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mochemically stable
tetraphenyladamantane-based microporous
polymers as gas storage materials†

Xiong Li,a Jianwei Guo,*a Hangbo Yue,a Jiawei Wangb and Paul D. Topham*b

In view of environmental pollution control and purification of natural gases, developing ideal porous

materials for small gas molecule (hydrogen, methane and carbon dioxide) capture is an important,

pressing challenge. Accordingly, herein, three microporous organic polymers (MOP-Ad) have been

synthesized by Suzuki coupling polymerization of 1,3,5,7-tetrakis(4-bromophenyl)adamantane “knots”

with three phenylboronic acid-type “rods”. Gas adsorption studies of the MOP-Ad materials

demonstrated their permanent porosity and good gas storage capabilities (1.07 wt% H2 at 77.3 K and 1.13

bar, 10.3 wt% CO2 and 2.4 wt% CH4 at 273.1 K and 1.13 bar), as well as moderate CO2/CH4 adsorption

selectivity. Moreover, high thermal stability (up to 520 �C) and remarkable chemical resistance to strong

acids and bases were found in these polymers, making them suitable candidates as gas storage materials

in harsh chemical environments.
1. Introduction

Advanced porous organic materials could play a pivotal role in
next-generation clean energy technologies to compete with estab-
lished materials such as zeolites, activated carbons and porous
polymeric materials in the eld of gas storage/separation, hetero-
geneous catalysis and chemical sensors, etc.1,2 In view of environ-
mental pollution control and purication of natural gases for
fuels, developing ideal porous materials for small gas molecule
(hydrogen, methane and carbon dioxide) capture has been a hot
topic for some time. Metal–organic frameworks (MOFs),3 covalent–
organic frameworks (COFs)4 and microporous organic polymers
(MOPs)5 have been reported as the most promising materials for
gas capture owing to their large specic surface area, controllable
pore structure, low mass density and high exibility in structural
design. For instance, Hong et al. reported that magnesium-based
metal–organic frameworks mmen-Mg2(dobpdc), synthesized via
solvothermal and microwave methods, displayed excellent
capacity for CO2 adsorption (169.84 mg g�1 at 298 K and 1 bar) in
combination with CO2 over N2 selectivity of over 96%.6 Yaghi and
Furukawa showed that COF-102 and COF-103 materials, prepared
by self-condensation reactions of tetra(4-(dihydroxy)borylphenyl)-
methane and tetra(4-(dihydroxy)borylphenyl)silane, exhibited
remarkable gas uptake (1200 mg g�1 and 1190 mg g�1 for CO2 at
ool of Chemical Engineering and Light

try, Aston University, UK. E-mail: p.d.

tion (ESI) available. See DOI:
298 K and 55 bar),7,8 whilst Han and co-workers designed
tetraphenylethylene-based microporous organic polymers, which
also gave high CO2/CH4 selectivity (5.4–13.4 at 273 K and 1 bar),9

Zou et al. reported work on a novel charged MOF with a nitrogen-
containing tetracarboxylate ligand and indium(III) ions, which
exhibited signicant CO2 adsorption capacity as well as high CO2

adsorption selectivity over N2 (up to 106 at 273 K and 1 bar) and
CH4 (up to 25 at 273 K and 1 bar).10 Despite promising gas
absorption capabilities, these porousmaterials suffer from various
structural instabilities under certain conditions, a limiting factor
that has not yet been fully addressed. The presence of moisture
and other harsh components in mixed gases lead to the degra-
dation of most MOF materials via the hydrolysis of coordinate
bonds.11 Likewise, some COF materials suffer from chemical/
hydrothermal instability owing to the breakage of reversibly
formed bonds, such as boroxines or imines in the structure.7

During the past decade, much attention has also focused on the
functionalization of MOP materials for gas separation. For
instance, Li and Wang reported a series of nitrogen-rich
microporous poly(Schiff-base)s, which exhibited excellent CO2/
CH4 selectivity (14, 273 K and 1 bar).12 Senker et al. synthesized
series of microporous polyimides (MOPIs), via poly-
condensation of amine and anhydride linker molecules, which
showed high CO2/CH4 selectivity (13, 273 K and 1 bar).13

Nevertheless, the presence of heteroatoms (such as B, N, O, S,
etc.) in the MOP backbones, diminished their structural
stability,14–16 compared to their non-functionalized counter-
parts.17,18 Therefore, it is remains essential to search for, and
develop porous organic materials that can maintain physico-
chemical stability especially for adsorption over long periods of
time or repeated uses in harsh environments.
This journal is © The Royal Society of Chemistry 2017
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Adamantane and its derivatives, a class of unique compounds
with a relatively rigid three-dimensional framework and high
physicochemical stability,19,20 have been employed as suitable
building blocks in the preparation of thermostable microporous
polymers.21,22 For instance, Han and co-workers15 reported networks
of hexakis(4-bromophenyl)benzene and diethynylbenzene (HPOP-
2), synthesized via Sonogashira coupling, possessed a high Bru-
nauer–Emmett–Teller (BET) surface area of 742 m2 g�1 but
degraded around 280 �C. In contrast, Chang et al.18 designed and
synthesized novel MOP materials in the same way and all reagents
except that 1,3,5,7-tetrakis(4-iodophenyl)adamantane were used in
place of hexakis(4-bromophenyl)benzene, showing a high BET
surface area (up to 665 m2 g�1) and a degradation temperature
around 340 �C. They attributed the enhanced thermal stability to
the introduction of adamantane into the molecular structure.

Substantially building on this pioneering work, thermo-
chemically stable MOP based on adamantane (termedMOP-Ad-
1, MOP-Ad-2 and MOP-Ad-3) with three different “rod” lengths
have been successfully synthesized via Suzuki coupling poly-
merization, as reported herein. The synthesized materials
possess a crosslinked network comprising solely C–C bonds,
which signicantly contribute to the chemical and hydro-
thermal stability of the resulting polymers, and this structural
design could also lead to an increase in CO2 capture capacity as
well as CO2/CH4 adsorption selectivity.
2. Experimental
2.1 Materials

Adamantane, benzene-1,4-diboronic acid, 4,40-dibromobi-
phenyl, p-terphenyl, tetrakis(triphenylphosphine) palladium(0),
were purchased from Shanghai Macklin Biochemical Co., Ltd,
Sigma Aldrich and TCI and used as received. 1,3,5,7-Tetrakis(4-
bromophenyl)adamantane (TBPA),20 biphenyl-4,40-diboronic
acid22 and 4,400-dibromo-p-terphenyl23 were prepared according
to the procedures described in the literature.
2.2 Synthesis of MOP-Ad networks

Synthesis of the MOP-Ad series is outlined in Scheme 1. For
MOP-Ad-1, to a mixture of TBPA (0.30 g, 0.40 mmol, 1.0
equiv.), benzene-1,4-diboronic acid (0.15 g, 0.91 mmol) in
DMF (100 ml), tetrakis(triphenylphosphine) palladium(0)
(45.85 mg, 39.68 mg, 10.0 mol%) and an aqueous solution of
K2CO3 (2.0 M, 16.0 ml) were added. The resulting mixture was
degassed via freeze–pump–thaw cycles, purging with Ar, and
stirring at 150 �C for 72 h. Aer cooling to room temperature,
themixture was poured into deionized water. The precipitate was
collected by ltration, and washed with water to remove the
inorganic salts. Further purication of the precipitate was carried
out by Soxhlet extracted with water, methanol, acetone, tetrahy-
drofuran and chloroform (sequentially), each of for 24 h. The
polymers were dried under vacuum at 200 �C for 24 h, to give an
off-white powder (0.23 g, 97.7% yield). Anal. calcd for C46H36: C,
93.88; H, 6.12. Found: C, 92.54; H, 5.43.

The synthetic procedure for MOP-Ad-2 and MOP-Ad-3 were
similar to that ofMOP-Ad-1 except that the “rod” used was 4,400-
This journal is © The Royal Society of Chemistry 2017
dibromo-p-terphenyl for MOP-Ad-2 and p-terphenyl-4,400-dibor-
onic acid for MOP-Ad-3 instead of benzene-1,4-diboronic acid.
Yields were 90.2% (anal. calcd for C58H44: C, 94.05; H, 5.95.
Found: C, 91.87; H, 6.15 for MOP-Ad-2) and 65.7% (anal. calcd
for C70H52: C, 94.17; H, 5.83. Found: C, 91.99; H, 6.58 for MOP-
Ad-3) based on hypothetical 100% polycondensation.
2.3 Characterization
1H and 13C NMR spectra were recorded on a Bruker AVANCE III
400 MHz Superconducting Fourier in dimethyl sulfoxide-d6
(DMSO-d6) or deuterated chloroform (CDCl3) and were refer-
enced to external tetramethylsilane (TMS). Solid-state cross
polarization magic angle spinning (CP/MAS) NMR spectra
were recorded on a Bruker Avance III 400 NMR spectrometer.
Fourier transform infrared (FTIR) spectra were obtained using
a Thermo Electron Nicolet-6700 spectrometer. Target polymers
were pressed into KBr pellets for the spectral measurements.
Powder X-ray diffraction (XRD) data were collected on a Bruker
X'pertpro multipurpose diffractometer (MPD). Samples were
mounted on a sample holder and measured using Cu Ka
radiation with a 2q range of 5� to 80�. Small-angle X-ray scat-
tering (SAXS) was performed with a rotating anode generator
(Bruker Nanostar, turbospeed solution) equipped with
a pinhole camera, and using monochromatized CuKa (l ¼
0.154 nm) radiation collimated with crossed Goebel mirrors.
The SAXS proles for the MOP-Ad networks were collected in
the q range from 0.3 nm�1 to 3.5 nm�1. The nitrogen adsorp-
tion–desorption isotherms were measured on 3H-2000PM2
analyzer and the adsorption of hydrogen, methane and
carbon dioxide analyses was measured on 3H-2000PS2 appa-
ratus at 77 K/1 bar (H2) and 273 K/1 bar (CH4 and CO2).
Thermogravimetric analysis (TGA) was performed using
a NETZSCH STA 409 PC thermal gravimetric analyzer at
a heating rate of 10 �C min�1 in nitrogen. SEM analysis was
performed on a Hitachi S-3400N scanning electron microscope
to investigate the surface morphologies of the polymers.
Elemental analysis was performed with a Perkin Elmer Series
II 2400 elemental analyzer. All the samples were dried at 200 �C
for 24 h under vacuum prior to measurement.
3. Results and discussion

Three MOP-Ad networks were synthesized via Suzuki coupling
polymerization, using TPBA as a so-called “knots” to connect
benzene-1,4-diboronic acid, 4,400-dibromo-p-terphenyl, or p-ter-
phenyl-4,400-diboronic acid (TPDBA) “rods”, resulting in MOP-
Ad-1, MOP-Ad-2 and MOP-Ad-3, respectively, as summarized in
Scheme 1. The moderate yield of MOP-Ad-3 (65.7%) was due to
the fact that TPDBA was practically a suspension (insoluble) in
solvents because of its “long” rod length and thus its partici-
pation in the reaction is somewhat limited in contrast to the
synthesis of MOP-Ad-1 (97.7%) and MOP-Ad-2 (90.2%). Never-
theless, this synthetic approach provides relatively simple, tar-
geted structural diversity and selectivity, as compared with
Friedel–Cras coupling,17 with moderate to high yield.
RSC Adv., 2017, 7, 16174–16180 | 16175
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Scheme 1 (a) Synthetic routes to theMOP-Ad networks and the notional idealized polymer structures with (b) cartoon 3D representations of the
networks in each case.
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3.1 Characterization of MOP-Ad networks

FTIR spectroscopy has been widely used in probing the struc-
ture of microporous organic polymers. Fig. 1 shows the FTIR
spectra of TBPA and the corresponding threeMOP-Ad networks,
aer subtraction of the KBr background. When comparing the
building molecule TBPA with its resulting polymers, one of the
biggest differences in the spectra is the disappearance of the
band at 1070 cm�1, which arises from the C–Br oscillation.24,25

Furthermore, new bands appeared near 3020 and 1600 cm�1

aer the coupling polymerization, which are ascribed to the
characteristic adsorption of the conjugated system of biphenyl
Fig. 1 FTIR spectra for TBPA and target polymers, MOP-Ad-1, MOP-
Ad-2 and MOP-Ad-3.

16176 | RSC Adv., 2017, 7, 16174–16180
groups.9,25 The band that appeared at 3430 cm�1 is character-
istic of the B–OH end-group vibrations in MOP-Ad samples25

and was higher for MOP-Ad-3, indicative of a higher number of
unreacted termini within the network. Overall, the spectral
assignments indicate that the designed MOP networks were
successfully synthesized, which is further corroborated by
nuclear magnetic resonance (NMR) results (Fig. 2).

13C cross-polarization magic-angle spinning (CP/MAS) NMR
spectra with resonance assignment for MOP-Ad networks are
shown in Fig. 2. There are ve main pronounced peaks. For
MOP-Ad-1, the single peaks at 146.1, 137.1 and 124.6 ppm
correspond to the substituted phenyl carbons (C3 at 146.1 ppm
Fig. 2 13C CP/MAS NMR spectra ofMOP-Ad-1,MOP-Ad-2 andMOP-
Ad-3.

This journal is © The Royal Society of Chemistry 2017
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View Article Online
and C6 & C7 at 137.1 ppm) and unsubstituted phenyl carbons
(C4, C5 & C8 at 124.6 ppm). Additionally, peaks at 43.0 and
36.7 ppm correspond to the methylene (C1) and quaternary
bridgehead carbon (C2) from adamantane, respectively. For
MOP-Ad-2 and MOP-Ad-3, all of these peaks can also be
observed in the corresponding spectra in Fig. 2. In addition, no
clear, sharp diffraction peaks could be observed in the XRD
proles (see ESI Fig. S2†), indicating that theMOP-Ad networks
are amorphous in nature.
3.2 Stability and porosity of MOP-Ad networks

In comparison withmost tetrahedral benzene-basedmicroporous
organic polymers, such as those from biphenyl monomer PPN-10
(ref. 26) (stable up to 240 �C), HPOP-2 (ref. 15) (stable up to 280 �C)
and triptycene-based STP-4 (ref. 14) (stable up to 300 �C), the three
MOP-Ad networks in our work do not show a dramatic weight-loss
until up to 520 �C (Fig. 3), and exhibit decomposition tempera-
tures over 600 �C. Clearly, the introduction of the rigid ada-
mantane unit has enhanced the thermal stability of our target
polymers.19,22 Moreover, the higher the adamantane content, the
better the thermal stability. For example, the molar ratio of ada-
mantane between MOP-Ad-1 and MOP-Ad-3 is 22.45% and
14.80%, and we found thatMOP-Ad-1 was more stable (up to 520
�C) thanMOP-Ad-3 (up to 480 �C). This excellent thermal stability
is a consequence of the presence of exclusively C–C bonds in the
skeletal structure of MOP-Ad networks.

To further investigate the stability of MOP-Ad networks, the
three materials were rigorously stirred at 1500 rpm in hydro-
chloric acid (2.0 M) and then sodium hydroxide (2.0 M), both for
72 h. Following such harsh treatments, the FTIR spectra (see
ESI, Fig. S3†) showed similar bands to the untreated polymers
(Fig. 1), demonstrating that MOP-Ad materials are structurally
stable both in strong acid and base. Similar results were also
obtained in the 13C CP/MAS NMR spectra (see ESI Fig. S4†)
of the MOP-Ad networks before and aer acid/base treatment.
Moreover, these MOP-Ad networks, like many other MOP
materials,18,24 also exhibited excellent chemical stability to
common organic solvents such as methanol, acetone, tetrahy-
drofuran and chloroform.
Fig. 3 TGA curves of MOP-Ad-1, MOP-Ad-2 and MOP-Ad-3.

This journal is © The Royal Society of Chemistry 2017
Gas physisorption measurements were conducted to examine
the porous nature of the MOP-Ad networks. Fig. 4 shows the N2

adsorption/desorption isotherms and the pore-size distributions
(PSD) of the MOP-Ad networks, and Table 1 summarizes the
porous properties of these polymers at 77.3 K and 1.13 bar. All of
the polymers gave rise to type II isotherms (Fig. 4(a)) according to
the IUPAC classication.15 The isotherms clearly displayed
a sharp uptake at low relative pressure (p/p0 < 0.001), especially
forMOP-Ad-1 andMOP-Ad-2, indicating substantial microporous
structure in these networks.16,27 The upward deviation at higher p/
p0 values for all three MOP-Ad networks was also observed,
indicating the presence of mesopores in these networks, due to
inter-grain porosity or voids.28 All of the desorption isotherms for
the three polymers exhibited hysteresis to some extent, also
indicating that these three polymers possess micro- and meso-
porous structures. Interestingly, the hysteresis could also indi-
cate a swelling of the polymer matrix or the limited release of
trapped nitrogen molecules from the narrow pore channels,
which is particularly prevalent for non-ordered nanoporous
materials, as described elsewhere.7,29

Fig. 4(b) shows the PSD curves for the three MOP-Ad
networks as calculated using non-local density functional
theory (NLDFT).21 p-Terphenyl-4,400-diboronic acid possesses
a larger aspect ratio than both benzene-1,4-diboronic acid and
biphenyl-4,40-diboronic acid. Therefore, aer cross-linking, it is
logical to anticipate that the longer rod in MOP-Ad-3 would
generate larger pores compared with MOP-Ad-2 and MOP-Ad-1.
However, according to Fig. 4(b), the pore diameter of MOP-Ad-2
and MOP-Ad-3 appeared at approximately 0.55 nm, and much
lower than that of MOP-Ad-1 (0.74 nm). In particular, with an
increased degree of conformational freedom in the longer rod,
greater intermolecular and intramolecular intercalation can be
obtained in the process of polymerizing, as well as more effi-
cient space lling in the structure.28,30 Actually, MOP-Ad-3
possessed a distributed pore diameter ranging from 0.49 to
1.91, owing to the intermolecular and intramolecular interca-
lation in the network, with SAXS (see ESI Fig. S5†) displaying
a less ordered network overall. Field-emission scanning elec-
tron microscopy (FE-SEM) (see ESI Fig. S6†) was used to observe
the surface morphology of the MOP-Ad networks, showing that
MOP-Ad-3 has a certain degree of intercalation while MOP-Ad-1
and MOP-Ad-2 exhibit typical agglomerating surfaces.2,25

Concomitantly, the surface areas of the MOP-Ad networks
were shown to be dependent on the length of the rods. Thus, by
using different length rods, the BET surface area can be tuned.
In the present study, the ranking of the length of rods from the
largest to the smallest is p-terphenyl-4,400-diboronic acid, 4,400-
dibromo-p-terphenyl and benzene-1,4-diboronic acid. Conse-
quently, the shortest rods between the adamantane rings (MOP-
Ad-1) exhibited the highest surface areas of 974m2 g�1, followed
by MOP-Ad-2 (653 m2 g�1) and MOP-Ad-3 (282 m2 g�1). The
same trend in surface area for materials of similar kind was
found by Lim et al.17 However, compared with their material
(adamantane-3), synthesized from 1-bromoadamantane with
terphenyl, via Friedel–Cras reaction, our MOP-Ad-1 network
exhibited a higher BET surface area (974 m2 g�1 against 720 m2

g�1). Presumably, this was attributed to the Suzuki coupling
RSC Adv., 2017, 7, 16174–16180 | 16177
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Fig. 4 (a) Nitrogen sorption isotherms of MOP-Ad-1, 2 and 3 at 77.3 K and (b) pore size distribution (PSD) for MOP-Ad-1, 2 and 3.

Table 1 Porosity properties and gas uptake capacities of MOP-Ad
networks

Samples
SBET
(m2 g�1)

Vmicro
a

(cm3 g�1)
Vtotal

b

(cm3 g�1)
Vmicro/
Vtotal

Pore size
(nm)

MOP-Ad-1 974 0.27 0.51 0.53 0.74
MOP-Ad-2 653 0.10 0.23 0.43 0.55
MOP-Ad-3 282 0.07 0.11 0.64 0.52

a Micropore volume derived from the t-plot method. b Total pore
volume at p/p0 ¼ 0.99.
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strategy processing higher selectivity and target activity in the
terminal groups (–Br in the knots and –B(OH)2 in the rods) than
the Friedel–Cras reaction (–Br in 1-bromoadamantane and
a large number of –H in terphenyl), resulting a large amount of
side reactions occurring in the Friedel–Cras reactions (the
possible mechanisms were shown in Scheme S3†).31–33
3.3 Gas uptake capabilities

The gas (H2, CO2 and CH4) adsorption performance of all MOP-
Ad networks were studied to evaluate their applicability in gas
storage/purication. In accordance with the results obtained
from gas physisorption (Fig. 5 and Table 2) with pressure up to
1.13 bar, one can see that MOP-Ad-1, MOP-Ad-2 and MOP-Ad-3
Fig. 5 Gas sorption isotherms (a) H2 at 77.3 K, (b) CO2 at 273.1 K.

16178 | RSC Adv., 2017, 7, 16174–16180
exhibited moderate uptake capacities for H2 (1.07, 0.92 and 0.49
wt%) and CO2 (10.3, 7.5 and 5.2 wt%), respectively. This gas
adsorption performance is comparable to currently favorable
microporous organic polymers under the same condition, such
as networks based on spirocyclic tetraether (SPOP-8, 0.67 wt% for
H2, 4.2 wt% for CO2),34 and triptycene (STP-3 and STP-4, 0.5 and
0.9 wt% for H2, 6.2 and 7.5 wt% for CO2, respectively).14 Never-
theless, the MOP-Ad networks were not as effective as PBI-Ad-1
and PBI-Ad-2 (1.6 and 1.3 wt% for H2, 17.3 and 13.7 wt%
for CO2), which connected 1,3,5,7-tetrakis(4-formylphenyl)
adamantane with 3,30-diaminobenzidine or 1,2,4,5-tetraamino-
benzene, respectively.35 In addition, the physisorption isotherms
had not reached saturation state at pressure 1.13 bar for both H2

and CO2 uptakes by MOP-Ad networks, implying that higher
capacities can be expected at increased pressures. Moreover, the
H2 and CO2 uptake properties of the MOP-Ad networks can be
directly correlated with the surface area and microporous
volume. As expected, the polymers with the highest surface areas
and microporous volumes gave rise to the highest H2 and CO2

uptakes under the same testing conditions.
CH4 adsorption of the MOP-Ad networks was also inves-

tigated;MOP-Ad-1,MOP-Ad-2 andMOP-Ad-3 (Table 2 and ESI
Fig. S7†) exhibited better CH4 uptake capacities (2.4, 1.6 and
1.0 wt%, respectively) than most non-functionalized porous
polymer networks, such as tetrahedral porous frameworks
based on 2,20,7,70-tetraethynyl-9,90-spirobiuorene POP-1
This journal is © The Royal Society of Chemistry 2017
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Table 2 Porosity properties and gas uptake capacities of MOP-Ad
networks

Samples
H2 uptake

a

(wt%)
CO2 uptake

b

(wt%)
CH4 uptake

b

(wt%)

Selectivityc

CO2/CH4

MOP-Ad-1 1.07 10.3 2.4 3.8
MOP-Ad-2 0.92 7.5 1.6 5.3
MOP-Ad-3 0.49 5.2 1.0 5.9

a Data were obtained at 1.13 bar and 77.3 K. b 1.13 bar and 273.1 K.
c Adsorption selectivity based on the Henry's law.
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(0.8 wt%),2 nanoporous covalent triazine-based frameworks
with adamantane PCTF-2 (1.0 wt%),36 but lower than the
uorinated porous poly(arylene-ethynylenes) FPOP-1 and
FPOP-2 (2.7 and 3.3 wt%, respectively)37 due to the uorine
heteroatoms that enhance interactions between the pore
walls and CH4 molecules.21

For CO2 capture and separation applications, high selectivity
is also essential. We estimated the selectivity of CO2 over CH4

(i.e., CO2/CH4 selectivity) forMOP-Ad-1,MOP-Ad-2 andMOP-Ad-
3 networks by applying Henry's law to the adsorption data at
273.1 K and low pressure (less than 0.15 bar),16,38 which is
typical partial pressure of CO2 in ue gas. As shown in Table 2,
the CO2/CH4 selectivities of MOP-Ad networks are calculated to
be 3.8, 5.3, and 5.9, respectively (see ESI Fig. S8†).

For the adsorption and selectivity performance of MOP-Ad
networks, MOP-Ad-1 possesses relatively higher CO2 and CH4

uptakes, but MOP-Ad-3 possesses higher CO2/CH4 selectivities.
The higher CO2 and CH4 uptake is attributed to the higher surface
areas and microporous volumes (Table 1). Additional, the narrow
pore size distribution also leads to ne selectivity.39 Although
MOP-Ad-1 showed the highest CO2 uptake, lower selectivity was
obtained due to a higher content of mesoporous surface area and
wider pore size distribution in the structure, which apperas to be
disadvantageous for the recognition of small CO2 molecules (3.30
Å) over the large CH4 (3.82 Å) molecule. Additionally, it was found
that the three MOP-Ad networks exhibited a slightly lower
CO2/CH4 selectivity than some functionalized 3D microporous
organic polymers, such as tetraphenylethylene-based micropo-
rous organic polymers (MTPOPs, 5.4–7.2 at 273 K),9 and
tetraphenyladamantane-based microporous polybenzimidazoles
(PBI-Ads, 9.0–11.0 at 273 K),35 N-doped porous carbons (NAHA,
7.9–10.7 at 273 K),40 benzothiazole- and benzoxazole-linked
porous polymers (6.9–9.4 at 273 K),38 and the mesoporous poly-
meric organic frameworks (mesoPOF, 10–15 at 273 K).41 Again,
this difference was attributed to the presence of polarized sites or
the utilization of N-rich or O-rich building blocks, which can
increase the gas–framework interactions via hydrogen bonding or
dipole–quadrupole interactions.42 Care must be taken with such
strategies, however, as the introduction of heteroatoms (such as N
or O) into networks, as previously reported,12 reduces the thermal
stability of the structure, thus limiting their application. Never-
theless, the CO2/CH4 selectivity of the MOP-Ad networks was still
superior to many other 2D functional polymers, such as carba-
zole–spacer–carbazole type conjugate microporous networks (3.0–
This journal is © The Royal Society of Chemistry 2017
4.0 at 273 K),43 conjugated microporous copolymers based on
1,3,6,8-tetrabromocarbazole CP-CMP (3.4–4.2 at 273 K),44 even
some 3D functional polymers, such as N-functionalized micro-
porous organic polymer based on tetraethynyl monomer TEPS-
TPA (3.9 at 273 K),45 tetraethynylspirobiuorene-containing
porous organic polymers (POP, 3.4–4.8 at 298 K),2 the tetra-
armed triphenylamine-containing MOPs (3.4–4.3 at 273 K),46

tetrakis(4-ethynylphenyl)methane-based porous materials (PAF-
26-COOH, 4.0 at 298 K).21 Additionally, the adsorption and selec-
tivity performance of MOP-Ad networks aer immersing in
hydrochloric acid and sodium hydroxide were also investigated in
the same conditions. As expected, we found no signicant
changes in the CO2 and CH4 uptake capacities (see ESI Fig. S9 and
Table S1†), as well as the CO2/CH4 selectivities, which reects their
high chemical stability.

4. Conclusions

In summary, three microporous organic polymers (MOP-Ad)
have been synthesized by Suzuki coupling and a rich structural
diversity of them was achieved by using tetraphenyl ada-
mantane “knots” and different phenylboronic acid “rods” as
modular building blocks. Importantly, owing to the rational
design of the molecular skeleton, these MOP-Ad networks not
only exhibited extremely high thermal stability (stable up to 520
�C), but were also stable in common organic solvents, and
strong acid and base. For potential use as gas storage materials,
they showed desirable adsorption ability over small gas mole-
cules. For example, MOP-Ad-1, the network with the shortest
rod linkers, can reversibly absorb 1.07 wt% H2 (77.3 K and 1.13
bar), 10.3 wt% CO2 and 2.4 wt% CH4 (273.1 K and 1.13 bar).
Moreover, the three porous networks showed good CO2/CH4

selectivity without any post modication, highlighting them as
promising candidates for post-combustion CO2 capture and
separation.
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3 B. Wang, A. P. Côté, H. Furukawa, M. O'keeffe and
O. M. Yaghi, Nature, 2008, 453, 207–211.

4 Z. Xiang and D. Cao, J. Mater. Chem. A., 2013, 1, 2691–2718.
5 S. Xu, Y. Luo and B. Tan, Macromol. Rapid Commun., 2013,
34, 471–484.
RSC Adv., 2017, 7, 16174–16180 | 16179

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra28833b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/1

4/
20

25
 9

:5
6:

42
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
6 T. M. McDonald, W. R. Lee, J. A. Mason, B. M. Wiers,
C. S. Hong and J. R. Long, J. Am. Chem. Soc., 2012, 134,
7056–7065.

7 S. Y. Ding and W. Wang, Chem. Soc. Rev., 2013, 42, 548–568.
8 H. Furukawa and O. M. Yaghi, J. Am. Chem. Soc., 2009, 131,
8875–8883.

9 H. Li, X. Ding and B. H. Han, RSC Adv., 2016, 6, 51411–51418.
10 R. Q. Zhong, Z. L. Xu, W. Z. Bi, S. B. Han, X. F. Yu and

R. Q. Zou, Inorg. Chim. Acta, 2016, 443, 299–303.
11 K. V. Rao, R. Haldar, T. K. Maji and S. J. George, Polymer,

2014, 55, 1452–1458.
12 G. Li, B. Zhang, J. Yan and Z. Wang, J. Mater. Chem. A., 2014,

2, 18881–18888.
13 C. Klumpen, M. Breunig, T. Homburg, N. Stock and

J. Senker, Chem. Mater., 2016, 28, 5461–5470.
14 C. Zhang, Z. Wang, J. J. Wang, L. Tan, J. M. Liu, B. Tan,

X. L. Yang and H. B. Xu, Polymer, 2013, 54, 6942–6946.
15 Q. Chen, M. Luo, T. Wang, J. X. Wang, D. Zhou, Y. Han,

C. S. Zhang, C. G. Yan and B. H. Han, Macromolecules,
2011, 44, 5573–5577.

16 C. Zhang, X. Yang, Y. Zhao, X. Wang, M. Yu and J. X. Jiang,
Polymer, 2015, 61, 36–41.

17 H. Lim, M. C. Cha and J. Y. Chang, Polym. Chem., 2012, 3,
868–870.

18 H. Lim and J. Y. Chang,Macromolecules, 2010, 43, 6943–6945.
19 S. Q. Fu, J. W. Guo, D. Y. Zhu, Z. Yang, C. F. Yang, J. X. Xian

and X. Li, RSC Adv., 2015, 5, 67054–67065.
20 R. K. Totten, M. H. Weston, J. K. Park, O. K. Farha, J. T. Hupp

and S. T. Nguyen, ACS Catal., 2013, 3, 1454–1459.
21 H. Ma, H. Ren, X. Zou, S. Meng, F. Sun and G. Zhu, Polym.

Chem., 2014, 5, 144–152.
22 J. W. Guo, X. F. Lai, S. Q. Fu, H. B. Yue, J. W. Wang and

P. D. Topham, Mater. Lett., 2017, 187, 76–79.
23 B. J. Dahl and N. S. Mills, Org. Lett., 2008, 10, 5605–5608.
24 W. Lu, D. Yuan, D. Zhao, C. I. Schilling, O. Plietzsch,
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