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Abstract 

A triptycene based poly(ether ether ketone) (tripPEEK) was synthesized and sulfonated to 

form proton exchange membranes. The increase in intrinsic free volume resulting from the 

incorporation of sterically bulky triptycene moiety, imparts high affinity to water at all levels of 

relative humidity (RH) from 10 %RH to 90 %RH. S-tripPEEK membranes showed proton 

conductivities of 334 mS/cm at 85 °C at 90 %RH and 0.37 mS/cm at 85 °C at 20 %RH. Membranes 

of similar ion exchange capacity (IEC) are compared to deconvolute the effect of free volume from 

IEC in enhancing proton conductivity. Increasing the free volume of the membranes increases the 

proton conductivity and decreases the activation energy for proton conduction between 10 %RH 

to 90 %RH.  

 

Introduction 

Proton exchange membranes (PEMs) are a critical component of electrochemical energy 

storage devices such as fuel cells. Currently, the most widely used PEMs are composed of 

perfluorinated poly(sulfonic acids), such as NafionTM, wherein protons transported via proton 

transfer between sulfonic acid groups and water molecules in channels that are generated by the 



directed assembly of the hydrophobic fluorous polymer structure. Nafion’s chemical stability and 

excellent ionic transport properties are well known and extensively reviewed, [1,2] but high cost 

of production and reduced proton conductivities after exceeding temperatures 80 °C are significant 

limitations to this material.[3–10] One of the promising alternative polymeric systems to solve 

those problems is sulfonated poly aryl ethers.[3–7] Sulfonated poly aryl ethers can be polymerized 

through reactions with low cost reactants and are thermally and chemically stable at temperatures 

above 80 °C. Fuel cells operating at temperatures above 80 °C are more efficient due to lower 

carbon monoxide poisoning of the platinum catalyst and reduce the need for cooling systems on 

the fuel cell. [11–13] 

 

In these sulfonic acid-based proton exchange membranes, mechanistic and empirical 

studies have shown that water is instrumental in fast proton conduction.[2,8,10,11,14–19] The 

amount of water in these membrane is closely related to the hydration of hydrophilic sulfonate 

groups. In Nafion, hydrophilic sulfonate groups in the polymer coalesce, creating nanopores with 

high affinity for hydration, which form a percolated water network for proton conduction. At high 

temperatures and low relative humidity, water is lost to the environment and the nanopores 

collapse, resulting in a drastic decrease in proton conductivity.  

 

One way to address the loss of water at low humidity and high temperature is to increase 

intrinsic free volume within the membrane. Intrinsic free volume can be introduced by adding 

bulky groups to sulfonated poly aryl ethers through rigid side chains,[9,20,21] chain branching,[22] 

or by introducing bulky groups into the polymer backbone.[23–26] When the polymer membrane 

is completely dried, these rigid bulky groups prevent packing and produce nanopores.  However, 



this is accompanied by stress to the material that results in distorted bond angles and an increase 

in internal energy.[9] This internal energy is relieved when the membrane is exposed to small 

molecule solvents that can fill the pores and plasticize the polymer. Since water molecules are 

plasticizers for sulfonate polymers that are hydrophilic, it is energetically favorable for polymers 

with bulky groups to retain more water molecules at low humidity to prevent the energetic penalty 

from drying the membrane and thus retain a higher proton conductivity. 

 

Although proton conductivity enhancements have been seen in the aforementioned earlier 

work, studies are lacking to best understand the factors that affect proton conductivity, including 

the ion exchange capacity (IEC), with a systematic control of free volume in the membranes. In 

this contribution, we report the use of the triptycene moiety to systematically control the intrinsic 

free volume in a PEEK-based PEM. The triptycene group increases the free volume in the polymer 

as a result of the three dimensional non-compliant triptycene group[27–29] and the phenyl rings 

associated with this structure allow for simple post polymerization sulfonation wherein the degree 

of sulfonation can be easily controlled. By synthesizing random copolymers with different number 

of triptycene groups and controlling the degree of sulfonation, membranes with similar IEC but 

different amounts of free volume were directly compared to elucidate the effect of free volume on 

proton conductivity. This serves as a guide to new designs for PEMs that can be used at low 

humidity and high temperature.  

 

Experimental 

Materials: 



Anthracene, benzoquinone, hydrobromic acid, hydroquinone, 4,4’-difluorobenzophenone 

and anhydrous potassium carbonate was purchased from Sigma Aldrich and used as received. 

Glacial acetic acid was purchased from VWR and used as received. N,N’-dimethylacetamide 

(DMAc) and toluene were dried over 3 Å and 4 Å molecular sieves for at least 48 hours. 

 

Synthesis of triptycene hydroquinone: 

Triptycene hydroquinone was synthesized according to literature.[26,30] Anthracene 

(35.65g, 200 mmol) and 1,4-benzoquinone (21.62g, 200 mmol) in 200 ml of toluene were heated 

under reflux for 6 h and cooled to room temperature. The precipitated triptycene benzoquinone 

was filtered and washed with toluene and dried in a vacuum oven at 75 °C overnight. Triptycene 

benzoquinone was then added to 300 ml of glacial acetic acid and was heated under reflux. 1 ml 

of 40% hydrobromic acid was slowly added to the reaction and the reaction was left to stir under 

reflux condition for 3 h and left to cool to room temperature, precipitating triptycene hydroquinone 

that is filtered and dried in the vacuum oven at 75 °C overnight. Triptycene hydroquinone was 

obtained in 65% yield over two steps. 1H NMR (400MHz, DMF-d7, 293K): 9.02 (2H, s), 7.44 (4H, 

m), 7.00 (4H, m), 6.42 (2H, s), 5.96 (2H, s); 13C NMR (100MHz, DMF-d7, 293K): 147.38, 146.52, 

133.48, 125.82, 124.64, 114.08, 48.43. 

 

Scheme 1. Synthesis of triptycene hydroquinone 

 

 



Synthesis of Triptycene Poly(Ether Ether Ketone) (tripPEEK(x,y)): 

TripPEEK and its copolymers, designated tripPEEK(x,y) (Table 1), were synthesized 

through aromatic nucleophilic substitution (SNAr) reaction between x equivalents of triptycene 

hydroquinone, y equivalents of hydroquinone and (x+y) equivalents of 4,4’-difluorobenzophenone 

(Scheme 2). The general procedure of polymerization, illustrated using tripPEEK(1,3), is as 

follows: In a flamed dried two-necked round bottom flask under nitrogen atmosphere with a Dean-

Stark apparatus, triptycene hydroquinone (2.863 g, 10.0 mmol), hydroquinone (3.303 g, 30.0 mmol) 

and 4,4’-difluorobenzophenone (8.728 g, 40.0 mmol) was dissolved in anhydrous DMAc (80 ml) 

and anhydrous toluene (10 ml). Potassium carbonate (12.715 g, 23.0 mmol) was added and the 

reaction was heated to 140 °C for azeotropic distillation to remove water that was generated in the 

reaction. Once all the toluene was collected the reaction was heated under reflux conditions 

(165 °C) for 18 hours. The reaction was then precipitated in boiling water and filtered. The 

resulting polymer was purified by dispersing in boiling DMAc and precipitating twice in boiling 

water and twice in methanol. The resultant polymer was further purified with a Soxhlet extraction 

with acetone two days, yielding an off-white polymer powder that was dried in the vacuum oven 

for two days at 75 °C.  

  



Scheme 2. Polymerization of TripPEEK(x,y) through SNAr reaction 

 

Table 1. Mole ratio of monomers of polymers. Average molecular weight per repeat unit is calculated in 
equation below 

Designation 

Mole ratio  

triptycene 
hydroquinone (x) 

hydroquinone 
(y) 

4,4’-difluorobenzophenone 
(x+y) 

Average molecular weight per 
repeat unit (g/mol) 

tripPEEK(1,0) 1 0 1 464.5 
tripPEEK(1,1) 1 1 2 376.4 
tripPEEK(1,3) 1 3 4 332.4 

PEEK 0 1 1 288.3 

Ave.Molecular	Weight	per	repeat	unit =
x 464.5 + y 288.3

x + y
 

 

Synthesis of sulfonated tripPEEKs (S-tripPEEK) and sulfonated PEEK (S-PEEK): 

TripPEEK and PEEK were sulfonated with concentrated sulfuric acid. 0.5g of polymer was 

stirred in 10 ml of concentrated sulfuric acid for 4 hours to dissolve the polymer before the solution 

was heated to 65 °C and left to stir for 1 hour. The degree of sulfonation can be increased with a 

longer reaction time at 65 °C. Sulfonated polymers were precipitated in ice water, filtered and 

rinsed with deionized water and transferred into a dialysis tubing (Molecular weight cut off of 

10000 Da) for dialysis with deionized water until pH neutral. 

 

Formation of proton exchange membranes: 



S-trpPEEKs and SPEEK were dissolved to form 10 wt% solutions in dimethylformamide. 

2.0 ml of the polymer solution was dispensed on a 75 mm ´ 25 mm glass slide and heated to 75 °C 

for 2 hours before drying overnight under vacuum at 75 °C. Free standing membranes with 

thicknesses between 100-150 µm were peeled off the glass slides and cut to sizes needed for further 

experiments. The membranes were soaked in 2.0 M sulfuric acid for 24 hours to protonate the 

membranes. Thereafter, the membranes were transferred into deionized water and soaked for 24 

hours, replacing the deionized water every 8 hours to remove residual acid. 

 

Pretreatment of Nafion 117: 

 Nafion 117 membranes were pretreated as reported in literature [10] to remove organic 

impurities and reprotonate all sulfonic acid groups before all measurements. Nafion 117 

membranes were boiled in a 3% H2O2 aqueous solution for 1 hour, rinsed with deionized water 

and boiled in a 0.5 M sulfuric acid solution for 1 hour. The protonated membranes were then 

soaked in deionized water for 24 hours, switching the deionized water every 8 hours, to remove 

residual sulfuric acid. The pretreated membranes were then kept in deionized water before testing. 

 

General characterization methods: 

1H NMR spectra were obtained using a Bruker 400MHz. Attenuated total reflectance – 

Fourier transform infrared (ATR-FTIR) spectra were determined and baseline corrected using a 

Nexus Model 470/670/870 Spectrophotometer using the Omnic software package. Molecular 

weights of TripPEEKs were obtained with the soluble fraction in THF using gel permeation 

chromatography with polystyrene as a standard. Absolute molecular weights of S-tripPEEKs were 

determined by gel permeation chromatography using an Agilent LC system with a Wyatt 



miniDAWN TREOS multi-angle light scattering detector and DMF (doped with 0.02 M LiBr) as 

eluent. Thermogravimetric analysis was performed using TA instrument TGA Q5000 from 25 °C 

to 900 °C at a heating rate of 10 °C/min. Differential scanning calorimetry (DSC) was performed 

using a TA instruments Q1000 at a heating and cooling rate of 10 °C/min. 

 

Ion exchange capacity: 

Ion exchange capacity (IEC) was determined by titration with 0.01 M sodium hydroxide 

solution. Membranes were soaked in 2.0 M HCl overnight to protonate all sulfonate groups.  

Protonated membranes were rinsed with deionized water 3 times and soaked in 2.0 M NaCl 

solution overnight for ion exchange. The solution was then titrated with 0.01 M (MNaOH) sodium 

hydroxide solution (standardized with 0.010 M potassium hydrogen phthalate) until pH 7.0 using 

a pH meter and the volume of base (VNaOH) was used to calculate IEC with equation below, where 

mdry is the mass of dried membrane.  

IEC =
VBCDE MBCDE

mGHI
 

 

Water uptake and hydration number: 

Water uptake (WU) and hydration number (λ) at 20 %RH were obtained through 

thermogravimetric analysis (TA instruments TGA Q5000). All measurements were done in 

triplicates and averaged. 

 

Small pieces of S-tripPEEK membranes were first dried in a vacuum oven at 100 °C for 

18 hours and removed to equilibrate at 20 %RH at room temperature over 48 hours. The 



equilibrated film was heated in the TGA from 25 °C to 150 °C at a heating rate of 10 °C/min and 

held at 150 °C for 2 hours. The mass loss below 150 °C was attributed to the loss of water and was 

used to calculate water uptake (WU) using equation below where m25 °C is the mass at 25 °C, 

m150 °C is the mass after holding at 150 °C for 2 hours.  

Water	uptake	 WU % =
mMN	℃ − mQNR	℃

mQNR	℃
×100% 

 

Hydration number, λ, which is defined as the number of water molecules for every 

sulfonate group can be calculated using the equation below, where MWH2O is the molecular weight 

of water and WU is water uptake as reported in percent.[5] 

Hydration	number	(λ) =
WU/100
MWE]D

1
IEC

 

 

Fractional free volume of PEMs: 

Fractional free volume (FFV) is defined as the fraction of volume in PEMs that is not 

occupied by the polymer and is determined using the equation below where V is specific apparent 

volume of the PEM and V0 is specific skeletal volume of the polymer. 

FFV =
V − VR
V

 

 

To obtain the specific volumes needed, before any measurements, all PEMs were dried in 

a vacuum oven at 85 °C for over 20 hours and quickly placed into a dessicator after drying to cool 

to room temperature to prevent adsorption of atmospheric water. Polymers were then weighed 

quickly with a microbalance (Mettler Toledo) to obtain the dry mass (mdry).  

 



Specific apparent volume (V) of the PEMs were calculated based on mass and dimensions 

of the dry PEM using the equation below. Thicknesses (t) were measured using a Mitutoyo 

micrometer and averaged over 9 locations on the membrane. Lengths (l) and widths (w) were 

measured using a Mitutoyo digital calipers and averaged over 3 locations on the membrane. Both 

the micrometer and digital calipers have been calibrated by the manufacturer and comes with a 

NIST traceability certificate.  

V =
(t)(l)(w)
mGHI

 

 

Specific skeletal volume (V0) of polymers were obtained via helium pycnometry 

(Micromeritics AccuPyc II 1340). The dried membranes were quickly loaded into the pycnometer 

to obtain the corresponding skeletal volume (Vdry). Helium pycnometry was done at 19.5 psi 

helium with 4 purge cycles and averaged over 5 measurements. V0 was then calculated using the 

equation below. 

𝑉R =
VGHI
mGHI

 

 

 

Proton conductivity measurements: 

Proton conductivity (σ) at various humidity and temperature was obtained through 

electrochemical impedance spectroscopy (EIS) using a Biologic SP 200. Films were placed across 

2 platinum electrodes spaced 3 cm apart. The spacing of 3cm was chosen as proton conductivity 

measured from two-probe measurements at electrode distances above 2.7cm are similar to four-

probe measurements, minimizing the variance between the two configurations. [31]  



For proton conductivity in water, the setup is placed in a water bath at 20 °C. For proton 

conductivity at different relative humidity, the setup is placed in a humidity chamber (Espec 

BTL433). All membranes were tested with the same heating and cooling profile where membranes 

were measured at the highest relative humidity (90 %RH) first, starting from 85 °C and cooling 

down to 25 °C in 10 °C step and equilibrating for 1 hour before each measurement. For relative 

humidity below 30 %RH, the membranes were tested from 85 °C to 60 °C in 5 °C steps due to 

limitations in the dehumidifier of the humidity chamber. 

Measurements were done in Potentio Electochemical Impedance Spectroscopy (PEIS) 

mode with a mean AC voltage 0 V and an amplitude of 0.1 V over a frequency range of 1MHz to 

0.1 MHz. The high frequency intersect between the curve and the real axis of the Nyquist plot was 

recorded as bulk resistance of the membrane (R). Proton conductivity (σ) was then calculated using 

equation below where l is the length between the electrodes, w is the width of the membrane and t 

is the thickness of the membrane. All dimensions were measured at 20% RH. Activation energy 

was calculated based on an Arrhenius relation.  

σ =
l

(R)(t)(w)
 

σ = Aec
de
fg  

 

Results and Discussion: 

Physical properties of tripPEEKs: 

Comparing tripPEEKs with PEEK showed that the inclusion of the triptycene moiety added 

steric bulk which prevented π-stacking and inhibited crystallization, as observed in PEEK (Figure 

1). DSC thermograms of all tripPEEKs showed only a single glass transition and no melting 



transition, suggesting that (i) tripPEEK(1,1) and tripPEEK(1,3) are random copolymers and (ii) 

tripPEEKs do not crystallize. The absence of a crystalline phase makes tripPEEKs more soluble 

than PEEK and allows for solubility in common organic solvents, such as chloroform, 

dichloromethane and boiling polar solvents, such as dimethylacetamide and dimethylformamide. 

A benefit of the relative solubility of tripPEEKs is that 1H NMRs can be obtained. With enhanced 

solubility, tripPEEKs polymerizes to a high molecular weight which soluble fractions have a 

number average molecular weight of more than 100 kDa with respect to polystyrene standards. 

High molecular weights in tripPEEKs allow for good film forming properties that are necessary to 

form free-standing membranes. 

  

Figure 1. DSC thermograms of (a) tripPEEK(1,0), (b) tripPEEK(1,1), (c) tripPEEK(1,3) and (d) PEEK. 
Heat flows are measured from 25 °C to 350 °C at a heating and cooling rate of 10 °C/min. 

 



In addition to enhanced solubility, triptycene moieties also affect the density of the 

tripPEEK polymers (Table 2). Since the triptycenes increase the free volume in the material, it 

was expected that with more of the triptycene moiety present, the density will be lower. 

However, since adding triptycene moieties also increases the mass of repeating unit, the net 

effect resulted in the density of tripPEEK(1,0) being higher than tripPEEK(1,1). By normalizing 

the densities with the average molecular weight of a repeating unit, the volume per mole of 

repeating unit shows that with more triptycene in the polymer the higher the volume per repeat 

unit is obtained, suggesting that triptycene can contribute to additional volume in each repeat 

unit.  

Table 2. Densities and volume per repeat unit of tripPEEKs 

 
Average MW per 

repeat unit 
(g/mol) 

Skeletal 
density 
(g/cm3) 

Volume/repeat 
unit 

(cm3/mol) 

TripPEEK(1,0) 464.5 1.299 357.6 

TripPEEK(1,1) 376.4 1.276 295.0 

TripPEEK(1,3) 332.4 1.327 250.5 

PEEK 288.3 1.321 218.2 

 

 

Properties of sulfonated tripPEEKs (S-tripPEEK): 

The sulfonation of tripPEEKs using concentrated sulfuric acid was successful as indicated 

by the new peaks in the IR spectra (Figure 2).  The peaks at 1180 cm-1 are assigned to the S=O 

stretch and 1050 cm-1 from symmetric sulfonate group stretch.  



 

Figure 2. FTIR spectra for tripPEEKs and S-tripPEEKs. Peaks at 1180 cm-1 and 1050 cm-1 are vibrational 
peaks from the sulfonate group. 

 

1H NMR analysis of tripPEEK(1,0) and S-tripPEEK(1,0) (Figure 3) suggests that some of 

the sulfonate groups were added to the extended ‘wings’ of the triptycene group. Addition to the 

phenyl ring with the ether linkage would result in a lone proton that should integrate to 1, however 

the aromatic triptycene peaks integrated to 16 relative to the bridgehead protons, indicating that 

sulfonate groups are also added to the extended rings of the triptycene group. Sulfonation should 



preferentially occur on the more electron rich ring with 1,4-diether linkages, but since concentrated 

sulfuric acid is both a sulfonating reagent and solvent, this provides for aggressive sulfonation 

conditions that can add SO3H groups to the other two phenyl rings of the triptycene.  The ketone 

bearing phenyl rings are deactivated and the integration relative to the bridgehead protons indicates 

that under the conditions used no sulfonation occurs on these rings.  It is known that electrophilic 

substitution of triptycene occurs in a sequential fashion when adding electrophilic groups,[27] and 

hence, should follow the same trend with sulfonation.  The reduction in rate of addition with each 

sequential addition resulting in a slower rate is a result of homo-conjugation. As a result, the signal 

at approximately 7.05 ppm suggests that we have selectively sulfonated the electron rich ring and 

one other ring of the triptycene. 

 

 

Figure 3. 1H NMR of tripPEEK(1,0) and S-tripPEEK(1,0). S-tripPEEK was sulfonated with concentrated 
sulfuric acid at 65 °C for 1 hour, resulting in successful sulfonation of 2 out of the 3 phenyl rings on the 
triptycene group. 

 



Thermogravimetric analyses of S-tripPEEKs and S-PEEK(Figure 4) showed an initial mass 

loss that is associated with the loss of water that is attached to the hygroscopic sulfonate groups. 

The mass loss at 350 °C was attributed to the decomposition of sulfonate groups. Hence, S-

tripPEEKs are stable to 350 °C, which is well above the operating temperature of up to 200 °C in 

PEMFCs.[12,32] 

 

Figure 4. TGA of S-tripPEEKs and S-PEEK from 50 °C to 900 °C at a heating rate of 20 °C/min. TGAs 
are normalized such that 100% is weight percent after the mass loss associated to water. 

 

As there are more sites available for functionalization with sulfonate groups in tripPEEKs 

compared to PEEK, S-tripPEEKs with a larger range of degrees of functionalization and thus 

different IECs were prepared for evaluation (Table 3).  The table shows the corresponding 

molecular weights of the membranes with different IEC are listed. Aggressive sulfonation does 

result in some degradation of the polymer, as for each of S-tripPEEK(1,0), S-tripPEEK(1,1) and 

S-tripPEEK(1,3), higher degree of sulfonation resulted in a molecular weight reduction. 

Nonetheless, S-tripPEEKs maintain absolute molecular weight of the polymers in the range of 33-

100 kDa and still produced robust free standing membrane for further testing.  
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Table 3. Range of molecular weight, IEC and degree of sulfonation of all S-tripPEEKs and SPEEKs made. 
Limits of IECs are listed with respect to the molecular weight of the corresponding polymer. High IEC, 
with high degree of sulfonation results in lower molecular weight of the polymer. Degree of sulfonation is 
defined as ratio of sulfonate groups to reactive phenyl ring. 

 Mn 
(kg/mol) 

Mw 
(kg/mol) IEC (meq/g) Degree of 

Sulfonation 

StripPEEK(1,0) 60.5 – 85.2 103 – 146 3.35 – 2.67 0.67 – 0.53 

StripPEEK(1,1) 35.5 – 77.0 50.3 – 136 2.79 – 2.64 0.66 – 0.63 

StripPEEK(1,3) 33.9 – 61.8 64.8 – 91.5 2.67 – 1.89 0.75 – 0.52 

SPEEK 40.5 62.3 1.87 0.63 

 

Free volume enhanced proton conductivity:  

Table 4In an effort to deconvolute the effect of free volume and IEC on proton conductivity 

at various levels of relative humidity, S-tripPEEK(1,0), (1,1) and (1,3) membranes of similar IEC 

were chosen for a comparative study (Table 4). Similar to the corresponding tripPEEKs, the 

skeletal densities of S-tripPEEKs also do not necessarily decrease with increasing number of 

triptycene groups. Calculations for the volume per repeat unit again show increases with increasing 

ratios of triptycene moiety in the polymer, suggesting that the fluctuations in skeletal density are 

the result of the increase in mass contributed from the bulky triptycene groups. More importantly, 

the fractional free volume (FFV) was observed to increase with the number of triptycene moiety 

in the polymer. Since the dimensions used to calculate FFV are the same ones used for the 

calculation in proton conductivity, FFV is directly related to the amount of space water molecules 

can occupy within the membrane, which in turn affects the proton conductivity of the membrane. 

 

Table 4. Properties of chosen S-tripPEEK membranes 

 IEC 
(meq/g) 

MW / repeat 
unit (g/mol) 

Skeletal 
Density (g/cm3) 

Vol per 
repeat unit 
(cm3/mol) 

V0 
(cm3/g) 

V 
(cm3/g) 

FFV 
(cm3/cm3) 

S-tripPEEK (1,0)-
2.67 2.67 590.7 1.405 420 0.712 0.874 0.19 



S-tripPEEK (1,1)-
2.64 2.64 477.2 1.380 346 0.724 0.855 0.15 

S-tripPEEK (1,3)-
2.67 2.67 422.6 1.422 293 0.703 0.793 0.11 

 

Proton conductivities of these membranes, as compared to SPEEK and Nafion 117 at 85 °C 

over the full range of relative humidity (Figure 5) show the enhancement in proton conductivity in 

S-tripPEEKs. At 20 %RH, S-tripPEEKs have proton conductivities of 0.02 – 0.4 mS/cm compared 

to Nafion 117 at 0.0014 mS/cm and SPEEK at 0.0015 mS/cm. Similarly at 90 %RH, S-tripPEEK 

membranes exhibit proton conductivities of 0.11 – 0.33 S/cm, as compared to Nafion 117 at 0.02 

S/cm and SPEEK at 0.075 S/cm. Conductivities of Nafion 117 observed were lower than the 

optimal values reported in the literature as a result of the heating profile associated with this 

measurement. In effect, by measuring the membranes at 85 °C, the Nafion 117 membranes were 

‘heat-treated’, resulting in a decline in conductivity consistent with previous studies or membranes 

heated beyond 80 °C.[10] Prior to heat treatment before measurement, Nafion 117 membranes had 

a proton conductivity of 0.099 S/cm when measured in water at 20 °C, (Figure S1) similar to results 

obtained in literature.[10,33] Since membrane electrode assemblies in fuel cells typically require 

hot pressing of electrodes onto PEM at temperatures above 100 °C and operate at temperatures 

above 80 °C wherein fuel cells are more efficient, decline in performance after high temperature 

treatment in Nafion 117 further reveal that S-tripPEEK membranes are more durable than Nafion 

117. 

 



 

Figure 5. Proton conductivity of membranes 85 °C over different levels of relative humidity.  

 

More importantly, comparing within the S-tripPEEKs membranes clearly reveals that 

increases in FFV enhances proton conductivities, especially at low relative humidity. Across the 

full range of relative humidity, S-tripPEEK(1,0) exhibited the highest proton conductivities 

followed by S-tripPEEK(1,1) and S-tripPEEK(1,3). The enhancement that correlates with FFV 

varies at different levels of humidity; S-tripPEEK(1,0) has a conductivity 20 times higher than S-

tripPEEK(1,3) at 20 %RH but is only 3 times higher at 90 %RH. At low humidity, when the water 

within the membrane is reduced, the increased free volume in the membrane allowed around 50% 

more water uptake within the S-tripPEEK(1,0) membrane as compared to S-tripPEEK(1,3) (Table 

5) which helps to maintain the hydration number at lower humidity, and hence the enhancement.  

 

Table 5. Water uptake of S-tripPEEK membranes at 20 %RH 

 IEC 
(meq/g) 

FFV 
(cm3/cm3) 

Water 
Uptake (%) 

Hydration 
number, λ 

S-tripPEEK 
(1,0)-2.67 2.67 0.19 9.7 2.02 



S-tripPEEK 
(1,1)-2.64 2.64 0.15 6.6 1.41 

S-tripPEEK 
(1,3)-2.67 2.67 0.11 6.4 1.33 

 

However, at higher humidity, the FFV enhanced water uptake can lead to polymer swelling, 

which can isolate sulfonates and reduce the conductivity enhancement from FFV. This effect has 

amplified consequences when the membranes were measured in water at 20 °C. Here S-

tripPEEK(1,0) membranes adsorbed water and swelled to such an extent that the sulfonate groups 

were diluted to the point that the proton conductivity is reduced (Figure 6). As seen in Figure 7, 

proton conductivities of S-tripPEEK(1,1) were higher than both S-tripPEEK(1,3) and S-

tripPEEK(1,0) and is attributed to the larger hydration number observed in S-tripPEEK(1,0). As a 

side note, S-tripPEEK(1,0) membranes swell by more than 200% in water and are soluble in water 

at temperatures above 50 °C. 

 



 

Figure 6. (a) Proton conductivity in water and (b) hydration number of membranes in water. Hydration 
number is defined as the number of water molecules for every sulfonate group in the membrane.  

 

The dilution of the sulfonates in hydrated S-tripPEEK(1,0) is also consistent with the 

measured water melting point depressions (Figure 7). Within the membrane, water aggregates 

around the hydrophilic sulfonate groups, solvating them to release protons. Thus, we can consider 

the sulfonate groups in the membrane as impurity in the water phase. At a smaller hydration 

number, there are more sulfonate groups with respect to water molecules in the membrane, 

resulting in a larger melting point depression of water in the membrane. Hence, with lower 



hydration numbers, S-tripPEEK(1,3) and (1,1) shows melting point depressions of  -25 to -30 °C 

while no melting point depression was observed in hydrated S-tripPEEK(1,0) membranes. 

 

Figure 7. DSC thermograms of hydrated S-tripPEEK films from -70 °C to 25 °C at a heating and cooling 
rate of 10 °C/min. The loop observed in the cooling cycle of S-tripPEEK(1,0) is due to rapid crystallization 
of ice. The heat released from the crystallization was higher than the cooling capacity of the instrument and 
hence raised the temperature of the sample. 

 

To further illustrate the dependence on hydration number and improvements resulting from 

increasing intrinsic free volume in the membrane, activation energies at different levels of 

humidity were compared (Figure 8). Activation energies are a measure of the ease of proton 

transport in the membrane and are highly dependent on water uptake in the membrane. Nafion 117 

loses water as the relative humidity decreases with a reduced proton conductivity and increased 

activation energy. [2,18,34,35] Figure 8 reveals that S-tripPEEKs has a wide window of relative 



humidity wherein the activation energies for proton transport were low. More importantly, as the 

intrinsic free volume increases from S-tripPEEK(1,3) to (1,1) to (1,0), the activation energies 

decreased across the whole range of humidity.  This result suggests that intrinsic free volume 

enhances the ease of proton transport.  

 

 

Figure 8. Plot of activation energy observed in each membrane from 20 %RH to 90 %RH. Plots of 
conductivity vs 1000/T used to obtained activation energy plotted in the supplementary information. (Figure 
S2 – S6) 

 

Conclusion 

In summary, a series of proton exchange membranes based on S-tripPEEK with high IEC 

values and varying levels of intrinsic free volume were synthesized. The membranes exhibit high 

proton conductivity of 334 mS/cm at 90 %RH and 0.37 mS/cm at 20 %RH at 85 °C, which are 

much higher than conductivities observed in the commonly used Nafion117 PEMs. Studies of 

membranes with similar IECs, but increasing intrinsic free volume, at low humidity allowed for 

successful deconvolution of the effect of free volume from IEC. With increased free volume, water 



uptake at low humidity increased, resulting in higher conductivities and a reduction in activation 

energies for proton conductivity. Considering that PEMFCs should ideally operate at temperatures 

above the boiling point of water, wherein the humidity is low, intrinsic free volume of PEMFCs 

should be a major design element. 
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Abstract 

Triptycene based poly(ether ether ketone) (tripPEEK) were synthesized and sulfonated to 

form proton exchange membranes. The increase in intrinsic free volume resulting from the 

incorporation of sterically bulky triptycene moiety, imparts high affinity to water at all levels of 

relative humidity (RH) from 10 %RH to 90 %RH. S-tripPEEK membranes showed proton 

conductivities of 334 mS/cm at 85 °C at 90 %RH and 0.37 mS/cm at 85 °C at 20 %RH as compared 

to 18.9 mS/cm and 0.0014 mS/cm observed in Nafion117TM membranes measured under the same 

respective conditions. Membranes of similar ion exchange capacity (IEC) are also compared to 

deconvolute the effect of free volume from IEC in enhancing proton conductivity. Increasing the 

free volume of the membranes increases the proton conductivity and decreases the activation 

energy for proton conduction at low humidity.  
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