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Abstract: Post-synthetic modification is an alternative pathway to introduce functionalities into the backbone of 

porous materials. Sulfonation of porous organic polymers is one of the frequently applied post-functionalization since 

the sulfonate groups are interesting for various applications such as carbon dioxide storage, proton conduction, ion 

removal. Moreover, sulfonation drastically improve hydrophilicity of the hydrophobic materials, therefore, makes 

the final compounds more processable in aqueous media. In this article, a procedure for post-synthetic sulfonation of 

a diphenylanthracene (DPA) based porous aromatic framework (DPA-PAF) is presented. Oleum (fuming sulfuric 

acid) was used as the sulfonation agent in acetic acid+water media instead of the conventionally used chlorosulfonic 

acid in the chlorinated solvents. Aside from macroscopic (visual) observations such as improved dispersibility in 

water when compared to the parent compound, the introduction of sulfonate groups was confirmed by using infra-

red spectroscopy, elemental analysis, and gas sorption (surface area) measurements. 

 

Keywords: Porous organic polymers; porous aromatic frameworks; PAF-1; post-synthetic modification; sulfonation; 

oleum. ©2022 ACG Publication. All right reserved. 
 

1. Introduction 

 

Porous materials provide high accessible surface areas, and categorized to three main categories 

depending on their building blocks; fully inorganic, organic-inorganic hybrid, fully organic porous 

materials.1 Each sub-class of porous materials have their advantages and disadvantages, therefore, are 

utilized accordingly. For example, fully inorganic porous materials such as zeolites are very 

hydrothermally stable compounds, hence their success in high-temperature applications (e.g. cracking 

of hydrocarbons).2 On the other hand, metal-organic frameworks (MOFs) are the flagship of hybrid 

porous materials, and perfect for the applications requiring very high surface area.3,4 Finally, porous 

organic polymers are the main actors of solely organic porous materials, and are particularly interesting 

for electronic applications (e.g. sensing, heterogeneous photo(electro)catalysis, organic electronics).5–7  

Porous organic polymers can be produced either in crystalline or amorphous forms depending 

on the reaction technique; solvothermal methods are employed to obtain the crystalline morphology 

(e.g. covalent organic frameworks (COFs)) whereas the standard put-and-stir techniques yield the 

amorphous porous organic polymers (e.g. conjugated microporous polymers CMPs), porous aromatic 

frameworks (PAFs)).8 As a result of high amount of crosslinking via rigid and angled (co)monomers 
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(tectons) to create porosity along the skeleton, porous organic polymers are generally non-soluble.9 Even 

though such behavior is defined as disadvantageous for many applications since it leads to poor mobility 

in the media and lack of solution-processability, their large accessible surface areas providing high 

number of contact points with the target compounds compensate these shortcomings.10 For example, 

thioxanthone based porous organic polymers exhibited better catalytic properties despite the 

heterogeneity when compared to the molecular thioxanthone, which operates homogenously.11 

Furthermore, the insolubility can be turned to an advantage since it allows to isolate the non-soluble 

material by simple filtration or centrifugation.11,12 However, a proper dispersion of the materials in the 

corresponding media is crucial for efficient performances, for which physical stimulus such as 

exfoliation, grinding or chemical modifications (e.g. introducing side groups) are commonly used.13,14 

Particularly for the applications in water, hydrophobicity of the organic backbone of the porous organic 

polymers is a drawback, therefore, increasing the hydrophilicity leads to a better processability.15,16 For 

example, introduction of hydrophilic groups improved the efficiency of the materials for photocatalytic 

water splitting due to more interactions with the target compound thanks to the better dispersibility.17 

Post-synthetic modification of porous organic polymers is a popular pathway to introduce 

further functionalities to the polymeric backbone.18 Sulfonation as post-synthesis is one of the frequently 

applied post-synthetic reactions since sulfonate groups can improve the efficiency of the material for 

many applications (e.g. CO2 sorption/storage, ammonia capture, ion exchange, proton conduction).19–22 

In addition to these, sulfonate groups improve the wettability of the hydrophobic backbone, therefore, 

sulfonated compounds are better processible in aqueous media when compared to their plain 

(hydrophobic) analogues.22,23 The frequently followed pathway for post-synthetic sulfonation is through 

chlorosulfonic acid treatment in methylene chloride solution.22–28 There are a few examples of 

sulfonation taking place in sulfuric acid and fuming sulfuric acid, which is considered as more 

environmentally friendly since the reactions do not require chlorinated solvents.29–32 Moreover, in the 

literature, comparison of both pathways showed that oleum driven sulfonation was more efficient with 

respect to chlorosulfonic acid method.32  

 

 

Figure 1. Synthesis of DPA-PAF and its post-synthetic sulfonation to form DPA-PAF-SO3Na (A). 

The behaviours of the polymeric network in water before and after sulfonation (B). 
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In this article, modification of a homogeneous sulfonation method16,33 to heterogeneous media 

was described. The previously published technique for sulfonation of 9,10-diphenylanthracene 

(DPA)16,33  was transposed to its macromolecular porous analogue (DPA-PAF) successfully. Since the 

reaction the reaction is performed in acetic acid/water mixture, it is more environmentally friendly and 

economical when compared to the common pathway of heterogeneous post-sulfonation of porous 

organic polymers through chlorosulfonic acid in chlorinated solvents. Aside from the macroscopic 

observations such as excellent water dispersibility after the modification, success of the method was 

proven by using essential characterization techniques for porous materials such as infra-red 

spectroscopy, gas sorption (surface area) measurements, and elemental analysis.  
 

2. Experimental 

 
2.1. Chemical Materials and Apparatus 

All chemicals are used as received without further purification. Fuming sulfuric acid (Oleum, 

30% free SO3), iodobenzene (98%), tetrahydrofuran (THF, anhydrous, Sure/Seal™, ≥99.9% for the 

Suzuki-Miyaura reaction), THF (ACS reagent, ≥99.0%, for common use), potassium carbonate 

((K2CO3), ACS reagent, ≥99.0%), glacial acetic acid (ACS reagent, ≥99.7%), acetic anhydride (ACS 

reagent ≥98.0%), palladium-tetrakis(triphenylphosphine) ((Pd(PPh3)4), 99%) were bought from Sigma-

Aldrich. Tetrakis(4-bromophenyl)methane (>95) and 9,10-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)anthracene (>98%) purchased from TCI Chemicals. 10-Phenylanthracene-9-boronic acid (98%) 

was received from Alfa Aesar. Water was purified through Mili-Q filter. Gas sorption measurements 

were employed by using Micromeritics TriStar 3000. Infra-red measurements were conducted via 

PerkinElmer FTIR spectrophotometer. ThermoScientific Flash 2000 was used for elemental analyses. 

Bruker 400 MHz DNP nuclear magnetic resonance (NMR) instrument was used to record solid-state 

cross-polarization magic angle spinning (CP-MAS) 13C spectrum. JEOL JSM-7900F equipped with 

ULTIM Max 170 from Oxford Instruments was used for scanning electron microscopy (SEM) and 

energy dispersive X-ray spectroscopy (EDX) analysis. 

 

2.2. Chemistry 

2.2.1. Synthesis of DPA-PAF 

0.15 g (0.23 mmol) Tetrakis(4-bromophenyl)methane, 0.20 g (0.46 mmol) 9,10-Bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene, 36 mg (0.03 mmol) Pd(PPh3)4 were put in a 100 mL 3 

neck round bottom flask in glovebox. The sealed flask was then removed from the glovebox, to which 

a reflux condenser was attached under N2 flow. After addition of 15 mL anhydrous THF as solvent, 

introduction of previously degassed (30 mins N2 bubbling) 2.32 mL 2 M K2CO3 (aq) was employed. The 

sealed flask was refluxed for 3 days, and cooled down to room temperature to introduce the first 

endcapper, 0.28 g (0.92 mmol) 10-Phenylanthracene-9-boronic acid (98%) as its dispersion in 5 mL 

anhydrous THF under inert atmosphere. The mixture was then heated to 85ºC for 2 hours, and cooled 

down to add second endcapper, 0.57 g (0.31 mL, 2.8 mmol) iodobenzene, and the mixture was refluxed 

again for 2 hours. After cooling down to room temperature, the precipitate was collected via filtration, 

and the solid was washed with MeOH, water, THF, CHCl3, and finally again MeOH 50 mL for each. 

Then, the solid was put in Soxhlet extraction apparatus to be extensively purified by using MeOH 

overnight. The final greenish-pale yellow powder yielded 0.15 g in 97%.  

  

2.3.2. Synthesis of DPA-PAF-SO3Na 

90 mg DPA-PAF was put in a 25 mL round bottom flask, and dispersed in 2.7 mL CH3COOH 

and 0.3 mL (CH3CO)2O mixture. The dispersion put in ice bath to cool down prior to adding 0.15 mL 

oleum slowly. The mixture was then removed from the ice bath, and refluxed at 130°C for an hour. In 

following, the flask cooled down to room temperature to introduce 3 mL deionized water and 0.27 g 

NaCl. The mixture was refluxed at 130°C for an hour again, cooled down, neutralized by using 1 M 

NaOH(aq). The neutralized heterogeneous mixture was filtered, and the precipitate was washed with 
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deionized water. Washing the powder was continued in a centrifuge tube 3 times with 10 mL water. The 

remaining precipitate was 62 mg.  

 

3. Results and Discussion  

Even though PAF-style networks of DPA were presented previously, those porous materials 

were produced by using random co-polymerization through Yamamoto coupling, therefore, the 

repeating co-monomers are randomly placed.34,35 Here, the phenyls of tetraphenyl methane provide the 

functionalization of anthracene on 9,10 positions, therefore, final compound can be identified as the 

porous polymer of DPA connected by only one carbon. The synthesis of parent network, DPA-PAF, 

was conducted by using Suzuki-Miyaura polymerization technique between a di-boronic acid ester 

derivative of anthracene (9,10-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene) and a tetra-

halo derivative of tetraphenyl methane (Tetrakis(4-bromophenyl)methane) by modifying a previously 

published technique36 for the CMP of DPA (see Figure 1A for the reaction scheme, and experimental 

part for details). 13C CP-MAS NMR of the final compound indicated the quaternary peak of tetraphenyl 

methane (TPM) at 64 ppm with another characteristic peak at 145 ppm, and additional lower intensity 

aromatic C-C connection peak between anthracene and benzene of TPM at 136 ppm (Figure S1). Other 

high intensity two high intensity peaks at 129 ppm and 125 ppm should be coming from the hydrogen 

attached carbons of anthracene and TPM units, which is in agreement with the literature.34,35 Sulfonation 

of DPA-PAF via oleum in aqueous media was then employed to reach the final compound, DPA-PAF-

SO3Na, which shows extremely good hydrophilicity when compared to the fully hydrophobic DPA-

PAF (see Figure 1B, and also the video uploaded as supporting information). 

Aside from visual observations, successful introduction of sulfonate groups was proven by using 

several analytic methods. The thermal elemental analysis (EA, only can detect CHNS) indicated 

presence of sulfur after sulfonation, which is a solid proof of the functionalization (Table 1). The EA 

for the pristine DPA-PAF gave a value C 88.3%; H 4.8% (theoretical value for DPA monomer is C 

94.5% H 5.5%) whereas the result for DPA-PAF-SO3Na was C 59.0%; H 3.7%; S 5.4% (theoretical 

value for monomeric monosulfonated DPA-SO3Na16,33: C 72.2%; H 4.0%; S 7.4%; O 11.1%; Na 5.3%). 

Even though determination of the exact elemental composition of such polymeric networks is not 

entirely possible,37 the results obtained from the EA measurement indicated at least 73% ((5.4/7.4)×100 

≅ 73%) of functionalization if monosulfonation of DPA16,33 is considered as reference.  

 

Table 1. EA analysis results of DPA-PAF and DPA-PAF-SO3Na 

 C% H% S% Na% O% 

Theoreticala 

DPA 
94.5 5.5 - - - 

EA 

DPA-PAF 
88.3 4.8 - - - 

SEM-EDX     

DPA-PAF 
95.1 - 0.1b 0.6b 2.2b 

Theoreticala 

DPA-SO3Na 
72.2 4.0 7.4 5.3 11.1 

EA                  

DPA-PAF-SO3Na 
59.0 3.7 5.4 - - 

SEM-EDX      

DPA-PAF-SO3Na 
74.2 - 5.9 4.5 13.0 

aThe values calculated from the corresponding monomers by using ChemSketch software. bThe presence of the addressed 

elements can be to be due to the contamination from ethanol, which was used during sample preparation (the samples were 

prepared by drop casting from their ethanol dispersions. 
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Figure 2. SEM-EDX details for the pristine and modified polymers: SEM images (scales 1 μm) of DPA-

PAF (A) and DPA-PAF-SO3Na (B), EDX mapping images (color code order of the elements 

listed left bottom P, Na, S, Pd, C) of DPA-PAF (C) and DPA-PAF-SO3Na (color code order 

of the elements listed left bottom O, P, Na, S, C) (D), EDX spectra of DPA-PAF (E) and DPA-

PAF-SO3Na (F). More detailed images can be seen from the SI (Figure S2-S4). 

Another elemental analysis technique, energy dispersive X-ray spectroscopy (EDX), was 

performed to detect elemental composition through scanning electron microscopy (SEM). The results 

obtained by this technique was closer to the theoretical values, and also helped to determine the amounts 
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of Na and O. EDX of DPA-PAF gave a nearly full carbon content at 95.1% (the S, Na, O impurities 

probably occurred during sample preparation for EDX measurements). After sulfonation, the carbon 

content dropped to 74.2% while S, Na, O percentages raised to 5.9, 4.5, and 13.0, respectively. 

Depending on these values, success of sulfonation can be calculated as %80 ((5.9/7.4)×100 ≅ 80%). 

Moreover, EDX mapping images in Figure 2 illustrated the high amount of functionalization via 

reduction of red segments (color code for C) and increase of green places (color code for S) on the 

surface. Additionally, detection of some amounts of Br endgroups despite the endcaping, and also 

presence of Pd impurities despite extensive Soxhlet extraction, even after oleum treatment for 

sulfonation in case of DPA-PAF-SO3Na, can be interesting for further studies (e.g. photocatalytic water 

splitting38–40) in the field. 

Since infra-red (IR) spectroscopy is one the most essential techniques in organic chemistry to 

characterize functional groups, IR spectra of DPA-PAF and DPA-PAF-SO3Na were compared (Figure 

3). Indeed, significant changes were detected after sulfonation of the parent compound. The 

characteristic peaks of sulfonate groups at 1093 cm-1 due to S−O, and the doublet at 1218 cm-1 and 1178 

cm-1 due to S=O strechings clearly demonstrated the presence of sulfonate groups.41 The shift of the 

peak from 1020 to 1041 cm-1, probably occurring from the electronic effect of sulfonate groups on the 

in-plane bending vibrations of neighboring aromatic C-H,42 was similar to the observations in the 

literature.30 The altered intensity pattern of C=C−C aromatic ring vibrations at 1507 cm-1, 1438 cm-1, 

and 1390 cm-1 should be due to the appeared structural asymmetry after sulfonation.42,43 The intense 

peaks at 3430 cm-1 and 1630 cm-1 should be coming from stretching and bending vibrations of the 

ambient water trapped in the polymeric network as a result of increased hydrophilicity.31,44  

 

Figure 3. IR Spectra of DPA-PAF and DPA-PAF-SO3Na 

 

N2 gas sorption measurements were employed to detect the specific surface area of the 

polymeric networks DPA-PAF and DPA-PAF-SO3Na, which also confirmed the formation of sulfonate 

groups. The less gas uptake in the low relative pressures (P/P0) on the isotherm of DPA-PAF-SO3Na 

when compared to the parent DPA-PAF clearly indicates the formation of sulfonate groups along the 

skeleton (Figure 4A). Indeed, the drop of the calculated Brunauer–Emmett–Teller (BET) surface area 

from 707 m2g-1 to 356 m2g-1 was not surprising since the formed sulfonate groups reduce the pore 

accessibility. The NL-DFT pore-size distribution also demonstrated the lack of accessibility of 

micropores via the reduced intensity of the contribution around 1.1 nm (Figure 4B).  
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Figure 4. N2 gas sorption isotherms (A) and NL-DFT pore-size distributions (B) of DPA-PAF and DPA-

PAF-SO3Na 

 

4. Conclusion  

 
Successful post-synthetic sulfonation of a high surface area porous polymeric network named 

DPA-PAF was described in this article. The post-synthesis was carried out by using fuming sulfuric acid 

(oleum) in aqueous media to form DPA-PAF-SO3Na. Drastically improved hydrophilicity after the 

reaction indicated the formation of sulfonate groups along the structure. At least 73% functionalization 

was calculated by the EA, and 80% by the EDX measurements. Comparison of the IR spectra of DPA-

PAF and DPA-PAF-SO3Na clearly demonstrated presence of sulfonate groups. Additionally, the altered 

IR vibrations coming from the neighboring moieties clearly indicated electronical changes and enhanced 

asymmetry along the backbone. Drop of the measured BET surface area from area from 707 m2g-1 to 

356 m2g-1 after sulfonation was detected due to the pore blockage of formed sulfonate groups, which 

was also confirmed by NL-DFT pore size distribution. The presented post-synthetic sulfonation method 

is an environmentally friendly and efficient alternative pathway to the conventionally used 

chlorosulfonic acid in chlorinated solvents. The functionalization made the hydrophobic porous organic 

polymer more hydrophilic, therefore, more promising for the applications in aqueous media such as 

photocatalytic water splitting. 
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