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Abstract: A new open-chain ether-linked polymer has been prepared via nucleophilic aromatic substi-
tution reaction on a C-F bond of 1,4-dibromo-2,5-difluorobenzene by using 2,2-bis(4-hydroxyphenyl)
hexafluoropropane (bisphenol AF or BAF). The new polymer (PE-AF) has shown a good solubility in
non-polar solvents, good thermal stability (up to 300 ◦C) and random surface morphology. Tailoring
these properties has been achieved by utilizing the post-modification synthetic methodology on the
bromo-sites of the polymer backbone via the application of an Ullmann coupling reaction with aniline
to form the polymer (PE-Sec-NHPh). The successful synthesis of the polymers has been confirmed
by elemental analysis, infrared spectroscopy (IR), 1H- and 13C-NMR and 13C CP-MAS solid state.
Upon incorporation of the aniline linker, the nitrogen content increased when compared with the
parent polymer chain, and thus PE-Sec-NHPh revealed a higher thermal stability up to 350 ◦C and a
more uniformly aggregated morphology (spherical particles ca. 0.3–0.1 µm). A further evaluation has
been conducted on the polymers by measuring their surface tendency toward carbon dioxide capture.
Interestingly, despite their non-porous nature, the polymers demonstrated a reasonable amount of
gas capture that reached 90.0 and 41.0 mg/g for PE-Sec-NHPh and PE-AF, respectively. Furthermore,
the calculated CO2 binding affinities of the polymers are consistent with data reported previously in
the literature.

Keywords: ether-linked polymers; thermal stability; ullmann coupling; surface morphology;
CO2-capture

1. Introduction

In the advances of polymer research, there has been a pronounced interest in studying
the properties and applications of conjugated organic polymers due to their vital usage
in catalysis, electronics, solar cells, sensors, drug-delivery and design, as well as in envi-
ronmental applications [1–3]. This wide range of applications is due to their outstanding
properties that include, but are not limited to, good thermal stability, flame retardancy,
electrical properties, solvent and oxidative resistance properties, absorption, and feasible
processability [4,5]. In this regard, there has been a notable focus on the heteroatoms-
containing organic polymers such as polyimines, polythiophene, polybenzimidazole and
polyoxazole, where nitrogen, sulfur or oxygen can be found in their structural frame-
works [6–8]. The presence of heteroatoms with free-lone pairs of electrons makes these
polymers suitable adsorbents for acids via physical interactions or for metal-ion coordina-
tion. Such polymers can be synthesized via several methods including polycondensation
polymerization, aromatic substitution reactions, catalytic polymerization and pre- and
post-functionalizations [9–13].
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The growing environmental effects of climate change and global warming, which
are primarily caused by increased fossil fuel consumption and associated combustion
product emissions, have prompted many researchers to focus their efforts on reducing CO2
emissions as the primary greenhouse gas contributor in the atmosphere [14–16]. The effects
can be mitigated by employing highly effective capture and storage techniques or adopting
more environmentally friendly energy sources [17,18]. Among the principal combustion
flue gas elements, such as CO2, SO2, N2O and N2, CO2 has been shown to be extensively
present in the atmosphere, with concentrations now exceeding 400 parts per million [15,16].
Due to its efficacy and low cost, CO2 capture is currently the most popular method for
reducing atmospheric CO2 accumulation and its harmful impacts [16,19]. Studies have
shown that CO2 can be captured effectively using absorption, adsorption, membrane
separation or cryogenic distillation techniques [20–26].

Motivated by the vital properties and applications of polymers, we have adopted two
new types of polymers for synthesis. Herein, we report the synthesis of an open chain ether-
linked polymer via a nucleophilic aromatic substitution reaction followed by incorporation
of a nitrogen atom through a post-functionalization methodology via applying an Ullman
coupling reaction [27]. The new polymers have been characterized and compared to ensure
the achievement of tailored properties due to the inclusion of nitrogen content besides the
presence of the ether-bond. Additionally, we have evaluated the polymer’s performance
toward CO2 gas capture.

2. Results and Discussion
2.1. Synthesis and Physical Properties

An ether-based polymer with a sequence of poly(dibromobenezne-bisphenoxy hex-
afluoropropane)n (PE-AF) has been prepared via one-step polycondensation between
1,4-dibromo-2,5-difluorobenzene and bisphenol AF (BAF) in the presence of potassium
carbonate as a base (Scheme 1). The proposed polymerization mechanism relies on the
deprotonation of the bisphenol (BAF), as bis-phenoxide anion, which then attacks the para
(C-F) bonds of 1,4-dibromo-2,5-difluorobenzene via a nucleophilic aromatic substitution
reaction. The special para-position of the difluoro substituents assists the nucleophilic
attack via the π-electrons’ delocalization and reserves the aromaticity of the system. This
methodology has been adopted for the preparation of several examples of polymers, where
the phenoxide anion plays the role of a nucleophile and replaces the good leaving groups
such as halogens and nitro groups [27–29].

After the formation of the ether linkage, the polymer was extracted as a white solid
after washing the solution with 100 mL of 3% hydrochloric acid. The solid was then soaked
in 100 mL water for 24 h to dissolve any potassium fluoride salt, filtered and dried at room
temperature for 24 h. The final product features a pale white fluffy-textured solid with
a good yield and a high solubility in common non-polar solvents such as diethyl ether
and tetrahydrofuran (THF). The structural formation of the polymer was confirmed by an
elemental analysis of carbon, hydrogen, oxygen, bromine and fluorine.

The post-functionalization polymerization of the parent polymer PE-AF has been
demonstrated via the application of a copper-catalyzed Ullman coupling reaction. This
reaction depends on the conversion of the vital C-Br bond into a C-N bond and is thus
considered an amination reaction. It is achieved by following the synthetic method for the
preparation of polyaminopyridines (PAPy) in the presence of copper iodide (I) and an L-
proline ligand. In general, the reaction mechanism consists of oxidative addition followed
by reductive elimination steps, which is well-known for most of the metal-catalyzed
coupling reactions. The role of the L-Proline ligand is to maintain the copper (I) catalytic
reactivity, give a high-yield product and permit the use of mild reaction conditions since the
ligand-free method requires a high stoichiometric amount of the catalyst and high reaction
temperature that might reach 200 ◦C [30–33].
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Scheme 1. Molecular structures of the monomer building blocks and the polymers, PE-AF and
PE-Sec-NHPh.

In this study, the new polymer PE-Sec-NHPh has been prepared via applying the
Ullman coupling reaction by mixing the polymer PE-AF with aromatic aniline in the
presence of copper iodide and L-proline at 90 ◦C. The new generated polymer is consti-
tuted by nitrogen-decorated ether-linked polymers designated as poly(aromatic-secondary
amines-bisphenoxy hexafluoropropane)n, as illustrated in Scheme 1.

The polymer is formed as a pale-to-dark brown solid and is insoluble in common
organic solvents such as hexane, diethyl-ether, tetrahydrofuran, chloroform, methanol,
acetonitrile, N-methyl-2-pyrrolidone (NMP) and dimethylformamide (DMF) but slightly
soluble in dimethylsulfoxide (DMSO) and strong polar protic solvents such as acetic and
trifluoroacetic acids. The lack of solubility is related to the extended chain formation,
cross-linking, π-π stacking and the higher molecular weight when compared with PE-AF.
However, the higher pronounced solubility in polar protic solvents is an indication of
the creation of hydrogen bonding interactions within the framework as a result of the
incorporation of the secondary-amine bonds [33].

2.2. Infrared Spectroscopy (FTIR), 1H-NMR, 13C-NMR and Solid State 13C-C-MAS

The successful formation of the polymers was confirmed by FTIR and 13C-NMR (CP-
MAS) (Figure 1A,B). From the FTIR, the polyether linkage (C-O-C) is confirmed by the
absorption band around 1220 cm−1, the disappearance of the broad OH band around
3500 cm−1 along with the appearance of the C-Br band at 843 cm−1 (Figure 1A).

Comparing the spectra of PE-AF and PE-Sec-NHPh indicated the significant disap-
pearance of the C-Br bond at 843 cm−1 as an indication of the Ullman coupling reaction
and the appearance of a new absorption band around 3450 cm−1, which supported the
inclusion of the secondary N-H bond within the polymers framework. The absorption
peaks at 991, 1020 and 1000 cm−1 are related to the -CF3, C-N and C-O absorption bands,
respectively [7,30,31].

Moreover, the formation of a linkage (C-O-C) within the polymers was confirmed
by 1H- and 13C-NMR. The 1H-NMR data of PE-AF and PE-Sec-NHPh polymers shows
two different regions of protons, (6.91–6.96, 7.62 and 6.84–7.11, 7.42), respectively, and
the appearance of (160.43, 162.59 and 163.15, 165.32) peaks in 13C-NMR, respectively,
indicating the formation of ether linkers (C-O-C) within these polymers (Figures S1–S4 of
Supplementary information).
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Figure 1. (A) IR spectra of the polymer in the range of 4000–800 cm−1; (B) 13C CP-MAS solid state of
the polymers.

The solid-state 13C CP-MAS NMR spectra of the polymers PE-AF and PE-Sec-NHPh
have been performed for comparison purposes. Both spectra exhibit signature peaks
around 65 ppm corresponding to the aliphatic -CF3 groups. On the other hand, the region
at 125 to 150 ppm corresponds to the aromatic motifs and the carbon of the C-Br and C-N
bonds, as shown in Figure 1B.

2.3. Scanning Electron Microscopy

The scanning electron microscopy (SEM) measurements were used to establish the
phase purity of the polymers and the surface morphology changes upon polymerization.
The surface of the polymer PE-AF shows a random fluffy-like texture. However, there is a
notable change of the surface upon post-functionalization with the formation of random
aggregated irregular spherical particles ca. 0.3–0.1 µm in size (Figure 2). This observation
is consistent with the surface morphology reported for most of the amorphous organic
polymers, which supports the creation of random pores and cross-linked chains within the
polymers frameworks [34].
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Figure 2. Scanning electron microscopy (SEM) of the polymers; (A) PE-AF and (B) PE-Sec-NHPh.

2.4. Thermal Stability

The thermal stabilities of the parent ether-linked polymer PE-AF and the post-functiona-
lized amine-linked polymer PE-Sec-NHPh were measured up to 600 ◦C by using thermo-
gravimetric analysis (TGA) at a heating rate of 10 ◦C/min and under nitrogen atmosphere
(Figure 3A). From the TGA curves, PE-AF has shown a good thermal stability up to 300 ◦C
with a char residue of 10%. However, upon post-functionalization, PE-Sec-NHPh reveals a
higher thermal stability up to 350 ◦C with a higher char residue of 40%. The higher char
residue of PE-Sec-NHPh is an indication of the ability of the polymer to sustain combus-
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tion as determined from the limited oxygen index values (LOI) determined from the Van
Krevelen correlation (VCC):

LOI = 17.5 + 0.4 (Char Residue) (VCC) (1)
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When the calculated value of the LOI value is higher than 26, the polymer can be
considered a flame-retardant material. According to VCC, the LOI values of PE-AF and
PE-Sec-NHPh are 21.5 and 33.5, respectively. The higher LOI of PE-Sec-NHPh is attributed
to the inclusion of aromatic amine, increasing the nitrogen content and thus improving the
flame retardancy and the thermal stability of the polymer. This observation is consistent
with the previous literature, which has shown the impact of a high nitrogen content
on the thermal stability and flame-retardant property of polymers. For example, open-
chain poly(amine-ethers) loaded with different numbers of nitrogen atoms have shown
an outstanding stability under nitrogen atmosphere that reached 450–490 ◦C with a char
residue of 50% [6,35]. However, the thermal stability of open-chain poly(aminopyridines)
under the same conditions reached a maximum of 170 ◦C, which has been attributed to the
impact of greater and disordered hydrogen bonding. Comparing these results shows the
importance of investing more efforts into the synthesis of hybrid polymeric systems such
as poly(amine-ether) for multifunctional applications [7].

From the TGA curves, the temperatures at which 50% and 100% of the polymers have
decomposed are depicted in Table 1. All data have shown a higher required temperature
for the decomposition of PE-Sec-NHPh when compared with PE-AF. Further investigations
have determined the stages of decomposition for the polymers from their thermogravimetric
derivative (DTG) curves (Figure 3B). The DTG curves of the polymers show one common
degradation stage around 100 ◦C, which represents the loss related to the evaporation of
water due to moisture. The other stages related to the degradation of the contents of poly-
mers are one broad stage for PE-AF and two for PE-Sec-NHPh. The common degradation
stage between both polymers is noted around 300 ◦C, which is related to the cleavage of
ether-linked alkyl parts and the combustion and carbonization of the polymer backbone.
The DTG peak temperature (Ts) for each stage is also mentioned in Table 1.
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Table 1. Interpretation data of TGA and DTG curves.

Polymer Stage Ts (◦C) Wt (%) T50% (◦C) T100% (◦C) CR% LOI

PE-Sec-NHPh
S1: 286–326 300 10 450 470 40 33.5

S2: 326–483 410 40

PE-AF S1: 250–460 400 70 400 450 10 21.5

S1, S2: First and second degradation stages; Ts: The peak temperature derived from the DTG curve; Wt %: weight
loss; CR: Char residue; LOI: limited oxygen index.

2.5. Carbon Dioxide (CO2) Adsorption

The tendency of the polymers to capture carbon dioxide gas from air constitutes one
of the vital environmental applications. In this regard, porous polymers are suitable candi-
dates for an effective capturing process on the surface and within the pores of the polymer’s
frameworks. In this study, since the prepared polymers PE-AF and the post-functionalized
PE-Sec-NHPh are non-porous due to their one-dimensional open chain’s formation, we
have measured their capability for CO2 gas adsorption on the surface. To do so, we have
collected CO2 sorption data for both polymers at 298 K and 1 atm. From the CO2 gas uptake
isotherms (Figure 4A), the gas uptake reaches (90.0 mg g−1, 9.0 Wt%) and (41.0 mg g−1,
4.1 Wt%) for the polymers PE-Sec-NHPh and PE-AF, respectively. This moderate uptake
is attributed to the low surface area, high π-π stacking and structural collapse within the
polymer’s chains, which suppress the chance of CO2-surface interactions. These results
are within the range of CO2 captured gas from moderate surface area polymers such as
benzimidazole- (BILP), oxazole- (BOLP), thiazole (BTLB) and thiophene-based (TBIm)
polymers under the same experimental conditions (Table 2). It is worth noting that the fact
that the uptake on the PE-Sec-NHPh surface is higher by 50% when compared to PE-AF
is related to the presence of nitrogen sites. It is well-known in the field of porous organic
polymers that the presence of heteroatoms such as nitrogen, oxygen and nitrogen facilitates
the Lewis (acid-base) interactions between the acidic CO2 and the free lone pair of electrons
of the heteroatom. Herein, the incorporation of nitrogen and oxygen within the structural
framework of PE-Sec-NHPh assists this interaction and increases the gas uptake compared
to PE-AF.
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To determine the binding affinity (Qst) between CO2 molecules and the polymer
surface, we have applied the virial method of calculation by using the experimental data
from the gas uptake. From the calculations, the binding affinity values are highest at zero
coverage (24.2 and 23.7 kJ/mol) for PE-Sec-NHPh and PE-AF, respectively [36]. With a
higher loading, these values gradually decrease, which indicates lower interactions and
that the main impact is for the first layer-coverage, as shown in Figure 4B.

Interestingly, these results are consistent with the range of estimated values reported
for several porous organic polymers (Table 2).
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Table 2. Gas sorption properties of PE-Sec-NHPh, PE-AF and previously published polymers.

Polymer CO2 at 1 Bar, 298 k (mg/g) Binding Affinity (kJ/mol) Reference

PE-Sec-NHPh 90.0 24.2 This work
PE-AF 41.0 23.7 This work

BILP-polymers 80.7 32.0 [37]
BOLP-polymer 79.0 32.9 [38]
BTLP-polymer 87.0 29.1 [38]
TPIm-polymer 75.0 24.0 [34]

Accordingly, the findings from this section have proven the important role of the
surface content in the CO2 interactions despite the non-porous nature of the polymers [39].
However, the design of porous analogues of these polymers through the use of diamine
linkers instead of aniline is in progress, as is their performance for CO2 capture.

3. Materials and Methods
3.1. Chemicals and Characterization Methods

All chemicals were purchased from the Sigma-Aldrich supplier (Taufkirchen, Germany)
and used without further purification, unless otherwise mentioned. The polymer synthesis
and the post-functionalization were performed under nitrogen atmosphere using the Schlenk
line technique. Carbon, hydrogen, oxygen, bromine and nitrogen analyses were performed
using a Vario EL elemental analyzer (EL cube-model, Haan, Germany). 13C-NMR CP-
MAS Solid-state NMR measurements were performed at 9.4 Tesla on a Bruker Avance 400
spectrometer (Mundelein, IL, USA). The thermogravimetric analysis (TGA) was carried out
using TA Instruments Q-5000IR series thermal gravimetric analyzer (New Castle, DE, USA)
under nitrogen atmosphere (heating rate 10 ◦C/min). For Scanning Electron Microscopy
Imaging (SEM), the sample was prepared by dispersing the material onto a sticky carbon
surface attached to a flat aluminum sample holder. Under nitrogen atmosphere, the sample
was then coated with platinum at 1× 10−5 mbar of pressure for 90 s before imaging. Images
were taken on a Hitachi SU-70 Scanning Electron Microscope (Dallas, TX, USA). IR spectra
were recorded on a Shimadzu FT-IR-8300 (Corston, UK) on KBr pellets in the wavenumber
range 4000–400 cm−1. Carbon dioxide uptake was obtained by using a TriStar II 3020 surface
area and porosity analyzer (Micromeritics, Norcross, GA, USA). The adsorption of CO2 onto
polymers was studied using CO2 as a working gas at 298 K. The sample was preliminarily
degassed at 120 ◦C for 12 h under helium flow. Adsorption is measured under isothermal
conditions in a thermostated system at 298 K. The concentration of CO2 in the outlet gas is
measured by a detector device.

3.2. Synthesis of Bromo-Substituted Ether-Based Polymer (PE-AF)

The polycondensation polymerization between 1,4-dibromo-2,5-difluorobenzene (F-Ar-F)
and 2,2-bis(4-hydroxyphenyl) hexafluoropropane (Bisphenol AF or BAF) was carried out in
one-pot polymerization. To a solution of F-Ar-F (1.6 mmol) and BAF derivative (1.6 mmol)
in (15 mL) dimethylacetamide (DMAc), potassium carbonate (4 mmol) was added, and
the solution was allowed to warm up to 130 ◦C for 20 h under nitrogen flow. After the
polymerization, the product was poured into 100 mL of 3% hydrochloric acid, and the
polymer was precipitated as a white solid with a 77% yield and dried under vacuum at
room temperature for 24 h. 1H NMR (500 MHz, DMSO-d6, ppm, 298 k): δ (6.91–6.96)
(m, 2H, Ar-H), 7.62 (s, 1H, Ar-H), 13C NMR (500 MHz, DMSO-d6, ppm, 298 k): δ 116.48,
131.28, 135.21, 142.54, 148.12, 160.43, 162.59 (Ar-C), 39.92 (methylene-C), 52.3 (-CF3). The
physical appearance and percent composition of the prepared polymer are summarized in
Table 3.
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Table 3. Summarized physical appearance and percent composition of the polymers.

Polymer */Formula
(Monomer)n

FW || (g/mol) Appearance Yield (%) Elemental Analyses
Calculated (Found) (Wt%)

(PE-AF) 552.1 White solid 77.0
C H Br O F ‡

45.68
(45.62)

1.83
(2.00)

28.95
(28.33)

2.90
(2.78)

20.65
(20.62)

(PE-Sec-NHPh) 576.54
Pale brown

solid 85.0
C H N O F

68.75
(68.11)

3.85
(3.55)

4.86
(4.76)

2.78
(2.67)

19.77
20.91

* Polymer abbreviation, || FW: the molecular weight of one repeating unit, ‡ F: calculated (Expected).

3.3. Synthesis of Aniline-Substituted Ether-Based Polymer (PE-Sec-NHPh)

The post-functionalization of the polymer (PE-AF) was performed by applying the Ull-
mann coupling reaction between the bromo-substituents of the polymer (PE-AF) (5 mmol),
and a mixture of aniline (7.5 mmol), potassium carbonate (10 mmol), copper iodide
(0.5 mmol) and L-proline (1 mmol) in 10 mL dimethyl sulfoxide (DMSO). The mixture
was heated up to 90 ◦C for 24 h under nitrogen flow. The cooled mixture was partitioned
between water and ethyl acetate. The final solid product was filtered and washed several
times with water, 0.1M HCl, 0.1M NaOH and acetone and finally dried under vacuum at
room temperature for 24 h. 1H NMR (500 MHz, DMSO-d6, ppm, 298 k): δ (6.86–7.24) (m,
Ar-H), 7.41 (s, Ar-H), 4.69 (s, NH) 13C NMR (500 MHz, DMSO-d6, ppm, 298 k): δ 118.4,
121.3, 129.4, 130.7, 132.1, 142.8, 144.5, 148.6, 160.7, 165.7 (Ar-C), 40.22 (methylene-C), 55.2
(-CF3). The physical appearance and percent composition of the prepared polymer are
summarized in Table 3.

4. Conclusions

In this report, the synthesis of an ether-linked polymer via a nucleophilic substitution
reaction on the C-F bond of substituted and fluorinated benzene and its post-functionalized
analogue was achieved by applying the Ullman coupling reaction. The polymers revealed
varied properties, indicating the significant role of the post-functionalization reaction and
the inclusion of the aniline moiety. Notable improvements were confirmed, including
the rigidity, thermal stability and surface morphology of PE-Sec-NHPh over PE-AF. The
polymer PE-Sec-NHPh has a thermal stability up to 350 ◦C and a defined particle size.
Furthermore, the polymer PE-Sec-NHPh has shown an enhanced capability for carbon-
dioxide uptake upon the incorporation of the nitrogen content in the polymer structure. We
are working on the application of the Ullman coupling of diamine linkers for the creation
of porous organic polymers, which are vital for environmental applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations9030055/s1. Figure S1: 1H-NMR of PE-AF in DMSO-
d6; Figure S2: 13C-NMR of PE-AF in DMSO-d6; Figure S3: 1H-NMR of PE-Sec-NHPh in DMSO-d6;
Figure S4: 13C-NMR of PE-Sec-NHPh in DMSO-d6.
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