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Simple and universal synthesis of sulfonated porous organic 
polymers with high proton conductivity 

Zhongping Li,*a† Yuze Yao,a† Dongjin Wang,a† Md. Mahmudul Hasan,a Athchaya Suwansoontorn,a 

He Li,*b Gang Du,a Zhaohan Liu,a and Yuki Nagao*a 

Along with the rapid development of economic integration and regional economization worldwide, the growth of green and 

sustainable resources has posed a major concern. Proton-exchange membrane fuel cells (PEMFCs) are exemplary of green, 

resource-conserving, and environmentally protective energy resources. Porous organic polymers (POPs), a new class of 

porous material with high porosity, permanent pores, excellent stability, and easily modified functional units, can offer a 

good platform as proton-conducting electrolytes for fuel cells. However, a simple and general design to construct POPs with 

high proton conductivity presents a challenging project. For this study, we used simple benzene and aromatic benzene as 

building units through a facile and cost-effective process to create a series of POPs. We further prepared sulfonated POPs 

(S-POPs) with high-density sulfonic acid groups via post-sulphonation. S-POPs displayed excellent proton conductivity up to 

10−2 S cm−1 at 25 °C and 95% relative humidity (RH), and high conductivity up to 10−1 S cm−1 at 80 °C and 95% RH, which 

ranked top among the most proton-conducting POPs. These results suggest that construction of S-POPs offers a simple and 

universal way to evolve structural designs for high proton-conductive materials.

Introduction 

During the last few decades, human society has created a 

highly modern civilization reliant upon intensive use of fossil 

fuels, which have led to global environmental difficulties and 

threats to sustainable energy consumption. In light of those and 

other detrimental effects, developing effective technologies 

and new materials to provide green and sustainable resources 

is both urgent and necessary. Proton-exchange membrane fuel 

cells present some promise for clean energy systems that are 

compatible with environmental conservation. 

Developed from Nafion as a current standard for PEMFCs, 

many researchers have designed sulfonated materials to 

improve proton conductivity.1 Porous materials have an easily 

adjustable suitable structure and pore environment for proton 

conductivity.2 For example, metal organic frameworks (MOFs) 

show high porosity, with designable pores and a skeleton.3 

However, only a few MOFs can be loaded with sulfonic acid 

groups including direct-design and post-synthesis because of 

their poor stability. Comparison of traditional porous materials 

demonstrates that POPs including conjugated microporous 

polymers (CMPs),4a polymers of intrinsic microporous (PIMs),4b 

covalent organic frameworks (COFs),4c porous aromatic 

frameworks (PAFs),4d and hypercrosslinked polymers (HCPs)4e 

generally exhibit good porosity, permanent pores, excellent 

stability, and various modified sites on walls, offering promise 

for multi-functional application such as gas uptake,5–6 catalyst,7–

8 chemical sensors,9–10 and proton conductivity.11–15 

Proton conducting POPs can be designed according to several 

principles. Loading proton sources such as imidazole, triazole, 

phosphoric acid, and p-toluene sulfonic acid into pores of 

functional POPs has been a standard approach for proton 

conduction.12–13 In 2015, Xiang and co-authors reported 

mesoporous polyimides networks that were constructed to load 

imidazole as proton carriers to produce a good proton-

conducting material.11a The proton conductivity of polymers 

reaches 3.49 × 10–4 S cm–1 at 90 °C and a highly anhydrous 

condition. To develop highly conductive materials, imine-based 

COF with high porosity and excellent stability was exploited 

elaborately by Jiang’s group to improve the loading amounts of 

imidazole and triazole, which displayed high proton 

conductivity (4.37 × 10−3 S cm−1).11b Banerjee and co-workers 

systematically studied a series of porous polymers with 

phosphoric acid for proton conduction.12 Recently, they made a 

crystalline porous polymer into self-standing and flexible 

membrane with p-toluene sulfonic acid, which suggested 

excellent proton conductivity up to 7.8 × 10−2 S cm−1.12b The 

proton-conductive porous polymers were also established by 

direct synthesis through building units with sulfonic acid units.13 

For example, Zhao and co-authors presented polymers 

decorated with pendant sulfonic acid groups. At 298 K and 97% 

relative humidity (RH), these frameworks exhibited intrinsic 

proton conductivity  as high as  3.96 × 10–2 S cm–1.   Recently,  a     
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Scheme 1. Schematic representation of POP and S-POP synthesis.

post-sulphonation method to introduce sulfonic acid groups 

into frameworks has received much attention because of cost- 

effective processing. Hong’s, Senker’s, Ghosh’s and Han’s group 

achieved post-synthesis of a sulfonated porous organic 

polymers via chlorosulfonic acid.14-15 Although design and 

synthesis of functional proton-conductive POPs have made 

great progress during the past years, crucially important issues 

such as simplicity and universality remain unresolved from the 

viewpoint of practical application.12–15 

A strong demand exists to break through that limitation. 

Porous organic hyper-crosslinked polymers have been 

constructed using a facile and low-cost method via Friedel–

Crafts alkylation of aromatic monomers using formaldehyde 

dimethyl acetal (FDA) as a crosslinker and FeCl3 as catalyst.4e We 

are interested in this finding because they afford permanent 

pore structure and high porosity for porous polymers; the 

polymers can also be prepared easily to produce functional 

units through simple synthesis. In this research, we used simple 

and various aromatic benzene including two-dimensional (2D) 

molecules (benzene, B; biphenyl, BP; triphenylene, TP) and 

three-dimensional (3D) monomer (tetraphenylmethane, TPM) 

as building units through a facile process to afford diverse POPs, 

which were further decorated with high-density sulfonic acid 

groups via post-sulphonation (Scheme 1). The S-POPs displayed 

state-of-the-art high conductivity up to 10–2 S cm–1 at 25°C and 

95% RH and 10–1 S cm–1 at 80 °C and 95% RH, which ranked 

remarkable performance among the most proton-conducting 

POPs. 

Results and discussion 

POPs can be prepared in high yield (98-99%) from simple 

benzene and aromatic monomer through Friedel–Crafts 

alkylation by using formaldehyde dimethyl acetal (FDA) as a 

crosslinker under the catalysis of FeCl3, which is a reliable 

method to synthesis of highly porous POPs.16 The S-POPs were 

conducted through post-synthesis by chlorosulfonic acid.15 The 

success of polymers was confirmed by Fourier transforms 

infrared (FT IR) measurements. The FT IR spectra displayed 

readily apparent signals around 2913 and 3106 cm–1 for POP-B, 

2920 and 3021 cm–1 for POP-PB, 2919 and 3026 cm–1 for POP-

TP, and 2922 and 3024 cm–1 for POP-TPM, respectively, 

corresponding to C–H stretching vibration, thereby indicating 

occurrence of the connection (–CH2–) of building units and 

formaldehyde dimethyl acetal (Fig. S1). Strong new peaks at 

1173 and 1370 cm–1 for S-POP-B, 1172 and 1372 cm–1 for S-POP-

BP, 1173 and 1371 cm–1 for S-POP-TP, 1174 and 1369 cm–1 for 

S-POP-TPM, respectively, can originate from the structure of 

S=O=S symmetric and asymmetric stretching modes. These 

results indicate the successful introduction of sulfonic acid 

groups by post-synthesis method. X-ray photoelectron 

spectroscopy (XPS) results of S-POP displayed C1s, O 1s, S 2s and 

2p signals (Figs. 1a–1d). In Figs. 1e–1h, bonding energies of S 

2p3/2 and S 2p1/2 of S-POPs were found around 168.2 and 169.3 

eV, respectively, which further suggests the presence of sulfonic 

acid groups in the frameworks. The POPs and S-POPs showed 

no information of the Fe characteristics (Figs. 1i–1l), which 

meant that the catalyst can be removed by purification 

processing. Elemental mapping by energy dispersive 

spectroscopy (EDS) analysis of polymers was investigated for 

POPs and S-POPs (Fig. S2a–d). EDS images of S-POPs indicated a 

uniform distribution of elemental sulphur. The amount of 

sulfonic acid group of S-POPs was estimated through acid–base 

titration. The S-POP-B and S-POP-BP showed high sulfonic acid 

amounts of 29 and 28 wt%. The slightly lower quantity was at 

18 wt% for S-POP-TP, which is ascribed to sulfonated benzene 

inactivated reactivity of the conjugated structure. Comparison 

of the 2D building units reveals that the S-POP-TMP has higher 

sulfonic acid density at 36 wt% because the 3D structure 

displayed rigidity, extensive space, and weak conjugation 

/hyperconjugation to improve the sulphonation reaction 

activity. The sulfonation process for polymers decorated high-

density sulfonic acid groups.  

The thermal stability of polymers was investigated by 

thermogravimetric analysis (TGA) under a nitrogen atmosphere 

(Fig. S3). The POPs showed excellent thermal stability and kept 

up to 300 °C. The S-POPs were stable up to 200 °C. Before 100 °C, 

S-POPs lose water molecules. Field emission–scanning electron 
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Fig. 1. X-ray photoelectron spectroscopy (XPS) spectra of (a) S-POP-B, (b) S-POP-BP, (c) S-POP-TP, and (d) S-POP-TPM. XPS analysis 

of S of (e) S-POP-B, (f) S-POP-BP, (g) S-POP-TP, and (h) S-POP-TPM. XPS analysis of Fe of (i) S-POP-B, (j) S-POP-BP, (k) S-POP-TP, and 

(l) S-POP-TPM.   

Fig. 2. Nitrogen sorption isotherms of (a) POP-B and S-POP-B, (b) POP-BP and S-POP-BP, (c) POP-TP and S-POP-TP, and (d) POP-

TPM and S-POP-TPM measured at 77 K (●, adsorption; ○, desorption; black curves for POP and red curves for S-POP). (e) 

Comparison of BET surface area of POPs and S-POPs. 

microscopy (FE–SEM) images were taken to elucidate the 

morphology of all the POPs (Fig. S4). It is particularly interesting 

that POP-BP and S-POP-BP revealed uniform micrometer-scale 

long rods (Figs. S4b and 4f). Powder X-ray diffraction 

measurements (PXRD) of all the POPs displayed no strong 

signals, which suggested their amorphous structure (Fig. S5).  

The permanent porosities of POPs and S-POPs were 

investigated by nitrogen adsorption measurements taken at 77 
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K. POPs and S-POPs showed type I and type II isotherms with 

sharp uptake observed at low pressure (Figs. 2a–2d), which is a 

representative character of microporosity according to the 

IUPAC classification. The POP-B showed the highest Brunauer–

Emmett–Teller (BET) surface area of 1653 m2 g–1. POP-BP, POP-

TP, and POP-TPM also displayed high BET surface areas of 956, 

565, and 1312 m2 g–1, respectively. After the post-sulphonation 

for polymers, the POP porosity also decreased, as shown in Fig. 

2e. For example, S-POP-B showed a lower BET surface area, 683 

m2 g–1, than that of POP-B (1653 m2 g–1). The BET surface areas 

of S-POP-BP, S-POP-TP, and S-POP-TPM were 449, 271, and 720 

m2 g–1, respectively. The total volume calculated with nitrogen 

gas adsorbed at P/P0 = 0.99 of POP-B, POP-BP, POP-TP, and POP-

TPM was actuated respectively to be 2.68, 1.00, 0.63, and 1.26 

cm3 g–1 (Fig. S6 a-d). The pore volumes of S-POPs were also 

reduced. S-POP-B, S-POP-BP, S-POP-TP, and S-POP-TPM 

exhibited pore volumes of 0.87, 0.53, 0.33, and 0.54 cm3 g–1, 

respectively. The lower porosity including BET surface area and 

pore volume was found in S-POPs, which indicated the sulfonic 

acids were successfully located on sulfonated polymers. 

Fig. 3.  Proton conductivities of (a) S-POP-B, (b) S-POP-BP, (c) S-

POP-TP, and (d) S-POP-TPM measured at 25 °C under different 

RH. (e) Proton conductivities of POPs and S-POPs under 95% RH 

and 25 °C. 

Humidity, a key point for a proton transport system, can 

promote and strengthen proton-exchange/transport efficiency. 

The water vapour sorption isotherms of POPs and S-POPs were 

measured at 298 K (Fig. S7a). Water adsorption capacities of 

11.2, 10.4, and 17.9 mmol g−1 at P/P0 = 0.95 were observed for 

POP-B, POP-BP, and POP-TPM, respectively. The lower water 

capture capability was observed at 7.5 mmol g−1 because of the 

hydrophobic conjugated units of POP-TP. Although S-POPs 

showed smaller BET specific surface areas and pore volumes 

than those of POPs, high water uptake of the S-POP-B, S-POP-

BP, and S-POP-TP were found to be 36.1, 31.5 and 18.9 mmol 

g−1, respectively (Figs. S7a and S7b). It is particularly interesting 

that S-POP-TPM exhibited higher water capture capability of 

44.9 mmol g−1 because of the greater amount of sulfonic acid 

units in the skeleton, which possessed strong hydrophilic 

interaction towards the water molecule. The capture capability 

of all S-POPs was inferred as twice or three times that of the 

original POPs (Fig. S7b).  For the number of water molecules 

adsorbed by per sulfonic acid group, each sulfonic acid molecule 

of S-POP-TPM can adsorb around 10.2 water molecules at P/P0 

= 0.95, which is lower than Nafion membranes such as Nafion 

117 (21, 27 °C and liquid wafer), 17  and Nafion 211 (12, 25 °C 

and 95% RH).18a 

The S-POPs displayed good porosity, remarkable water uptake, 

and high-density sulfonic acid units in the skeleton, which led us to 

measure the water-mediated proton conductivity. We firstly 

investigated the humidity dependence on proton conductivity for 

polymers from 40 to 95% RH at 25 °C. With the increment of humidity, 

the proton-conducting values of S-POPs were improved (Figs. 3a–3d 

and Figs. S8a–8d). For example, S-POP-B exhibited conductivities of 

9.5 × 10−5, 4.8 × 10−4, 1.1× 10−3, and 3.3 × 10−3 S cm−1, respectively, 

under 40%, 60%, 70%, and 80% RH at 25 °C (Fig. 3a). At 25 °C and 95% 

RH, high conductivity of S-POP-B was found at 1.5 × 10−2 S cm−1, 

which is 3.4 orders of magnitude greater than that of POP-B under 

these conditions (Fig. 3e). The similar results were found for other 

polymers at 25 °C and 95% RH. For example, S-POP-BP also exhibited 

high proton conductivity of 1.0 × 10–2 S cm−1, which is also a great 

increase in the original polymer (Figs. 3a and 3e). The lower 

conductivity of S-POP-TP was found at 4.4 × 10–4 S cm–1 as a result of 

poor water uptake and moderate density of proton sources in the 

skeleton (Fig. 3c). With high density of the proton source and 

excellent water uptake, remarkable conductivities of S-POP-TPM 

were recorded respectively on 7.2 × 10–4 (40% RH), 1.8 × 10–3 S cm–1 

(60% RH), 3.3 × 10–3 S cm–1 (70% RH), and 7.6 × 10–3 S cm–1 (80% RH) 

at 25 °C. When the relative humidity was increased to 95% RH and 

25 °C, the proton conductivity of S-POP-TPM was as high as 2.7 × 10–

2 S cm–1, which is ranked as having remarkable conductivity among 

the reported proton-conducting POPs.14–15 The proton conductivities 

of POPs and S-POPs were measured at various temperatures under 

95% RH and improved with increased temperature (Fig. S9). The 

conductivities of POP-B increased slightly to 4.5 × 10–4 (25 °C), 7.5 × 

10–4 (60 °C), and 1.3 × 10–3 S cm–1 (80 °C) under 95% RH (Fig. S9a). 

With increasing temperature, S-POP-B also enhanced proton 

conductivity of 1.6 × 10–2 S cm–1 (25 °C), 3.9 × 10–2 (60 °C), and 6.4 × 

10–2 (80 °C) (Fig. S9b). Also, S-POP-BP and S-POP-TP exhibited good 

proton-conducting performances of 4.1 × 10–2 and 4.6 × 10–3 at 80 °C 

and 95% RH, respectively (Figs. S9d and 9f). The S-POP-TPM showed 

excellent values as high as 1.0 × 10–1 S cm–1 at 80 °C and 95% RH (Fig. 

S9h). Compare to current standard materials such as Nafion 211 (1.3 

× 10-1 S cm–1, 80 °C, 95% RH) 18a and Nafion 112 (1.4 × 10-1 S cm–1, 

65 °C, water), 18b this result shows similarly high conductivity 

performance. We also have checked time-dependent proton 

conduction for S-POP-TPM and there is negligible change in proton 

conductivity even after 6 h (Fig. S10).  

The activation energy (EA) of proton conduction of POPs and 

S-POPs was ascertained from linear least-squares fitting of the 

slopes of Arrhenius plots at different temperatures. The EA were 

found to be 0.61 eV for POP-B and 0.24 eV for S-POP-B (Fig. 4a). 

Comparison of the parent polymers, S-POP-BP, S-POP-TP, and S-

POP-TPM also revealed the respectively lower EA values of 0.26, 

0.42, and 0.23 eV (Figs. 4b–4d). These results indicate that the 

mechanism for proton conduction is transported by the 

hopping pathway through extended hydrogen-bonding 

interaction between water molecules and sulfonic acid, which 

greatly enhanced the proton-transfer ability of polymers. 
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Fig. 4. Arrhenius plots for (a) POP-B and S-POP-B, (b) POP-BP 

and S-POP-BP, (c) POP-TP and S-POP-TP, (d) POP-TPM and S-

POP-TPM (black curves for POP; red curves for S-POP). 

Conclusions  

In summary, we synthesized various porous organic polymers 

with high porosity through simple and cost-effective methods, 

which are suitable for most aromatic benzenes. Sulfonated 

porous organic polymers with high-density sulfonic acid groups 

were prepared through post-sulphonation, which enhanced the 

water uptake to be much greater than that of original POPs. It 

is particularly interesting that S-POP-TPM decorated high-

density sulfonic acid amounts and exhibited remarkable water 

absorbability to offer high conductivity up to 10−2 S cm−1 at 25 °C 

and 95% RH, and 10−1 S cm−1 at 80 °C and 95% RH. Results of this 

study suggest that the construction of sulfonated POPs offers a 

simple and universal means of evolving a structural design for 

high proton-conductive materials. 

Experimental 

Synthesis of POPs: The POPs were synthesized using reported 

methods.16 Benzene (B) (80 uL, 0.9 mmol), formaldehyde 

dimethyl acetal (159 uL, 1.8 mmol), anhydrous FeCl3 (290 mg, 

1.8 mmol) and 1,2-dichloroethane 4 mL were added the flask. 

The mixture was stirred for 1 min, and degassed through three 

freeze-pump-thaw cycles. The mixture was heated at 80 °C for 

48 h under Argon atmosphere. The precipitate was collected 

and washed with water and acetone, and soxhleted by 

methanol overnight. The polymer was filtered and washed by 

water and acetone, stirred in HCl (1 M 25 mL) overnight, filtered 

and washed by water and acetone, and dried under vacuum at 

room temperature for 24 h to afford powder in 99% isolated 

yield. The synthesized process of POP-BP, POP-TP, and POP-

TPM was similar to POP-B. After purification, POP-BP, POP-TP, 

and POP-TPM polymers were prepared with high yield of 98%, 

99%, and 99%, respectively. 

Synthesis of S-POPs: The S-POPs were synthesized using 

reported methods.15 POP-B (200 mg) was suspended in 

dichloromethane 10 mL. The mixture was stirred at ice-water 

bath for 10 mins, and chlorosulfonic acid 2.5 mL was added 

dropwise into this system at an ice-water bath. Then, the 

mixture raised to room temperature and stirred for 7 d. This 

mixture was poured into 300 mL of ice water, and returned to 

room temperature. The S-POP-B was collected and washed by 

water and acetone, and dried under vacuum for 24 h (264 mg). 

The synthesis of S-POP-BP, S-POP-TP, and S-POP-TPM was the 

same as that of S-POP-B. 

Proton conductivity measurements 

S-POPs were carefully ground to enable its uniform. The thin 

pellets of S-POPs were prepared under the high pressure. The 

pellet was equipped with two Pt electrodes with two platinum 

wires connecting the outside. We investigated proton 

conductivity of the thin pellet through impedance spectroscopy 

measurements using a frequency response analyzer (SI1260; 

Solartron Analytical) equipped with a high-frequency dielectric 

interface (SI1260; Solartron Analytical). We controlled relative 

humidity and temperature condition by using a computer-

controlled environmental test chamber (SH-221; Espec Corp.). 

Impedance data was recorded for frequencies between 1 Hz 

and 10 MHz, with an applied alternating potential of 50 mV. 

Proton conductivity (σ) was calculated as, σ = L / (R × S), where 

R denotes the resistance value obtained from the impedance, S 

and L respectively stand for the contact electrode area and the 

thickness of the membrane. The activation energy (EA) of S-

POPs was calculated as, σT = σ0 × exp (-EA / (kB × T)), where σ is 

the proton conductivity, σ0 is the pre-exponential factor, kB is 

the Boltzmann constant, and T is the temperature. 
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