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Abstract: Functional-group-oriented polymerization strat-

egies have contributed significantly to the initial develop-
ment of porous polymers and have led to the utilization of
several well-known organic transformations in the synthesis

of these polymers. Because there are multiple polymeri-
zation routes that can be used to introduce the same chemi-

cal functionality, it is very important to demonstrate the
effect of different polymerization routes on the gas-sorption

properties of these chemically similar polymers. Herein, we

have studied the rich chemistry of azobenzenes and synthe-
sized four chemically similar nanoporous azobenzene poly-

mers (NABs) with surface areas of up to 1021 m2 g¢1. The

polymerization routes have a significant impact on the pore-

size distributions of the NABs, which directly affects the tem-
perature dependence of the CO2/N2 selectivity. A pore-width
maximum of 6–8 æ, narrow pore-size distribution, and small

particle size (20–30 nm) were very critical for high CO2/N2 se-
lectivity and N2 phobicity, which is associated with azo link-

ages and realized at warm temperatures. Our findings collec-
tively suggest that an investigation of different polymeri-

zation routes for the same chemical functionalization is criti-

cal to understand fully the combined effect of textural prop-
erties, local environment, and chemical functionalization on

the gas-sorption properties of nanoporous polymers.

Introduction

Facile synthetic pathways, high thermal and chemical stabili-

ties, and the hierarchical porosity of nanoporous polymeric
materials has attracted much attention in recent years because

of the wide range of applications of these polymers, such as
CO2 capture and storage, catalysis, sensors, charge carriers, and
many others.[1] Emissions of CO2 into the atmosphere account
for more than half of the greenhouse gases globally, thus it is

very important to develop efficient, cost-effective capture tech-
nologies to minimize the environmental impact of this gas.[1a, 2]

Recent findings indicate that climate change arising from CO2

emissions into the atmosphere has started to impact crops[3]

and also has led to increasing ocean acidification, with an un-

precedented record value in the past 65 million years, mainly
due to the uptake of atmospheric CO2. One of the major limi-

tations for the large-scale deployment of carbon-capture and
sequestration (CCS) technologies, especially in power plants
that use fossil fuels, is the cost of these systems. Moreover,

there has been no real market for the captured CO2, which has
further limited the implementation of these relatively expen-

sive technologies. In recent years, however, enhanced oil re-
covery from depleted oil reservoirs by using supercritical CO2

has emerged as an important driver for the development of
CCS systems[4] because this technology can potentially gener-

ate a market for the captured CO2 in fossil-fuel-fired power
plants. Moreover, some of the CO2 used in this process is ex-
pected to remain and be stored in underground reservoirs,
thus helping to reduce CO2 emissions while creating an incen-
tive for further CCS research. Current ethanolic amine-scrub-

bing technologies for CO2 capture is problematic due to the
high-energy penalty associated with the release of captured

CO2 along with the degradation of amines and their corrosive

effects.[2c, 5] One way to address these issues is to resort to
physisorption rather than chemisorption for postcombustion

CO2 capture. In the design of solid sorbents for CCS technolo-
gies, there are four fundamental requirements: 1) reversible

uptake and release with a low-energy penalty, 2) thermal and
water stability, 3) high gas selectivity at warm temperatures
(ca. 40 8C), and 4) low cost. Nanoporous organic polymers[6]

have emerged in recent years as promising solid sorbents for
postcombustion CO2 capture because these polymers can po-

tentially fulfill these four requirements.
To date, several crystalline and amorphous nanoporous poly-

mers that incorporate various chemical functionalities by using
different polymerization routes (e.g. , Yamamoto, Ullmann,
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Suzuki, Buchwald–Hartwig, and Sonogashira–Hagihara cou-
plings; “click” chemistry; and various condensation polymeri-

zation reactions)[2b, 6c, 7] have been reported for efficient CO2

capture and separation.[2b, 8] None of these reports, however, in-

vestigated the effect of different polymerization routes on the
gas-sorption properties of porous polymers with the same

chemical functionalization. Because different polymerization
routes for the same chemical functionality will offer different

reactive intermediates in the synthesis of nanoporous poly-

mers and lead to completely different morphologies, surface
areas, and pore structures, the gas uptakes and selectivities of

these polymers could be different, although they all will be
chemically similar. Thus, it is very important to investigate the

combined effect of textural properties, local environment, and
chemical functionalization on the gas-sorption properties of
nanoporous polymers in the design of efficient sorbents. Re-

cently, Cooper and co-workers[9] demonstrated the effect of
solvent in the synthesis of conjugated microporous polymers

(CMPs) and concluded that there is no “universal” solvent for
the synthesis of CMPs to obtain high surface areas and pore

volumes. A similar situation was observed for clicked porous
polymers synthesized through a 1,3-dipolar cycloaddition reac-

tion. The initial report by Cooper and co-workers,[9] followed

by a more detailed study by Farha and co-workers,[10] that
demonstrated that the surface areas, pore volumes, and gas-

uptake properties of these polymers could be significantly al-
tered by varying the solvent, temperature, and catalyst load-

ing. Because there are several different polymerization routes
that could lead to the same chemical functionality, there is no

“ideal” polymerization route for the synthesis of nanoporous

polymers, thus different polymerization routes should be inves-
tigated, where possible, to understand the effect of chemical

functionalization fully and to control the surface area for de-
sired applications. We have recently developed azo covalent

organic polymers (azo-COPs) and discovered that these poly-
mers are “N2 phobic” and show increasing CO2/N2 selectivity

with rising temperature mainly due to the entropic loss of N2

molecules upon their interaction with the azobenzene moie-

ties.[8k, 11] The rich chemistry of azobenzenes prompted us to in-
vestigate further the effect of polymerization routes on the

gas-sorption properties of nanoporous azobenzene polymers
(NABs).

Herein, we have investigated four different polymerization

routes to give NAB-1–NAB-4, respectively; that is, catalyst-free
asymmetric azo coupling under basic conditions (NAB-1),

copper-catalyzed oxidative azo-coupling (NAB-2), In(OTf)3/
Et3SiH-catalyzed reductive coupling (NAB-3), and finally metal-

free tert-butyl hypochlorite (tBuOCl)/NaI-catalyzed oxidative di-
merization reactions (NAB-4 ; Scheme 1). We found that al-

though Cu-catalyzed polymerization reactions give broad

pore-size distributions, NAB-1, NAB-3, and NAB-4 had very
narrow distributions that directly affect the temperature de-

pendence of the CO2/N2 selectivity. Interestingly, pore-width
maxima in the range 6–8 æ were very critical for high CO2/N2

selectivity at warm temperatures. Moreover, the change in the
selectivity was mainly driven by the loss of affinity toward N2

for NAB-1 and NAB-3, whereas the change in selectivity for

NAB-2 and NAB-4 was due to the loss of affinity toward CO2,
thus pointing to the fact that the observed selectivity change

for NAB-1 and NAB-3 is a result of the N2-phobic nature of the
framework that arises from pores of 6–8 æ and a narrow pore-

size distribution. It is important to note that the small particle
sizes of NAB-1 and NAB-3 also contributed significantly to the

increase in selectivity because smaller particles are expected to

form smaller interparticle void space. These results point to an
N2-phobic effect, which is observed in the case of NAB-1 and

NAB-3 and is an emergent phenomena that arises from the
combination of small pore and particle sizes and the interac-

Scheme 1. Syntheses of nanoporous azobenzene polymers (NABs). A catalyst-free asymmetric coupling of tetrakis(4-nitrophenyl)methane with tetrakis(4-ami-
nophenyl)methane in DMF at 150 8C in the presence of KOH (NAB-1) ; oxidative symmetric copper-catalyzed azo-coupling reaction under open-air conditions
(NAB-2) ; In(OTf)3/Et3SiH-catalyzed, symmetric, reductive azo-coupling of tetrakis(4-nitrophenyl)methane (NAB-3) ; and metal-free tBuOCl/NaI-catalyzed (tBuOI
generated in situ) oxidative dimerization of tetrakis(4-aminophenyl)methane (NAB-4) for the formation azobenzene in situ.
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tion of N2 molecules with the azobenzene units in a confined
environment.

Results and Discussion

Synthetic routes assist the formation of structural features of
amorphous polymeric networks. Although it is possible to use

both thermodynamically and kinetically controlled reactions in
the synthesis of porous polymers, a kinetically controlled path-

way is generally preferred because control over porosity and
pore size, even though the resulting structure is completely

amorphous, is allowed. The synthesis of NAB-1 involves the
formation of a nitroso intermediate upon nucleophilic attack
on the nitro oxygen atom from the amine nitrogen atom, thus

leading to the elimination of a hydroxy amine derivative,
which can be further converted into a nitroso functionality

under basic conditions. This initial addition–elimination step
could introduce some degree of thermodynamic control into
the synthesis of NAB-1, which is followed by a fast reaction
under kinetic control, that is, the coupling reaction between

the nitroso and amine moieties to form azobenzene units.[12]

Similarly, the synthesis of NAB-3 also involves the formation of
nitrosobenzene, thus indicating the critical role of this inter-

mediate on the formation of narrow pores. The copper-cata-
lyzed oxidative coupling of aromatic amines leads to the for-

mation of NAB-2 under kinetic control and the rate of this re-
action is highly dependent on the catalyst loading. Finally, the

synthesis of NAB-4 involves a hydrogen–iodine exchange be-

tween tBuOI (generated in situ) and ArNH2, thus yielding an
ArNI2 intermediate and subsequent elimination of HI from

ArNI2 and ArNH2 under kinetically controlled reaction condi-
tions. Therefore, NAB-1–NAB-4 are expected to provide an

ideal platform to compare the effect of different polymeri-
zation routes on the gas-sorption properties of chemically simi-

lar NABs. It is important to note that because all these poly-

merization routes involve different reactive intermediates and
reaction kinetics, the local environment of the azobenzene

units should vary drastically, which in turn should affect their
gas-sorption properties to a significant extent.

The syntheses of the monomers were achieved by using
previously reported procedures.[13] NAB-1 was synthesized by
coupling tetrakis(4-nitrophenyl)methane with tetrakis(4-amino-
phenyl)methane in the presence of KOH in an inert atmos-

phere. NAB-2 was prepared by the copper(I)-catalyzed oxida-
tive homocoupling of tetrakis(4-aminophenyl)methane.[13]

NAB-3 was obtained by reductive dimerization of tetrakis(4-ni-

trophenyl)methane by using In(OTf)3/Et3SiH as a catalyst in
DMF at 60 8C over 24 hours.[14] NAB-4 was synthesized by oxi-

dative dimerization of tetrakis(4-aminophenyl)methane with
tBuOI generated in situ as a catalyst in DMF at 80 8C over

24 hours.[15] The catalyst loading was critical for the metal-cata-

lyzed reactions to control the surface area and pore morpholo-
gy.

We carried out analysis by using inductively coupled plasma
mass spectrometry (ICP-MS) to verify the absence of residual

metal catalysts in NAB-2 and NAB-3. ICP-MS analysis of NAB-2
and NAB-3 revealed (see the Supporting Information) that the

metal contents (i.e. , In, Cu) are below 0.02 wt %, thus confirm-
ing near-complete removal of metal ions following acid treat-

ment. The NABs were characterized by using FTIR spectrosco-

py, solid-state magic-angle spinning 13C NMR spectroscopy,
powder X-ray diffraction (PXRD) studies, thermogravimetric

analysis (TGA), and elemental analysis (see the Supporting In-
formation). Characteristic azobenzene -N=N- and -C¢N stretch-

ing bands were observed at ñ= 1404 and 1280 cm¢1, respec-
tively, in all the NABs,[8k, 11] thus indicating the successful forma-

tion of azobenzene moieties. We also carried out field-emission

scanning electron microscopy to examine the bulk-scale mor-
phology of the NABs (Figure 1). NAB-1 and NAB-3 showed ir-

regularly shaped, similarly sized particles of approximately 20
and 25 nm, respectively. On the contrary, NAB-2 formed larger

spherical particles (ca. 500 nm) with uniform particle-size distri-
bution. We observed irregularly shaped particles in the case of

NAB-4 with a relatively broad particle-size distribution of ap-

proximately 50 nm. PXRD analysis of NABs revealed that the re-
sulting polymers are completely amorphous (see the Support-

ing Information).
The porosity of NABs were evaluated by using argon adsorp-

tion–desorption isotherms at 87 K, which showed a reversible
type-I isotherm and type-H4 hysteresis for the desorption for

NAB-1, NAB-3, and NAB-4, thus indicating the presence of pre-
dominantly microporous networks (Figure 2 aisa). The surface
areas were calculated by using the BET model, in which the
pressure ranges were determined according to the Rouquerol
plots[16] (see the Supporting Information), and were 669, 1021,

532, and 580 m2 g¢1 for NAB-1–NAB-4, respectively (Table 1).
The pore-size distributions were calculated from the argon ad-

sorption isotherms by using the nonlocal DFT (NLDFT) zeolite

cylindrical pore model and were in perfect agreement with the
calculated isotherms (see Figure 2 b and the Supporting Infor-

mation). We observed narrow pore-size distributions for NAB-
1, NAB-3, and NAB-4 with pore-width maxima of 7.1, 6.0, and

5.2 æ, respectively. NAB-2 showed a broad pore-size distribu-
tion relative to other NABs and pore-width maxima at 5.7 æ.

Figure 1. SEM images of NABs. a) NAB-1 (ca. 20 nm; scale bar 200 nm),
b) NAB-2 (ca. 500 nm; scale bar 2 mm), c) NAB-3 (ca. 25 nm; scale bar 2 mm),
and d) NAB-4 (ca. 50 nm; scale bar 2 mm).
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Considering that the expected pore width for an ideal non-in-
terpenetrated diamond network is around 21 æ,[8x] this result

indicates that there is a significant degree of interpenetration
in these polymers.[17]

We investigated the CO2 and N2 uptake of the NABs up to
1 bar at 273 and 298 K to demonstrate the effect of the poly-

merization routes on their gas-sorption properties (Fig-
ure 3 a, b). Also, we recorded CO2 adsorption–desorption iso-

therms for NABs at 323 K (see the Supporting Information).
Prior to the gas-sorption measurements, all the NABs were ac-

tivated at 150 8C for 6 hours. This activation step was expected
to thermally isomerize any cis-azobenzene unit back to its

trans configuration and remove trapped gases and moisture.[11]

NAB-2 showed the highest CO2-uptake capacity of
140.2 mg g¢1 at 1 bar and 273 K, presumably due to its higher
surface area relative to the other NABs. NAB-1 showed a CO2-
uptake capacity of 107.6 mg g¢1 at 1 bar and 273 K. NAB-3 and

NAB-4 showed similar CO2-uptake capacities of 98.6 and
94.2 mg g¢1 at 1 bar and 273 K, respectively. These values are

lower relative to NAB-1 and NAB-2 due to the lower surface

areas of NAB-3 and NAB-4. The high CO2 affinity of NABs origi-
nates from the -N=N- linkage, which can interact with CO2 mol-

ecules through dipole-quadruple interactions, wherein the azo
group acts like a Lewis base and CO2 as a Lewis acid. As ex-

pected, the CO2-uptake capacities of all NABs decreased with
rising temperature. We obtained CO2-uptake capacities of 65.3,

68.9, 57.8, and 48.2 mg g¢1 at 1 bar and 298 K for NAB-1–NAB-
4, respectively. We also calculated the isosteric heat of adsorp-
tion (Qst) of CO2 from the adsorption data at 273, 298, and

323 K (Figure 3c).[6b, 8k] The Qst values of CO2 for the NABs range
from 23.0 to 28.6 kJ mol¢1 at high loadings, which are compa-

rable to reported electron-rich polymeric networks[8o, 11, 13, 18] and
suitable for postcombustion CO2 capture because the desorp-

tion of CO2 will be facilitated without a significant energy pen-

alty. The Qst value for NAB-1 at high loadings was
28.6 kJ mol¢1, whereas it was 23.0 kJ mol¢1 for NAB-2, although

both polymers have similar chemical structures. Because the
surface area of NAB-1 is significantly lower than NAB-2, we be-

lieve that the higher nitrogen content and degree of inter-
penetration[17] in NAB-1 led to a higher Qst value. NAB-3 and

NAB-4 showed similar Qst values of 25.4 and 26.0 kJ mol¢1. A

decrease in Qst values for NAB-3 and NAB-4 with decreasing
surface area may suggest the possibility of an opti-
mal pore size (ca. 7 æ for NAB-1) for a high affinity
toward CO2 in NABs. We also investigated the de-
pendence of Qst values on the CO2 uptake, and, as
expected, a steady decrease in Qst values was ob-

served due to the fact that the binding sites will be
saturated as the number of CO2 gas molecules in-
crease.

For postcombustion CO2 capture, porous polymers
should maintain their CO2/N2 selectivity at warm

temperatures (>40 8C) to preferentially adsorb CO2

over N2. Most porous polymers reported to date,[8]

however, exhibit a significant decrease in their CO2/

N2 selectivity with rising temperature, with the ex-
ception of the recently reported azo-COPs,[8k, 11]

which show increasing CO2/N2 selectivity with rising tempera-
ture. These polymers showed N2-phobic behavior associated

with the entropic loss of N2 molecules upon interaction with
azo linkages with rising temperatures. For true N2-phobic be-

Table 1. BET and Langmuir surface areas, CO2- and N2-uptake capacities, CO2/N2 selec-
tivities, and isosteric heats of adsorption (Qst) of NABs.

NABs BET
[m2 g¢1]

CO2 adsorption
[mg g¢1]

N2 adsorption
[mg g¢1]

CO2/N2

selectivity[a]

Qst
[b]

[kJ mol¢1]

T [K] 273 298 323 273 298 273 298
NAB-1[c] 669 107.6 65.3 27.4 5.9 2.4 64 96 28.6
NAB-2 1021 140.2 68.9 47.0 4.5 2.7 37 26 23.0
NAB-3 532 98.6 57.8 38.0 3.3 1.4 56 62 25.4
NAB-4 580 94.2 48.2 34.6 2.7 1.5 63 44 26.0

[a] Calculated by using IAST at a CO2/N2 ratio of 0.15:0.85 at 1 bar. [b] Qst = isosteric
heat of adsorption of CO2 calculated from CO2-adsorption data at 273, 298, and 323 K.
[c] Gas-sorption data obtained from reference [8k].

Figure 2. a) Argon-uptake isotherms of NABs at 87 K. Filled and empty sym-
bols represent the adsorption and desorption, respectively. b) Pore-size dis-
tributions of NABs calculated by using the zeolite cylindrical pore model.
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havior, however, affinity loss should arise from N2 binding, not

from CO2. One would expect to see similar N2-phobic behavior

for all of the NABs because they are all chemically similar. It is,
however, important to note that the pore structures and mor-

phologies will be completely different because NABs were syn-
thesized by using different polymerization routes. We calculat-

ed the selectivity by using the ideal adsorbed solution theory
(IAST) for a CO2/N2 mixture of 15:85 to simulate flue-gas condi-
tions (Figure 3 d, e). The CO2/N2 selectivities for NAB-1–NAB-4
were 64, 37, 56, and 63, respectively, at 273 K (Table 1). Upon
increasing the temperature to 298 K, however, NAB-1 and
NAB-3 showed an increase in their CO2/N2 selectivity from 64
to 96 and 56 to 62, respectively, whereas NAB-2 and NAB-4
showed a decrease in their CO2/N2 selectivities with increasing
temperature. These findings prompted us to investigate the

origin of the gas-capacity loss in NABs (see Figure 3 f and the
Supporting Information). Upon rising the temperature from
273 to 298 K, NAB-1 and NAB-3 showed approximate capacity
losses of 39 and 41 % for CO2 and 59 and 57 % for N2, respec-
tively. On the contrary, NAB-2 and NAB-4 showed approximate

capacity losses of 51 and 49 % for CO2 and 40 and 44 %
for N2, respectively. These results suggest that the selectivity

change of NAB-1 and NAB-3 was driven by the loss of affinity

toward the N2 gas molecules with rising temperature, whereas
the changes in selectivity of NAB-2 and NAB-4 were driven by

the loss of affinity toward CO2, thus leading to a decrease in
gas selectivity with increasing temperature. These results

also indicate that N2 phobicity is only present for NAB-1 and
NAB-3.

The differences in the change of CO2/N2 selectivities of NABs

with increasing temperature prompted us to look into the

pore-size distributions. N2 phobicity is only observed for NAB-
1 and NAB-3, thus indicating that there is a critical pore-size

range of 6–8 æ for N2-phobicity to be realized. Although NAB-
2 also has pores located in the same range, its broader pore-

size distribution and larger particle size (ca. 500 nm), which
leads to the formation of larger interparticle void space, limits
the N2 phobic effect. Rao and co-workers[19] also reported a sim-

ilar effect in metal–organic frameworks (MOFs) when they
measured the N2 uptake of MOFs containing azobenzene and

stilbene moieties.[19] Interestingly, MOF-incorporating azoben-
zene moieties take up substantially lower N2 gas relative to an

MOF with stilbene moieties under the same conditions, thus
verifying the N2-phobic effect associated with the azo linkages.

Incidentally, this MOF also has a pore aperture of 7.0 æ, which
further supports a critical pore-size range for N2 phobicity. Be-
cause the kinetic diameter of N2 gas molecules (3.64 æ) is

much smaller relative to the critical pore-size range, it is unlike-
ly for N2 molecules to experience a molecular-sieving effect.

More recently, Lu and Zhang[20] reported the Zn-catalyzed ho-
mocoupling of tetrakis(4-aminophenyl)methane and obtained

a chemically similar azo-linked porous polymer (azo-POF-1)

with NAB-1–NAB-4, but with a completely different textural
morphology. Although this polymer had similar surface area to

NAB-1, its pore-width maximum was 5.4 æ and it showed affin-
ity losses of 37 and 19 % for CO2 and N2, respectively, thus

leading to a decrease in selectivity with increasing temperature
because the affinity loss is driven by CO2. A similar situation

Figure 3. CO2- and N2-uptake isotherms of NABs measured up to 1 bar at a) 273 and b) 298 K and c) isosteric heats of adsorption (Qst) of CO2 for NABs calcu-
lated from CO2-adsorption data at 273, 298, and 323 K. CO2/N2 selectivities of NABs measured by using IAST for a 15:85 molar-ratio CO2/N2 gas mixture at
d) 273 and e) 298 K. f) Change (%) in the CO2- and N2-uptake capacities of NABs upon raising the temperature from 273 to 298 K at 1 bar.
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was also observed for the recently reported azo-linked poly-
mers (ALPs).[13] In particular, ALP-2 has a similar chemical struc-

ture to NAB-1–NAB-4, yet with completely different gas-sorp-
tion properties, just like azo-POF-1, although the affinity loss

for ALP-2 was similar for both CO2 and N2, these polymers ex-
hibited pore-width maxima of 11 æ and much larger particle

sizes (ca. 800 nm), thus once again verifying the importance of
a critical pore-size range and particle size. These results indi-
cate that polymers should have narrow pore-size distributions

in the range 6–8 æ, small particle size (20-30 nm), and the affin-
ity loss should be mainly driven by N2 for N2 phobicity to be
realized.

The effect of pore size on the CO2/N2 selectivity can be con-

ceptually understood by the entropy change of the gases in
the adsorption process for the following two extreme cases:

an infinite plane (large pores) versus a confined space (small

pores; Figure 4). The Gibbs energy of adsorption can be ob-
tained by the combination of the adsorption enthalpy and en-

tropy; that is, DGads =DHads¢TDSads. When the free gases are
adsorbed onto the surface, they usually lose entropy (S) due to

the loss or significant reduction of translational and rotational
degrees of freedom that arise from exothermic binding. Note

that all the thermodynamic variables of DG, DH, and DS

have negative values for spontaneous adsorption. Assuming
a weak temperature dependence of DDHads (DDHads =

DHads(CO2)¢DHads(N2)), the temperature dependence of selec-
tivity (DDGads) is largely determined by the relative entropy

changes (DDSads) during adsorption. For a usual adsorption
onto a bulk surface (as an extreme of the large-pore model) in

Figure 4 a , the higher binding means a more rigid adsorbed

complex, hence the larger loss of rotational entropy. Because
CO2 has a higher quadrupolar moment and therefore always

has a higher binding energy than N2, CO2 will lose more entro-
py than N2 ; that is, jDSads(CO2) j > jDSads(N2) j . Therefore, as the

value of T increases, value of DGads(CO2) rises faster (¢TDSads>

0) than the value of DGads(N2) with decreased selectivity. On

the other hand, when the gases are adsorbed into the con-

fined surface of a micropore (Figure 4 b ), the N2 phobicity may
play a role. When N2 is “relatively repelled” from the azo

group, the space that N2 can explore (configurational entropy)
during its binding is reduced relative to the space that CO2,

which is attracted to the pore, can explore in the same pore;
that is, jDSads(CO2) j < jDSads(N2) j (shown schematically in Fig-

ure 4 b ). Based on our quantum-chemistry calculations, in fact,
N2 binds to an azo moiety with a binding energy (BE) of
¢8.3 kJ mol¢1, whereas CO2 prefers to bind to an azo group

with a BE of ¢16.0 kJ mol¢1, thus demonstrating the “N2 pho-
bicity of the azo group”.[8k, 11] Though the intercalation would
happen for a micropore in the size range 6–8 æ experimentally,
NAB-2 is shown to have larger pore-size distributions than

other NABs (Figure 1). Therefore, as described above, the de-
crease in selectivity for NAB-2 is typically expected, as indeed

shown experimentally. For pore sizes below 6 æ, however, mo-

lecular sieving may play a role in determining the resulting
CO2/N2 selectivity.

Conclusion

The results presented herein suggest that the selectivity in-

crease with rising temperature is an emergent behavior that
can only be realized when azo linkages are contained in small
micropores (6–8 æ). The resulting polymers should also have

a narrow pore-size distribution and small particle size (20–
30 nm), which facilitates efficient interaction of gas molecules

with azo linkages. Moreover, nanoporous polymers can be pre-
pared to combine surface area, pore-size distribution, and de-

sired chemical functionalities to obtain high gas selectivity and

uptake by using a judicious choice of polymerization routes;
thus, it is very important to investigate not only different sol-

vents, but also different polymerization routes in the synthesis
of porous polymers with the same chemical functionalization.

We believe that these findings can contribute to the design of
new porous polymers and allow better understanding of the

role of functional groups because porous polymers with the

same chemical functionalization can exhibit completely differ-
ent gas-sorption properties.

Experimental Section

Materials

Starting materials and reagents were purchased from Aldrich or
TCI and were used as received without further purification. Tetra-
kis(4-nitrophenyl)methane,[1] tetrakis(4-aminophenyl)methane,[13]

and NAB-1[8k, 11] were prepared by following reported procedures.
All reactions were performed in an argon atmosphere and dry sol-
vents unless otherwise noted. Dry solvents were purged with
argon gas before use. Analytical TLC was performed on aluminum
sheets precoated with silica gel 60-F254 (Merck 5554). Flash chroma-
tography was carried out on silica gel 60 (Silicycle) as the station-
ary phase.

Synthesis of NABs

NAB-2 : A modified previously reported procedure was used.[13]

CuBr (25 mg, 0.174 mmol) and pyridine (107 mg, 1.35 mmol) were
Figure 4. Schematic gas distributions of N2 (blue) and CO2 (red) on a) flat sur-
face and b) micropore composed of the same functional unit.
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added to a solution of tetrakis(4-aminopheyl)methane (100 mg,
0.26 mmol) dissolved in THF/toluene (1:1, 30 mL). The reaction mix-
ture was stirred at room temperature for 24 h and then kept at
60 8C for 16 h and 80 8C for an additional 8 h. After cooling to
room temperature, the reaction mixture was filtered with a fine-
fritted funnel and washed with THF and water. The resulting dark-
brown powder was soaked in HCl solution (2 m, 100 mL) at room
temperature for 24 h before filtering. The powder was washed ex-
cessively with water, NaOH solution (1 m, 200 mL), and excessively
with water, methanol, THF, acetone, and diethyl ether. The orange
color solid was dried at 110 8C under vacuum for 12 h to yield
NAB-2 (82.2 mg, 85 %). Elemental analysis (%) calcd for C25H16N4 : C
80.63, H 4.33, N 15.04; found: C 71.26, H 4.43, N 10.48.

NAB-3 : In(OTf)3 (22 mg, 0.04 mmol) and Et3SiH (0.532 mL,
3.33 mmol) were added to tetrakis(4-nitrophenyl)methane (100 mg,
0.20 mmol) dissolved in an anhydrous DMF (5 mL) in a 25 mL
schlenk flask. The reaction mixture was slowly heated to 60 8C over
6 h and kept at that temperature for 24 h. The reaction was
quenched with H2O and soaked in 1 m HCl solution for 24 h to
remove any residual metal catalyst. The precipitate was filtered
and washed extensively with 1 m NaOH solution, water, THF, ace-
tone, and diethyl ether. The orange solid was dried at 100 8C under
vacuum for 12 h to yield NAB-3 (52.0 mg, 70 %). Elemental analysis
(%) calcd for C25H16N4 : C 80.63, H 4.33, N 15.04; found: C 75.26, H
4.43, N 13.46

NAB-4 : tBuOCl (105 mg, 1.05 mmol) was added to tetrakis(4-ami-
nopheyl)methane (50 mg, 0.13 mmol) and NaI (150 mg, 1.05 mmol)
dissolved in an anhydrous DMF (5 mL) in a 10 mL schlenk flask and
under argon. The reaction mixture was heated to 80 8C, kept at
that temperature for 24 h, and then cooled to room temperature.
The solid was separated by filtration and washed with DMF, THF,
dichloromethane, acetone and diethyl ether. The dark-orange solid
was dried at 100 8C under vacuum for 12 h to yield NAB-4
(35.1 mg, 73 %). Elemental analysis (%) calcd for NAB-4 (C25H16N4)
[found %, (calcd)] (CHN): C 80.63, H 4.33, N 15.04; found: C 76.26, H
4.43, N 12.98.

Characterization methods

1H and 13C NMR spectra were recorded on Bruker Avance 300 MHz
NMR and Agilent 400 MHz NMR spectrometers at ambient temper-
ature. Solid-state cross-polarization magic-angle spinning (CP/MAS)
13C NMR spectra of the polymers were recorded on a Bruker
Avance III 400 WB NMR spectrometer at ambient temperature with
a magic-angle spinning rate of 15.0 kHz. FTIR spectra were record-
ed by using KBr pellets on a PerkinElmer FTIR Spectrometer. Ther-
mogravimetric analysis (TGA) was performed on a NETZSCH-TG
209 F3 instrument, and the samples were heated to 800 8C at
a rate of 10 8C min¢1 in air and N2 atmospheres. The SEM observa-
tions were carried out on a Hitachi S-4800 field-emission scanning
electron microscope at 2.0–10 kV. Samples were coated with plati-
num prior to analysis. Elemental analysis (C, H, N) were recorded
on a FlashEA 1108 (C, H, N, S) elemental analyzer. Powder X-ray dif-
fraction (PXRD) patterns of samples were collected over the 2q

range 3–908 on a Rigaku D/MAX-2500 (18 kW) multipurpose high-
power X-ray diffractometer. The measurements of the surface area
and pore-size distribution of the samples were performed on a Mi-
crometrics ASAP 2020 accelerated surface-area and porosimetry an-
alyzer by means of argon adsorption and desorption at 87 K. The
samples were degassed at 150 8C for 6 h under vacuum before the
analysis. The surface areas of the samples were calculated by using
the BET model in relative pressure (P/Po) range determined accord-
ing to the Rouquerol plots. The pore-size distribution of the sam-

ples was calculated by using argon isotherms according to nonlo-
cal density functional theory (NLDFT) method, which employs the
zeolite cylindrical pore model. The low-pressure CO2 adsorption
isotherm of the samples was obtained at three different tempera-
tures 273, 298, and 323 K and the N2 adsorption isotherms at 273
and 298 K. The circulator was used to keep the temperature con-
stant during the adsorption analysis. The CO2/N2 selectivity was
evaluated by using the idea adsorbed solution theory (IAST), which
was calculated with OriginPro v8.5 and Mathematica v10. Heats of
absorption were calculated by using standard calculation routines,
that is, the Clausius–Clapeyron equation in the data-master offline
data-reduction software (Micrometrics).
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