetic diameters of the 360 

six testing gases (Fig. S6), demonstrating the dominant role of molecular sieving 361 

towards gas separation in TPBI-(H3PO4)x membranes.  362 

Pure-gas permeabilities were further correlated with FFV using the following 363 

equation: 364 

� = ;exp(−?/���)                        (9) 365 
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where A and B represent the pre-exponential factor and the penetrant size-related 366 

constant, respectively [56]. As shown in Table S4 and Fig. 4c, increasing the H3PO4 367 

doping level increases the membrane density and thus decreases the FFV, and the pure-368 

gas permeabilities can be sufficiently depicted with Equation 9. Specifically, it is 369 

observed that H2 and He display much lower B values than the other gases (Table S5), 370 

suggesting that H2 and He permeabilities are less sensitive to FFV reduction due to their 371 

smaller sizes. The larger B values of CO2, N2, and CH4 resulted in a more rapid decrease 372 

in gas permeabilities and an exponential increase in H2/CO2, H2/N2, H2/CH4, He/N2, 373 

and He/CH4 selectivities (Table S3). Specifically, the TPBI-(H3PO4)1.46 membrane with 374 

the lowest FFV of 0.150 exhibited He and H2 permeabilities of 5.0 and 3.6 Barrer, 375 

respectively, and the highest H2/CO2, H2/N2, H2/CH4, He/N2, and He/CH4 selectivities 376 

of 62.3, 2562, 5128, 3524, and 7052, respectively, among any reported polymeric 377 

membranes. In this regard, the TPBI-(H3PO4)x composite membranes hold great 378 

potential for H2 and He recovery. 379 

 380 

Fig. 4 Pure-gas a) permeability as a function of doping level and gas kinetic diameter, 381 

b) selectivity for various gas pairs, and c) permeability as a function of 1/FFV.  382 

PBI-based membranes have shown great potential for H2 recovery from coal-383 

derived shifted syngas, typically operated at high temperatures (150 oC or above) [10]. 384 

The temperature dependence of pure-gas transport properties of TPBI and TPBI-385 
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(H3PO4)x membranes were measured in the temperature range of 50~150 oC with the 386 

feed pressure of 100 PSIA (Fig. 5 and Table S2). TPBI-(H3PO4)0.98 was selected as a 387 

model membrane to highlight the effect of acid-doping-induced inter-chain interactions 388 

considering its stoichiometric doping of H3PO4. Pure-gas H2 and CO2 permeabilities of 389 

both the TPBI and TPBI-(H3PO4)0.98 membranes increased with the increasing 390 

temperature due to the significant enhancement of diffusivity coefficients, which is 391 

consistent with the increased d-spacing values and decreased interchain interaction 392 

induced by hydrogen bonding (Fig. S4a-e,). A monotonic increase of the H2/CO2 393 

selectivity with temperature was observed for the TPBI membrane, which can be 394 

ascribed to a more significant contribution of solubility selectivity relative to the 395 

diffusivity selectivity at elevated temperatures (Fig. S7) [57]. The considerable decrease 396 

of diffusivity selectivity at 70 oC resulted in a reduced H2/CO2 selectivity for the TPBI-397 

(H3PO4)0.98 membrane. The H2/CO2 selectivity remained almost constant above 70 oC 398 

(Fig. 5b). The results are consistent with the simulated number of hydrogen bonding 399 

(Fig. S4f), which was lower by 10% below 70 oC, and kept invariant over 70 oC [58, 400 

59]. 401 

The pure- and mixed-gas permeabilities of H2 and CO2 exhibited significant 402 

Arrhenius regression with temperature for both membranes (Fig. 5c and 5d). In 403 

particular, CO2 displayed a smaller permeability increase than H2 with temperature, 404 

most likely due to the diminished sorption of CO2 at elevated temperatures. The H2 and 405 

CO2 activation energies were obtained, and the results are shown in Table S6. The TPBI 406 

membrane showed the H2 and CO2 activation energy of 15.7 and 7.5 kJ mol-1, 407 
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respectively, and the much smaller CO2 activation energy revealed strong TPBI-CO2 408 

interactions [60]. For TPBI-(H3PO4)0.98 membrane, the Ep of CO2 is slightly higher than 409 

H2, resulting in minor H2/CO2 selectivity variations with temperatures above 70 oC.  410 

The TPBI-(H3PO4)x membranes also demonstrated outstanding gas separation 411 

performance for helium extraction from natural gas and ammonia separations 412 

(NH3/CO2 and NH3/N2, Table S3). For instance, the TPBI-(H3PO4)x membranes 413 

displayed He permeability of 5~41 Barrer with He/CH4 selectivity of 301~7052; 414 

notably, the TPBI-(H3PO4)1.46 membrane showed the highest pure-gas He/CH4 415 

selectivity so far reported for all existing polymer membranes. Monotonic increases of 416 

He/N2 and He/CH4 selectivities with doping levels were observed, confirming the 417 

significantly boosted size sieving via H3PO4-induced hydrogen bonding and proton 418 

transfer. Interestingly, the TPBI membrane also showed an NH3 permeability of 275 419 

Barrer, NH3/CO2 and NH3/N2 selectivity of 11.5 and 24, respectively, suggesting great 420 

potential in NH3 separation from ammonia production (Table S3).  421 

Mixed-gas separation performance of the TPBI-(H3PO4)x membranes was 422 

evaluated using a binary gas mixture of 50:50 (v/v) H2/CO2 at 50~150 oC with a total 423 

feed pressure of 100 PSIA. As depicted in Fig. 5 and Table S2, both TPBI and TPBI-424 

(H3PO4)0.98 membranes displayed mixed-gas transport properties (open symbols) very 425 

close to the pure-gas performance (solid symbols) over the full range of testing 426 

temperatures. Specifically, the TPBI-(H3PO4)0.98 membrane exhibited a mixed-gas H2 427 

permeability of 45.5 Barrer and a high H2/CO2 selectivity of 15.4 at 150 oC, confirming 428 

the great potential of the TPBI-(H3PO4)x membranes for H2/CO2 separation at high 429 
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temperatures. Minor variations between mixed-gas and pure-gas H2/CO2 selectivities 430 

with temperature were observed for the TPBI and TPBI-(H3PO4)0.98 membranes due to 431 

the competition between solubility selectivity and diffusivity selectivity contributions, 432 

whereby increasing temperature increases H2/CO2 solubility selectivity and decreases 433 

size-sieving ability. The TPBI membrane also demonstrated excellent high-pressure 434 

mixed-gas He/CH4 separation performance (Fig. S8). 435 

 436 

Fig. 5 Temperature dependence of pure- and mixed-gas permeabilities and H2/CO2 437 

selectivities for a) c) TPBI and b) d) TPBI-(H3PO4)0.98 membranes. Gas separation 438 

performance is plotted with Arrhenius regression, where solid lines and filled symbols 439 

are for pure-gas, and dashed lines and open symbols are for mixed-gas. 440 

Pure- and mixed-gas separation performance of the TPBI-(H3PO4)x membranes 441 

compared to state-of-the-art polymeric membranes are summarized in Robeson’s 442 

permeability/selectivity trade-off plots for H2-related separations. The TPBI-(H3PO4)x 443 

membranes outperform the 2008 upper bounds [61] and approach the 2015 upper 444 
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bounds [31]  for H2/N2 and H2/CH4 separations, revealing their superior separation 445 

performance for H2 recovery (Fig. 6). Interestingly, the H2/CO2 selectivity increased 446 

dramatically with increasing doping level, consistent with the notion that H3PO4 doping 447 

significantly increases size sieving. The mixed-gas permeation properties of the TPBI 448 

and TPBI-(H3PO4)0.98 membranes for H2/CO2 separation operating at 150 oC are far 449 

exceeding the upper bound predicted for 150 oC [57] when tested under industrially 450 

relevant conditions. Compared with commercial polymer membranes (e.g., Matrimid® 451 

and polysulfone [17]), TPBI-(H3PO4)x membranes show superior H2 permeability and 452 

H2/CO2, H2/N2 and H2/CH4 selectivities. Compared with other reported PBI structures 453 

(Table S7), TPBI-(H3PO4)x membranes exhibit ~10 times H2/N2 and H2/CH4 454 

selectivities higher than those membranes and ~2-15 times H2 permeability higher in 455 

H2/CO2 separation. At the same H3PO4 doping level, TPBI-(H3PO4)0.98 is 30 times more 456 

permeable than m-PBI-(H3PO4)1.0 [24], signifying the role of hierarchical triptycene 457 

units in promoting H2 transport and size-sieving properties. Compared to other state-458 

of-the-art materials (e.g., MOFs [62, 63], polymer mixed matrix membranes [64-66] 459 

and interfacial polymerization membranes [60, 67]) that were also adopted for H2/CO2 460 

separation, the TPBI-(H3PO4)x membranes reported in this work are much 461 

advantageous due to the easiness and feasibility of membrane fabrication and scale-up 462 

that is invaluable for practical implementation of novel membrane materials for 463 

hydrogen purifications.  464 
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 465 

Fig. 6 Gas separation performance of TPBI-(H3PO4)x membranes with different doping 466 

levels for a) H2/N2, b) H2/CH4, and c) H2/CO2 separations. Solid lines are Robeson’s 467 

2008 upper bound [61], and dashed lines are 2015 upper bounds at 35 °C [31]. The red 468 

line is predicted H2/CO2 upper bound at 150 °C [57]. Blue data points represent pure-469 

gas permeation data at 35 °C and red data points at 150 °C. Pure- and mixed-gas data 470 

points are signed as filled and open symbols, respectively. Also included for 471 

comparisons are m-PBIs and derived membranes (▽), 6F-PBIs (○), sulfone-PBIs (☆), 472 

alkyl-PBIs (◇), PIMs (□) and relevant commercial polymers (Matrimid, Polysulfone, 473 

and CA, △). 474 

3 Conclusions 475 

Polybenzimidazole membranes with unprecedentedly high gas selectivities and 476 

permeabilities were successfully fabricated in this study by incorporating hierarchical 477 

triptycene moieties and H3PO4 doping. The triptycene units disrupt chain packing and 478 

generate additional configurational free volumes, leading to substantially boosted He 479 

and H2 permeabilities compared to previously reported PBI membranes. The acid 480 

doping resulted in physically crosslinked PBI membranes via hydrogen bonding and 481 

proton transfer with dramatically enhanced gas selectivities. Therefore, the TPBI-482 

(H3PO4)1.46 membrane displays the highest gas selectivities for He enrichment (i.e., 483 

α(He/CH4) = 7052) and H2 purification (i.e., α(H2/CH4) = 5128) among existing 484 

polymeric gas separation membranes. Notably, the microporosity and gas permeation 485 

properties are highly tailorable by regulating the H3PO4 doping level. The TPBI-486 

(H3PO4)0.98 membrane shows a mixed-gas H2 permeability of 46.7 Barrer and an 487 

H2/CO2 selectivity of 16 at 150 oC, which exceeds state-of-the-art polymeric materials 488 

for H2/CO2 separation. The facile and diverse tunability and excellent gas separation 489 

performance demonstrate novel macromolecular engineering to manipulate 490 

microporosity and gas transport for highly energy-efficient and practical helium 491 

enrichment and hydrogen purification. 492 
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Graphical Abstract 

 

Scheme demonstrating novel macromolecular engineering of 

polybenzimidazole (PBI) membranes via controllable manipulation of 

microporous architecture. Hierarchical triptycene moieties disrupt chain 

packing and introduce additional configurational free volumes for high 

permeability. Phosphoric acid doping enhances molecule sieving via 

hydrogen bonding and proton transfer.  

 




