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A highly porous porphyrin-based organic polymer, PCPF-1, was
constructed via homo-coupling reaction of the custom-designed
porphyrin ligand, 5,10,15,20-tetrakis(4-bromophenyl)porphyrin.
PCPF-1 possesses a large BET surface area of over 1300 m? g’
(Langmuir surface area of over 2400 m? g~') and exhibits strong
hydrophobicity with a water contact angle of 135°, and these
features afford it the highest adsorptive capacities for saturated
hydrocarbons and gasoline among sorbent materials reported thus
far, as well as render it the capability to remove oil from water.

The adverse environmental impacts of oil spill in water and
organic chemical pollutants in air," particularly the recent
Deepwater Horizon oil spill devastation,” have urged the
development of effective technologies for removing oils and
organic pollutants from water and air. Physical adsorption
using porous materials as adsorbents has been proved to be a
very promising way to address such severe issues,® and several
types of porous materials have been widely explored including
mesoporous silica,’ resins,> and activated carbons.® However,
these adsorbents usually suffer from low adsorptive capacity
due to limited pore volume® or poor effectiveness because of
their hydrophilic nature.” Therefore, there is still an urgent
need for new types of adsorbents that are water-stable/-proof
and highly efficient and effective in removing oil residues
under different conditions.

Metal-organic frameworks (MOFs)® have recently been
exploited as a new type of sorbents for hydrocarbon storage;’
but the poor water/moisture stability of most MOFs casts a
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shadow on their application in removing oil residues from
water and organic pollutants from air.

Over the past several years, porous organic polymers
including crystalline covalent boron oxide-based frameworks
(COFs)," triazine-based organic frameworks (CTFs),"
phous polymers of intrinsic microporosity (PIMs),"*> hyper-
crosslinked polymers (HCPs)," conjugated microporous polymers
(CMPs),"* porous aromatic frameworks (PAFs),"> and porous
polymer networks (PPNs)'® have been advanced as a new type
of porous materials for various applications particularly gas
storage and CO, capture.’®® Compared with MOFs, porous
organic polymers possess high thermal, chemical and water
stabilities as well as hydrophobic components in their struc-
tures. These features make them promising candidates for
removing oil spill from water and organic chemical pollutants
from air, which however has rarely been explored."” Among
various types of porous organic polymers, CMPs feature
elaborate integration of m-electronic components, and their
surface areas and surface wettabilities could be altered by
functionalizing the conjugated monomers. Porphyrins repre-
sent an interesting type of large conjugated macrocycles with
18-electron  systems,'® and they have recently been employed
as building blocks for the construction of highly porous
COFs." In this contribution, we report the construction of a
porphyrin-based CMP utilizing the custom-designed porphyrin
ligand, 5,10,15,20-tetrakis(4-bromophenyl)porphyrin (tbpp)
(Scheme 1), as a building block. We hypothesize that the
homo-coupling of tbpp building blocks could lead to a 2D
layered structure with high surface area, and the exposed
conjugated porphyrin and phenyl rings could render strong
hydrophobicity. As expected, the resulted material named
PCPF-1 (PCPF denotes porous covalent porphyrin framework)
possesses a large surface area and exhibits strong hydrophobi-
city, and these features afford it exceptional uptake capacities
for saturated hydrocarbons and gasoline.

PCPF-1 was synthesized by the well-established Yamamoto
homo-coupling reaction®® (Scheme 1) as dark red powder,
which has a low density and is insoluble in common organic
solvents. The success of the phenyl-phenyl coupling was

amor-

Chem. Commun., 2013, 49, 1533-1535 | 1533


http://dx.doi.org/10.1039/c2cc38067f
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC049015

Downloaded by University of South Florida on 24 January 2013
Published on 04 January 2013 on http://pubs.rsc.org | doi:10.1039/C2CC38067F

Scheme 1 Synthetic route for PCPF-1 using 5,10,15,20-tetrakis(4-bromophenyl)-
porphyrin as a building block.

confirmed by FTIR measurements, which indicated the disap-
pearance of the C-Br vibration band in the spectra of PCPF-1
(Fig. S1, ESIT). The local structure of PCPF-1 was characterized
by *C CP/MAS NMR studies. The signal assignments for the
spectra displayed in Fig. S2 (ESIT) were made on the basis of a
compound with similar structural elements reported before,'**
together with a comparison with the solution NMR data of the
tbpp ligand in CDCl,.>" The tbpp ligand resonance at 118.1 ppm
for the ipso-C bound to Br was absent whereas a new signal at
139.1 ppm for the ipso-C bound to a phenyl ring appeared.
The NMR spectra of PCPF-1 proved the homogeneity of the
material and further confirmed the completion of the Yamamoto
coupling reaction.

To analyze the possible structure of PCPF-1, we modeled the
structure through Focite force-field calculations using Accelrys’
Materials Studio (MS) v.6.1 software.>* The optimum simula-
tion generated a structure with the Pbcn space group and a unit
cell with a = 24.1281 A, b = 24.0961 A, ¢ = 11.5069 A. The model
indicated that the planar porphyrin rings and chair-formed
phenyl rings are connected to extend into wave-like sheets and
the sheets prefer AA stacking to form aligned tubular channels
with a diameter of 11.739 A x 11.739 A (atom to atom distance)
along the c direction (Fig. S3, ESIT).

Thermogravimetric analysis (TGA) indicates that PCPF-1 is
thermally stable up to ~400 °C (Fig. S4, ESIT). PCPF-1 shows
high chemical stability, and it is insoluble in strong acidic and
basic solutions (e.g. 6 M HCI solution and 6 M NaOH solution).
Powder X-ray diffraction (PXRD) studies on PCPF-1 indicated
certain accordance between experimental patterns and the
simulated patterns based on the modeled structure, although
the poor overall crystallinity suggests that PCPF-1 is almost
amorphous (Fig. S5, ESI}). Field-emission scanning electron
microscopy (FE-SEM) images revealed that PCPF-1 is composed
of agglomerated ball-shaped particles with sizes of 100-500 nm
in diameter (Fig. 1a), which also indicates the roughness of its
surface. The surface wettability of PCPF-1 was investigated by
water contact angle (CA) measurements. It was observed that
PCPF-1 is strongly hydrophobic with a water CA of 135°
(Fig. 1b), which should mainly originate from its hydrophobic
compositions of conjugated porphyrin and phenyl rings.
In contrast, when a salad oil droplet was placed on the surface
of the PCPF-1 sample, the oil was quickly adsorbed and a CA
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Fig. 1 (a) SEM image of the PCPF-1; (b) photo of a water droplet, and (c) photo
of a salad oil droplet on a tablet of the PCPF-1 sample.

with oil of nearly 0° was obtained (Fig. 1c), indicating that
PCPF-1 is strongly oleophilic. We reasoned that the strong
oleophilicity of PCPF-1 should be attributed to its hydrophobic
surface and nanoporous structure. The hydrophobic nature
of PCPF-1 was further confirmed by water vapor sorption
isotherms at 298 K (Fig. S6, ESIt), which revealed a very low
water uptake capacity of less than 4.0 wt% below the relative
humidity of 60% and an abrupt increase of water adsorption
above the relative humidity of 70% due to water vapor con-
densation on the exterior surface.

To assess the permanent porosity of PCPF-1, gas sorption
measurements were performed on the activated PCPF-1
sample. The N, adsorption isotherm at 77 K (Fig. S7, ESIf)
reveals that PCPF-1 exhibits an uptake capacity of 538 em® g™
at the saturation pressure with typical type-I sorption behavior,
as expected for microporous materials. Derived from the N,
adsorption data, PCPF-1 has a BET surface area of 1333 m*> g
(PP, = 0.02-0.2) (Langmuir surface area: 2426 m> g~ ' (P/P, = 0.9))
and a pore volume of 0.86 cm® g~ . The surface area of PCPF-1
was further confirmed by Ar adsorption isotherms at 87 K
(Fig. S8, ESIf), which revealed similar surface area values.
Density functional theory (DFT) pore size distribution analysis
based on the Ar adsorption data at 87 K indicated that the pore
size of PCPF-1 is narrowly distributed around 9.0 A (Fig. S9,
ESIT), which is in good agreement with the pore size observed
in the modeled structure when van der Waals radii are taken
into account.

The high surface area and strong surface hydrophobicity of
PCPF-1 prompted us to evaluate its performances in adsorbing
saturated C5-C8 hydrocarbons, which embody the components
of petroleum oil. The vapor adsorption isotherms of PCPF-1 for
n-pentane, n-hexane, n-heptane, n-octane, cyclopentane, and
cyclohexane at 298 K are displayed in Fig. 2a. At their individual
saturation pressures, the adsorbed amounts by PCPF-1 for
n-pentane, n-hexane, n-heptane, n-octane, cyclopentane, and
cyclohexane are 456, 623, 752, 737, 909, and 1030 mg g !,
respectively (Table 1). This means that the hexane and cyclo-
hexane uptake capacities of PCPF-1 are about 5 times higher
than that of the hydrophobic MOF, FMOF-1 (99 mg g~ ' for
hexane; 156 mg g~ * for cyclohexane),”” and also far exceed that
of the widely used activated carbon material, BPL (300 mg g~
for hexane).>®> We also assessed the adsorptive capacities of
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Fig. 2 (a) Adsorption isotherms of PCPF-1 for the vapors of various saturated
hydrocarbons at 298 K (the saturation pressures of n-pentane, n-hexane,
n-heptane, n-octane, cyclopentane, and cyclohexane are 684.8, 203.5, 60.7,
18.7, 423.6, 131.3 mbar, respectively); (b) uptake amounts of various saturated
hydrocarbons and gasoline (93#) in the liquid phase at 298 K by PCPF-1.

Table 1 Adsorptive capacities of PCPF-1 for various saturated hydrocarbons and
gasoline in vapor and liquid phases at 298 K

Vapor-phase adsorptive
capacity (mg g~ ")

Liquid-phase adsorptive
capacity (g g ')

n-Pentane 456 14.7
n-Hexane 623 16.7
n-Heptane 752 22.5
n-Octane 737 25.9
Cyclopentane 909 15.4
Cyclohexane 1030 25.1
Gasoline (93#) N/A 20.5

PCPF-1 for the saturated C5-C8 hydrocarbons in the liquid
phase and for liquid gasoline. As shown in Fig. 2b, 1 g of the
PCPF-1 sample can adsorb around 14.7 g of n-pentane, 16.7 g
of n-hexane, 22.5 g of n-heptane, 25.9 g of n-octane, 15.4 g of
cyclopentane, 25.1 g of cyclohexane, and also about 20.5 g of
gasoline (Table 1), outperforming the recently reported porous
organic polymer materials PDVB-0.1'7* and HCMP-1/2."”” PCPF-1
can be readily cycled over 20 times without drop in uptake
capacities for hydrocarbons (Fig. S10, ESIT). Indeed, to the best
of our knowledge, the adsorptive capacities of PCPF-1 for both
vapors and liquids of saturated hydrocarbons as well as liquid
gasoline are the highest among sorbent materials reported thus
far.>”7>' 1t is worth noting that due to the low density as well
as strong hydrophobicity and oleophilicity, PCPF-1 floats on the
surface of water (Fig. S11, ESIT) and almost does not adsorb the
liquid-phase water. This together with its exceptional uptake
capacities for saturated hydrocarbons and gasoline affords
PCPF-1 great potential for use in the cleanup of oil spill in
water and air. Indeed, PCPF-1 can remove oil from water as
evidenced by the experiment of using PCPF-1 to separate the
mixed corn oil and water solution (Fig. S12, ESIf). We are
currently investigating the efficiency and effectiveness of
PCPF-1 in removing saturated hydrocarbons and different types
of oils from water.

In summary, a porphyrin-based porous organic polymer
material, PCPF-1, has been synthesized via the Yamamoto
homo-coupling reaction of the custom-designed porphyrin
building block, 5,10,15,20-tetrakis(4-bromophenyl)porphyrin.
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PCPF-1 is highly porous with a large BET surface area of over
1300 m* g~' (Langmuir surface area of over 2400 m”> g ).
It features strong hydrophobicity and oleophilicity, and demon-
strates by far the highest adsorptive capacities for saturated
hydrocarbons and gasoline among reported porous materials,
and is capable of removing oil from water. This work thus
lays a solid foundation for developing conjugated porous
polymer materials as a new type of sorbents for removal of
oil residues from water and organic pollutants from air as well
as for hydrocarbon storage and waste water purification.
Ongoing work in our laboratory includes the design and
synthesis of new porous PCPFs and other types of conjugated
porous organic polymers for energy and environmental-related
applications.
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