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Two novel hybrid porous polymers were easily prepared by the Friedel-Crafts reaction of

octavinylsilsesquioxane with triphenylphosphine and triphenylphosphine oxide, respectively. They
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Introduction

Porous materials have attracted much attention during the last
few decades because they show great potential applications in
the fields of gas storage and separation,™ catalysis,>® opto-
electronics,”® chemosensors,”** drug delivery’*™** and environ-
ment.'**® Recently, porous materials formed by covalent
bonded linkage are of great interest for their characteristic
advantages: large specific surface areas, low skeletal density,
high thermal and chemical stability, etc.**** Rational selection
of suitable rigid building blocks with different geometries and
advantageous functionalities will be helpful in the construction
of porous materials with novel topology structures and
properties.

Cubic octavinylsilsesquioxane (OVS) (Scheme 1), a versatile
precursor, has been extensively explored as a starting material
for nanohybrid synthesis.””** Recently, many hybrid porous
polymers were prepared via the topology combination from
cubic OVS with planar molecules,* tetrahedral molecules,*"**
cubic molecules®*® and polymer.*” By far, there was no report
on hybrid porous polymers by the combination of trigonal
pyramidal triphenylphosphine with cubic OVS.

Triphenylphosphine (denoted as TPP) is an important ligand
for noble metals, and widely used in the cross-coupling reac-
tions in modern synthesis chemistry.***° TPP and its derivative,
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triphenylphosphine oxide (denoted as TPPO), are usually rigid
trigonal pyramidal molecules, and possess different steric
crowding around the phosphorus atom, tended to take a more
tetrahedral geometry (Scheme 1), which make them become two
ideal building blocks for constructing functional porous poly-
mers. Some phosphorous-containing porous polymers have
been prepared by different methods, such as the Friedel-Crafts
reaction,” the Yamamoto reaction,”” and the Sonogashira—
Hagihara coupling reaction.* From a practical point of view, the
use of commercial TPP or TPPO is highly desirable to prepare
some novel cost-effective phosphorus-containing porous poly-
mers in a large-scale via the Friedel-Crafts reaction.

In this paper, triphenylphosphine (TPP) and triphenylphos-
phine oxide (TPPO) were chosen to react with cubic octavi-
nylsilsesquioxane (OVS) to prepare two novel parallel series of
hybrid phosphorus-containing porous polymers (denoted as
HP-TPPs and HP-TPPOs) via the Friedel-Crafts reaction,
respectively. These hybrid porous polymers possessed high
surface areas, unique bimodal pores with uniform micropores
and mesopores centered at 1.5 nm and 3.7 nm, respectively, and
an excellent size-selective adsorption for dyes. They displayed
an outstanding adsorption ability for rhodamine B (RB) with
maximum equilibrium adsorption capacities of 828.6 mg g~ *
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Scheme 1 Structure of octavinylsilsesquioxane (OVS), triphenylphos-
phine (TPP) and triphenylphosphine oxide (TPPO).
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and could rapidly remove more than 90% RB within 3 minutes
when the initial concentration of the RB solution was 50 ppm.

Experimental section
Materials

Unless otherwise noted, all reagents were obtained from
commercial suppliers and used without further purification.
Octavinylsilsesquioxane (OVS) was synthesized from the
previous reports.**** Triphenylphosphine oxide (TPPO) was
prepared according to the previous report.*® 1,2-Dichloroethane
was dried by distillation over calcium hydride under reflux prior
to use.

Methods

FTIR spectra were measured within a 4000 cm ' to 400 cm™*

regions on a Bruker TENSOR-27 infrared spectrophotometer
(KBr pellet). Solution-state "H NMR spectra were measured with
a Bruker Avance 300 spectrometer in CDCl; with tetrame-
thylsilane as the internal standard. Solid-state **C cross polar-
ization (CP) magic angle spinning (MAS) NMR, *°Si MAS NMR
and *'P high power decoupling (HPDEC) MAS NMR spectra
were carried out on a Bruker Avance-500 NMR spectrometer
operating under a magnetic field strength of 9.4 T. A chem-
agnetics of 5 mm triple-resonance MAS probe was used to
acquire *C, *°Si and *'P NMR spectra. 2°Si MAS NMR spectra
with high power proton decoupling were recorded using a /2
pulse length of 5 ps, a recycle delay of 120 s and a spinning rate
of 5 kHz. The "*C chemical shifts were referenced externally via
the resonance of tetramethylsilane (TMS) of 0 ppm. The *'P
chemical shifts were referenced externally via the resonance of
NH,H,PO, at an isotropic chemical shift of 1.058 ppm.
Elemental analysis was performed by using an Elementarvario
EL III elemental analyzer. Nitrogen sorption isotherm
measurements were performed by using a Micro Meritics
surface area and pore size analyzer. The samples were degassed
for 12 h at 150 °C prior to measurement. A sample of ca. 100 mg
and a UHP-grade nitrogen (99.999%) gas source were chosen in
the nitrogen sorption measurements at 77 K and collected on
a Quantachrome Quadrasorb apparatus. BET surface areas were
evaluated over a P/P, range from 0.02 to 0.20. Nonlocal density
functional theory (NL-DFT) pore size distributions were
confirmed using the carbon/slit-cylindrical pore mode of the
Quadrawin software. Thermal gravimetric analysis (TGA) was
conducted on a Mettler-Toledo TGA/DSC system under a N,
atmosphere at a heating rate of 10 °C min~' from room
temperature to 800 °C. Powder X-ray diffraction (PXRD) were
measured with a Rigaku D/MAX 2550 diffractometer with Cu-K,
radiation, 40 kv, 200 mA with a 26 range of 5-80° (scanning rate
of 10° min™") at room temperature. The field-emission scan-
ning electron microscopy (FE-SEM) experiments were recorded
by using a HITACHI S4800 spectrometer. The high-resolution
transmission electron microscopy (HR-TEM) experiments were
characterized by using a JEM 2100 electron microscope (JEOL,
Japan) with an acceleration voltage of 200 kv. CO, adsorption
capacity was measured at 273.0 K at 1.0 bar with a TriStar I1 3020
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V1.04. Before measurement, the samples were degassed at 150
°C under vacuum for about 15 h. UV-vis absorption spectra of
organic dyes were collected on an a TU-1901 double beam UV-
vis spectrophotometer.

Synthesis of OVS

OVS was synthesized from the previous reports.**** 675 mL of
acetone, 66.8 (0.45 mol) g of vinyltrimethoxysilane, 112.5 mL of
concentrated hydrochloric acid and 129.6 mL of deionized
water were charged into a 1 L flask equipped with a magnetic
stirrer, refluxed at 40 °C for 48 h. A brown mixture solution was
obtained. The white power could be obtained by filtering,
washing with ethanol and recrystallizing from the mixed solu-
tions of dichloromethane and acetone to afford 11.9 g of OVS
with 33% yield. FTIR (KBr, cm '): 3043 (v C-H), 1605 (v C=C),
1410, 1276 (6 C-H), 1112, 463 (v Si-O-Si), 584 (4 Si-O-Si), 778
(v Si-C) (Fig. $17); "H NMR (CDCl,): 6 5.89-6.16 (m, H,C=CH-,
24H) (Fig. S21).

Synthesis of TPPO

TPPO was prepared according to the previous report.*® 2.65 g
(10.1 mmol) triphenylphosphine (TPP), 50 mL tetrahydrofuran
(THF) and 30% hydrogen peroxide (30 mL) were charged into
a 150 mL flask with a magnetic stirrer and stirred over night at
room temperature. The mixture was evaporated and purified to
give a white solid (2.75 g). Yield: 98%. FTIR (KBr, cm™"): 3070,
3027 (v C-H), 1581 (v C=C), 1438, 1263 (6 C-H), 1189, 1116
(v P-0), 724 (v P-C) (Fig. $3); "H NMR (CDCl,): 6 7.70-7.64 (m,
6H), 7.58-7.52 (m, 3H), 7.49-7.43 (m, 6H) (Fig. S4t).

Synthesis of hybrid porous polymers

A typical procedure for HP-TPP-1 was given in detail as follows.
OVSs (0.95 g, 1.5 mmol), TPP (0.35 g, 1.3 mmol), anhydrous
aluminum chloride (0.40 g, 3.0 mmol) and 1,2-dichloroethane
(40 mL) were charged in an oven-dried flask. The mixture was
stirred at room temperature for 0.5 h and then under reflux for
24 h. After cooling to room temperature, the mixture was
filtered and washed with THF, methanol, acetone, chloroform,
sequentially, in order to remove any unreacted monomers or
residuary catalyst. The product was further purified under the
Soxhlet extractor with THF for 24 h and methanol for 24 h,
respectively, and then dried in vacuum at 70 °C for 48 h to
obtain a yellow power (0.89 g, 69%). HP-TPP-2, HP-TPP-3, HP-
TPPO-1, HP-TPPO-2 and HP-TPPO-3 were synthesized as same
as the procedure of HP-TPP-1. Elemental analysis of HP-TPPs
and HP-TPPOs were shown in Table S1.7

Dye adsorption experiments

The batch mode adsorption studies were done by taking dye
molecules as probes, including rhodamine B (RB), methylene
blue (MB), and methyl orange (MO) (Scheme 2). Dye solutions
were prepared by deionized water with known amounts of RB,
MB and MO. The adsorption isotherm was obtained by the
addition of 10 mg HP-TPP-3 or HP-TPPO-3 into 30 mL dye
solutions of different initial concentrations. The mixture was

This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Structure of rhodamine B (RB), methylene blue (MB),
methyl orange (MO).

stirred for several hours (typically 24 h) at room temperature to
reach adsorption equilibrium. Subsequently, the adsorbents
were removed by filtering. And the collected solutions were
reserved to be analyzed by UV-vis spectrophotometer. The
wavelengths for the detection are 554, 665, and 466 nm for RB,
MB, and MO, respectively.

The RB adsorption rate test was done by adding 10 mg HP-
TPP-3 or HP-TPPO-3 into 15 mL aqueous RB solution of same
initial concentration (50 ppm). The mixture was stirred and
remained in different time at room temperature. The next
procedure was the same as the batch mode.

Results and discussion

Synthesis and characterization of hybrid porous polymers

Octavinylsilsesquioxane (OVS) reacted with TPP and TPPO to
prepare two novel parallel series of hybrid porous polymers, i.e.
HP-TPPs and HP-TPPOs, respectively, as shown in Scheme 3.
The resulting products were yellow powders, had a low density,
and were not soluble in any common organic solvents. These
hybrid porous polymers were first characterized by FTIR spec-
troscopy. We took HP-TPPOs as samples to confirm the success
of the Friedel-Crafts reaction. Compared with the FTIR pattern
of OVS, the intensities of the peaks at about 3023, 1609, 1412,
and 1277 cm ™" decreased to different degrees (Fig. 1), which
indicated that the cross-linking reaction occurred in varying
degrees in HP-TPPOs. The decrease of C=C (1609 cm™ ")
vibrations and unsaturation C-H (3023 cm ') vibrations of the
OVS demonstrated the successful synthesis of the hybrid porous
polymers. And the band of approximate 2963 cm ™' confirmed
the presence of methylene groups (Si-CH,-) in HP-TPPOs,
which also indicated that the Friedel-Crafts reaction was
successful. Compared with the typical Si-O-Si stretching

W A

+ Friedel-Crafts reaction
AICl;, CICH,CH,CI

@ =ovs A:’rm’ or TPPO

Scheme 3 Synthesis of hybrid porous polymers.

HP-TPPs or HP-TPPOs
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Fig. 1 FTIR spectra of HP-TPPOs, TPPO and OVS.

vibration for OVS at ca. 1111 em ™" (Fig. 1), those for the porous
networks became broader, indicating the presence of cross-
linking networks in the hybrid porous polymers.***>** The
symmetric stretching vibrations of P=0 at 1187 cm™ ' (Fig. 1)
was not observed in HP-TPPOs, which could be attributed to the
overlap of P=0 and Si-O-Si. The FTIR spectra of HP-TPPs were
shown in Fig. S5.7

Solid-state **C CP/MAS, 2°Si MAS and *'P HPDEC/MAS NMR
were also used to further confirm the structures of these hybrid
crosslinked porous polymers. Considering their similar spectra,
HP-TPPO-3 was selected as a representative sample to analyze in
HP-TPPO series. As shown in Fig. 2, the signals of the carbon
atoms of the bridging phenyl units and of the unreacted double
bonds from TPPO and OVS were observed in the range of 127-
151 ppm. The resonance peaks at 19.6 ppm and 23.4 ppm were
mainly ascribed to the methylene carbon atoms (Si-CH,-CH,-
Ar-P=0 and Si-CH,-CH,-Ar-P=0), which confirmed the
formation of single C-C bonds derived from the vinyl units after
the Friedel-Crafts reaction.’™** The signal at 6 = 46 ppm might
be assigned to the carbon atom from methanol. Similar result
was also observed in the solid-state ">C CP/MAS NMR spectrum
of HP-TPP-3 (Fig. S61).

L 1 1 1 1
300 250 200 150 100 50 0 -50 -100
ppm
Fig. 2 Solid-state 3C CP/MAS NMR spectrum of HP-TPPO-3.
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Fig. 3 showed the solid-state >°Si MAS NMR spectrum of HP-
TPPO-3. There were two main signals at ca. —68.4 and —80.2
ppm in Fig. 3, which could be assigned to the silicon atoms of
the T; units (T,: CSi(OSi),(OH);_,) from the Si-CH,-CH,- units
formed after the Friedel-Crafts reaction and the unreacted
Si-CH=CH,, units, respectively. The signal of Si-CH,-CH,-
units further confirmed the success of the Friedel-Crafts reac-
tion. Similar phenomenon was also observed in the solid-state
295i MAS NMR spectrum of HP-TPP-3 (Fig. S71).

Fig. 4 showed the solid-state *'P HPDEC/MAS NMR spectrum
of HP-TPPO-3. A single broad peak in the range of 50-100 ppm
was assigned to phosphorus in phosphine oxide units in HP-
TPPO-3. The solid-state *'P HPDEC/MAS NMR spectrum of
HP-TPP-3 (Fig. S81) exhibited two main signals. The signal at
22.6 ppm corresponded to phosphorus in triphenylphosphine
units in HP-TPP-3; another signal at 65.1 ppm was assigned to
phosphorus in phosphine oxide units in HP-TPP-3, which
originated from aerobic oxidation of P™,*47

The Brunauer-Emmet-Teller (BET) specific surface area
(Sger) and pore structures of hybrid porous polymers were
characterized by nitrogen adsorption and desorption isotherms
experiments at 77 K. All of the samples showed the type IV

50 0 -50 -100 -150 -200
ppm

Fig. 3 Solid-state 2°Si MAS NMR spectrum of HP-TPPO-3 (*' meant
satellite peaks).

1 1 1
300 200 100 0 -100
ppm

Fig. 4 Solid-state 3'P HPDEC/MAS NMR spectrum of HP-TPPO-3.
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shape of nitrogen adsorption isotherms (Fig. S91), a sharp
uptake at low relative pressures and a gradually increasing
uptake at higher relative pressures with a hysteresis, indicating
that the synthesized hybrid porous polymers contained both
micropores and mesopores.*>** The detailed porosity data of
these hybrid porous polymers were compiled in Table 1. The
Sger of HP-TPP-1, HP-TPP-2, HP-TPP-3, HP-TPPO-1, HP-TPPO-2
and HP-TPPO-3 was calculated as 966, 1018, 1105, 887, 920 and
976 m” g~ ', respectively. The respective micropore surface area
(Smicro) Was calculated to be 375, 277, 260, 189, 172 and 78 m>
¢ ! by using the ¢-plot method. With the increasing mole ratio
of OVS to TPP or TPPO, the Sggr of the hybrid porous polymers
increased and approached a maximum Sggr of 1015 and 976 m?
g~ when the molar ratio was 1.5 : 0.8 (i.e. HP-TPP-3 and HP-
TPPO-3), respectively; however, the Spicro Of the hybrid poly-
mers decreased.

Pore-size distributions (PSD) of the hybrid porous polymers
were evaluated from the nonlocal density functional theory (NL-
DFT). The results were in accordance with the patterns of the N,
sorption isotherms and suggested the presence of micropores
and mesopores within the hybrid porous polymers. As shown in
Fig. 5, the polymers showed similar PSD curves with unique
bimodal pores, which indicated the uniformity of micro-
mesopores in the networks. All the samples showed uniform
micropores with an average diameter located at around 1.5 nm
and uniform mesopores with an average diameter centered at
about 3.7 nm. And the ratio of the micropore volume (Vyjero) to
Viotal for HP-TPP-1 to HP-TPPO-3 was 0.28, 0.16, 0.13, 0.14, 0.11
and 0.03, respectively (Table 1). According to the IUPAC classi-
fication, these hybrid porous polymers could be regarded as
mesoporous polymers because of the low Viicro/Viotal atio.

It was interesting that Sgpr and Vi of the hybrid porous
polymers increased monotonically with the increasing molar
ratio of OVS to TPP or TPPO; while Spicro, Vmicro aNd Viicro/ Viotal
decreased. The increasing molar ratio of OVS to TPP or TPPO
meant the increasing reactive sites of the phenyl groups in the
TPP or TPPO and the increasing locally crosslinked density,
which favored mesopores.*> Different from previous
phosphorus-containing microporous polymers,*** two kind of
novel hybrid polymers with unique bimodal pores, i.e. uniform
micropores and mesopores centered at 1.5 nm and 3.7 nm,
respectively, were easily prepared through the topology combi-
nation of TPP or TPPO with OVS via the Friedel-Crafts reaction.

Thermal stability and morphology

TGA was used to evaluate the thermal stability of the hybrid
porous polymers. These porous polymers possessed good
thermal stability and exhibited high thermal decomposition
temperature. The decomposition temperatures (Ty at 5 wt%) of
HP-TPPOs and HP-TPPs were above 500 °C (Fig. 6), which were
significantly higher than those of OVS, TPP and TPPO. This
result could be predominantly ascribed to the formation of
highly crosslinked network after the Friedel-Crafts reaction;***
in addition, the inorganic silica-like cages and phosphorus
elements containing in the hybrid polymers also contributed to
the thermal staibility.***”*® The crystallographic order of these

This journal is © The Royal Society of Chemistry 2016
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Table 1 Porosity data of HP-TPPs and HP-TPPOs
Sample Molar ratio of OVS to TPP/TPPO Sppr/m? g’l Smicro/mM? g’1 Veota/om® g’1 Viniero/om® g’l Vimicro/ Veotal
HP-TPP-1 1.5:1.3 966 375 0.67 0.18 0.28
HP-TPP-2 1.5:1.0 1018 277 0.75 0.12 0.16
HP-TPP-3 1.5:0.8 1105 260 0.82 0.11 0.13
HP-TPPO-1 1.5:1.3 887 189 0.58 0.08 0.14
HP-TPPO-2 1.5:1.0 920 172 0.66 0.07 0.11
HP-TPPO-3 1.5:0.8 976 78 0.72 0.02 0.03
- o8 from 500 nm to several micrometers.*>*** The worm-like
036 . . .
o0 ”: texture showed in translucent HR-TEM images (Fig. S12%)
= ~ o qs . .
K 2 o indicated a porous and not dense structure of the materials with
c 0.20 c . . . .
E o g relatively uniform pore diameters but no evidence of long-range
3 o ieaeed 5 HP-TPPO-1 ordering. The results were consistent with other OVS-based
0.05 0.05
™ o0 porous materials.?***
o 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Pore diameter (nm) Pore diameter (nm)
:ﬁ 038 CO, storage of HP-TPP-3 and HP-TPPO-3
£ o . . . . .
Doz o o Gas storage is one of the most important potential applications
-} & 020 . . . .
o E o for porous materials,**® especially in storing CO,. HP-TPP-3
> £
e::: — g HP-TPPO.2 and HP-TPPO-3 posfsessed the s:elme molar content of phos-
000 00 phorus and the highest Sgpr in HP-TPPs and HP-TPPOs,
e e " R O el respectively; therefore, they were selected to compare their
sas o CO, capture properties. The CO, capture capacities for HP-TPP-
0.40 0.35
a0 3 and HP-TPPO-3 were 3.97 wt% (0.90 mmol g~ ') and 4.63 wt%
) Jpes T (1.05 mmol g~') at 273.0 K/101 kPa, respectively (Fig. 7). The
E o % oss result showed that the introduction of P=0 bond into hybrid
3 i — 3 :;: HiBTePGS network indeed improved CO, adsorption, agreeing with
osol._ | oo previous reports.*>%

0O 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Pore diameter (nm) Pore diameter (nm)

Fig. 5 NL-DFT pore-size distributions of HP-TPPs and HP-TPPOs.

HP-TPPO-3
HP-TPPO-2

Weight (%)
Weight (%)

100 200 300 400 500 600 700 800 100 200 300 400 S00 600 700 800

Temperature (-C) Temperature (-C)

Fig. 6 (a) TGA curves of HP-TPPs, OVS and TPP in Ny; (b) TGA curves
of HP-TPPQOs, OVS and TPPO in N».

hybrid porous polymers was investigated by powder X-ray
diffraction (PXRD) analysis. Although OVS, TPP and TPPO
were highly crystalline, the resulted hybrid porous polymers HP-
TPP-3 and HP-TPPO-3 were amorphous and showed a broad
diffraction peak at 20 = 22° (Fig. S101), which were evidently
associated with the Si-O-Si linkages.*>*® The particle size and
morphology could be observed by FE-SEM (Fig. S11t). HP-TPPO-
3 was selected as a representative sample to analyze. The sample
aggregated into interlinking irregular shapes looked like cloud
with nanostructure appearance and a wide range of diameters

This journal is © The Royal Society of Chemistry 2016

Dye adsorption of HP-TPP-3 and HP-TPPO-3

Water contamination remains a serious environmental and
public problem, especially by toxic organic dyes. Rapid and
convenient removal of organic dyes from wastewater by various
techniques has been studied in the past, among which
adsorption is the simplest and widely adopted technology.*>*
The same reason with CO, capture, HP-TPP-3 and HP-TPPO-3

B
oo”
HP-TPPO-3 O
4t go%  a®
) L]
DD ...
DD ..
3F gd - HP-TPP-3
R i
< oY "
E Ll [ |
2 o g%
() DD "
= [m L |
o_u®
1} Ogl
ﬂ..
ol
of &
1 1 1 1 1
0 200 400 600 800

Absolute Pressure (mmHg)

Fig. 7 CO, adsorption isotherms of HP-TPP-3 and HP-TPPO-3 at
273 K.
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were also selected to compare their adsorption efficiency of
different kinds of dyes. A UV-vis spectrophotometer was
employed to trace the adsorption behaviors of HP-TPP-3 and
HP-TPPO-3 according to changes in the intensities of the
maximum absorption wavelengths of rhodamine B (RB),
methylene blue (MB), and methyl orange (MO) at 554, 665, and
466 nm, respectively.

The specific amount adsorbed onto adsorbents was calcu-
lated based on the following formula:*

(C()*Ce) x V

0. = — )]

where Q. (mg g™ ") is the equilibrium adsorption capacities, C,
(mg L") is the initial concentration, C. (mg L") is the equi-
librium concentration, V (L) is the volume of the aqueous
solution and M (g) is the mass of the adsorbent used.

The molecular size of RB, MB and MO molecule, estimated
by Newtonian ball and spring model, was in the order of RB >
MB > MO, listed in Table 2.7 It was interesting to observe that
they showed distinctly different equilibrium adsorption capac-
ities (Q.) for three dye molecules; RB possessed the maximum
Q. of 828.6 mg g~ " and MO possessed the minimum Q. of 25.9
mg g '. This result suggested that these porous polymers
possessed an excellent size-selective adsorption for dyes. As
mentioned above, the hybrid porous polymers showed unique
bimodal pores with micropores centered at around 1.5 nm and
mesopores centered at about 3.7 nm, respectively. Adsorption is
a complex process. Adsorption capacity of dyes in porous
materials is a comprehensive result of various factors, among
which pore structure plays an important role in the adsorption
process. For these hybrid materials in this work, most pores
should be open and interconnecting; and micropore sizes
centered at 1.5 nm, which was larger than that of MB and MO.
Although mass transfer of MB and MO was more efficient in the
porous materials, they could rapidly enter into pores; at the
same time, they also easily leave from pores and led to low
adsorption capacities in the porous polymers because of small
spatial hindrance. However, the diameter of RB was larger than
1.5 nm, the mass transportation in the small-size pores was
seriously inhibited; thus, vast RB molecules could block the
orifice of micropores or bind in the mesopores.**** Therefore,
the adsorption capacities of RB was much larger than those of
MB and MO. This unique bimodal pores structure made these
porous polymers prefer to absorb bulky dye molecules. This was
supported by the adsorption equilibrium experiment, which
showed that the adsorption equilibrium time of MB and MO
nearly needed 24 hours; however, RB almost achieve adsorption

Table 2 Adsorption capacities for three dye molecules onto adsorbents
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equilibrium within 30 minutes. It was interesting that MO
showed lower adsorption capacity compared to MB although
they both possessed smaller sizes. This was probably related
with the nature of porous materials and dyes. As we know, these
hybrid porous materials were prepared from cubic silsesquiox-
ane and triphenylphosphine or triphenylphosphine oxide;
therefore, the content of O and P were higher, which possessed
partially negative charges. MB was a kind of cationic dye, which
had stronger electrostatic attraction interactions with the
hybrid porous polymers. However, MO was a kind of anionic
dye, which had electrostatic repulsion interactions with the
hybrid porous polymers. So the adsorption capacity of MO was
lower than that of MB.

In view of the maximum Q. of RB, we further investigate its
adsorption behaviors. Three well-known isotherm equations,
Langmuir isotherm,**® Freundlich isotherm®*** and Dubinin-
Radushkevich isotherm,**> were applied to evaluate the data of
RB adsorption (the three isotherm equations see ESIt).

The adsorption isotherms of RB (Fig. 8) demonstrated
a positive relationship between the adsorption capacity of the
hybrid porous polymers and the equilibrium concentration.
The detailed fitting isotherm parameters were listed in Table 3.
For HP-TPP-3, the correlation coefficient (R %, 0.9909) of the
linearized Langmuir equation was higher than those of
Freundlich equation (Ry%, 0.9267) and Dubinin-Radushkevich
equation (Rp?, 0.8955), indicated that the adsorption behaviors
of RB onto HP-TPP-3 could better fit to Langmuir model.
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.4 Y=0.06549X-0.03027
500 - T s mamm
400 | / ;
20
300} g "
1.0
200 - / 0s

Qe (mgg”)
©

. 0.0
100 0 10 20 30 40 50
0 10 20 30 40 50 60
Ce (mg L™

Fig. 8 Rhodamine B adsorption isotherms of HP-TPP-3 and HP-
TPPO-3. The inset shows the low-limit of detection with a linear fit in
the linear concentration range.

Qe (mgg™)
Dye Molecular size (nm) Molecular weight (g mol ™) HP-TPP-3 HP-TPPO-3
Rhodamine B (RB) 1.59 x 1.18 x 0.56 478 674.6 828.6
Methylene blue (MB) 1.26 x 0.77 x 0.65 320 154.0 145.0
Methyl orange (MO) 1.31 x 0.55 % 0.18 327 25.9 64.6
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Table 3 Parameters of isotherms for rhodamine B adsorption onto
adsorbents

Adsorbent

Model Parameters HP-TPP-3 HP-TPPO-3
Langmuir Omax (Mg g ™) 847.46 1627.34
isotherm Ky (Lmg™) 0.111 0.065

R? 0.9909 0.8099
Freundlich n 2.191 2.331
isotherm Ke (mg' """ 1LY g7 133.903 196.549

R? 0.9267 0.7354
Dubinin- Kp (mol® J7?) 3.141 x 10°°  3.629 x 10°°
Radushkevich  E (kJ mol™") 0.399 0.371
isotherm Rp> 0.8955 0.9803

Omax (Mg g ™) 590.41 758.26

However, the adsorption behaviors of RB onto HP-TPPO-3 fol-
lowed Dubinin-Radushkevich isotherm more satisfactorily
than other two isotherms. From the Langmuir plot (Fig. S187),
Qmax for HP-TPP-3 was calculated to be 847.46 mg g ' and
higher than the experimental Q. of 674.6 mg g™, probably due
to the adsorption of solvent onto adsorbents. From the Dubi-
nin-Radushkevich plot (Fig. S20%), Qmax for HP-TPPO-3 was
calculated to be 758.26 mg g~ ', and lower than the experimental
Q. of 828.6 mg g '. This experimental Q. was significantly
higher than those for other porous materials, such as active
carbon,* mesoporous carbons,” et al. (Table S21). And the E
values of RB adsorption onto HP-TPPO-3 or HP-TPP-3 were
lower 8 k] mol™%; thus, the adsorption behavior of RB belonged
to physical adsorption.®®

As shown in Fig. 9, it showed the absorption spectra at
different time intervals of RB aqueous solutions after they were
treated with HP-TPP-3 and HP-TPPO-3, respectively. It could be

4.0
a) ——O0min b)
35} HP-TPP-3 ——3min 10f = HP-TPP-3
Smin
=30 min od o
o 25F —— 180 min = fD, IS
3 wE R
E =or I w
£ & =—t——
2 15} S o4}
2 y
< 1o}
02f %
(X33 \
00 " " " L L " 00 L k " " L " " L L L
400 450 500 550 600 650 0 20 40 60 80 100 120 140 160 180 200
Wavelength (nm) Time(min)
35 —omin
<) HP-TPPO-3 —3min d) 1o HP-TPPO-3
30 5 min
=10 min
25 30 min 08
® 180 min
§ 20 06
5 o
5 15 g
2 O o4
< 10
0.2
05
W—.
0.0 0.0

400 450 500 550 600 650 o 50 100 150 200

Wavelength (nm) Time (min)

Fig. 9 Dye adsorption properties of HP-TPP-3 and HP-TPPO-3. (a
and c¢) UV-vis adsorption spectra of the RB solutions after being treated
with HP-TPP-3 and HP-TPPO-3 at different time intervals. The initial
concentration of the RB solution is 50 ppm; (b and d) the RB
adsorption rate of HP-TPP-3 and HP-TPPO-3. The insets show the
corresponding camera images.
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observed that the characteristic bands of RB became increas-
ingly weaker with the increasing treatment time, and both of the
bands were completely removed after being treated for 3 h;
more than 90% of the dyes were rapidly removed by HP-TPP-3
within 6 minutes and by HP-TPPO-3 within 3 minutes, respec-
tively. The inset figures showed the corresponding camera
images of the dye solutions over time. The colors of the dyes
became increasingly lighter and finally faded after 3 h.

In order to further examine the adsorption process of RB,
pseudo-first-order (eqn (2)),** pseudo-second-order (eqn (3))*
and intraparticle diffusion (eqn (4))*® models were used to test
the experimental data.

k
log(Q. — Q) =log Qe — 5= x ¢ )
1 1
TRk ©)
Q= ki x 1*° (4)

where Q, (mg g~ ") and Q. (mg g~ ") are amount of dye adsorbed
at each time and equilibrium, respectively. And k¢ (min ), k& (g
mg ' min~"), and k; (mg ¢! min~°?) are the rate constants of
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models, respectively. The fitting results of RB onto
adsorbents HP-TPP-3 and HP-TPPO-3 were exhibited in
Fig. S22-524.7 It could be easily observed that linear relation of
pseudo-second-order kinetic fitting curve was much better than
those of pseudo-first-order kinetic fitting curve and intraparticle
diffusion kinetic fitting curve. The kinetic parameters were all
listed in Table 4. It suggested that pseudo-second-order model
was more suitable in explaining this adsorption process. In
addition, the values of Q. calculated by pseudo-first-order
kinetic model largely deviated the experimental values, which
further indicated that pseudo-second-order model was the
optimal candidate in explaining RB onto adsorbents HP-TPP-3
and HP-TPPO-3.

It was interesting that the equilibrium adsorption capacities
and adsorption rates for RB onto HP-TPPO-3 were higher than
those for RB onto HP-TPP-3 by the introduction of the P=0
bond (Fig. 8 and 9). As we all know, the cubic OVS and trigonal
pyramidal TPP molecule are nonpolar compounds,®”~** which

Table 4 Kinetic parameters for the adsorption of rhodamine B
adsorption on adsorbents

Adsorbent

Model Parameters HP-TPP-3  HP-TPPO-3
Pseudo-first-order Qeexp (mg g™ ") 79.29 94.37

ke (min™") 0.1243 0.1402

R 0.9753 0.5982

Qeycal (mg g ") 15.30 12.85
Pseudo-second-order ks (g mg ' min ") 0.0242 0.0542

Qecal (mg g ™) 79.55 94.43

RS 1.0000 1.0000
Intraparticle diffusion R/ 0.1955 0.1165
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make the HP-TPP-3 hydrophobic. However, the introduction of
P=0 bond caused HP-TPPO-3 to possess certain hydrophilicity
compared with HP-TPP-3. What's more, P=0 bond is a kind of
hydrogen bond acceptor,” making the interaction force
between HP-TPPO-3 and water molecules stronger. This two
factors mentioned above, make HP-TPPO-3 easier to form
a uniform dispersion in RB aqueous solution. Thus, the RB in
water could fully contact with the hybrid porous polymers and
easily enter into the pores of the hybrid polymers. In addition,
the oxygen-rich units (TPPO) make HP-TPPO-3 possess partially
negative charges, which allow additionally strong electrostatic
interactions with cationic dye molecules (RB).”>7> This also
explained the adsorption behaviors of HP-TPPO-3 could better
fit Dubinin-Radushkevich model. The last but not least, the
adsorption amount of bulky dye molecules (such as RB) onto
porous materials increased with the increasing mesopore
volumes.””* Although Sggr of HP-TPP-3 was higher than that of
HP-TPPO-3, HP-TPPO-3 had more mesopores than HP-TPP-3,
which made the Q. of HP-TPPO-3 larger than HP-TPP-3.

After these porous materials adsorbed dyes, they could be
regenerated by Soxhlet extraction with methanol and used
again. In addition, dye molecules could also be recycled after
methanol was removed by vacuum.

Conclusions

Phosphorus-centered trigonal pyramidal molecule triphenyl-
phosphine and triphenylphosphine oxide, and cubic octavi-
nylsilsesquioxane, were simultaneously used as building blocks
to easily synthesize two novel parallel series of hybrid porous
polymers via the Friedel-Crafts reaction. The resulting mate-
rials possessed unique bimodal pores with uniform micropore
centered at 1.5 nm and mesopore centered at 3.7 nm, high
surface areas up to 1105 m”> g™, and high thermal stability.
More importantly, they possessed an excellent size-selective
adsorption performance for different molecular size dyes and
could rapidly remove bulky rhodamine B. Simple synthetic
procedure, commercial raw materials, and inexpensive catalyst
make these hybrid porous polymers very promising to be
industrialized and be of great use in the field of dyes separation
and wastewater treatment.
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