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ABSTRACT: Considering the high reactivity of the C—H bonds in fluorobenzenes for direct arylation and special properties of
fluorinated polymers, herein, synthesis of fluorinated porous organic polymers via direct C—H arylation polycondensation is
explored. The obtained polymers (FPOP-1 and FPOP-2) are well characterized and show high porosities with Brunauer—
Emmett—Teller specific surface area of above 1000 m* g~". Different pore size distribution (PSD) profiles of porous polymers
can be obtained by selecting different core constructing monomers. FPOP-2 exhibits a relatively narrower PSD with the
dominant pore size at about 0.63 nm, which is more suitable for adsorption of small gas molecules (H,, CO,, and CH,) than
FPOP-1. As a porous fluorinated hydrophobic material, FPOP-2 possesses high adsorption ability for toluene (976 mg g™ at
saturated vapor pressure and room temperature) due to its high porosities and binding affinities between the guest molecules and
the host network. The good sorption capacity of FPOP-2 for toluene makes it show potential applications in elimination of

harmful small aromatic molecules in the environment.

C onjugated polymers with the unique optical and electrical
properties have attracted much attention owing to their
wide applications in organic thin-film solar cells, organic
electroluminescence devices,” and fluorescent sensors.” Re-
cently, porous conjugated polymers, as a special conjugated
polymer with porosity, have been the hot field in porous
material research.* Porous conjugated polymers with intrinsic
properties including large specific surface area, high chemical
stability, and low skeleton density have exhibited potential
applications in heterogeneous catalysis® and gas storage and
separation.’ Versatile porous organic polymers including
porous conjugated polymers were obtained smoothly through
a template-free chemical process by selection of proper building
blocks and polymerization reactions, which show efficient
preparation and high flexibility in the molecular design.”
Moreover, as for porous organic polymers, improvement of
property and function can be accessible by functionalization
approaches. For example, sulfonate or amine grafted porous
polymer networks (PPNs) show higher CO, capture capacities
than nongrafted polymers.®

Conventionally, many n-conjugated polymers including
porous polymers were synthesized by polycondensation using
transition-metal-catalyzed cross-coupling reactions such as the
Suzuki coupling reaction and Sonogashira—Hagihara coupling
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reaction.”'® However, these methods usually require extra
synthetic steps to prepare multifunctional monomers, and the
effects of unavoidable residues derived from the monomer
reactive groups (boric acid or alkyne) on the properties and
functions of polymers are unclear.'' In recent years, catalytic
dehydrohalogenative cross-coupling reactions of nonpreacti-
vated arenes or heteroarenes with aryl halides, known as direct
arylation,'” have been intensively investigated for the
preparation of z-conjugated polymers with respect to
improving the synthesis efficiency and reducing undesired
waste. We focus on exploring the synthetic methodology and
the properties of porous polymers.”> To our best knowledge,
polycondensation via direct arylation has never been used in
the preparation of a polymeric network with porosity. It is
believed that direct arylation can expand the range of methods
for the synthesis of porous organic polymers.

Because the acidic C—H bond affected by the fluorine
substituents enables direct arylation more effective,'* Kanbara
and Kuwabara have proven that the Pd-catalyzed polyconden-
sation of tetrafluorobenzene with aryl halides via direct
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arylation can afford a series of linear 7-conjugated polymers
consisting of fluorinated arylene units with excellent yields and
high molecular weight."”> In addition, the byproducts (KBr,
CO,, and H,0) of the polycondensation are easily removed
from the polymer. Fluorinated porous poly(arylene-
ethynylene)s have been prepared by Sonogashira—Hagihara
coupling reaction and exhibit more I?Idrophobic nature than
the nonfluorinated parent network.'® Considering the high
reactivity of the C—H bonds in fluorobenzene for direct
arylation and special properties of fluorinated polymers, herein,
synthesis of fluorinated porous organic polymers via direct C—
H arylation polycondensation is explored. The obtained
polymers show high porosities with Brunauer—Emmett—Teller
(BET) specific surface area of above 1000 m” g~'. Their gas
uptake and vapor adsorption capacities are also studied and
discussed.

As shown in Scheme 1, the polycondensation of 1,2,4,5-
tetrafluorobenzene with aryl bromides was carried out smoothly

Scheme 1. Preparation of Porous Organic Polymers FPOP-1
and FPOP-2
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in the presence of Pd(OAc), (5 mol %), a phosphine ligand
P(t-Bu),Me-HBF, (10 mol %), and K,CO; (2 equiv) in
dimethylacetamide (DMAc) overnight, in which a combination
of Pd(OAc), and P(t-Bu),Me-HBF, is the most efficient
catalytic system throughout the polymerization.">* It has been
explored as the optimal reaction condition for the poly-
condensation via direct arylation based on 1,2,4,5-tetrafluor-
obenzene."*® By using the same method, the small molecule
and linear polymer with similar repeating units have also been
successfully prepared (see the Supporting Information), which
means the structure of the repeating unit is stable under the
reaction conditions. 1,3,5-Tribromobenzene and tetrakis(4-
bromophenyl)methane have been selected as aryl bromides
because the aromatic core structures derived from these two
aryl bromides have been commonly used as building units to
prepare conjugated microporous polymers (CMPs)'>'7 or
porous aromatic frameworks (PAFs),'® in which PAF-1, a
microporous polyphenylene network first reported by Ben and
co-workers, possesses an ultrahigh BET specific surface area up
to 5640 m* g~.'® The obtained polymers are chemically stable,
even exposed to a dilute solution of acid or base, such as HCI or
NaOH. Thermogravimetric analysis (Figure S1, Supporting
Information) shows that the materials are stable up to 400 °C
in all cases under nitrogen and has no evidence for distinct glass
transition for these polymers below the thermal decomposition
temperature owing to the nature of their cross-linking
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structures, which is consistent with good physicochemical
robustness for most of the porous organic polymers.

To confirm their structures, the two polymers were
characterized at the molecular level by '*C and ""F CP/MAS
NMR. The *C NMR spectra for the porous polymers with
assignment of the resonances are shown in Figure 1. For
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Figure 1. *C CP/MAS NMR spectra of FPOP-1 and FPOP-2 (#
denotes spinning sidebands).

FPOP-1, there are three broad peaks at about 143.4, 129.0, and
119.7 ppm, respectively. The peaks at 143.4 and 119.7 ppm
correspond to the fluoro-substituted carbons and the phenyl-
substituted carbons derived from monomer 1,2,4,5-tetrafluor-
obenzene, respectively. The signal peak of substituted and
unsubstituted phenyl carbons from monomer 1,3,5-tribromo-
benzene is located at about 129.0 ppm. As for FPOP-2, the
signal peak of quaternary carbons is observed at 65.1 ppm. The
peak at 146.7 ppm corresponds to phenyl carbons linked to the
quaternary carbon. Similar to FPOP-1, peaks at 143.2 and
119.7 ppm are ascribed to the fluoro-substituted carbons and
the phenyl-substituted carbons derived from monomer 1,2,4,5-
tetrafluorobenzene, respectively. The signal peaks of other
phenyl carbons from monomer tetrakis(4-bromophenyl)-
methane are located at about 129.4 and 126.3 ppm. “F
NMR spectra of both polymers exhibit the signals of the
repeating unit derived from monomer 1,2,4,5-tetrafluoroben-
zene at about —146.7 ppm (Figure S2, Supporting
Information). We tested the two polymers with an SEM—
EDXS (energy-dispersive X-ray spectrometer) analyzer and
obtained the atom ratios of fluorine to carbon as about 1/3.0
for FPOP-1 and 1/4.2 for FPOP-2 (Figure 2), which are
approximately consistent with the ratios (1/3.1 for FPOP-1
and 1/4.7 for FPOP-2) by X-ray photoelectron spectroscopy
(XPS) measurements (Figure S3, Supporting Information).
The porosity parameters of the polymers were studied by
sorption analysis using nitrogen as the sorbate molecule.
Nitrogen adsorption—desorption isotherms of FPOP-1 and
FPOP-2 measured at 77 K are shown in Figure 3a, which
exhibit a combination of type I and II nitrogen sorption
isotherms according to the TUPAC classification.'” A rapid
uptake at low relative pressure (P/P,: 0—0.1) indicates a
permanent microporous nature of two polymers. The increase
in the nitrogen sorption at a high relative pressure above 0.9,
for example, FPOP-1, may arise in part from interparticulate
porosity associated with the meso- and macrostructures of the
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Figure 2. EDXS of FPOP-1 and FPOP-2 (the theoretical chemical
formulas for FPOP-1 and FPOP-2 are [C;,HF,,], and [C;,H ¢Fql,,
respectively).

samples and interparticular void.*® Hysteresis can be observed
apparently for FPOP-1 and FPOP-2 in the whole range of
relative pressure based on the isotherms due to a linear increase
of the adsorbed volume upon adsorption, which might be
attributed to the swelling in a flexible polymer framework
induced by adsorbate molecules dissolved in nominally
nonporous parts of the polymer matrix after filling of open
and accessible voids or the restricted access of adsorbate to the
pores blocked by narrow openings.”!

The specific surface area values calculated in the relative
pressure (P/P,) ranging from 0.01 to 0.1 according to the
previous reports’*'** (Figure S4, Supporting Information)
show that the BET specific surface area data of FPOP-1 and
FPOP-2 range from 1020 to 1170 m? g_l, which are
comparable with some porous organic polymers obtained by
other coupling polymerization methods such as Suzuki
coupling reaction,"** Sonogashira—Hagihara coupling reac-
tion,® and Yamamoto reaction.!”® It is reasonable to
comprehend that the high cross-linking density based on the
rigid core structure monomers results in the polymers with
stable, permanent pore structure and high specific surface area.
PSD analysis based on the NLDFT approach has been used
extensively to characterize a wide varietz of porous materials
although it does have some limitations.”"> The PSD profiles of
polymers FPOP-1 and FPOP-2 were calculated from the
adsorption branch of the isotherms with the NLDFT approach.
As shown in Figure 3b, the pore sizes of polymer FPOP-1
dominantly range from 0.59 to 1.31 nm, associated with the
mesoporous size distribution. Polymer FPOP-2 exhibits a
narrow PSD with the dominant pore size at about 0.63 nm.
This indicates that it is possible to control the PSD profile of
porous polymers by selecting different core constructing
monomers. Listed in Table 1 are the key structural properties
of polymers, which are derived from the corresponding
isotherm, such as the BET specific surface area, micropore
surface area, pore volume, and dominant pore size. It should be
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Figure 3. Nitrogen adsorption—desorption isotherms of FPOP-1
(pink) and FPOP-2 (blue) measured at 77 K (a) and related pore size
distribution (PSD) profiles calculated by NLDFT (b). The adsorption
and desorption branches are labeled with solid and open symbols,
respectively. For clarity, the isotherms of FPOP-1 were shifted
vertically by 200 cm® g™

noted that the color of products with the similar repeating unit
becomes darker and darker with the increase of repeating unit
and porosity. According to the information related to product
color, chemical structure, and porosity summarized in Table S1
(Supporting Information), it can be inferred that the black
color of obtained porous polymers has a correlation with their
cross-linking structure and porosity.

Microporous organic polymers with a narrow PSD may
interact attractively with small gas molecules through improved
molecular interaction. Therefore, the obtained microporous
organic polymers inspired us to investigate their gas (H,, CO,,
and CH,) uptaking capacities. On the basis of the measured gas
physisorption isotherms with pressure up to 1.13 bar (Figures
SSa—c, Supporting Information), we can see that the obtained
polymers show moderate uptaking capacities for hydrogen
(1.05 wt % for FPOP-1 and 1.16 wt % for FPOP-2 at 1.0 bar
and 77 K) and carbon dioxide (9.70 wt % for FPOP-1 and 10.2
wt % for FPOP-2 at 1.0 bar and 273 K), which are similar to
some porous polymers.®>*> The methane uptake of the
polymers is also studied, and FPOP-2 exhibits a better uptake
capacity (3.3 wt % at 1.0 bar and 273 K) than those of some
porous materials with higher BET specific surface areas such as
microporous polycarbazole CPOP-1,"** MOF Cu,(ebtc),*
porphyrin(Ni)-based porous polymer,”* and adamantine-
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Table 1. Porosities and Gas Uptake Capacities of FPOP-1 and FPOP-2

polymers Sper” (M2 g™ Spoo? (mPgh)  ViwS (cm®gh) med (nm)  CO, uptake® (wt %)  CH, uptake® (wt %)  H, uptake’ (wt %)
FPOP-1 1170 577 0.870 0.59, 1.31 9.7 2.7 1.08
FPOP-2 1020 584 0.651 0.63 10.2 33 1.16

“Specific surface area calculated from the adsorption branch of the nitrogen adsorption—desorption isotherm using the BET method. *Micropore
surface area calculated from the adsorption branch of the nitrogen adsorption—desorption isotherm using the t-plot method. “Total pore volume at
P/P, = 0.99. “Data calculated from nitrogen adsorption—desorption isotherms with the NLDFT method. “Data were obtained at 1.0 bar and 273 K.

/Data were obtained at 1.0 bar and 77 K.

based porous polymer networks (PPN-2 and PPN-3) under the
same conditions.”> Moreover, the gas uptake capacities of
FPOP-2 are correspondingly better than those of FPOP-1 with
higher BET specific surface area under the same conditions
(Table 1). Probably, it could be ascribed to the different PSD
profiles. Unlike the pore sizes of FPOP-1 dominantly ranging
from 0.59 tol.31 nm with a combination of the mesoporous
size distribution, FPOP-2 exhibits a relatively narrower PSD
with the dominant pore size at about 0.63 nm, which is more
suitable for adsorption of small gas molecules.'*

Considering that the high porosities of the fluorinated
polymers of FPOP-1 and FPOP-2 allow potential access by a
variety of small molecules, we also explored the capability of
FPOP-1 and FPOP-2 for adsorption of solvent vapors such as
toluene and water. The sorption behaviors of toluene and water
were measured at 298 K. As shown in Figure 4, FPOP-2
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Figure 4. Toluene and water adsorption—desorption isotherms of
FPOP-2 measured at 298 K.

features a typical type I isotherm for toluene, with a hysteresis
that implies possible guest—host interaction might exist under
relatively higher pressures*® and is also likely to be a result of
the presence of mesopores and capillary condensation. The
adsorption of toluene rises gradually until the material reaches
saturation, and the adsorption amount for toluene is 976 mg
g™ (10.6 mmol g™') at its saturated vapor pressure, which is
higher than FPOP-1 (Figure S6, Supporting Information) and
some reported porous materials such as PAF-11,"*® [Zn,O-
(bdc) (bpz),]-4DMF-6H,0,>* and MOF based on a zinc(II)
bipyridine-tetracarboxylate.”” Though the sorption capacity of
FPOP-2 for toluene is lower than that of PAF-1(1357 mg
g™"),"® FPOP-2 still exhibits good toluene sorption ability,
considering the relatively lower specific surface area of FPOP-2
(Sger = 1020 m* g™') compared to PAF-1 (Sper = 5640 m?
g™"). The good sorption capacity of FPOP-2 for toluene could
be ascribed to its high porosities and affinities between guest
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molecules and the host network such as 7—nz, C—H---x, and
arene—perfluoroarene interactions.”® This ability of FPOP-2
would be very promising to eliminate harmful small aromatic
molecules in the environment. Meanwhile, the sorption
capacity of FPOP-2 for water measured at saturation conditions
and 298 K is only 27 mg ¢! (1.5 mmol g™"), which is lower
than hydrophobic porous polymer PAF-11"%" with similar
nonfluorinated structure, and also proves the hydrophobic
nature of the material. This result is consistent with Cooper’s
report, which is that the fluoro-substituted porous polymer
shows more hydrophobic property than the parent network.'®
In conclusion, based on the high reactivity of the C—H
bonds in 1,2,4,5-tetrafluorobenzene for direct arylation, two
fluorinated porous organic polymers (FPOP-1 and FPOP-2)
were smoothly prepared via direct C—H arylation poly-
condensation and well characterized by solid-state *C and
'F NMR, EDXS, and XPS. The obtained polymers show good
thermal and chemical stabilities and high porosities with BET
specific surface area of above 1000 m* g~'. Different PSD
profiles of the polymers can be obtained by selecting different
core constructing monomers. Unlike the pore sizes of FPOP-1
dominantly ranging from 0.59 to1.31 nm with a combination of
the mesoporous size distribution, FPOP-2 exhibits a relatively
narrower PSD with the dominant pore size at about 0.63 nm
and shows better gas (H,, CO,, and CH,) uptake capacities
than FPOP-1 under the same conditions. Moreover, FPOP-2
also possesses high adsorption ability for toluene (976 mg g™")
at saturated vapor pressure and room temperature due to its
high porosities and binding affinities between guest molecules
and the host network such as 7—z, C—H--z, and arene—
perfluoroarene interactions. As a porous fluorinated hydro-
phobic material, FPOP-2 could find a potential use in
elimination of harmful small aromatic molecules, which are of
concern to the environment. Various fluorinated porous
polymers have been prepared by this facile method, and the
related porosities and special properties are under study.
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TGA, "’F NMR spectra, XPS spectra, BET specific surface area
plots, and gas (H,, CO,, and CH,) adsorption isotherms of
FPOP-1 and FPOP-2; toluene and water adsorption—
desorption isotherms of FPOP-2 measured at 298 K. This
material is available free of charge via the Internet at http://
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