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ABSTRACT: A new facile method for synthesis of porous azo-linked polymers (ALPs) is
reported. The synthesis of ALPs was accomplished by homocoupling of aniline-like
building units in the presence of copper(I) bromide and pyridine. The resulting ALPs
exhibit high surface areas (SABET = 862−1235 m2 g−1), high physiochemical stability, and
considerable gas storage capacity especially at high-pressure settings. Under low pressure
conditions, ALPs have remarkable CO2 uptake (up to 5.37 mmol g

−1 at 273 K and 1 bar),
as well as moderate CO2/N2 (29−43) and CO2/CH4 (6−8) selectivity. Low pressure gas
uptake experiments were used to calculate the binding affinities of small gas molecules and
revealed that ALPs have high heats of adsorption for hydrogen (7.5−8 kJ mol−1),
methane (18−21 kJ mol−1), and carbon dioxide (28−30 kJ mol−1). Under high pressure
conditions, the best performing polymer, ALP-1, stores significant amounts of H2 (24 g
L−1, 77 K/70 bar), CH4 (67 g L−1, 298 K/70 bar), and CO2 (304 g L−1, 298 K/40 bar).

1. INTRODUCTION

Porous organic polymers (POPs) are emerging with great
promise for a wide range of applications, especially those
involving gas storage and separation.1,2 By virtue of their
remarkable physicochemical stability, POPs are well suited for
gas capture and separation applications wherein high temper-
ature, moisture, and acidic gases are typically encountered.3

The covalent nature of POPs coupled with the chemical and
physical tunability of their pores enable selective CO2 capture
over other gases that dominate the composition of flue gas (N2,
∼75%) or natural gas (CH4, ∼95%).4 Currently, it is estimated
that ca. 87% of the world’s energy is fossil fuel-based, and as
such, CO2 capture and sequestration (CCS) remains central for
mitigating climate changes. Among the promising solutions is
applying highly porous architectures as CO2 adsorbents in
which the uptake and release of CO2 molecules are facile and
governed by physisorption.5 Unlike the current capturing
technology that employs amine solutions (30% in water) to
chemically bind CO2, porous adsorbents bind CO2 less strongly
and therefore consume much less energy during regeneration
processes.6,7 Additionally, amine solutions are toxic, corrosive,
and volatile in nature and decompose over time. To be
practical, porous adsorbents should be selective toward CO2
while having significant capacity under low pressure con-
ditions.8 The former can be addressed through pore surface
chemical functionalization while the latter significantly
improves with microporosity and high surface area properties.9

While such properties are accessible by metal−organic
frameworks (MOFs),10 only few purely organic materials
seem to have such requirements. However, the applications of

MOFs in CO2 capture and separation have been limited due to
low chemical stability of MOFs;10 therefore, systematic design
and synthesis of new POPs having high physiochemical
stability, high CO2 uptake capacity, and high selectivity toward
CO2 have gained considerable interest.11,12

The surface modification of porous organic polymers with
polar groups can significantly enhance their CO2 binding
energy, resulting in enhancement in CO2 uptake and/or CO2
selectivity over nitrogen and methane.4,13,14 Stronger CO2-
framework interaction is expected due to hydrogen bonding
and/or dipole−quadrupole interactions between CO2 and the
functional groups of porous polymers.15 Moderate porosity,
small pore size, and polar functional groups such as amine,
hydroxyl, and halogen etc. are favorable for selective CO2
binding and CO2 separation from N2 and CH4.

9 Therefore,
synthesis of new porous organic polymers and the incorpo-
ration of polar groups into their frameworks through
postmodification methods or directly by synthesizing porous
polymers using nitrogen- and/or oxygen-rich monomers have
gained considerable attention.16 Several polymeric systems
having nitrogen-functionalized pores have shown enhanced
CO2 uptake and/or selectivity.

17−22 A recent study by Patel et
al. has shown that nitrogen−nitrogen double bonds (azo-bond)
in a porous polymer backbone can play important roles in small
gas storage and separation applications.23 The study reported
very high CO2/N2 selectivity by azo-linked covalent organic
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polymers (azo-COPs); however, the low surface area of azo-
COPs resulted in relatively low CO2 uptake capacities (85−108
mg g−1 at 273 K/1 bar), which might limit the applications of
azo-COPs in CO2 capture and CO2 separation.

23

In this study, we report an alternative route to construct azo-
linked porous organic polymers (ALPs) with high porosity and
remarkable CO2 uptake. We also investigated the performance
of ALPs in small gas (H2, CO2, CH4) uptake applications under
low and high pressure conditions.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. All chemicals were purchased from

commercial suppliers (Acros Organics, Sigma Aldrich, or Frontier
Scientific) and used without further purification, unless otherwise
noted. 1,3,5,7-Tetrakis(4-aminophenyl)adamantane24 (TAPA), 2,6,12-
triaminotriptycene25 (TAT), tetrakis(4-aminophenyl)methane26

(TAM), and 1,3,5-tris(4-aminophenyl)benzene27 (TAB) were synthe-
sized according to published methods. Solution 1H NMR spectra were
taken by Varian Mercury-300 MHz NMR spectrometer (75 MHz
carbon frequency). Solid-state 13C cross-polarization magic angle
spinning (CP-MAS) NMR spectra of solid samples were obtained by
Spectral Data Services, Inc. Spectra were obtained using a Tecmag-
based NMR spectrometer, operated at an H-1 frequency of 363 MHz,
using a contact time of 1 ms and delay of three seconds for CP-MAS
experiments. All samples were spun at 7.0 kHz. Thermogravimetric
analysis (TGA) was carried out by a TA Instruments Q-5000IR series
thermal gravimetric analyzer using 50 μL platinum pans under a flow
of N2 gas with a heating rate of 5 °C/min. To obtain Scanning
Electron Microscopy (SEM) images, each sample was dispersed onto a
sticky carbon surface attached to a flat aluminum sample holder. Then,
the sample was coated with platinum at a pressure of 1 × 10−5 mbar in
a nitrogen atmosphere for 90 s before imaging. SEM images were
taken by a Hitachi SU-70 Scanning Electron Microscope. Powder X-
ray diffraction patterns were collected on a Panalytical X’pert pro
multipurpose diffractometer (MPD) with Cu Kα radiation. FT-IR
spectra were obtained by a Nicolet-Nexus 670 spectrometer having an
attenuated total reflectance accessory. Porosity and gas sorption
experiments were carried out using a Quantachrome Autosorb iQ
volumetric analyzer using UHP grade adsorbates. All samples were
degassed at 120 °C under a vacuum before gas sorption measure-
ments. Pore size distribution (PSD) was calculated from Ar isotherms
using a spherical/cylindrical pore (zeolite) NLDFT adsorption branch
model. High pressure sorption measurements were carried out using a
VTI HPVA-100 volumetric analyzer. Before data collection, in order to
establish appropriate cold zone compensation factors, free space
measurements were performed by using ultrahigh purity helium, and
the skeletal density of the material was found in the course of analysis
for appropriate density correction factorization.28 High pressure excess
total gas uptakes were calculated according to literature methods by
using NIST Thermochemical Properties of Fluid Systems.28

2.2. Synthetic Aspects. The synthesis of ALPs was accomplished
by homocoupling of 2D and 3D aniline-like building units using a
copper(I)-catalyzed oxidative coupling reaction that leads to azo-
linkage formation (Scheme 1).
Synthesis of ALP-1. 2,6,12-Triaminotriptycene (100 mg, 0.334

mmol) was added to a 22 mL solvent mixture of THF/toluene (v/v =
1:1). CuBr (23.5 mg, 0.164 mmol) and pyridine (94 mg, 1.19 mmol)
were added. The resulting mixture was stirred under an air atmosphere
at room temperature for 24 h, at 60 °C for 12 h, and then at 80 °C for
12 h. Afterward, the mixture was filtered and washed with THF and
water. The resulting powder was soaked in HCl (100 mL, 4 M) for 24
h and then filtered and washed with water. The resulting powder was
further washed with NaOH (200 mL, 1 M), water, and ethanol. After
drying at 110 °C and 150 mTorr, ALP-1 was isolated as a brownish red
powder (70 mg, 81% yield). Elemental analysis calcd (%) for
C20H11N3: C, 81.89; H, 3.78; N, 14.33. Found: C, 76.22; H, 3.57; N,
12.46.

Synthesis of ALP-2. This polymer was synthesized following the
same method described above for ALP-1, using tetrakis(4-
aminophenyl)methane (100 mg, 0.26 mmol), CuBr (25 mg, 0.174
mmol), and pyridine (107 mg, 1.35 mmol). After drying, a brownish
powder was obtained and denoted as ALP-2 (84 mg, 86% yield).
Elemental analysis calcd (%) for C25H16N4: C, 80.63; H, 4.33; N,
15.04. Found: C, 76.58; H, 5.12; N, 12.08.

Synthesis of ALP-3. This polymer was prepared following the same
synthetic method used for synthesis of ALP-1, using 1,3,5,7-tetrakis(4-
aminophenyl)adamantane (100 mg, 0.2 mmol), CuBr (19 mg, 0.132
mmol), and pyridine (81 mg, 1.02 mmol). After drying, a brownish
powder was obtained and denoted as ALP-3 (74 mg, 75% yield).
Elemental analysis calcd (%) for C34H28N4: C, 82.90; H, 5.73; N,
11.37. Found: C, 76.06; H, 5.73; N, 9.29.

Synthesis of ALP-4. This polymer was synthesized following the
same method described above for ALP-1, using 1,3,5-tris(4-
aminophenyl)benzene (100 mg, 0.28 mmol), CuBr (20 mg, 0.139
mmol), and pyridine (80 mg, 1.01 mmol). After drying, a brownish
powder was obtained and denoted as ALP-4 (91 mg, 92% yield).
Elemental analysis calcd (%) for C24H15N3: C, 83.46; H, 4.38; N,
12.17. Found: C, 79.27; H, 5.30; N, 9.51.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of ALPs. The

synthetic route for ALPs preparation reported in this study is
based on copper(I)-catalyzed homocoupling of 3D and 2D
aniline-like building units via azo bond formation. Recently,
Zhang et al. reported a convenient approach for homocoupling

Scheme 1. Synthesis of Azo-Linked Porous Organic
Polymers (ALPs) by Using CuBr As a Catalysta

aReaction conditions: CuBr, pyridine, THF/toluene (25−80 °C, 48
h).
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of anilines through azo bond formation, using copper(I) as a
catalyst and air as an oxidant.29 In this report, we successfully
adopt a similar approach for the synthesis of ALPs. Notably, the
use of mixed solvents consisting of toluene and THF was
essential for optimizing the porosity of ALPs. The synthetic
conditions were first optimized for the synthesis of ALP-4 and
then were used for the preparation of other ALPs (Table S1
and S2). Our initial attempts involved the use of single solvents
such as toluene, THF, and chloroform. Toluene has been
reported as the best solvent for the formation of an azo bond in
copper-catalyzed oxidative coupling of anilines.29 However, the
use of toluene resulted in the formation of a porous polymer
having low surface area (205 m2 g−1). Unlike previously
reported small anilines coupled by a copper(I) catalyst,29 the
monomer used for ALP-4 synthesis has very low solubility in
toluene, and this low solubility can hinder the polymerization
process. Although the monomer has high solubility in polar
solvents, the use of THF led to almost no polymerization, while
the use of chloroform resulted in a very low surface area
polymer (83 m2 g−1). These observations are consistent with
the fact that the CuBr-pyridine catalyst has low catalytic activity
in polar solvents.29 Therefore, toluene was mixed with a polar
solvent to both maintain high catalytic activity of CuBr-pyridine
and to enhance the solubility of the monomer. The surface area
of ALP-4 increased to 376 m2 g−1 and 597 m2 g−1 when
chloroform/toluene and THF/toluene were used, respectively.
We should also note that the use of mixed solvent systems such
as dioxane/mesitylene was very effective in enhancing the
porosity of 2D and 3D covalent organic frameworks
(COFs).30,31 As such, the porosity of ALP-4 was further
optimized using a solvent mixture of THF/toluene as
summarized in Table S2. A recent study by Yuan et al. has
shown that covalent bond formation at ambient temperature
can lead to very high surface area porous polymer networks
(PPN-4).32 However, in our case when the polymerization was
carried out at room temperature, the surface area decreased
from 597 m2 g−1 to 223 m2 g−1. This decrease in surface area
could be ascribed to the low catalytic activity of CuBr-pyridine
at low temperatures. Therefore, the effect of polymerization
temperature on the porosity of the polymer was further studied
(Table S2). We carried out the polymerization at 60 and 80 °C
and found that both temperatures lead to similar porosity
levels. Finally, we investigated the impact of a stepwise increase
of temperature on the porosity of the polymer. Polymerization
at ambient temperature can minimize unwanted side reactions
and allow for more uniform pore formation, while incomplete
polymerization of building units can be minimized by
increasing the catalytic activity of the catalyst at higher
temperatures (60−80 °C). As such, the reaction was carried
out at room temperature for 24 h and then at higher
temperatures (60 °C, 80 °C) for a further 24 hours. When
the reaction was carried out in three steps (room temperature
for 24 h, 60 °C for 12 h, and 80 °C for 12 h), the surface of the
polymer increased to 800 m2 g−1, and therefore, other ALPs
were synthesized using the same synthetic strategy.
ALPs were characterized by spectral and analytical methods,

while porosity was investigated by argon sorption measure-
ments prior to gas uptake and selectivity studies. ALPs are
insoluble in common organic solvents such as THF, DMF,
DCM, methanol, and acetone, suggesting that they have hyper-
cross-linked networks as expected. It is worth noting that ALPs
are chemically stable under harsh acidic (4 M HCl) and basic
(4 M NaOH) conditions. The thermal stability of ALPs was

confirmed by TGA, and all polymers remain stable up to ∼400
°C under N2 while the initial weight loss below 100 °C is due
to adsorbed moisture (Figure S1). SEM studies on as-
synthesized ALPs revealed different morphologies (Figure 1,

and Figures S3−S6). The SEM images of ALP-1 and ALP-4
reveal uniform spherical particles having diameters of ∼200 nm
(ALP-1) and ∼400 nm (ALP-4). In case of ALP-2, nanoscale
fibers (∼30 nm diameter) are randomly aggregated to form
spongy spheres having ∼800 nm diameter, while ALP-3 shows
agglomerated ribbon-like particles of variable sizes. Powder X-
ray diffraction analysis of ALPs indicates that ALPs are
amorphous, as evidenced by their featureless PXRD patterns
(Figure S2). The formation of the azo bond was first confirmed
by FT-IR; the appearance of new bands at 1419 cm−1, 1404
cm−1, 1480 cm−1, and 1437 cm−1, in FT-IR spectra of ALP-1,
ALP-2, ALP-3, and ALP-4, respectively, can be attributed to
asymmetric vibration of the NN bond (Figure S7). The IR
spectra of ALPs also show strongly attenuated N−H stretches
that are present in the spectra of starting monomers.
Additionally, the azo-linkage formation was further confirmed
by the presence of characteristic signals for the −C−NN−
C− bond at around 152 ppm in 13C CP-MAS NMR spectra of
ALPs as well as other signals that correspond to the other
carbon atoms in building units (Figure S8−S11). The
elemental analysis of ALPs shows some deviations from
theoretical values. The difference between the observed and
theoretical elemental analysis is common for porous organic
polymers22 that can be caused by incomplete polymerization as
well as the adsorption of water and gases from air during
handling, as previously reported for CTFs,12,22 MPIs,7 COF-
300,33 SNU-C1,34 and BILPs.3

3.2. Porosity Measurements and Gas Storage Studies.
Porosity parameters of ALPs were studied by argon
adsorption−desorption measurements at 87 K. The Ar
isotherms of ALPs, depicted in Figure 2A, exhibit a rapid Ar
uptake at very low relative pressures, indicating their
predominant microporosity followed by the gradual increase
in Ar uptake (P/Po = 0.05−0.9) due to the presence of
mesopores in the polymers. The increase in Ar uptake at
relative pressures above 0.9 can be ascribed to Ar condensation
in interparticle voids formed by the aggregation of the

Figure 1. Scanning electron microscopy (SEM) images of as-prepared
ALP-1 (A), ALP-2 (B), ALP-3 (C), and ALP-4 (D).
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polymers’ particles. The minor hysteresis observed for all ALPs
is consistent with the powdery nature of all ALPs. The specific
surface areas were estimated from the Ar adsorption branch
using the Brunauer−Emmett−Teller (BET) model, ranging
from 862 m2 g−1 to 1235 m2 g−1 (Table 1). The surface areas of

ALPs are considerably higher than those of azo-COPs (493−
729 m2 g−1).23 Notably, the surface area of ALP-2 (1065 m2

g−1) is much higher than that of azo-COP-1 (635 m2 g−1),
which was constructed from the same building unit.23 The
surface areas of ALPs are inline with those of wide range of
amorphous porous organic networks such as BILPs (599−1172
m2 g−1),3 MPIs (586−1454 m2 g−1),7 POFs (466−1521 m2

g−1),35 PIMs (618−1760 m2 g−1),36 and CMPs (522−1043 m2

g−1).37

Pore size distributions (PSDs) were estimated from the
adsorption branch of the argon isotherms by NLDFT (Figure
2B and Figures S15−S18). PSD studies show that ALP-1 has
one major peak centered at around 10 Å and some other peaks
below 50 Å. Pore size distributions of ALP-2 and ALP-4 are
similar, both having a major peak centered at around 11 Å with
significantly broad distribution in the mesoporous range.
Similarly, the PSD of ALP-3 shows a major peak centered at
around 13 Å and other pores in the mesoporous range. Broad
pore size distributions may result from uncontrolled pore
formation during polymerization steps. Pore volumes of ALPs
were calculated from single point Ar uptake at P/Po = 0.90 and
found to be 0.66 cc g−1, 0.57 cc g−1, 0.63 cc g−1, and 0.50 cc g−1

for ALP-1, ALP-2, ALP-3, and ALP-4, respectively. The
porosity parameters of ALPs are summarized in Table 1.

3.3. Low Pressure Gas Uptake of H2, CO2, and CH4.
Because of the considerable porosity and nitrogen-rich nature
of ALPs, we were interested in assessing their performance in
gas storage in general and CO2 in particular. Thus, we collected
CO2, CH4, and H2 isotherms (Figure 3) and calculated their
isosteric heats of adsorption (Qst) by using the virial method;
the overall results are presented in Table 2. The CO2 sorption
isotherms are completely reversible, indicating that the
interactions between CO2 and ALPs are weak enough to
allow material regeneration without heating (Figure 3A). All
ALPs show high CO2 uptake at 273 K and 1.0 bar (153−236
mg g−1). Importantly, these values are almost twice those of
azo-COPs (85−108 mg g−1)23 and similar to the uptake of
BILPs (128−235 mg g−1),3 which are among the best
performing porous polymers in CO2 capture and separation.
The Qst of ALPs toward CO2 at zero coverage was found to be
very similar and ranges between 27.9 and 29.6 kJ mol−1 (Figure
3D) and within the desirable range for CO2 sorbents according
to recent findings by Wilmer et al.8 The CO2 uptake of ALP-1
at 273 K and 1.0 bar is substantial (236 mg g−1) and represents
one of the highest values for all known porous organic
polymers reported to date (Table S7). For example, the
recently reported BILP-4 stores 235 mg g−1 under similar
conditions.3 As summarized in Table 2, ALP-1 outperforms
other ALPs in CO2 uptake. The remarkable uptake of CO2 by
the triptycene-based ALP-1 can be attributed to several factors
such as high internal molecular free volume (IMFV), high
surface area, and high nitrogen content.17 Very recently, both
theoretical and experimental studies have shown that high CO2
uptake can be obtained by azo-functionalized porous frame-
works due to dipole−quadrupole interactions between polar-
izable CO2 molecules and azo groups.23,38 The azo group can
act as a Lewis basic site, and the electron deficient carbon atom
in CO2 can act as a Lewis acid; therefore, a strong interaction
between CO2 and azo groups has been observed. In general,
nitrogen-rich porous polymers have high CO2 affinity and
adsorption capacity due to dipole−quadrupole interactions
between CO2 and nitrogen sites.39

We have also studied H2 and CH4 storage since both are
considered as potential alternative fuels for automotive
applications due to their abundance and clean nature. While
ALP-1 shows a relatively high hydrogen uptake (2.2 wt %) at 77
K and 1 bar, other ALPs store moderate amounts of hydrogen
(1.4−1.7 wt %), as shown in Figure 3B. The Qst of ALPs
toward H2 at zero coverage was found to be in the range of
7.5−8.0 kJ mol−1, which is higher than the values reported for
nonfunctionalized porous organic polymers but similar to those
of BILPs (7.8−9.3 kJ mol−1),3 −OH functionalized POFs (8.3

Figure 2. Argon uptake isotherms (A) and pore size distributions (B)
of ALPs. For clarity, pore size distributions of ALP-1, ALP-2, and ALP-
3 are offset by 1.2, 0.8, and 0.4, respectively.

Table 1. Porosity Parameters for ALPs

polymer SABET
a SALang

b Vtotal
c

ALP-1 1235 1669 0.66
ALP-2 1065 1444 0.57
ALP-3 975 1365 0.63
ALP-4 862 1209 0.50

aSurface area (m2 g−1) calculated from the argon adsorption branch
according to the BET model. bSurface area (m2 g−1) calculated from
the argon adsorption branch based on the Langmuir model. cThe total
pore volume (cm3 g−1) calculated from single point argon uptake at P/
Po= 0.90.

Chemistry of Materials Article

dx.doi.org/10.1021/cm403161e | Chem. Mater. 2014, 26, 1385−13921388



kJ mol−1),40 and tetrazine-based organic frameworks (7.8−8.2
kJ mol−1).41 Similarly, we investigated the CH4 uptakes at 273
and 298 K up to 1 bar (Figure 3C). Again, all isotherms are
completely reversible and exhibit a steep rise and then reach
maxima of 14−26 mg g−1 at 273 K. The corresponding Qst

values for CH4 were calculated by the virial method and found
to range from 18 to 21 kJ mol−1 at zero coverage. In general,
these values are higher than those of nonfunctionalized porous
organic polymers and comparable to the values reported for
organic polymers functionalized with polar groups.4

3.4. Selective CO2 Capture over N2 and CH4 at Low
Pressure. Once the porosity and gas uptake properties of
ALPs were studied, we considered their performance in
selective CO2 capture over N2 and CH4 for potential use in
gas separation applications. A recent study by Patel et al.
reported a very high CO2/N2 selectivity for azo-COPs due to
the “N2-phobicity” of the azo-linkage.23 ALPs and azo-COPs
have similar functional sites (azo-linkage) but have different
porosity parameters (surface area and pore size), which can
affect their application in gas separation. In order to study the
potential use of ALPs in gas separation applications, single
component adsorption isotherms for CO2, N2, and CH4 were
collected at 273 and 298 K up to 1.0 bar (Figure 4 and Figures
S23−S26).
CO2/N2 and CO2/CH4 selectivities were first estimated by

the use of initial slope ratios estimated from Henry’s law

constants for single-component adsorption isotherms collected
at 273 and 298 K as summarized in Table 3 and Figures S23−
S26. The CO2/N2 selectivity of ALPs was found to be only 29−
43 at 273 K and 27−35 at 298 K. Surprisingly, the calculated
CO2/N2 selectivities for ALPs are significantly lower than those
reported for azo-COPs, which can reach up to 124 at 273 K and

Figure 3. CO2 uptake isotherms (A), H2 uptake isotherms (B), and CH4 uptake isotherms (C) of ALPs and isosteric heats of adsorption for CO2
(D), H2 (E), and CH4 (F).

Table 2. H2, CO2, CH4, and N2 Uptakes and Isosteric Heats of Adsorption for ALPs

H2 at 1 bara CO2 at 1 bara CH4 at 1 bara N2 at 1 bara

polymer 77K 87K Qst 273K 298 K Qst 273 K 298K Qst 273 K 298 K

ALP-1 21.9 17.2 7.9 236 143 29.2 26.0 15.0 20.8 11.4 6.0
ALP-2 17.4 13.9 8.0 211 108 27.9 17.6 10.7 18.5 8.6 4.0
ALP-3 16.5 12.6 7.5 166 101 29.6 17.2 9.6 21.0 7.0 3.4
ALP-4 13.9 10.2 8.0 155 81 28.2 14.3 8.3 21.2 6.7 3.3

aGas uptake in mg g−1 and the isosteric enthalpies of adsorption (Qst) in kJ mol−1.

Figure 4. CO2, CH4, and N2 adsorption isotherms of ALPs at 273 K.
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142 at 298 K, although both ALPs and azo-COPs have the
same functional groups (azo-linkage).23 Moreover, in contrast
to azo-COPs, which display enhanced CO2/N2 selectivity upon
increasing temperature, the selectivity of ALPs decreases as
temperature increases. As stated above, ALPs have higher
surface areas, larger pores, and broader pore size distributions
than azo-COPs. These differences in CO2/N2 selectivities
between ALPs and azo-COPs suggest that in addition to the
function of the azo-linkage, the surface area and pore size are
very important factors that affect the CO2/N2 selectivity of this
class of material. Our results suggest that the N2-phobocity of
the azo-linkage in azo-COPs, might stem from the sieving effect
of the very narrow pore aperture of azo-COPs. As such, the
pores of azo-COPs become less accessible by N2 molecules as
temperature increases. Our findings are also consistent with the
general notion that higher porosity levels in porous organic
polymers generally compromise the CO2/N2 selectivity.

9

The selectivity studies described above were also supported
by results from the ideal adsorbed solution theory (IAST).42

The IAST method can be used to predict gas mixture behavior
in porous materials from single-component isotherms. This
method allows for the prediction of selectivities as a function of
pressure and has been reported to provide good predictions of
gas mixture behavior for many zeolites and MOFs.43 Very
recently, IAST has been widely used to study gas selectivity of
several porous organic polymers such as MOPs,44 POPs,19,45

COPs,46 APOPs,47 NPOFs,4 BLP-10(Cl),48 and azo-COPs.23

Accordingly, we used IAST to predict binary gas mixture
behavior at 273 and 298 K, with gas mixture compositions
similar to those of flue gas (CO2/N2: 15:85) and natural gas
(CO2/CH4: 5:95), as depicted in Figure 5 and summarized in
Table 3. The overall results from IAST calculations are in a
good agreement with those obtained from the initial slope
method. The IAST CO2/N2 selectivity of ALPs at 273 K and 1
bar was found to be 34−44, which is much lower than that of
azo-COPs (64−110).23 The impact of temperature on the
CO2/N2 selectivity can be seen in Figure 4A and B, which
clearly indicates a decrease in the selectivity of all ALPs. The
IAST CO2/N2 selectivities at 298 K and 1 bar were found to be
26−35, which are lower than those at 273 K (Table 3). Again,
these values are significantly lower than those of azo-COPs
(97−131).23 At 273 K, ALP-3 has the highest CO2/N2
selectivity, which starts at 54 at low coverage and then drops
slightly with increased pressure to reach 44 at 1 bar. Other
ALPs have similar CO2/N2 selectivities that remain almost
constant with pressure. The CO2/CH4 selectivity of ALPs at
273 K is very similar reaching ∼8 at 1 bar. Increasing the
temperature to 298 K reduces the CO2/CH4 selectivity of ALPs
to 5−6, which again is in line with our results from initial slope
calculations. The CO2/CH4 selectivity of ALPs is considerably

lower than that of CO2/N2 since CH4 has much higher
adsorption potential than N2 because of the higher polar-
izability of CH4 (26 × 10−25 cm3) compared to that of N2
(17.6 × 10−25 cm3).49

4. HIGH PRESSURE GAS STORAGE STUDIES
Because our low pressure gas sorption studies on ALPs indicate
that ALPs are far from saturation at 1 bar, high pressure gas
sorption measurements for H2, CH4, and CO2 were performed
to evaluate gas storage capacity of ALPs under high pressure
(Figure 6), and the results are summarized in Table 4. The

hydrogen uptake by ALPs at 77 K shows a gradual increase with
pressure, and the hydrogen surface excess uptake at 70 bar
reaches 18.3, 23.9, 21.7, and 26.4 mmol g−1 for ALP-1, ALP-2,
ALP-3, and ALP-4, respectively. The corresponding gravimetric
surface excess uptakes were found to be 3.6, 4.6, 4.2, and 5.1 wt
% for ALP-1, ALP-2, ALP-3, and ALP-4, exceeding the
hydrogen uptake capacities for most organic polymers having
a similar surface area (Table S8). The surface excess CO2
uptake of ALPs was significant, reaching 10.6−16.4 mmol g−1 at
298 K and 40 bar. These values exceed the reported values for

Table 3. CO2/N2 and CO2/CH4 Selectivity of ALPs

selectivity [initial slope]a selectivity [IAST]b

polymer CO2/N2 CO2/CH4 CO2/N2 CO2/CH4

ALP-1 35 (27) 6 (5) 40 (28) 8(6)
ALP-2 29 (27) 7 (5) 34 (26) 8(5)
ALP-3 43 (35) 8 (6) 44 (35) 8(6)
ALP-4 30 (28) 7 (5) 35 (26) 8(5)

aSelectivity (mol mol−1) was calculated by initial slope method at 273
K (298 K). bSelectivity (mol mol−1, 1 bar) was calculated by IAST
method at mole ratio of 15:85 for CO2/N2 and mole ratio of 5:95 for
CO2/CH4 at 273 K (298 K).

Figure 5. CO2/N2 selectivity of ALPs for a molar ratio of 15:85 at 273
K (A) and 298 K (B) and CH4/N2 selectivity of ALPs for a molar ratio
of 5:95 at 273 K (C) and 298 K (D).

Figure 6. High pressure excess gas sorption measurements for H2,
CO2, and CH4. ALP-1 (A), ALP-2 (B), ALP-3 (C), and ALP-4 (D).
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HCPs (10.6−13.3 mmol g−1, 30 bar and 298 K)50 as well as
PPN-1 (11 mmol g−1 at 295 K/60 bar)51 but are lower than
those of PPN-2 (19 mmol g−1 at 295 K/60 bar),51 PAF-1 (29.6
mmol g−1, 298 K/40 bar),52 and PPN-4 (∼39 mmolg−1, 295 K/
50 bar).32 The methane gravimetric surface excess uptakes of
ALPs at 298 K and 70 bar were found to be 6.9, 7.5, 7.4, and 5.5
mmol g−1 for ALP-1, ALP-2, ALP-3, and ALP-4, respectively.
These values are comparable to the reported values for PPN-1
and PPN-2.51

High volumetric gas storage capacity of adsorbents is also
one of the desired features, especially for on-board hydrogen
and methane storage, in order to reduce fuel tank size. In
general, attaining high volumetric gas uptake capacity for low
density adsorbents such as organic polymers remains a
considerable challenge. Since significant amounts of com-
pressed gas can be accommodated inside the voids of porous
materials under high pressures, the total amount of gas stored
at high pressures is higher than the amount of adsorbed gas.
Therefore, for high pressure storage applications, the total
volumetric storage capacity of porous organic materials which
typically have low densities should be investigated to evaluate
their efficiency for practical use. Accordingly, total (absolute)
amounts of gas adsorbed by ALPs were calculated from
experimentally determined surface excess adsorptions (Figure
S39) and are summarized in Table 4. The total volumetric
hydrogen uptakes of ALPs at 77 K and 70 bar were found to be
23.9 g L−1 (ALP-1), 23.0 g L−1 (ALP-2), 22.2 g L−1 (ALP-3),
and 22.5 g L−1 (ALP-4). Similarly, the total methane uptakes at
298 K and 70 bar for ALPs in volumetric units were estimated
to be 93, 78, 80, and 55 L L−1 for ALP-1, ALP-2, ALP-3, and
ALP-4, respectively. These values are lower than the 2015 DOE
target, which emphasizes the need for high pore volume and
surface area materials for both hydrogen and methane storage
under high pressure conditions. The volumetric CO2 sorption
capacity for ALPs at 298 K and 40 bar was found to be in the
range of 90−155 L L−1. The volumetric CO2 sorption capacity
of ALP-1 (304 g L−1, 298 K/40 bar) is higher than other ALPs
and is more than three times (3.3) the density of CO2 at the
same temperature and pressure.53

4. CONCLUSION
We have introduced a synthetic route to synthesize highly
porous azo-linked polymers (ALPs) by homocoupling of 2D
and 3D aniline-like monomers using copper(I) as a catalyst.
ALPs have high BET surface area up to 1235 m2 g−1 and exhibit
high thermal and chemical stability. Notably, ALPs have higher
porosity and larger pores than azo-COPs, and as a result they
perform well in gas uptake under high pressure conditions. One
of the polymers, ALP-1, has remarkable CO2 uptake (5.37
mmol g−1 at 273 K and 1.0 bar), which is among the highest by

porous organic polymers. ALPs also exhibit good CO2/N2
selectivity that can reach up to 43 at 273 K and moderate CO2/
CH4 selectivity (5−8). The CO2/N2 selectivity of ALPs
decreases upon an increase in gas uptake temperature in
contrast to the behavior of reported azo-COPs. Because of their
high gas uptake capacities, chemical heterogeneity, as well as
high physicochemical stability, ALPs show promise in small gas
storage and separation applications.
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