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Abstract: This study reports on the synthesis and characterization of novel perfluorinated organic
polymers with azo- and azomethine-based linkers using nucleophilic aromatic substitution. The
polymers were synthesized via the incorporation of decafluorobiphenyl and hexafluorobenzene
linkers with diphenols in the basic medium. The variation in the linkers allowed the synthesis of
polymers with different fluorine and nitrogen contents. The rich fluorine polymers were slightly
soluble in THF and have shown molecular weights ranging from 4886 to 11,948 g/mol. All polymers
exhibit thermal stability in the range of 350–500 ◦C, which can be attributed to their structural
geometry, elemental contents, branching, and cross-linking. For instance, the cross-linked polymers
with high nitrogen content, DAB-Z-1h and DAB-Z-1O, are more stable than azomethine-based
polymers. The cross-linking was characterized by porosity measurements. The azo-based polymer
exhibited the highest surface area of 770 m2/g with a pore volume of 0.35 cm3/g, while the open-
chain azomethine-based polymer revealed the lowest surface area of 285 m2/g with a pore volume
of 0.0872 cm3/g. Porous structures with varied hydrophobicities were investigated as adsorbents
for separating water-benzene and water-phenol mixtures and selectively binding methane/carbon
dioxide gases from the air. The most hydrophobic polymers containing the decafluorbiphenyl linker
were suitable for benzene separation, while the best methane uptake values were 6.14 and 3.46 mg/g
for DAB-Z-1O and DAB-A-1O, respectively. On the other hand, DAB-Z-1h, with the highest surface
area and being rich in nitrogen sites, has recorded the highest CO2 uptake at 298 K (17.25 mg/g).

Keywords: per-fluorinated organic polymers; nucleophilic aromatic substitution; azomethine-based
linkers; azo-based linkers; porosity measurements; environmental applications

1. Introduction

Perfluorinated organic polymers (PFPs) with extended ether bonds are a widely
recognized type of multi-functional, open-chain organic polymers used in the fields of
medicine, biomedical research, electronics, optoelectronics, high-quality coatings, sensors,
and environmental applications [1–5]. They are synthesized by introducing fluorinated
linkers into the polymer chains [6]. The C-F bond exhibits strong polarization and has
a high bond energy (approximately 480 kJ/mol), which makes PFPs suitable for various
usages [1]. The synthesis of PFPs has been utilized in the polymer industry to produce novel
materials with several desirable properties, such as high-temperature stability, high glass
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transition temperature, resistance to solvents, and applicability for gas separation. PFPs
also exhibit flame retardancy, which makes them useful in various implementations [7,8].
PFPs possess tunable properties such as thermal and oxidative stability, hydrophobicity,
lipophobicity, dielectric properties, and adjustable polarity. This enables their utilization in
a diverse array of fields [9,10].

PFPs have been utilized in the synthetic modification of insoluble organic polymers by
incorporating perfluorinated chains into their frameworks. This approach has improved the
processability (e.g., solubility) of various insoluble organic polymers, such as poly(chains),
ether, imine, azo-based, amide, ketone, and sulfone, in non-polar media. This improvement
can be achieved by introducing fluorinated linkers known for their hydrophobic nature
(immiscibility in water) and very low dipole [3,4,9,11]. In addition, to their enhanced
processability, the catalytic reduction reactions of imine, amide, or carbonyl groups within
the polymer chains would open new channels for their usage [12].

Furthermore, the presence of fluorinated chains within the polymer framework has
been employed to enhance the casting and moldability of various polyethers. For instance,
NORYL™, a popular polyether polymer composed of polyphenylene oxide, features a high
aromatic content and polymer aggregation chains that restrict its solubility. To improve
the moldability of NORYL™ for numerous applications, plasticizing additives such as
polystyrene have been compounded with it [13]. Nevertheless, improving the processability
of the polymer is often accompanied by a decrease in its thermal stability and resistance
to oxidation [14]. Thus, PPO was modified by selectively introducing hexafluorobenzene,
decafluorobiphenyl, and bisphenol AF into its polymer backbone to enrich the chains with
fluorine substituents, thereby enhancing its solubility and thermal stability.

Recent developments in PFPs have focused on the class of fluorinated ether-based
polymers [3]. These polymers have been synthesized through metal-catalyzed coupling
reactions and nucleophilic aromatic substitution (NAS) reactions between diols and fluori-
nated linkers [15–17]. In the NAS synthetic methodology, successful substitution of the C-F
bond is achieved by using strong nucleophiles containing oxygen, such as aromatic phe-
noxide or aliphatic alkoxides. This methodology is employed with various small molecules
or polymer chains such as fluorinated poly(aryl ether), poly(aliphatic ethers), poly(ether
ketone)s, poly(ether sulfone)s, and poly(ether nitrile)s [11,18–22]. The above-mentioned
principle is also employed in the preparation of fluorinated polyamines or fluorinated
poly(sulfide) using diamines and dithiols [23,24]. Furthermore, hybrid chains have been
reported in the literature that demonstrate the presence of conjugated moieties composed
of poly(aryl ether)s alternating with poly(imide)s, poly(azomethine), or poly(diazo-based)
units [3,20,25,26].

It is worth noting that the synthesis of para-connected, open-chain fluorinated polymers
with optimal solubility was achieved using mild polymerization conditions. This involved
the use of a weak base with an optimized monomer ratio, a low feeding order, and low
reaction temperatures [26]. Nonetheless, these mild polymerization conditions are associated
with low formation yields and long polymerization times of the polymers [14]. In contrast,
utilizing harsher polymerization conditions results in optimal yields and time while producing
randomly agglomerated frameworks with high cross-linking rates and minimal solubility.
These cross-linked frameworks are created due to the rapid rate of NAS at high temperatures,
leading to the substitution of C-F bonds at both para- and ortho-positions of the aromatic
linkers, which assisted in the formation of randomly branched chains [27].

Most of the existing literature has primarily focused on the synthesis of perfluorinated
organic polymers as open chains and their potential applications, with limited studies on
the advantageous formation of cross-linked fluorinated polymers. However, recent work
has reported the development of new cross-linked fluorinated poly(aryl ether) (C-FPAE)
films. These films exhibit excellent thermal stability up to 495 ◦C, dimensional stability,
hydrophobic properties, and a high storage modulus in high-temperature environments.
Additionally, they serve as a low dielectric material [17]. Another recent study reported the
synthesis of new cross-linked fluorinated polymers that functioned as a supporting skeleton
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for controlling the structural integrity of Al/oxidizer microspheres in the production
process of composite propellants [28].

After conducting a thorough review of the literature, we have observed a limited
number of reports emphasizing the potential advantages of synthesizing fluorinated cross-
linked frameworks. Furthermore, there is a lack of research on the opportunity to create
high-surface-area and porous frameworks through cross-linking, which would enhance
their potential for environmental applications such as separation.

The absence of sufficient research in this area has motivated us to focus on synthesizing
a new series of fluorinated organic polymers and investigating the factors that impact their
solubility, polarity, and porosity after cross-linking. Our initial phase involves incorporat-
ing diol-based linkers, specifically nitrogen-rich organic linkers such as azomethine and
azo-based compounds, connected with fluorinated linkers into the new polymers. These
combinations were specifically chosen to study the impact of fluorine content on the solu-
bility of poly(azomethine)s and poly(diazo-based) polymers. Additionally, we investigated
the influence of factors such as the size of the fluorinated linker, the connection site (ortho
or para), and the cross-linking polymerization conditions. The newly synthesized polymers
were tested as solid sorbents for phenol, benzene, carbon dioxide, and methane. The confir-
mation of successful polymer preparation through the NAS reaction was achieved using
the 19F NMR technique. Additionally, we utilized various characterization techniques to
verify the synthesis of the polymers and establish their porosity. This study also presents
the environmental applications of these polymers in separating the selected adsorbates.

2. Material and Methods
2.1. Materials

All chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used without additional purification, except where specified. The polymer
synthesis was conducted using the Schlenk line technique in the presence of a Dean-
Stark trap glassware equipment, and under a nitrogen atmosphere. The structures of
the linkers and the polymers were confirmed using 1H NMR and 13C NMR techniques.
Meanwhile, 19F NMR was only utilized for the analysis of polymers. These measurements
were conducted using a Bruker 500 MHz Avance III spectrometer (Karlsruhe, Germany) in
deuterated DMSO (DMSO-d6 at 298 K). The FTIR spectra of all structures were recorded
using a Shimadzu FTIR-8300 (Long Beach, CA, USA), employing KBr pellets in the range of
4000–600 cm−1. Thermogravimetric analysis (TGA) of the polymers was performed using
a Perkin Elmer TGA 800 device. The samples were heated under air from 30 to 850 ◦C,
with a heating rate of 10 ◦C/min. Molecular weight measurements were carried out by gel
permeation chromatography (GPC) using a Waters 510 system equipped with a UV detector
set at 254 nm. THF was used as an eluent, and the calibration was made with polystyrene
standards. The Brunauer–Emmett–Teller (BET) surface area and methane and carbon
dioxide uptakes at 298 K were obtained using a TriStar II 3020 surface area and porosity
analyzer (Micromeritics, Norcross, GA, USA). The surface area was measured using argon
gas at 87 K and used to determine the pore size distribution. Prior to conducting the
porosity measurements, the samples were soaked in methanol for 12 h and degassed under
vacuum at a temperature of 150 ◦C for a duration of 12 h.

2.2. Synthesis of Organic Linkers
2.2.1. Synthesis of 1,3-(1-azomethine-2-hydroxyphenyl)benzene (DAB-A-OH)

DAB-A-OH was synthesized using a Schiff-base condensation reaction, following the
procedures described in previous literature [29]. In the synthetic protocol, a solution of
aromatic diamine (2.0 mmol) in 10.0 mL of absolute ethanol was added gradually over a
15 min period to a solution containing salicylaldehyde (4.0 mmol) dissolved in 10.0 mL of
absolute ethanol. A catalytic amount of glacial acetic acid (1.0 mL) was then added to the
solution, resulting in a yellow-colored mixture. The solution was then refluxed for 6 h. The
resulting precipitate was filtered, washed multiple times using water and diethyl ether, and
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dried under a vacuum. The final product was a yellow solid that showed solubility in DMF,
DMSO, and CHCl3. The obtained yield was 87%, and the melting point was recorded to
be between 127 and 129 ◦C. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = 6.98 (s, 1H, OH),
7.02–7.69 (m, 11H, Ar-H), 9.06 (s, 2H, HC=N-), and 13.04 (s, 2H, Ar-OH). 13C NMR (500 MHz,
DMSO-d6): δ (ppm) = 114.33, 117.11, 119.72, 120.66, 130.83, 133.11, 133.94 (Ar-C), 149.73
(N-C-Ar), 160.79 (-C=N-), and 164.64 (ArC-OH) (Note: Ar = Aromatic) (Figures S1 and S2).

2.2.2. Synthesis of 1,3-(1-azo-4-hydroxyphenyl)benzene (DAB-Z-OH)

The synthesis of DAB-Z-OH involved a diazotization reaction, as per previously
reported literature [30]. To synthesize DAB-Z-OH, two separate solutions were prepared as
solutions 1 and 2, and then the solutions were mixed by drop-wise addition. Solution 1
was prepared by dissolving 1,3-diaminobenzene (DAB) (3.0 mmol) in 30 mL of distilled
water, and then the solution was stirred for 15 min. After that, concentrated hydrochloric
acid (9 mmol) was added dropwise while maintaining a temperature of 0–4 ◦C. Solution 2
was prepared by dissolving sodium nitrite (6 mmol) in 10 mL of distilled water, then added
dropwise to Solution 1. Once the diazotization process was complete, the mixture was
stirred for an hour while the temperature was kept around 4 ◦C. The solution was slowly
added to a mixture of 6 mmol of phenol, 10 mL of ethanol, and a buffer solution containing
acetic acid and sodium acetate with a pH of 6.5. The final mixture was then stirred in an ice
bath for two hours to produce the dye. The prepared dye was filtered, washed with cold
water, and dried under a vacuum. The final product was a red crystalline solid soluble in
methanol, DMSO, and DMF. The yield of the product was 85%, and the melting point was
below 300 ◦C, beyond which it decomposed. 1H NMR (500 MHz, DMSO-d6): δ (ppm) = δ

6.92 (d, 4H, Ar-OH), 7.73 (d, 4H, Ar-OH), 7.74 (q, 1H, Ar-H), 7.79 (d, 2H, Ar-H), 8.16 (s, 1H,
Ar-H), and 10.43 (s, 2H, Ar-OH). 13C NMR (500 MHz, DMSO-d6): δ (ppm) = 115.99, 124.55,
125.12, 130.27, 145.11 (Ar-C), 161.32 (ArC-OH), and 152.86 (C-N=N-) (Figures S3 and S4).

2.3. General Synthesis of Per-Fluorinated Polymers

The synthesis of the new polymers was depicted as follows: diphenol linkers (0.44 mmol)
of either DAB-A-OH or DAB-Z-OH and potassium carbonate (0.52 mmol) were dissolved
in 10 mL of toluene and 50 mL of dimethylacetamide (DMAc) in a 250 mL Schlenk flask.
The reaction flask was connected to a Dean-Stark trap, and the solution refluxed for 6 h and
was purged with an inert nitrogen flow to create an oxygen-free environment. The excess
toluene was then distilled off to produce the phenoxide anion. The solution was then cooled
and added gradually to a solution of hexafluorobenzene (HFB) or decafluorobiphenyl (DFB)
(0.44 mmol) dissolved in DMAc. The resulting mixture was then stirred for three hours at
room temperature and heated to 60 ◦C for 48 h. After that, the mixture was poured into a
1000 mL beaker that contained a concentrated mixture of HCl, a slurry of ice, and methanol
(0.5:1:1). The formed precipitate was then filtered, washed with water, and dried under a
vacuum. The final products were pale to dark brown and showed slight solubility in THF,
diethyl ether, DMSO, and CHCl3. The physical and spectral data of the product are as follows:

2.3.1. Poly(4,4-(diazomethine phenyl)-o-diphenoxy-tetrafluorbenzene) (DAB-A-1h)

DAB-A-1h was synthesized by the polymerization of DAB-A-OH and HFB, result-
ing in a brown solid with a yield of 0.22 g, 82%); FTIR (KBr) ν cm−1: 3600–3000 (Ar-
OH), 2800–3000 Ar(-C-H), 1600 (-C=N-), 1475–1505 Ar(-C=C-), 1216 Ar(C-O-C), 1007 (C-
F) (Figure 1A,B). 1H NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-H (7.21- 7.82), weak
broad signals (9.67, 10.49), aysmmetirc (2H of H-C=N-). 13C NMR (500 MHz, DMSO-d6):
δ (ppm) = Ar-C (115.49–130.9), C-F (139.42, 141.05, 140.94, 144.0), (-C=N) 170.17, Ar(C-N)
156.04, and Ar(C-O) 158.71 ppm. 1H NMR and 13C NMR are shown in Figures S5 and S6.
19F NMR (500 MHz, DMSO-d6): δ (ppm) appeared at −154.66, corresponding to the para-
fluorine of HFB after polyermization. The δ (ppm) at −155.05, −157.89, −157.93, −160.81,
−161.25, −166.77, −167.66, and −168.67 are related to the random polymerization (on
ortho and para) of HFB (Figure 2A).
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2.3.2. Poly(4,4-(diazomethine phenyl)-o-diphenoxy-octafluorobiphenyl) (DAB-A-1O)

DAB-A-1O was produced by polymerizing DAB-A-OH and DFB, resulting in a brown
and solid polymer with a weight of 0.20 g and a yield of 69%. The FTIR spectrum (KBr)
revealed peaks at 3600–3000 cm−1 (Ar-OH), 2800–3000 cm−1 (Ar(-C-H)), 1608 cm−1 (-C=N-),
1488–1505 cm−1 Ar(-C=C-), 1194 cm−1 Ar(C-O-C), and 979 cm−1 (C-F) (Figure 1A,B). 1H
NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-H (6.51–8.63) appeared as weak broad signals.
13C NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-C (119.66–129.68), C-F (136.73–145.80), (-C=N)
170.03, Ar(C-N) 162.24, and Ar(C-O) at 160.0 ppm. Both the 1H NMR and 13C NMR spectra
are included in Figures S7 and S8. The 19F NMR (500 MHz, DMSO-d6): δ (ppm) = −140.69
and−148.2, indicating para-polymerization of DFB with no further random polymerization
peaks (Figure 2B).
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2.3.3. Poly(4,4-(diazophenyl)-p-diphenoxy-tetrafluorbenzene) (DAB-Z-1h)

DAB-Z-1h was obtained by polymerizing DAB-Z-OH and HFB, resulting in a brown
and solid polymer with a weight of 0.22 g and a yield of 88%. The FTIR spectrum (KBr)
showed peaks at 3600–3000 cm−1 (Ar-OH), 2800–3000 cm−1 (Ar(-C-H)), 1518 cm−1 (-N=N-),
1500–1560 cm−1 (Ar(-C=C-)), 1211 cm−1 (Ar(C-O-C)), and 997 cm−1 (C-F) (Figure 1C,D). 1H
NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-H (6.51–8.63), appeared as weak broad signals.
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13C NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-C (116.15–116.94, 122.88–137.44), Ar(C-O-C)
170.0, and (C-N=N-) 155.0 and 160.0, C-F appeared (139.42, 140.05, 140.94, 143.00, 143.75,
148.60, 153.0) ppm. Both 1H NMR and 13C NMR are displayed in Figures S9 and S10. 19F
NMR (500 MHz, DMSO-d6): δ (ppm) = −154.95 corresponding to the polymerization
at the para-positions of HFB, while the peaks at −140.70, −147.97, −148.21, −157.93,
−160.62, −161.35, and −162.25 were related to further random connections at the ortho-
and para-positions of HFB (Figure 3A).

Polymers 2022, 14, x FOR PEER REVIEW 7 of 25 
 

 

C=N-), 1488–1505 cm−1 Ar(-C=C-), 1194 cm−1 Ar(C-O-C), and 979 cm−1 (C-F) (Figure 1A,B). 
1H NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-H (6.51–8.63) appeared as weak broad sig-
nals. 13C NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-C (119.66–129.68), C-F (136.73–145.80), 
(-C=N) 170.03, Ar(C-N) 162.24, and Ar(C-O) at 160.0 ppm. Both the 1H NMR and 13C NMR 
spectra are included in Figures S7 and S8. The 19F NMR (500 MHz, DMSO-d6): δ (ppm) = 
−140.69 and −148.2, indicating para-polymerization of DFB with no further random 
polymerization peaks (Figure 2B). 

2.3.3. Poly(4,4-(diazophenyl)-p-diphenoxy-tetrafluorbenzene) (DAB-Z-1h) 
DAB-Z-1h was obtained by polymerizing DAB-Z-OH and HFB, resulting in a brown 

and solid polymer with a weight of 0.22 g and a yield of 88%. The FTIR spectrum (KBr) 
showed peaks at 3600–3000 cm−1 (Ar-OH), 2800–3000 cm−1 (Ar(-C-H)), 1518 cm−1 (-N=N-), 
1500–1560 cm−1 (Ar(-C=C-)), 1211 cm−1 (Ar(C-O-C)), and 997 cm−1 (C-F) (Figure 1C,D). 1H 
NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-H (6.51–8.63), appeared as weak broad signals. 
13C NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-C (116.15–116.94, 122.88–137.44), Ar(C-O-C) 
170.0, and (C-N=N-) 155.0 and 160.0, C-F appeared (139.42, 140.05, 140.94, 143.00, 143.75, 
148.60, 153.0) ppm. Both 1H NMR and 13C NMR are displayed in Figures S9 and S10. 19F 
NMR (500 MHz, DMSO-d6): δ (ppm) = −154.95 corresponding to the polymerization at the 
para-positions of HFB, while the peaks at −140.70, −147.97, −148.21, −157.93, −160.62, 
−161.35, and −162.25 were related to further random connections at the ortho- and para-
positions of HFB (Figure 3A). 

 
(A) 

Polymers 2022, 14, x FOR PEER REVIEW 8 of 25 
 

 

 
(B) 

Figure 3. (A) 19F NMR spectra of DAB−Z−1h in DMSO. (B) 19F NMR spectra of DAB−Z−1O in 
DMSO. (*: Peaks related to the polymerization on the ortho-sides). 

2.3.4. Poly(4,4-(diazophenyl)-p-diphenoxy-octafluorobiphenyl) (DAB-Z-1O) 
DAB-Z-1O was synthesized by polymerizing DAB-Z-OH and DFB, resulting in a brown 

and solid polymer with a weight of 0.26 g and a yield of 70%. The FTIR spectrum (KBr) dis-
played peaks at 3600–3000 cm−1 (Ar-OH), 2800–3000 cm−1 (Ar(-C-H)), 1491 cm−1 (-N=N-), 1500–
1560 cm−1 (Ar(-C=C-)), 1211 cm−1 (Ar(C-O-C)), and 972 cm−1 (C-F) (Figure 1C,D). 1H NMR (500 
MHz, DMSO-d6): δ (ppm) = Ar-H (7.43–8.85) appeared as weak broad signals. 13C NMR (500 
MHz, DMSO-d6): δ (ppm) = Ar-C (119.9–129.0), (C-F) (143.42, 144.05, 144.94, 146.00), Ar(C-O-
C) 180.0), and (C-N=N-) at 170.0 and 155.0 ppm. Both 1H NMR and 13C NMR are shown in 
Figures S11 and S12. 19F NMR (500 MHz, DMSO-d6): δ (ppm) = −138.88 and −153.97 related to 
the polymerization on the para-position of DFB, while the peaks at −138.64, −141.30, −160.34, 
and −160.38 were attributed to random polymerization (Figure 3B). 

3. Results and Discussion 
3.1. Synthesis of Organic Linkers 

The aim of this study is to synthesize a new series of open-chain fluorinated organic 
polymers via a nucleophilic aromatic substitution (NAS) reaction. This type of polymer 
can be prepared through the polymerization of di-phenols and aromatic fluorinated link-
ers [5,15]. In this work, the polymers were prepared via the NAS of diphenols, DAB-A-
OH and DAB-Z-OH, with HFB and DFB. DAB-A-OH and DAB-Z-OH correspond to azo-
methine-based and diazo-based, respectively. DAB-A-OH was obtained through the con-
densation reaction of salicylaldehyde with 1,3-diaminobenzene (DAB) under reflux con-
ditions for 24 h in an acid-catalyzed medium (acetic acid), as shown in Scheme 1A. The 
final product was a yellow solid with good solubility in various solvents such as DMSO, 
DMAc, DMF, methanol, and ethanol. The authenticity of the product was confirmed 
through 1H, 13C NMR, and FTIR analysis. Confirmation of the linker formation was 
achieved through 1H NMR analysis, where the proton of an imine bond (-HC=N-) was 
observed at δ 9.06, and the incorporation of the phenol group (proton of OH) was seen at 

Figure 3. (A) 19F NMR spectra of DAB-Z-1h in DMSO. (B) 19F NMR spectra of DAB-Z-1O in DMSO.
(*: Peaks related to the polymerization on the ortho-sides).



Polymers 2023, 15, 4191 8 of 23

2.3.4. Poly(4,4-(diazophenyl)-p-diphenoxy-octafluorobiphenyl) (DAB-Z-1O)

DAB-Z-1O was synthesized by polymerizing DAB-Z-OH and DFB, resulting in a
brown and solid polymer with a weight of 0.26 g and a yield of 70%. The FTIR spec-
trum (KBr) displayed peaks at 3600–3000 cm−1 (Ar-OH), 2800–3000 cm−1 (Ar(-C-H)),
1491 cm−1 (-N=N-), 1500–1560 cm−1 (Ar(-C=C-)), 1211 cm−1 (Ar(C-O-C)), and 972 cm−1

(C-F) (Figure 1C,D). 1H NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-H (7.43–8.85) appeared
as weak broad signals. 13C NMR (500 MHz, DMSO-d6): δ (ppm) = Ar-C (119.9–129.0), (C-F)
(143.42, 144.05, 144.94, 146.00), Ar(C-O-C) 180.0), and (C-N=N-) at 170.0 and 155.0 ppm.
Both 1H NMR and 13C NMR are shown in Figures S11 and S12. 19F NMR (500 MHz, DMSO-
d6): δ (ppm) = −138.88 and −153.97 related to the polymerization on the para-position of
DFB, while the peaks at−138.64,−141.30,−160.34, and−160.38 were attributed to random
polymerization (Figure 3B).

3. Results and Discussion
3.1. Synthesis of Organic Linkers

The aim of this study is to synthesize a new series of open-chain fluorinated organic
polymers via a nucleophilic aromatic substitution (NAS) reaction. This type of poly-
mer can be prepared through the polymerization of di-phenols and aromatic fluorinated
linkers [5,15]. In this work, the polymers were prepared via the NAS of diphenols, DAB-
A-OH and DAB-Z-OH, with HFB and DFB. DAB-A-OH and DAB-Z-OH correspond to
azomethine-based and diazo-based, respectively. DAB-A-OH was obtained through the
condensation reaction of salicylaldehyde with 1,3-diaminobenzene (DAB) under reflux con-
ditions for 24 h in an acid-catalyzed medium (acetic acid), as shown in Scheme 1A. The final
product was a yellow solid with good solubility in various solvents such as DMSO, DMAc,
DMF, methanol, and ethanol. The authenticity of the product was confirmed through 1H,
13C NMR, and FTIR analysis. Confirmation of the linker formation was achieved through
1H NMR analysis, where the proton of an imine bond (-HC=N-) was observed at δ 9.06, and
the incorporation of the phenol group (proton of OH) was seen at δ 13.04, as demonstrated
in Figure S1. Similarly, 13C NMR analysis of DAB-A-OH displayed distinct carbon regions
(Figure S2), with two prominent carbons of the imine bond (-C=N-) and (C-OH) observed
at δ 160.79 and 164.64, respectively. The FTIR spectrum within the range of 4000–600 cm−1

and the expanded area of 2500–700 cm−1 (Figure 1A,B) allowed for the identification of the
hydroxyl of Ar-OH and the imine bond (-C=N-) at 3600–3000 and 1622 cm−1, respectively.
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The diazo-based linker DAB-Z-OH was synthesized through the diazotization reaction
of the appropriate 1,3-diaminobenzene (DAB), followed by coupling of the bis(diazonium
salt) with di-phenol, as shown in Scheme 1B. The final product obtained was a dark brown
solid, soluble in polar solvents such as DMAc and DMSO. The 1H NMR revealed all protons
appearing in the aromatic region, while the OH- group proton was determined at δ 10.43.
Notably, the prominent carbons related to phenol-C and (C-N=N-) were observed at δ 161.3
and 152.9, respectively (Figures S3 and S4). The FTIR spectrum covering the full range
of 4000–600 cm−1 and the expanded area of 2500–700 cm−1 (Figure 2A,B) allowed for the
identification of bands corresponding to (Ar-OH), Ar(-C-N), and (-N=N-) at 3600–3000,
1590, and 1500 cm−1, respectively.

3.2. Synthesis of Perfluorinated Polymers

Following the characterization of the di-phenol organic linkers, we have synthesized
four new fluorinated polymers by coupling (1:2.5 mmol) of the linkers DAB-A-OH and
DAB-Z-OH with HFB and DFB, respectively, as illustrated in Scheme 2. The newly pro-
duced series of polymers were named DAB-A-1h, DAB-A-1O, DAB-Z-1h, and DAB-Z-1O,
where the symbols (h) and (O) signify hexa- and octa-groups, respectively, and (A) and (Z)
correspond to azomethine and azo-based groups, respectively. The polymers were syn-
thesized using a one-step polycondensation reaction between di-phenols and fluorinated
linkers in the presence of potassium carbonate as a base through the nucleophilic aromatic
substitution (NAS) reaction. The formation of the bis-phenoxide basic sites was followed by
a nucleophilic substitution reaction at the C-F bond, resulting in the anticipated extended
ether (C-O-C) chains. The general mechanism for this reaction is depicted in Scheme S1.
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As outlined in the synthetic methodology, the polymers were precipitated in an acidic
solution, filtered, and washed with water several times to eliminate any residual potassium
fluoride salt. The final products obtained were pale to dark brown solids with good yields
(Table 1). While all the polymers exhibited slight solubility in DMSO, DMAc, and THF, the
polymer DAB-A-1O was completely soluble in diethyl ether and THF, as demonstrated
in Figure S13. The slight to good solubility of the polymers in THF has allowed us to
determine their molecular weight by applying gel permeation chromatography (GPC)
measurements. As summarized in Table 1, DAB-A-1O is soluble in THF and has shown the
highest number and weight average molecular weights (Mn = 4068, Mwt = 11,948 g/mol).
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The other polymers have shown lower values due to their slight solubility during the
measurements. DAB-Z-1h is insoluble in THF, so we could not apply the measurement.
Confirmation of the formation of ether bonds in all the polymers was achieved through 1H
and 13C NMR analysis, as shown in Figures S5–S12.

Table 1. Physical properties of the polymers.

Polymer Appearance Solubility % Yield Mn (g/mol) Mwt (g/mol)

DAB-Z-1h Dark brown DMSO a, DMAc a, THF c 88 insoluble in THF

DAB-Z-1O Dark brown DMSO, DMAc, THF a 70 3106 7328

DAB-A-1h Pale brown DMSO, DMAc, THF a 82 1381 4886

DAB-A-1O Pale brown THF b, DMSO c, DMAc c 69 4068 11,948

(a) slightly soluble; (b) completely soluble; (c) insoluble; Mn: number, average molecular weight; Mwt: weight,
average molecular weight.

The 1H NMR spectra of DAB-A-1h and DAB-A-1O have shown the disappearance of
the terminal hydroxyl group (OH) proton, which appears around 13 ppm in the spectrum of
the linker DAB-A-OH (Figures S5 and S7). Similarly, in the polymers DAB-Z-1h and DAB-
Z-1O, the disappearance of the terminal hydroxyl group proton, located around 11 ppm,
confirmed the polymerization (Figures S9 and S11). The 13C NMR spectra of the polymers
validated the integration of the fluoro-aromatic linkers, evident from the C-F chemical shifts
appearing within the range of 137–144 ppm. Additionally, the disappearance of the OH
group and the subsequent formation of the C-O-C ether linker occurred around 170 ppm,
while the inclusion of phenyl-N and C=N was observed at 155–159 ppm (Figures S6 and S8).
In contrast, the presence of phenyl-N=N was confirmed at 155–160 ppm in the 13C NMR
spectra of polymers DAB-Z-1h and DAB-Z-1O (Figures S10 and S12). The limited resolution
of the peaks observed in the 1H and 13C NMR spectra of the polymers may be attributed
to the slight solubility of the polymers in the polar solvent DMSO. Moreover, the cross-
linking of the polymer chains could have contributed to the enhanced aggregation, further
impacting the resolution of the peaks.

The FTIR spectra of the polymers in the range of 4000–600 cm−1, along with the
expanded area of 2500–700 cm−1, demonstrated significant changes due to the incorpora-
tion of fluorinated benzene HFB and DFB in the polymer chains. Notably, the broad area
of the OH group around 3000 cm−1 gradually decreased upon polymerization, and the
observed broadening may be attributed to the presence of unpolymerized terminals of
the linkers DAB-Z-OH or DAB-A-OH. Confirmation of the successful NAS reaction at the
fluoro-sites was established through the formation of the C-O-C bond around 1250 cm−1

and the integration of the C-F bond around 1000 cm−1. The inclusion of the diazo (N=N)
and azomethine (C=N) groups was evident in the range of 2500–500 cm−1, appearing at
1500 and 1630 cm−1, respectively. The FTIR spectra of the polymers, along with their corre-
sponding monomers, are presented within the range of 4000–600 cm−1 and the expanded
area of 2500–700 cm−1, as demonstrated in Figure 1.

The morphology of the polymers was determined by scanning electron microscopy
(SEM). The polymers have irregularly agglomerated particles, as shown in Figure S14.

3.3. Nucleophilic Aromatic Substitution (NAS) and the Cross-Linking Process

As mentioned earlier, the synthesis of novel ether-linked perfluorinated polymers
was achieved through the NAS mechanism [31]. The polymerization process involved
the deprotonation of DAB-A-OH and DAB-Z-OH to generate bis-phenoxide anion (Nu:),
followed by the nucleophilic attack of the fluorine positions of the fluorinated linkers such
as HFB and DFB. The nucleophilic attack occurred at the (C-F) bond, which was ortho or
para to another C-F bond, thereby facilitating the substitution reaction. The detailed steps
of the reaction are presented in Scheme S1. The polymerization conditions employed in this
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study have been utilized in the preparation of numerous previously reported perfluorinated
organic polymers [1,3,10,23]. As stated in the literature, the preparation of polymers
containing HFB or DFB linkers was conducted under mild conditions, with relatively low
temperatures not exceeding 80 ◦C, along with a prolonged stirring time [25]. In this instance,
the polymers were created as para-connected extended open chains that exhibited low yield
while displaying good solubility in non-polar solvents [32,33]. In contrast, performing the
polymerization at high temperatures resulted in the formation of polymers with good yield
and limited solubility. For example, a series of perfluorocyclobutyl-based polymers were
synthesized at polymerization temperatures ranging from 160–200 ◦C. These polymers
exhibited limited solubility in most organic solvents and formed random-agglomerated
chains, referred to as cross-linked frameworks [34]. In this regard, we have focused
on obtaining extended cross-linked chains that exhibit a porosity nature. To reach this
target, we have performed the experimental protocol under optimal conditions where the
temperature did not exceed 60 ◦C with gradual heating over 48 h.

To identify the possibility of forming open-chain or cross-linked polymers, we con-
ducted an analysis of the polymers using 19F NMR. Given that the polymerization tem-
perature reached 60 ◦C, random NAS and the formation of agglomerated chains were
anticipated. The 19F NMR spectra of the polymers were acquired using DMSO-d6 sol-
vent, and the chemical shifts of the fluorine groups were determined and compared with
J-coupled spectroscopy (JCS) calculations (Table S1) [35]. In this study, we investigated the
19F NMR spectra of the new polymers and proposed their formation based on the following
two aspects:

3.3.1. Azomethine-Based Fluorinated Polymers

The azomethine-based polymers (DAB-A-1h and DAB-A-1O) were synthesized through
the polymerization of HFB or DFB with DAB-A-OH, respectively (Scheme 2). According to
the NAS, the anticipated structure of DAB-A-1h should exhibit one type of 19F located at
the −155 ppm position, which corresponds to the fluorine of the C-F bonds labeled (a) in
Figure 2A. However, the 19F NMR spectrum of DAB-A-1h exhibited three additional peaks
at positions−157.8,−160.8, and−167 ppm, which can be attributed to the formation of side
products resulting from the polymerization on the ortho-sides labeled (*). In contrast, the
19F NMR spectrum of DAB-A-1O confirmed the successful and controlled para-substituted
open chain through the presence of two distinctive peaks at −141 and −148 ppm, as shown
in Figure 2B. These peaks were assigned to the two different types of fluorine in the C-F
bonds on the biphenyl linker, labeled (a) and (b) in Figure 2B.

The formation of the polymers can also be influenced by the size and type of linkers
used, in addition to the polymerization conditions. In this case, both DFB and HFB were
linked to the phenoxide group, which was located ortho to the -C=N- group. The steric
factor that resulted from connecting DFB and HFB to the phenoxide group, which was
ortho to the -C=N- group, played a role in the formation of the polymers. This connection
contributed to further structural collapse. Due to the steric effect and the large size of
DFB, the accessible sites for further NAS were limited, resulting in an open-chain polymer
(DAB-A-1O). On the other hand, even though DAB-A-1h was synthesized under the same
conditions, the small size of HFB facilitated random NAS. The higher reactivity of HFB
was due to the flexible rotation of the linker, which provided more available fluorine sites
for nucleophilic substitution during the polymerization process. DAB-A-1O, which had a
larger DFB linker, had limited sites for further NAS, leading to the formation of an open-
chain polymer. DAB-A-1O had good solubility in non-polar solvents, such as THF and
diethyl ether, owing to its hydrophobic nature and high fluorine content (Figure S13). On
the other hand, the pronounced solubility of DAB-A-1h and DAB-A-1O in polar solvents,
such as DMAc, DMSO, and chloroform, was attributed to the presence of the nitrogen atom
in the -C=N group [9,11].
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3.3.2. Diazo-Based Fluorinated Polymers

Fluorinated polymers with diazo-based linkers (DAB-Z-1h and DAB-Z-1O) were
prepared by coupling DAB-Z-OH with HFB and DFB, respectively. The 19F NMR spectra
of both polymers indicated the formation of cross-linked structures in addition to the
expected open chains. The linker DAB-Z-OH contained hydroxyl groups adjacent to the
azo group, unlike DAB-A-OH (Scheme 1B). The presence of hydroxyl groups adjacent to
the azo group in DAB-Z-OH increased the accessibility of the fluorine atoms for the NAS
during polymerization. The free rotation of the fluorinated linkers allowed for random
substitution of the phenoxide on the C-F sites, which led to the elimination of steric factors
and facilitated the NAS. As a result, cross-linking occurred, forming both expected open
chains and cross-linked structures in DAB-Z-1h and DAB-Z-1O, as confirmed by their
19F NMR spectra. The 19F NMR spectrum of DAB-Z-1h indicated a peak at −154.95 ppm
labeled (a) in Figure 3A, which was assigned to the fluorine of the C-F bonds of the para-
connected polymer. However, the other peaks at −140.70, −147.97, −148.21, −157.93,
−160.62, −161.35, and −162.25 ppm were attributed to C-F bonds that were formed
due to the random polymerization, as shown in Figure 3A. Similarly, in the 19F NMR
spectrum of DAB-Z-1O, two peaks at −138.88 and −153.97 ppm were observed, labeled
(a) and (b) in Figure 3B, corresponding to the C-F bonds of para-connected chains. Other
peaks around −138.64, −141.3, and −160.34 ppm were related to C-F bonds after random
polymerization. The presence of asymmetric structures due to the flexible rotation of the
chains was indicated by the observed duplication of peaks.

3.4. Thermal Stability of the Polymers

The thermal stability of organic polymers is a crucial factor that determines their
potential applications in various fields, including electronic and environmental applications.
Perfluorinated polymers (PFPs) have shown promising properties in terms of thermal
stability under both air and inert conditions, making them an attractive option for such
applications [36]. A widely recognized fact is that the presence of a significant number
of heteroatoms in polymer structures increases their thermal stability [37]. The newly
synthesized polymers contain a high amount of fluorine and nitrogen functional groups,
which make them potentially thermally stable. Therefore, it was important to investigate
the thermal stability of these polymers.

The thermal stability of the newly synthesized polymers was investigated using TGA
with a heating rate of 10 ◦C/min from 30 to 850 ◦C under an air atmosphere, as shown in
Figure 4A. The TGA results indicate that DAB-Z-1h and DAB-Z-1O exhibit significantly
higher thermal stability when compared to DAB-A-1h and DAB-A-1O. The higher thermal
stability observed in the diazo-based polymers could be attributed to their high nitrogen
content as well as the para-connections between the linkers and cross-linking. It has been
suggested in several studies that para-connected polymers exhibit greater thermal stability
than their meta- or ortho-connected counterparts [38]. In contrast, DAB-A-1O exhibited
higher thermal stability than DAB-A-1h, possibly due to its high fluorine content and linear
chain formation, as verified by the 19F NMR analysis. This finding is consistent with a
previously reported series of linear and para-connected dibenzoxane-fluorinated chains,
where the most stable chains were rigid-rod polymer chains [11].

To investigate the thermal stability of the polymers, DTG curves were generated
(Figure 4B). The curves showed sevral distinct stages of decomposition varied in the range
of 450–600 ◦C, which represents the peak temperature at which the materials decompose
at the maximum rate (Ts). At 100 ◦C, there is no indication of the presence of water or
accumulated solvents, except for an obvious trace in the case of DAB-A-1O, which might
be removed with adequate drying time. The Ts value was found to be approximately
500 ◦C for DAB-Z-1h, DAB-Z-1O, and 484 ◦C for DAB-A-1O, while it was around 461 ◦C
for DAB-A-1h. These results suggest that the high nitrogen content in the diazo-based
polymers contributes to their superior thermal stability. Furthermore, the higher Ts value
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observed for DAB-A-1O compared to DAB-A-1h further supports the role of linear chains
and fluorine in enhancing thermal stability [11].
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Figure 4. (A) Thermal gravimetric analysis (TGA) thermograms of the polymers; (B) first derivative
(DTG) of the polymers.

Table 2 summarizes the temperatures of decomposition at 50% and 100% weight
loss, as well as the Ts values, for all the polymers studied. At 100% weight loss, DAB-
A-1h and DAB-A-1O were completely decomposed, leaving only residual ash due to the
oxidative process. On the other hand, DAB-Z-1h and DAB-Z-1O were decomposed down
to 95% of their contents, leaving a non-oxidized sample, which might be attributed to the
high nitrogen load when compared with the 100% decomposed samples. The TGA/DTG
data indicated that the diazo-based polymers exhibited higher thermal stability than the
azomethine-based polymers, which could be attributed to their high nitrogen content.
Additionally, the higher thermal stability of DAB-A-1O compared to DAB-A-1h may be
due to the linear chain formation and high fluorine content.

Table 2. Data extrapolated from TGA and DTA.

Polymer Decomposition (◦C) Ts (DTA) T (◦C) 50% T (◦C) 100% T (◦C) 95%

DAB-Z-1h 420 498 500 - 590

DAB-Z-1O 423 521 493 - 566

DAB-A-1h 230 461 471 649 -

DAB-A-1O 283 484 544 661 -
DTA: first derivative of TGA; Ts: the peak temperature derived from the DTA curve; (-): no data.

3.5. Porosity Measurements

Based on the 19F NMR spectra, it was observed that DAB-A-1h, DAB-Z-1h, and DAB-
Z-1O were formed as cross-linked chains, whereas DAB-A-1O was formed as an open
chain, as summarized in Scheme 3. The formation of cross-linked chains is significant as
it allows for the expansion of chains in two dimensions, resulting in an increased surface
area and the formation of pores and cavities within the polymer chains.
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Scheme 3. Possible structures of the polymers.

To assess the potential formation of porous chains, the textural properties of the materi-
als were analyzed using argon sorption measurements at 87 K (as shown in Figure 5A). The
isotherms show the physisorption (adsorption-desorption) process, where the closed and
open symbols represent the adsorption and desorption steps, respectively. The adsorption
shows the affinity of the gas molecules to cover the surface and enter inside the pores
of the porous material, while the desorption represents a reversible departure of the gas
from the surface and pores of the solid adsorbent. Thus, the feasibility of gas removal
from the surface and pores is practically known as a sample regeneration step. The argon
adsorption-desorption isotherms showed large uptake at low relative pressure (0–0.1 bar),
indicating permanent microporosity, and the isotherms were fully reversible [39–41].
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Figure 5. (A) Argon uptake isotherms at 87 K (closed symbols: adsorption, empty symbols: desorp-
tion); (B) pore size distribution.

The microporous nature of the porosity of the polymers was confirmed by the pore size
distribution (PSD) curve obtained from the nonlocal density functional theory (NLDFT),
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which showed a peak centered in the range of 5–10 Å (Figure 5B) [42]. The pore volume of
the polymers was measured at a relative pressure of P/P0 = 0.98 atm. The pore volume of
each polymer was rationalized based on its surface area. Higher surface area values were
associated with greater pore volumes. Since all polymers are conjugated chains, they are
characterized by π-π stacking and tight packing, which decrease the measured porosity
and limit the available free volume.

The surface area was determined using the Brunauer–Emmett–Teller (BET) method
and by applying multi-point BET calculations. The calculations were performed on the gas
adsorbed at a low pressure range of P/P0 between 0.025 and 0.30 [41]. The results of the
BET determination are shown in Figure 6A, along with one sample calculation in Figure 6B,
and summarized in Table S2. Further explanation of the calculations and the raw data are
shown in Supplementary Part 2.
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As stated previously, the cross-linking in the polymers can create branching and
increase their surface area. The open-chain polymer, DAB-A-1O, has the lowest surface area,
measuring at 285 m2g−1, due to its lack of cross-linking. The low surface area of DAB-A-1O
can be attributed to the steric effect, resulting in a partial structural collapse that limits the
accessible sites for argon gas interactions. However, the surface areas of DAB-A-1h, DAB-
Z-1h, and DAB-Z-1O were higher, determined as 403, 494, and 770 m2g−1, respectively.
The observed surface area values for the synthesized polymers were considered reasonable
due to the formation of random cross-linked chains. It was observed that the HFB-based
polymers had higher surface area values than the DFB-based polymers, which could be
attributed to the presence of flexible and smaller HFB linkers that facilitate extended
branching. It is noteworthy that the fluorinated polymers had higher surface area values
compared to their non-fluorinated counterparts, as reported in a previous study on a series
of fluorinated and non-fluorinated polyaminal polymers, which also showed higher N2,
CH4, and CO2 uptake [43].

3.6. Environmental Applications

The newly synthesized polymers exhibit a range of desirable properties, such as
tailored hydrophobicity (e.g., solubility in polar or non-polar solvents) and porosity, as
described in the previous sections. These properties make them promising candidates
for various environmental applications. Therefore, this section will assess their potential
for use in specific environmental applications, including their ability to separate carbon
dioxide, methane, phenol, and benzene from their media. These pollutants are of concern
as carbon dioxide and methane are air pollutants, while phenol and benzene are water
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pollutants. The experimental procedures and the results obtained for these pollutants will
be discussed in the following sections.

3.6.1. Methane and Carbon Dioxide Adsorption

The increasing release of carbon dioxide, commonly known as “greenhouse gas,” into
the atmosphere is a significant global environmental concern [44]. Approximately 85% of
CO2 emissions originate from the combustion of oil, coal, and natural gas, particularly
in developing countries due to their economic and industrial growth [45]. Therefore,
addressing this issue and mitigating the contribution of CO2 to global warming is of utmost
importance. Methods used to control CO2 emissions include ethanol-amine technology and
solid sorbents, such as MOFs (Metal Organic Frameworks). However, these methods have
limitations, such as the high energy required for CO2 recovery from ethanolamine solutions
and the air sensitivity of MOFs. Porous organic polymers (POPs) are a well-established
category of materials designed for this purpose, owing to their air stability, high gas capture
and storage capacity, and physisorption mechanism for CO2 desorption [46,47].

Methane (CH4) is a constituent of natural gas and is the second most significant
greenhouse gas after CO2 [48]. Due to its abundance and lower carbon emissions, methane
is considered an alternative to petroleum fuel. Therefore, there is significant interest in
replacing gasoline and petroleum with methane, and many energy agencies and research
groups are developing porous adsorbents capable of capturing it from the environment
or gas mixtures. Zeolites, activated carbon, and metal organic frameworks (MOFs) are
some examples of these adsorbents that require high pressure for methane capture but can
be performed at room temperature, providing economic benefits, convenience, and high
safety [49].

The primary challenge in achieving efficient methane uptake is the need for a suitable
surface area with an optimal pore size and functionalized surface that facilitates physical
adsorption processes. Due to methane’s lack of a dipole moment, high pressure is required
to pack the gas molecules within the pores of high-surface-area polymers. This high-
pressure requirement presents safety challenges, making it crucial to design and develop
materials that can safely and effectively capture methane [49]. In this section, we investigate
the potential of the fluorinated polymers’ hydrophobicity and porosity for the separation
of non-polar CH4 and polarizable CO2 gases (Figure 7) as an alternative to high-pressure
methods. The gas uptake isotherms for CH4 and CO2 were measured at 298 K, which
corresponds to real-world environmental conditions.
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Figure 7. (A) CH4 gas uptake by the polymers at 298 K; (B) CO2 gas uptake by the polymers at 298 K.

Based on the CH4 uptake values presented in Table 3 and Figure 7, DAB-Z-1O and
DAB-A-1O exhibit uptake values of 6.14 and 3.46 mg/g, respectively. These values are
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higher than those of DAB-Z-1h and DAB-A-1h, which can be attributed to the incorporation
of decafluorobiphenyl with a high fluorine content. Other studies have also confirmed that
fluorinated materials have superior CH4 uptake, such as the fluorinated MOF NOTT-108a,
which shows higher CH4 uptake compared to non-fluorinated MOF NOTT-101a [50].

Table 3. BET surface area, pore volume, and CH4 and CO2 uptake values of the polymers.

Polymer Surface Area (BET)
(m2 g−1)

Total Pore Volume
(cm3/g)

CH4 Uptake
(mg/g)

CO2 Uptake
(mg/g)

Selectivity
CO2/CH4

DAB-A-1h 403 0.2103 2.86 6.0 4.19

DAB-A-1O 285 0.0872 3.46 2.6 1.2

DAB-Z-1h 494 0.3524 2.19 17.2 14.9

DAB-Z-1O 770 0.2587 6.14 7.98 1.64

BET: Brunauer–Emmett–Teller/Total pore volume calculated at p/p0 = 0.98; CH4 and CO2 uptake at 298 K.
Selectivity (CO2/CH4) is determined from slope ratios (see Figure 8).
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Figure 8. The initial slope calculations for DAB-A-1h (A), DAB-A-1O (B), DAB-Z-1h (C), and (D) DAB-
Z-1O at 298 K.

The CO2 uptake values of the polymers were also investigated, and the results showed
that DAB-Z-1h exhibited the highest uptake (17.21 mg/g) due to its fairly high porosity and
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nitrogen content compared to the other polymers. Therefore, controlling the hydrophobicity
and porosity of the polymers could be crucial factors that determine their gas uptake
capabilities [51]. Fluorine-rich polymers with low surface areas are preferred for CH4
uptake, while nitrogen-rich polymers with high surface areas are preferred for CO2 uptake.

To assess the ability of the new polymers as adsorbents for CO2 or CH4, we calculated
a selectivity parameter. Various calculation methods can be used to determine the selective
binding of CO2/CH4 at 298 K, such as (1) initial slope calculations, (2) Henry’s Law
constants, and (3) ideal adsorbed solution theory (IAST) [52]. Herein, we utilized the
initial slope method to determine the selectivity parameter for CO2 or CH4 adsorption.
This method involves the calculation of the slope of the linear relationship between the
low-pressure range and gas uptake (mmol g−1) in the pressure range of 0–0.1 bar. The slope
ratio between the pure gas isotherms of CO2 and CH4 at 298 K provides the numerical
selectivity value. Figure 8 illustrates the calculation process by taking the slope of each
CO2 and CH4 pure gas isotherm at 298 K in the low-pressure range and then computing
the slope ratio between the pure gas isotherms [53]. The selectivity results for CO2/CH4
are presented in Table 3, which shows that the polymers with the highest CO2 uptake are
also the most selective for CO2. Conversely, DAB-A-1O and DAB-Z-1O, which are rich in
fluorine, exhibit a higher binding selectivity for CH4 than CO2.

3.6.2. Separation of Benzene–Water and Phenol–Water Mixtures

The fluorine and nitrogen contents, as well as the tailored polarity of the polymers, are
factors that facilitate the separation of polar/polarizable CO2 and non-polar CH4 molecules
from the air. The potential of these polymers for separating other organic molecules from
water was also examined. The selected solvents were benzene (non-polar) and phenol
(polar), and the separation process was carried out. In line with the aforementioned hy-
pothesis, the polymers with a high fluorine loading exhibited a significant hydrophobic
nature, which makes them promising adsorbents for benzene. A similar study has used
fluorinated polyethers supported by graphene oxide surfaces for the separation of oil and
water [54]. Conversely, the cross-linked polymers with low fluorine contents contain reac-
tive C-F bonds and high nitrogen contents, making them potentially effective adsorbents
for phenol as a polar solvent. To perform qualitative adsorption experiments, the polymers
were submerged in benzene-water or phenol-water-saturated solutions for a certain period.
UV–Vis absorption measurements of the solutions were then conducted over a 90 min
period to track the amount of organic solvent adsorbed onto the polymer surfaces.

Figure 9A shows the UV–Vis absorption of the benzene-water solution. DAB-A-1h
displayed a consistent trend for benzene adsorption throughout the measurement time.
This behavior can be attributed to its hydrophilic nature due to free C-F and nitrogen.
Additionally, the ortho-connected structure of DAB-A-1h facilitated the formation of an
agglomerated and collapsed structure, which led to a reduction in surface area and a
subsequent limitation in the ability of benzene to be adsorbed on the surface or within the
pores. DAB-A-1O exhibited a more distinct trend for benzene separation from water in the
initial measurement after 10 min, as shown in Figure 9B. This behavior suggests that the
adsorption of benzene on the octafluorobiphenyl linker occurred as a one-layer adsorption
with time. The para-open extended chain and the ortho-para-branched framework of the
diazo-based polymers (DAB-Z-1h and DAB-Z-1O) were confirmed to form cross-linked
structures through the 19F NMR spectra. Moreover, the azo-groups in these polymers
were found to be para-related to the ether C-O-C bond (as depicted in Scheme 3), which
facilitated the rate of nucleophilic aromatic substitution (NAS) and promoted the flexible
rotation of the chains. This, in turn, increased the rate of interaction with the solvent, as
demonstrated in Figure 9C,D. The initial response of these polymers towards benzene
adsorption during the first 30 min can be attributed to the presence of accessible C-F sites
that possess a diminished dipole moment Figure S15.
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Phenol is a harmful polar organic pollutant commonly found in water, posing a
significant threat to both humans and aquatic life [54]. Thus, its presence in the water
must be restricted. Sources of phenol pollution in water include industrial waste from
oil refineries, coal tar, and plastics, as well as waste from olive farming and agricultural
activities, in addition to its natural occurrence [55,56]. The impact of connection sites, cross-
linking, and flexibility on the polarities of the polymers DAB-A-1h, DAB-A-1O, DAB-Z-1h,
and DAB-Z-1O enabled us to explore their potential in adsorbing benzene. To provide
a comparative study, we also evaluated the ability of these polymers to separate phenol
from water through similar experimental procedures used in the benzene adsorption
experiments. As previously demonstrated, DAB-A-1O exhibited a highly hydrophobic
nature and showed potential for adsorbing benzene, as seen in the previous experiment.
This observation was further confirmed by the decrease in adsorption of phenol on the
polymer surface, as shown in Figure 10A. Additionally, the presence of octafluorobiphenyl
in DAB-Z-1O supports the observation of a low response to phenol adsorption, as shown in
Figure 10B. In contrast, DAB-A-1h and DAB-Z-1h, which were formed through the reactive
NAS and have low fluorine and high nitrogen contents, a moderate surface area, and
flexible chains, showed improved interactions with phenol, as depicted in Figure 10C,D.
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4. Conclusions

In this study, four new fluorinated organic polymers using the nucleophilic aromatic
substitution (NAS) reaction were synthesized and fully characterized. The polymers are
thermally stable, and their possibility of forming a porous analog was confirmed by 19F
NMR. The surface area of the polymers, as measured by argon sorption, ranged from 285 to
770 m2/g. Due to their characteristics, including the presence of fluorine, nitrogen, pores,
and cavities, along with a reasonable surface area, this new series of polymers is a promising
candidate for separation applications. Polymers with a high concentration of fluorine are
more hydrophobic, making them suitable for separating methane gas and benzene from
media. The combination of hydrophobicity and controlled cross-linking in the design of
fluorinated polymers makes this class of polymers vital for environmental remediation.
High-surface-area polymers with high nitrogen contents are suitable for CO2 capture
and phenol separation from media, while polymers with high fluorine concentrations
are applicable for separating methane gas and benzene from media. The polyers have
shown tailored selectivity toward CO2/CH4 adsorption and benzene/phenol separation.
Following the synthesis of these polymers, our future work will focus on studying the
mechanisms behind these separation processes by determining their adsorption kinetics.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym15204191/s1, Scheme S1: Proposed mechanism of the nucleophilic
aromatic substitution reaction (NAS); Table S1: Reported values of the chemical shift of 19F NMR and
different sites; Figures S1–S4: 1H and 13C NMR Spectra of the monomers; Figures S5–S12: 1H and 13C
NMR Spectra of the polymers; Figure S13: Solubility behavior of the polymers in THF and DMSO;
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Figure S14: SEM images of the polymers; Figure S15: Proposed sites of zero and non-zero dipole moments
of the polymers; Part 2: BET surface area determination; Table S2: BET plots data of the polymers.
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