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Abstract:  19 

A series of pentiptycene-containing disulfonated polysulfone copolymers (PENT-BP) were 20 

synthesized via condensation polymerization. Water and salt transport properties (solubility, 21 

diffusivity and permeability) were characterized for acid-form membranes (PENT-BP(H)) and 22 

compared with triptycene-based sulfonated polysulfones (TRP-BP(H)) and a non-iptycene-23 

containing 4,4’-biphenol-based series (BPS(H)) of polysulfones to investigate the effect of 24 

pentiptycene on membrane performance. At comparable water content, the PENT-BP(H) 25 

exhibited increased water and salt permeability due to the additional free volume introduced by 26 

the pentiptycene units. Enhanced water/salt permeability selectivity of PENT-BP(H) series was 27 

also observed due to a significantly higher diffusivity selectivity. At comparable water 28 

permeance (�� D  ~ 8 × 10
� �
�/�), the salt rejection of PENT-BP (H) copolymers obtained from 29 

dead-end filtration reached 91-93% at 400 psi, higher than that of a corresponding BPS(H) series. 30 

This study suggests that incorporation of iptycene moieties into polymer backbone is an effective 31 

strategy to enhance desalination membrane performance. 32 

Keywords: reverse osmosis, pentiptycene, sulfonated polysulfone, water/salt selectivity, 33 

solution-diffusion model 34 

  35 
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1. Introduction 36 

With 97% of the earth’s water found in ocean, less than 1% of the earth’s water is available 37 

freshwater [1]. Upon the global population expansion and industrialization, the demand for fresh 38 

water has become a serious issue [2–4]. Today, membrane-based technology, in particular, 39 

reverse osmosis (RO), is the most widely used technology for desalination applications due to 40 

their cost effectiveness and high energy efficiency [1,5–7]. The state-of-the-art RO membranes 41 

are polyamide-based membranes [8–10], which dominate the desalination market for high salt 42 

rejection and stable performance over wide ranges of feeding pH, temperature and pressure [5]. 43 

However, the amide linkages have poor tolerance to oxidizing agents such as chlorine-based 44 

disinfectants [11–13], which are widely used in water purifications to control biofouling. For this 45 

reason, the feeding water must be dechlorinated before reaching the polyamide membranes to 46 

avoid oxidative degradation and then rechlorinated after desalination process to prevent 47 

biofouling [14], which significantly increases the desalination costs. 48 

Recently, poly(arylene ether sulfone)s have been studied in water treatments for their 49 

economic propensity, excellent thermal and mechanical stabilities as well as their chlorine 50 

tolerance [14,15]. To compensate the hydrophobicity of polymer backbones, sulfonation strategy 51 

has been widely used to increase the membrane hydrophilicity for enhanced desalination 52 

performance. Compared to post-polymerization sulfonation, direct copolymerization of  53 

disulfonated monomer, i.e., 3,3′-disulfonated-4,4′-dichlorodiphenyl sulfone (SDCDPS), into 54 

polysulfones has proved to be highly controllable and reproducible to achieve desired sulfonation 55 

degree and control the distribution of ionic groups [14–17]. While previous studies reported that 56 

BPS(H) polysulfones prepared from 4,4’-biphenol are promising for desalination applications 57 

due to their excellent chlorine tolerance [14], further fundamental studies of water and salt 58 
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transport properties of BPS(H) copolymers revealed that the polymer design of sulfonated 59 

polysulfones can be further optimized to simultaneously achieve high water permeability and 60 

water salt sieving ability (i.e., selectivity) [16]. 61 

    In our recently reported study, a bulky building block of triptycene-containing structure was 62 

introduced into sulfonated polysulfone backbone (i.e., TRP-BP series) attempting to enhance the 63 

desalination performance[18]. It showed that the hierarchical triptycene units could effectively 64 

disrupt the chain packing and regulate the free volume distribution, suppressing both water and 65 

salt diffusion coefficients. The observed enhancement of water/salt selectivity of triptycene-66 

containing sulfonated polysulfones, especially in the acid-form (i.e., TRP-BP(H) series), 67 

suggested that incorporating bulky and hierarchical structural units into sulfonated polysulfone 68 

backbones holds good promise for enhanced desalination performance. In this regard, we are 69 

motivated to extend the design of sulfonated polysulfone to include an even bulkier and more 70 

hierarchical iptycene unit – pentiptycene. Pentiptycene, an extension of triptycene composing 71 

five fused arene rings,  has demonstrated great potential as high-performance gas separation 72 

membranes [19–24]. The well-defined molecular microcavities of pentiptycene scaffold provide 73 

an effective tool to selectively sieve gas molecules [19,25–27]. Given the similar transport 74 

mechanism in gas separation and desalination process [28,29], incorporating pentiptycene into 75 

sulfonated polysulfones might further enhance the desalination performance.  76 

    Hereby, a series of pentiptycene-containing sulfonated polysulfones (PENT-BP) with 77 

systematically varied sulfonation degree and pentiptycene content were synthesized and the 78 

fundamental water and salt transport properties of acid-form membranes were characterized. 79 

Direct comparisons between pentiptycene-based PENT-BP series, triptycene-based TRP-BP 80 

series and non-iptycene containing BPS series were made to elucidate the pentiptycene effect on 81 



5 

 

water and salt transport properties. Water and salt solubility, diffusivity, permeability and salt 82 

rejection were reported for all three series of sulfonated polysulfones, wherein PENT-BP(H) 83 

series exhibited simultaneously improved water permeance and water/salt selectivity as well as 84 

higher salt rejection. 85 

2. Experimental 86 

2.1.  Materials 87 

    Pentiptycene-6,13-diol (PENT)  was synthesized according to previous literature[30][31]. 88 

Anthracene, sodium hydrosulfite and 4,4’-difluorodiphenylsulfone (DFDPS) were purchased 89 

from Alfa Aesar and used as received.1,4-benzoquinone, tetrachloro-1,4-benzoquinone, 90 

potassium carbonate, sodium chloride, sodium bicarbonate, acetic acid, dimethyl sulfoxide-d6 91 

and methanol were purchased from Sigma-Aldrich and used as received. 4,4’-biphenol (BP) and 92 

3,3’-disulfonated-4,4’-dichlorodiphenylsulfone (SDCDPS) were purchased from Akron Polymer 93 

Systems and dried in vacuum at 110 °C for 24 h before use. Anhydrous N, N-dimethylacetamide 94 

(DMAc) and toluene were purchased from EMD Millipore and used as received. Deionized 95 

water (DI water) was obtained from a Millipore water purification system (Milli-Q Advantage 96 

A10, Milli-Q, Billerica, MA). 97 

2.2. Polymer synthesis and film preparation 98 

Pentiptycene-containing disulfonated copolymers with controlled pentiptycene molar content and 99 

sulfonation degree were synthesized via polycondensation of PENT, BP, DFDPS and SDCDPS 100 

in predetermined ratios through nucleophilic aromatic substitution mechanism (SNAr) according 101 

to our previously reported procedures with some modifications (Scheme 1) [18]. The 102 

nomenclature used for the copolymers is PENT-BP a:b-S, where a:b is the PENT:BP molar ratio 103 

and S is the molar percentage of sulfonated SDCDPS in the copolymers, as shown in Scheme 1. 104 



6 

 

It should be noted that copolymers with high PENT molar content (> 50 mol%) and high degree 105 

of sulfonation (>50%) didn’t have sufficiently high molecular weight for film formation due to 106 

the low reactivity between PENT and SDCDPS and the poor solubility of the corresponding 107 

copolymers. Detailed synthesis procedures are described as follows using PENT-BP 1:2-40 as an 108 

example: 2.3127 g PENT (5 mmol), 1.8621 g BP (10 mmol), 2.9772 g SDCDPS (6 mmol), 109 

2.3113 g DFDPS (9 mmol) and 4.1879 g K2CO3 (30 mmol) were charged into a 100 mL three-110 

neck flask equipped with a nitrogen inlet, a mechanical stirrer and a Dean-Stark trap. Then 50 111 

mL anhydrous DMAc and 25 mL toluene were added and the reaction mixture was refluxed at 112 

145 °C for 4 h to dehydrate the system. While removing the toluene, the temperature was slowly 113 

increased to 185 °C and held for 72 h with stirring and nitrogen purge. The resulting viscous 114 

polymer solution was filtered to remove salts and then precipitated in stirring methanol. The 115 

fibrous copolymer was then collected and dried in vacuum oven for 24 h at 120 °C. 116 

 117 
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Scheme 1. Synthesis of PENT-BP random copolymers with controlled composition and degree 118 

of sulfonation. 119 

To prepare salt-form thin films, the as-prepared copolymers were dissolved in DMAc to form ~7% 120 

w/v solutions, which were then filtered through 0.45 µm Teflon® syringe filters. The filtered 121 

solutions were cast onto clean, leveled glass plates and dried under an infrared lamp at ~55 °C 122 

for 24 h to form polymer films. The residual solvent was removed by drying the films under 123 

vacuum at 120 °C for 24 h.  124 

To prepare acid-form films, where K+ is replaced with H+ in the PENT-BP structure shown in 125 

Scheme 1, the as-cast salt-form thin films were boiled in 0.5 M sulfuric acid solution for 2 h 126 

followed by  hot deionized (DI) water boiling for another 2 h following a previously reported 127 

method [32]. For the acid-form polysulfone films, “(H)” is added as a suffix to the names of 128 

corresponding salt-form copolymers to indicate they are in acid form. For example, PENT-BP 129 

1:2-40(H) is the acidified form of PENT-BP 1:2-40 that has 33 mol% pentiptycene and 40% 130 

sulfonation degree. All obtained thin films with thickness between 40~70 µm were stored in DI 131 

water before measurements. 132 

2.3. Polymer and film characterization 133 

The chemical structures and the composition of pentiptycene-containing disulfonated 134 

copolymers were confirmed by 1H NMR spectroscopy on Bruker AVANCE III HD 400 135 

Nanobay spectrometer with tetramethylsilane (TMS) as the internal standard. The dry-weight ion 136 

exchange capacity (IEC, meq/g) of all acid-form membranes was determined by acid-base 137 

titration method following previously reported procedure [17]. The details of mechanical 138 

property measurement and results were reported in supplementary information. 139 
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The density of dry acid-form films was measured using a density measurement kit (ML-DNY-43, 140 

Mettler Toledo) and an analytical balance (ML204, Metter Toledo) at room temperature using 141 

cyclohexane as a medium. The dry film density, ρdry, was determined according to Archimedes’ 142 

principle (Eq. 1): 143 

���� = ����
����
����

���� − ��"�#                                                      (1) 144 

where mair is the dry film weight measured in air and mwet is measured in cyclohexane. The 145 

density of cyclohexane, ρaux, was determined at room temperature and ρair was taken as 0.0012 146 

g/cm3 [18]. 147 

2.4. Water transport measurements 148 

The water uptake (WU) of acid-form membranes was evaluated by immersing fully dried 149 

polymer films in DI water at room temperature and weighed periodically until a stable reading 150 

was obtained (mwet). Specifically, the hydrated membrane was wiped using Kimwipe® to remove 151 

surface water and quickly weighed. The dried membrane (mdry) was weighed using an analytical 152 

balance immediately after being dried in vacuum oven at 100 °C for 24 h. WU was then 153 

calculated from Eq. 2, 154 

$% = ����
�&�'
�&�'

                                                                      (2) 155 

The equilibrium volume fraction of water in the hydrated membrane, ϕw, was calculated by 156 

assuming ideal mixing behavior between water and polymer [16]: 157 

(� = )*/+�
)*/+�,-/+&�'

                                                                                           (3)      158 
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The water partition coefficient, or, water sorption coefficient, Kw, is defined as the ratio of water 159 

concentration in the film, .�� (grams of water per cubic centimeter of hydrated film), to 160 

external water concentration,  .� (grams of water per cubic centimeter of external solution): 161 

/� = 0�1

0�
                                                                        (4) 162 

where .� is equal to the density of pure water, taken as 1 g/cm3 at room temperature [28]. Kw 163 

is related to the volume fraction of water, (� (Eq. 3), as follows: 164 

/� = 2�3�
0�45�

                                                                     (5)                                                                  165 

where Mw is the molecular weight of water, 18 g/mol and  67� is the molar volume of water at 166 

room temperature, taken as 18 cm3/mol. By combining Eq. 4 and Eq. 5, the water partition 167 

coefficient Kw was equal to the equilibrium volume fraction of water in a hydrated membrane: 168 

/� = (�                                                                                                     (6)         169 

Water flux, 8�, was measured using dead-end filtration with an Amicon 8003 stirred cell 170 

(Millipore). Hydrated PENT-BP membranes were cut into 1-inch diameter discs and mounted 171 

in the base of the cell, which was then filled with DI water. The cell was connected to a source 172 

of compressed nitrogen, which drove the flow of DI water at applied pressures of 50, 60,70 psi 173 

(3.45, 4.14, 4.83 bar) separately. At each pressure, permeate weight was collected in a 20 mL 174 

scintillation vial on an analytical balance (Denver Instrument PI-4002) as a function of time and 175 

then converted to volume to determine the permeation rate. The vial was sealed with Parafilm 176 

to minimize evaporation. The water flux (8�) was calculated from the volumetric permeation 177 

rate (ΔV/Δt) as follows, 178 
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8� = ∆4
:�∙∆<                                                                     (7) 179 

where =� is the effective area of a membrane disc within the stirred cell. Hydraulic water 180 

permeability, ��>, was then calculated as[28]  181 

��> = ?�@
∆A                                                                         (8) 182 

where l is the thickness of hydrated membrane measured immediately after the flux test and Δp 183 

is the applied trans-membrane pressure. ��> was taken as the average of the results obtained at 184 

50, 60, 70 psi. Diffusive water permeability was then calculated as follows [33–35], 185 

��B = ��>
CD
45�

E-
F�
G H                                                         (9) 186 

where R is the gas constant, T is the absolute temperature and I is the thermal non-ideality. In 187 

this work, the value of I was set to unity following the approach adopted in our previous work 188 

on triptycene-based polysulfone copolymers [18], where comparisons between the simplified 189 

calculations and the Flory-Huggins theory model revealed qualitatively similar results. 190 

Therefore Eq. 9 can be simplified as: 191 

��B = ��>
CD
45�

�1 − /�#                                                    (10)      192 

The average water diffusivity, J�, was calculated as follows [34], 193 

J� = K�L

F�
                                                             (11) 194 

As an alternate analysis, the method of single-point fit was used to evaluate I as detailed in the 195 

Supplementary Information (SI). 196 
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2.5. Salt transport and rejection measurements 197 

The salt permeability was measured at 25 °C using a dual chamber permeation cell, which 198 

consisted of two well-stirred reservoirs with a film clamped in between. The PENT-BP(H) 199 

membranes were stored in 1 M NaCl aqueous solution prior to tests. One reservoir was initially 200 

filled with 20 mL 1 M NaCl aqueous solution and the receptor contained 20 mL DI water. The 201 

conductivity of receptor chamber was monitored over time using a conductivity meter (Oakton® 202 

Con 11) and then converted to concentration via a calibration curve. Assuming pseudo-steady-203 

state permeation, the salt permeability, Ps, was found by plotting the obtained time-dependent 204 

concentration data according to Eq. 12 [36], 205 

ln E1 − 2 0P�<#
0L�Q#H E− 4@

�:R
H = �ST                                                     (12) 206 

where .C�T# is the salt concentration in the receptor chamber at time t,  .B�0# is the initial donor 207 

concentration (1 M), V is the chamber volume (20 mL), =S is the effective film area (0.97 cm2) 208 

and l is the hydrated membrane thickness measured immediately after the salt permeation test. 209 

The salt sorption coefficient (or, salt partition coefficient), /S, defined as the ratio of salt 210 

concentration in membrane to external salt concentration, was determined from a kinetic 211 

desorption experiment following reported method [37]. The hydrated PENT-BP(H) membranes 212 

were immersed in 50 mL 1 M NaCl aqueous solution for 2 days followed by desorption in DI 213 

water for another 2 days [18,37]. The desorption salt concentration was measured by ion 214 

chromatography (Dionex ICS-5000), and /S was calculated as the ratio of salt extracted per unit 215 

volume of hydrated film to initial external solution concentration: 216 

/S = 0&4&
0U41

                                                                             (12) 217 
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where  .� is the desorption salt concentration, 6� is the desorption solution volume (20 mL),  .Q 218 

is the initial external concentration (1 M NaCl), and 6� is the volume of hydrated membrane. 219 

Average values were obtained and reported from at least three specimens for each film. The salt 220 

diffusion coefficient, JS, was then determined as follows, 221 

JS = KR
FR

                                                                             (13) 222 

The salt rejection, R, of PENT-BP 1:2-40(H) and PENT-BP 1:1-40(H) films was measured 223 

using a dead-end stainless-steel permeation cell (HP4750 stirred cell, Sterlitech Corp). The feed 224 

solution was 2000 ppm (0.034 M) NaCl aqueous solution that was well stirred (300 rpm) during 225 

tests [16]. For each PENT-BP membrane, three samples of ~0.5 g permeate were collected at 226 

200, 300 and 400 psi (13.8, 20.7 and 27.6 bar) separately and the average values were reported. 227 

Feed and permeate salt concentrations were measured using ion chromatography. The salt 228 

rejection, R, was calculated as follows: 229 

V = 1 − 0W
0X

                                                             (14) 230 

where Cp and Cf are the concentrations of permeate and feed, respectively.  231 

 232 

3. Results and discussion 233 

3.1. Polymer properties 234 

     The PENT-BP copolymers were prepared via condensation polymerization as shown in 235 

Scheme 1. The pentiptycene molar content (33% to 50%) and sulfonation degree (30% to 40%) 236 

were adjusted to allow systematic investigation of the structure-property relationship for these 237 

new pentiptycene-containing sulfonated polymers and elucidation of the effect of bulky 238 
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pentiptycene unit on water/salt transport properties. The sulfonation level was limited to below 239 

50% to ensure high water/salt selectivity. The chemical structure and the composition of 240 

pentiptycene-containing copolymers were confirmed by 1H NMR. Figure S1 shows a 241 

representative 1H NMR spectrum of the PENT-BP 1:2-40(K) copolymer with peak assignments 242 

and the corresponding structure. The actual molar content of pentiptycene unit in the copolymers 243 

was determined from the integration ratio of characteristic peak associated with PENT or BP 244 

moieties in the NMR spectra.  Similarly, the sulfonation degree was determined by the peak 245 

integration ratio of SDCDPS/DFDPS, which matched the target values, indicating successful 246 

synthesis of pentiptycene-containing ionomers with well-controlled compositions. 247 

To elucidate the effect of pentiptycene moiety on water and salt transport properties, 248 

experimental results of PENT-BP membranes were compared with triptycene-containing 249 

polysulfone series (TRP-BP) and non-iptycene-containing BPS(H) series that we reported earlier 250 

[18]. As shown in Table 1, PENT-BP(H) membranes have lower densities than BPS(H) or TRP-251 

BP(H) series at equivalent sulfonation degree, suggesting that incorporation of bulky 252 

pentiptycene units might effectively disrupt the chain packing and generate larger fractional free 253 

volume, allowing for potentially higher permeability as demonstrated in our studies of 254 

pentiptycene-based polymer membranes for fuel cell and gas separations [17,19]. Within the 255 

pentiptycene copolymer series, the dry polymer density decreased with pentiptycene content at 256 

given degree of sulfonation: at 30% sulfonation, the 1:2 PENT:BP sample had a density of 1.31 257 

g/cm3 while the 1:1 PENT-BP sample had a density of 1.24 g/cm3 and at 40% sulfonation, the 258 

1:2 PENT:BP sample had a density of 1.33 g/cm3 versus 1.31 g/cm3 of 1:1 PENT-BP. This 259 

observation provides further evidence that the bulkiness of pentiptycene unit is effective in 260 

disrupting the chain packing.  261 
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     Despite of the potentially higher free volume suggested by the lower dry polymer density, the 262 

water sorption coefficients (Kw) of the acid-form PENT-BP(H) are lower than TRP-BP(H) series 263 

and BPS(H) series at similar sulfonation degree. For example, the water content of PENT-BP 264 

1:2-40(H) is ~40% lower compared to BPS(H)-40, TRP-BP 1:1-35(H) and TRP-BP 2:1-35(H). 265 

BPS(H)-30 takes nearly 30% more water than PENT-BP 1:2-30(H) and PENT-BP 1:1-30(H). 266 

While the decreased water content of hydrated PENT-BP(H) membranes seems to contradict 267 

Yasuda’s free volume theory that predicts higher water content in hydrated membrane with 268 

increased free volumes [36], there are multiple factors that regulate the water content of hydrated 269 

membranes, including ion exchange capacity (IEC), fractional free volume, and intra- and 270 

intermolecular interactions such as π-π stacking, that should be considered. For example, due to 271 

higher molecular weight of the repeat unit upon the incorporation of pentiptycene moiety, the 272 

PENT-BP(H) copolymers have lower IEC or ion concentration than BPS(H) and TRP-BP(H) 273 

series at equivalent sulfonation degree (cf. Supplementary Information). Additionally, the 274 

hydrophobicity of pentiptycene scaffolds composing 5 fused arene rings could also affect the 275 

water absorption. Measurement of water contact angles on select PENT-BP and TRP-BP series 276 

were conducted to analyze the hydrophobility of the copolymers. As show in Table S4, the 277 

PENT-BP copolymer films exhibited higher water contact angles than TRP-BP ones with similar 278 

or even lower IECs, confirming the increased hydrophobicity upon the incorporation of 279 

pentiptycene units. Despite of the additional internal free volume delineated by the benzene 280 

“blades” [22,38,39], they could also serve as molecular baffles preventing the penetration of 281 

water molecules leading to low water content.282 
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Table 1. Density and Transport Properties of PENT-BP Polymers at 25 ºC. 283 

 
284 

a Measured via kinetic desorption experiment at 25 ºC (initial concentration of NaCl solution = 1M).  285 

b Calculated from water sorption coefficient and diffusive water permeability using Eq. 11. 286 

c Calculated from salt sorption coefficient and salt permeability according to Eq. 13. 287 

d Measured at 25 ºC using dead-end filtration (feed pressure = 50, 60, 70 psi).   288 

e Calculated using water sorption coefficient and hydraulic water permeability by Eq. 10. 289 

f Measured at 25 ºC using direct permeation cell (donor concentration = 1 M NaCl and receptor filled with DI water initially) 290 

g Salt-form (K+) membranes of corresponding polymers without boiling in acid.291 

Membranes 
Dry density 

(g/cm3) 
Ks

 a
 K

w
 J�

 b  
(×10-6 cm2/s) 

JS
 c  

 (×10-7 cm
2
/s) 

��
 H  d  

(L·µm/m22
·h·bar) 

��
 D  e   

(×10
-6

 cm2/s) 
�S

  f  
(×10-9 cm2/s) 

PENT-BP 1:2-30(H) 1.31 ± 0.04 0.075 ± 0.006 0.23 ± 0.02 6.3±0.8 0.9±0.1 0.49±0.03 1.4±0.1 6.6±0.1 

PENT-BP 1:1-30(H) 1.24 ± 0.02 0.103 ± 0.030 0.21 ± 0.01 5.6±0.4 0.5±0.1 0.39±0.02 1.2±0.1 5.0±0.2 

PENT-BP 1:2-40(H) 1.33 ± 0.01 0.143 ± 0.011 0.29 ± 0.02 24.4±2.4 6.4±0.6 2.61±0.06 7.1±0.3 92±6 

PENT-BP 1:1-40(H) 1.31 ± 0.01 0.171 ± 0.028 0.27 ± 0.01 11.5±0.7 1.6±0.3 1.10±0.03 3.1±0.1 27.5±2.1 

TRP-BP 1:1-35(H) [18] 1.41 ± 0.04 0.105 ± 0.005 0.46 ± 0.01 12.6 ± 0.9 6.9 ± 0.9 2.8 ± 0.2 5.8 ± 0.4 74 ± 1 

TRP-BP 1:1-35 g [18] 1.43 ± 0.03 0.050 ± 0.008 0.38 ± 0.01 3.4 ± 0.4 1.2 ± 0.2 0.55 ± 0.07 1.3 ± 0.2 5.8 ± 0.1 

TRP-BP 2:1-35(H) [18] 1.37 ± 0.06 0.094 ± 0.003 0.48 ± 0.01 12.0 ± 0.4 8.2 ± 0.3 2.9 ± 0.1 5.8 ± 0.2 76 ± 2 

TRP-BP 2:1-35 g [18] 1.39 ± 0.06 0.066 ± 0.004 0.36 ±0.01 5.1 ± 0.5 1.5 ± 0.2 0.75 ± 0.07 1.8 ± 0.2 9.2 ± 0.9 

BPS-30 g[16] 1.353[40] 0.030 0.19 3.6 0.38 0.22 0.68 1.5 

BPS-40 g[16] 1.358[40] 0.043 0.29 6.1 3 0.65 1.8 8.7 

BPS(H)-30 [16] 1.370[40] 0.036 0.32 12 5.5 0.89 2.3 22 

BPS(H)-40 [16] 1.420[40] 0.081 0.48 18 20 4.4 8.7 226 
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3.2. Water transport  292 

Our previous study reported that incorporating triptycene into sulfonated polysulfone 293 

backbone structure could increase hydraulic water permeability due to more water sorption 294 

enabled by higher free volume introduced by triptycene units relative to non-triptycene-295 

containing polysulfone series [18]. It is noted that incorporation of pentiptycene units, however, 296 

reduced hydraulic water permeability as compared to BPS(H) series at equivalent sulfonation 297 

degree (Table 1), which could be ascribed to the lower IEC and water content in pentiptycene-298 

containing series. The free-volume theory of Yasuda et al. [36] suggested that water diffusion 299 

coefficient Dw varies exponentially to volume fraction of water  by assuming a linear relation 300 

between free volume and volume fraction of water, i.e., log (Dw) scales linearly with 1/Kw. To 301 

further analyze the water transport, effective water diffusivity, Dw, of BPS(H), TRP-BP(H) and 302 

PENT-BP(H) series are plotted versus 1/Kw in Fig. 1(a). In general, the water diffusion 303 

coefficients of sulfonated polysulfones follow the trend predicted by Yasuda’s theory [36]. 304 

Within the PENT-BP(H) series, increasing pentiptycene content and decreasing sulfonation 305 

degree seemed to reduce the diffusive water permeability due to their reduced IEC and water 306 

sorption. In contrast to the unusual suppression effect on water diffusion observed in TRP-BP(H) 307 

series, the PENT-BP(H) series exhibited greater diffusion coefficients compared to BPS(H) 308 

membranes at comparable water content. For example, PENT-BP 1:2-40(H) has a higher Dw 309 

value than BPS-40 and BPS(H) 30 (Table 1). This phenomenon might result from the interplay 310 

between multiple factors. Although the benzene blades could serve as molecular baffles and 311 

make the pathways tortuous [18], the incorporation of bulky, space-occupying pentiptycene unit 312 

could also generate additional free volume for small molecule transport. The diffusive water 313 

permeability, Pw
D, defined by Eq.10 is plotted again 1/Kw as shown in Fig. 1(b). The PENT-BP(H) 314 
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series show lower diffusive water permeability than BPS(H) membrane at equivalent sulfonation 315 

degree due to relatively lower IEC. However, at comparable water content, PENT-BP 1:2-40(H) 316 

and PENT-BP 1:1-40(H) exhibit higher water permeability values than BPS(H)-30 and BPS(H)-317 

40 (Table 1). Compared with TRP-BP(H) series, the PENT-BP(H) series displayed higher or 318 

comparable diffusive water permeability with much lower water content, which could be 319 

ascribed to the configuration of pentiptycene unit. Pentiptycene, composed of 5 arene rings, have 320 

more open clefts or “internal free volume” than triptycene and the size of microcavities is 321 

comparable with the kinetic diameters of water molecule [39]. Even with lower water content 322 

due to the hydrophobicity of arene blades, the larger cavity promotes the water transport across 323 

the membranes. 324 

325 

Fig. 1. (a) Water diffusivity, Dw, as a function of 1/Kw; (b) Diffusive water permeability Pw
D as a 326 

function of 1/Kw. Dw was calculated from Pw
D  and Kw by Eq. 11. Pw

D values were calculated from 327 

hydraulic water permeability and water sorption coefficient from Eq. 10.  328 
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3.3. Salt transport 329 

     The salt sorption coefficients, Ks, were determined from the desorption method as described 330 

in the experimental section, and the results are presented in Fig. 2. In general, Ks is positively 331 

related with Kw, i.e., materials with higher water content tend to absorb more salt [29]. Since it is 332 

normally assumed that pure polymers are not able to dissolve any salt [36], the distribution of 333 

absorbed water and the polymer/ion/water interactions may significantly affect the salt partition 334 

coefficient [41]. As shown in Fig. 2, the salt sorption coefficients of PENT-BP(H) series are 335 

obviously higher than those of TRP-BP(H) and BPS(H) materials even when they share similar 336 

water content. Additionally, while the water content decreased with increasing the pentiptycene 337 

content due to reduced IEC, PENT-BP(H) copolymers with higher pentiptycene content 338 

absorbed more salt given the same degree of sulfonation. For example, PENT-BP 1:1-30(H) 339 

showed lower water content but higher salt sorption coefficient compared to PENT-BP 1:2-340 

30(H). These observations seem to suggest that incorporating bulky pentiptycene units into 341 

polymer backbone might introduce a different mechanism for water and salt transport from that 342 

in BPS(H) and TRP-BP(H) series. The increased salt sorption might be attributed to the internal 343 

microcavities delineated by pentiptycene “blades”. Although the three classes of materials have 344 

the same sulfonate groups and “similar” polymer backbones, the cavities generated from the 345 

pentiptycene blades might be able to accommodate more salt molecules. 346 



19 

 

 347 

Fig. 2. Salt sorption coefficient (Ks) as a function of water sorption coefficient, Kw. 348 

     Fig. 3(a) presents salt permeability as a function of 1/Kw. The NaCl permeability coefficients 349 

were determined from direct permeation experiments using a 1 M NaCl feed concentration 350 

following previous studies [16,18]. According to Yasuda’s study [36], the salt permeability in 351 

uncharged hydrogels is expected to scale exponentially with 1/Kw in a wide range as depicted as 352 

a solid line in Fig. 3(a). It seems that the salt permeability in PENT-BP(H) series exhibited 353 

similar trend. Compared to TRP-BP(H) and BPS(H) series, the salt permeability values of 354 

PENT-BP(H) copolymers are higher at comparable water content. This observation is consistent 355 

with the higher diffusive water permeability of PENT-BP(H) series as discussed in section 3.2. 356 

This is a reasonable trend since salt could only permeate through water assuming that the 357 

polymer matrix doesn’t dissolve salt. By adjusting the sulfonation degree and pentiptycene 358 

content, the PENT-BP(H) copolymer series showed a wide range of salt permeability depending 359 
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on the water content, suggesting excellent tunability in membrane separation performance 360 

enabled by the incorporation of pentiptycene into sulfonated polysulfones. 361 

     Fig. 3(b) presents the salt diffusivity, DS, determined from salt sorption coefficients and 362 

permeability data, as a function of 1/Kw. Based on the free volume theory, the salt diffusion 363 

coefficient is expected to scale exponentially with free volume (volume fraction of diluent). By 364 

assuming that salt doesn’t permeate through polymer matrix alone, Yasuda proposed the 365 

following correlation between Ds and Kw [36]: 366 

                                                       ln J_ = ln JQ − =� -
F�

− 1#                                                  (15) 367 

where D0 is the NaCl salt diffusion coefficient in aqueous solution (1.47×10
-5

 cm2/s) at room 368 

temperature, A is a constant related to characteristic volume required to accommodate the 369 

diffusing permeant molecules in the material. The NaCl diffusivity data obtained in this study 370 

were plotted along with the data from Yasuda’s study. To a first approximation, the data in Fig. 371 

3(b) followed Yasuda’s model and confirmed the positive relationship between water content 372 

and salt diffusivity. The increase in salt diffusivity of PENT-BP(H) materials, compared to TRP-373 

BP(H) series, is related to the higher water permeability at comparable water content, resulting 374 

from the additional free volume generated by the pentiptycene “blades”. Similar to other 375 

sulfonated polysulfone materials, the salt diffusion coefficients (Fig. 3(b)) show stronger 376 

dependence on water content than water diffusion coefficients (Fig. 1(b)), given the larger size of 377 

hydrated ions compared to the size of water molecules. For instance, Dw of PENT-BP 1:2-40(H) 378 

is 4 times that of PENT-BP 1:1-30(H), while the Ds of the former is higher by a factor of 13 379 

(Table 1). This phenomenon is consistent with the free-volume theory in that the diffusivity of 380 
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larger penetrants is more sensitive to changes in free volume compared to smaller penetrants 381 

[36,42,43]. 382 

383 

Fig. 3. (a) NaCl permeability, Ps, as a function of 1/Kw. (b) NaCl diffusivity, Ds, as a function of 384 

1/Kw. Ps values were measured from direct permeation cell (initial upstream concentration = 1 M 385 

NaCl). Ds were calculated from Eq. 13. The data are compared with uncharged hydrogels (solid 386 

line) reported by Yasuda et al.[36]. The dashed lines represent the correlation between Ds and Kw 387 

from Eq. 15. 388 

3.4. Water/salt selectivity 389 

     The separation performance of desalination membrane is often evaluated by water flux and 390 

salt rejection. High water flux with high salt rejection is pursued for the desalination applications 391 

[44–46]. However, direct salt rejection measurements are not ideal to accurately evaluate 392 

inherent separation properties of polymer materials since such measurements are very sensitive 393 

to operating factors such as salt feed concentration, membrane thickness, and applied pressures 394 

[29,40,44]. On the other hand, permeability and selectivity measurements show much less 395 

dependence on operating conditions. Therefore, the permeability data of salt and water were used 396 
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to determine the ideal water/salt selectivity of a polymeric film by taking the ratio of the two. 397 

According to a previous study [18], diffusive water permeability, ��B, was calculated from Eq. 10 398 

by setting the thermodynamic term δ equal to unity, and salt permeability, Ps, was calculated by 399 

use of Eq. 12. Then the ideal water/salt selectivity, αw/s, is defined as the ratio of the two: 400 

`�/S = K�L

KR
                                                                       (16) 401 

The correlation between the water/salt selectivity α�/S and the diffusive water permeability 402 

��B of three acid-form materials is presented in Fig. 4. Similar to the tradeoff relations 403 

observed in polymeric gas separation membranes, there was also an empirical 404 

permeability/selectivity tradeoff for desalination membranes [44]. Generally, PENT-BP(H) 405 

series showed simultaneous improvement in water permeability and water/salt selectivity 406 

compared to TRP-BP(H) and BPS(H) series, approaching the empirical upper bound. This 407 

trend is more significant at higher sulfonation degree as shown in Fig. 4. For example, PENT-408 

BP 1:2-40(H) has 20% higher water permeability and comparable water/salt sieving 409 

performance compared to TRP-BP 1:1-35(H), and is 70% more salt selective and ~50% more 410 

water permeable than BPS(H)-35. The increase in water permeability of PENT-BP 1:2-40(H) 411 

compared with TRP-BP series could be ascribed to the synergistic effect of higher IEC and 412 

higher intrinsic free volume: even with lower water content in PENT-BP films, the higher 413 

volume-based IEC in hydrated state of PENT-BP 1:2-40 (H) (cf. [17]) might facilitate the 414 

water transport, while larger size of microcavities also might lead to increased water 415 

permeability as discussed in section 3.2. Despite the obvious enhancement in water 416 

permeability of PENT-BP 1:2-40 (H), the increase in salt permeability is relatively suppressed 417 

(Table 1), which might be mainly ascribed to the salt sorption effect and the more porous 418 
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pentiptycene scaffold. The aromatic blades of pentiptycene units may serve as molecular 419 

baffles and help narrow the free-volume-element size distribution [19,24,38,47] to form more 420 

selective and tortuous pathways [18], enabling higher water/salt permeability selectivity. 421 

Salt rejection (R) measurements were conducted using dead-end cell filtration method 422 

(experiment details in the Supplementary Information) on PENT-BP 1:2-40(H) and PENT-BP 423 

1:1-40(H) and the results are included in Fig. S5. Generally, membranes exhibit higher 424 

rejection performance as feed pressure increases since water flux changes proportionally with 425 

applied pressure difference across the membrane while the salt transport is relatively 426 

independent of pressure. Consistent with the water/salt selectivity results, PENT-BP(H) series 427 

showed higher salt rejection than BPS(H) series. For example, PENT-BP 1:2-40(H) displayed 428 

prominent salt rejection performance with R=93% compared to BPS(H)-35 with salt rejection 429 

of 86%. Considering their higher water permeability and water/salt selectivity, the PENT-430 

BP(H) series hold much greater potential for high-performance desalination application 431 

compared to TRP-BP(H) and BPS(H) series. 432 
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 433 

Fig. 4. The water/salt selectivity, α�/S, as a function of diffusive water permeability, 434 

��B, calculated from Eq. 10 for PENT-BP(H) series (blue triangle). The data for BPS(H) 435 

series (black squares) [16] and TRP-BP(H) series (green circles) [18] are included for 436 

comparison. The solid line is the empirical upper bound [44]. 437 

Since both sorption and diffusivity contribute to the permeability, the water/salt selectivity can 438 

be further expressed in terms of water/salt sorption selectivity, 
F�
FR

, and water/salt diffusivity 439 

selectivity, 
B�
BR

,  as follows: 440 

α�/S = K�L

KR
= F�

FR
∙ B�

BR
                                                              (17) 441 

Fig. 5 (a) shows the water/salt sorption selectivity as a function of water diffusivity for PENT-442 

BP(H), TRP-BP(H) and BPS(H) series. Typically, polymers absorbing more water tend to absorb 443 

more salt leading to lower water/salt sorption selectivity, as depicted by the empirical upper 444 

bound [44]. The PENT-BP(H) series exhibits this trend of lower selectivity as higher water 445 
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sorption values, however, at noticeably lower sorption selectivity values than other sulfonated 446 

polysulfones. At comparable water content, BPS(H)-30 exhibits a water/salt sorption selectivity 447 

values 2~4 times larger than that of PENT-BP 1:2-40(H) and PENT-BP 1:1-40(H) copolymers. 448 

The reduction in water/salt sorption selectivity of PENT-BP(H) could be attributed to multiple 449 

factors. The hydrophobicity of the pentiptycene scaffolds resulted in the decreased Kw in the 450 

polymer. Meanwhile, with more sulfonated groups (higher IEC) on the polymer backbones at 451 

comparable water content, additional counterion condensation could occur in the PENT-BP 1:2-452 

40(H) (1.35 meq/g) and the PENT-BP 1:1-40(H) (1.27 meq/g) compared to the BPS(H)-30 (1.25 453 

meq/g), which would contribute to higher salt sorption coefficients [18,46] and lower sorption 454 

selectivity. Within the PENT-BP(H) series, at equivalent sulfonation degrees of 30% or 40%, 455 

increased pentiptycene content decreases water content/sorption coefficient but accommodated 456 

more salt molecules as discussed in section 3.2 and 3.3, resulting in lower Kw/Ks values. 457 

458 

Fig. 5. (a) Sorption selectivity, Kw/Ks, as a function of Kw. (b) Diffusivity selectivity, Dw/Ds, as a 459 

function of Dw for PENT-BP(H) series (blue triangle). The data for BPS(H) series (black squares) 460 

[16] and TRP-BP(H) series (green circles) [18] are included for comparison. The dashed lines 461 

are the empirical upper bounds [44]. 462 
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     The data of water/salt diffusivity selectivity, Dw/Ds, as a function of water sorption coefficient 463 

are presented in Fig. 5 (b). Obviously all three series of sulfonated polysulfones show a tradeoff 464 

wherein membranes with higher water diffusivity have weaker ability to selectively sieve water 465 

from salt. However, compared to BPS(H) and TRP-BP(H) series, PENT-BP(H) series display 466 

noticeably higher Dw/Ds values in a wide range of Dw. For instance, PENT-BP 1:1-40(H) has 3-5 467 

times greater diffusion selectivity than BPS(H)-35, TRP-BP 1:1-35(H) and TRP-BP 1:2-35(H) at 468 

comparable water diffusivity. As our previous research reported [24,39,47],  the incorporation of 469 

pentiptycene in polymer backbones could generate larger fractional free volume and control the 470 

size distribution of the materials, providing an effectively tool for gas separation materials. 471 

Similar with the transport mechanisms of gas molecules, the observation here further supports 472 

that pentiptycene moieties are instrumental in fine tuning the free volume distribution and 473 

enhancing diffusivity selectivity without compromising water diffusivity. Within the 474 

pentiptycene series, incorporating more pentiptycene units or lowering sulfonation degree 475 

reduced the water diffusivity and increased the water/salt diffusivity selectivity, possibly due to 476 

increased hydropobicity. The comparison between PENT-BP 1:2-30(H) and PENT-BP 1:1-40(H), 477 

where the latter has both higher pentiptycene content and sulfonation degree, seems to suggest 478 

that the effect of pentiptycene content outweighs the effect of sulfonation degree on water 479 

diffusivity and the diffusivity selectivity. This is evidenced by the observation where PENT-BP 480 

1:1-40(H) has ~4 times higher water diffusivity than PENT-BP 1:2-30(H) while both sharing 481 

similar water/salt diffusivity selectivity. Based on above observations, the significant 482 

improvement in water/salt selectivity by incorporating pentiptycene units could be mainly 483 

ascribed to the increased diffusivity selectivity. 484 
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4. Conclusions 485 

     Sulfonated polysulfone copolymers containing bulky pentiptycene units, PENT-BP(H), were 486 

successfully synthesized and the pentiptycene content and sulfonation degree were varied 487 

systematically to investigate the effect of pentiptycene on the water and salt transport properties. 488 

Compared to non-iptycene containing sulfonated polysulfones (i.e., BPS(H) series) and 489 

triptycene-containing ones (i.e., TRP-BP(H) series), incorporating pentiptycene moieties into 490 

polysulfone backbone enhances water and salt permeabilities and salt sorption coefficient due to 491 

the high free volume associated with bulky pentiptycene scaffold. Simultaneously, introduction 492 

of pentiptycene unit led to enhanced water/salt selectivity in PENT-BP(H) series, leading to their 493 

desalination performance approaching the upper bound. The excellent water/salt sieving ability 494 

of PENT-BP(H) and TRP-BP(H) series suggests that the intrinsic molecular free volume of 495 

iptycenes enables very promising desalination performance of polymer membranes. Further 496 

research will continue to explore a wide spectrum of iptycene-based desalination membranes 497 

with specifically designed polymer backbone structures, tailored membrane morphology using 498 

block copolymers, as well as membrane post-modification strategies to maximize desalination 499 

performance. 500 
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