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ABSTRACT: Porous polymer networks have great potential in various
applications including carbon capture. However, complex monomers and/or
expensive catalysts are commonly used for their synthesis, which makes the
process complicated, costly, and hard to scale up. Herein, we develop a molecular
template strategy to fabricate new porous polymer networks by a simple
nucleophilic substitution reaction of two low-cost monomers (i.e., chlorome-
thylbenzene and ethylene diamine). The polymerization reactions can take place
under mild conditions in the absence of any catalysts. The resultant materials are
interconnected with secondary amines and show well-defined micropores due to
the structure-directing role of solvent molecules. These properties make our
materials highly efficient for selective CO, capture, and unusually high CO,/N,
and CO,/CH, selectivities are obtained. Furthermore, the adsorbents can be
completely regenerated under mild conditions. Our materials may provide
promising candidates for selective capture of CO, from mixtures such as flue gas

and natural gas.
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B INTRODUCTION

Emission of carbon dioxide (CO,) contributes to global warming
significantly, which has become an urgent environmental
concern. Carbon capture and sequestration (CCS), a process
to separate CO, from the combustion of fossil fuels, has been
considered an effective way to control the concentration of
atmospheric CO,.""® Much attention has been paid to selective
capture of CO, from mixtures such as flue gas (postcombustion)
and natural gas (precombustion). For the combustion of fossil
fuels and biomass, the content of CO, in flue gas is about 15%,
whereas others are mainly composed of nitrogen (N,). In the
case of landfill gas and natural gas, the main components are
methane (CH,), CO,, N,, and a small amount of hydrocarbons.
The existence of CO, reduces their reactivity and heating
capacity, and it also causes corrosion of the relevant pipeline and
equipment. As a result, the separation of CO, from gas mixtures
containing N, and CH, is of growin§ interest from both
academic and practical points of view.” '

The conventional method to remove CO, is “wet scrubbing”
by using aqueous amine (e.g, monoethanolamine, MEA)
solutions."* However, this process has several inherent problems,
such as high regeneration costs and erosion of the equipment. An
alternative approach is adsorption by use of porous materials.
The porous solids have specific heat capacities that are
substantially less than those of aqueous solutions. Moreover,
they are easier to handle and free of corrosion problems. These
advantages make porous materials highly promising for CO,
capture. In the last decades, metal—organic frameworks (MOFs)
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have been reported to show outstanding capacities in CO,
capture due to their large surface areas and high pore volumes.
Unfortunately, most MOFs are unstable in high temperatures,
moisture, and other harsh environments, which are difficult to
meet the strict industrial requirements.>'*>~>> Fortunately,
porous polymer networks (also known as covalent organic
frameworks,”® hyper cross-linked polymers,*” conjugated micro-
porous polymers,”® polymer of intrinsic microporosity,
covalent triazine-based frameworks,*° porous aromatic frame-
works,®" etc.), another type of adsorbents with comparable
porosity, show much better physicochemical stability as a result
of the covalent bonding of the framework construction.
Therefore, many attempts have been made to the development
of efficient porous polymer networks for CO, capture.>*~>’

By a condensation reaction of 2,4,6-tris(4-aminophenyl)-
1,3,5-triazine (TAPT) and the respective dianhydride building
blocks in m-cresol, Senker’s group® synthesized several triazine-
based porous polyimide (TPI) polymer networks. The resulting
TPI polymer networks exhibited good chemical and thermal
stability as well as high CO, uptakes. Nevertheless, the monomer
TAPT was prepared from the quite preliminary precursor 4-
bromobenzonitrile via a series of tedious organic reactions.
Through a Yamamoto-type Ullmann reaction containing
quadricovalent Si and Ge, Ben et al.*® reported the synthesis of
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Scheme 1. Monomers and Schematic Structure of Resultant Porous Polymer Networks
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two porous aromatic frameworks (PAFs). These materials
exhibit high surface areas and excellent adsorption ability to
CH, and CO,. It should be stated that an expensive catalyst,
bis(1,5-cyclooctadiene) nickel(0), namely Ni(COD),, has to be
employed in the polymerization process. Actually, complex
monomers and/or expensive catalysts are commonly used for the
synthesis of most reported porous polymer networks, which
makes the synthetic process complicated, costly, and hard to
scale up. Despite great efforts have been dedicated, fabrication of
porous polymer networks from low-cost monomers via a
catalyst-free and simple polymerization reaction remains a
great challenge up to now.

Due to the polarizability and large quadrupole moment of
CO,, CO,-philic groups, amines, are usually introduced to create
strong interaction between the material and CO,. This approach
has been proven to be effective in enhancing the enthalpy of CO,
adsorption and the selectivity of CO,.>*~** It should be stated
that the type of amine has a significant effect on CO, adsorption
with regard to selectivity and energy consumption for
regeneration. Strong chemical interaction of primary amines
has a negative impact on regeneration of adsorbents, while
tertiary amines are unfavorable to adsorption capacity and
selectivity of CO,. Therefore, secondary amines are ideal
building blocks for porous polymer networks, and they can
take the balance of high selectivity of CO, and energy-saving
regenerationfM_50

In the present study, we developed a molecular template
strategy to fabricate a series of new porous polymer networks by a
simple nucleophilic substitution reaction of two monomers, that
is, chloromethylbenzene and ethylene diamine (Scheme 1). In
the synthetic systems, organic solvent molecules serve as the
templates to direct the growth of porous polymer networks,
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leading to the formation of well-defined micropores with the
dimension of solvent molecules. The polymerization reactions
can take place under mild conditions in the absence of any
catalysts. Moreover, both monomers are low-cost and readily
available. The resultant materials are interconnected with
secondary amine groups, and present appropriate interaction
for CO,, which is beneficial to both selective adsorption and
energy-saving regeneration. Our results demonstrate that these
materials are efficient for adsorption of CO,, whereas CH, and
N, are barely adsorbed. As a result, an unusually high selectivity
of CO, over N, and CH, is obtained. More importantly, these
porous polymer networks can be completely regenerated under
mild conditions, and the adsorption activity is well maintained
even after six cycles.

B EXPERIMENTAL SECTION

Materials Synthesis. The monomer 2,4,6-tris(chloromethyl)-
mesxtylene (Ml) was prepared according to a method reported
previously.”’ The porous polymer networks were synthesized by a
nucleophilic substitution reaction of M1 with ethylene diamine. In a
typical process, M1 (0.561 g, 2 mmol) was dissolved in tetrahydrofuran
(THF, 50 mL) and the solution was stirred vigorously, followed by the
addition of ethylene diamine (0.180 g, 3 mmol). A glovebox is not
necessary for the synthesis, while a large amount of water and CO, are
not beneficial to the formation of polymer. As a result, the obtained
solution was heated in a closed system (at 63 °C for 24 h). After the
solution cooled to room temperature, the reaction mixture was
centrifuged to remove the solvent, and the precipitate was treated
with an ethanol/water (20 mL/20 mL) solution of KOH (1.008 g) at 45
°C for 12 h. The material was then washed with an ethanol/water
solution for three times and dried at room temperature. The obtained
white powder was denoted as PI1. In a similar process, the porous
polymer networks P2 and P3 were synthesized, by using 1,4-dioxane
(DIO) and ethyl acetate (EA) as the solvents, respectively.
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Characterization. Fourier transform infrared (IR) spectra were
recorded on a Nicolet Nexus 470 spectrometer with a KBr wafer. The
proportion of samples and KBr are 1:150. Solid state C cross-
polarization (CP) magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectra were measured on a Bruker AVANCE 400
spectrometer using densely packed powders of porous polymer
networks in 4 mm ZrO, rotors. Elemental analysis was carried out on
an Elementar Vario EL elemental analyzer. Thermogravimetric (TG)
analysis was performed using a thermobalance (STA-499C,
NETZSCH). About 10 mg of sample was heated from room
temperature to 800 °C in a flow of N, (20 mL-min™"). For the analysis
of pore structure, two gas probes, N, and CO,, were employed. The
adsorption measurements were undertaken using a Micromeritics ASAP
2020 surface area and pore size analyzer. The samples were degassed at
120 °C for 6 h before analysis, then the sample was backfilled with N,
and transferred to the analysis system. N, adsorption was carried out at
77 K while CO, adsorption analysis was carried out at 273 K. The
specific surface areas for N, and CO, adsorption were calculated using
the Brunauer—Emmett—Teller (BET) model over a relative pressure
range of 0.01—0.10. Total pore volumes were calculated from the uptake
at a relative pressure of 0.95. Pore size distributions were calculated from
the adsorption isotherms by the Horvath—Kawazoe (HK) method.

Adsorption Experiments. Static adsorption experiments of CO,,
CH,, and N, were conducted using an ASAP 2020 analyzer. CO,
(99.999%), CH,, (99.99%), and N, (99.999%) gases were used for all
adsorption measurements. Free space was measured using helium
(99.999%), assuming that the helium is not adsorbed at any of the
studied temperatures. Adsorption—desorption isotherms of CO,, CH,,
and N, at 273 K were measured in an ice—water bath whereas isotherms
at 298 K were measured in a water bath.

The isosteric heats of CO, adsorption (Q,,) were calculated from the
CO, adsorption isotherms at temperatures of 273 and 298 K, the data
were simulated with a virial-type expression composed of parameters a;
and b; that are independent of temperature according to eq 1. Generally,
a nonlinear curve was obtained displaying the connection between In P
and adsorption quantity (N), from the fitting parameters results of a, the
Q, was calculated according to eq 2.°>

1 m , n )
mP=lN+— Y aN+ ) bN'
=0 i—o (1)

il (2)

To investigate the adsorption selectivity of CO, over CH, or N, on
porous polymer networks, the selectivity is defined as S = (x,/y;)/(x,/
,), where x; and y; (x, and y,) are the molar fractions of component 1
(component 2) in the adsorbed and bulk phases, respectively.”® The
ideal adsorption solution theory (IAST) of Myers®* has been reported to
predict binary gas mixture adsorption in porous materials accurately, and
so far, many theoretical models combined with the IAST have been
proposed to describe the adsorption data, such as Langmuir model, dual-
site Langmuir mode (DL), dual-site Langmuir—Freundlich mode
(DLF), and so on. Herein, the DL model was chosen to fit the
adsorption isotherms, and then DL-IAST was utilized to estimate CO,/
N, and CO,/CH, selectivities of porous polymer networks. In the
calculation, a CO,/N, ratio of 15/85 and a CO,/CH, ratio of 50/50
were used, which are a typical composition of flue gas emitted from coal-
fired power plants and a general feed composition of landfill gas,
respectively. The regeneration experiments was carried out on an ASAP
2020 analyzer, the sample was saturated with CO, up to 1 bar at 273 K
followed by evacuating at 60 °C, and the adsorption capacity of
regenerated adsorbents were then measured again.

The dynamic breakthrough curve measurements of porous polymer
networks were carried out in a steel tube column with an internal
diameter of 5 mm. The powder sample was packed with a length of 50
mm. The column was placed into an oven and was heated at 393 K with
an argon flow of 2 mL-min ™" for 4 h before the measurements. After the
column cooled down to room temperature, the gas flow was switched to
the desired gas mixture at the same flow rate at 0.2 MPa. The column

downstream was monitored using a Hiden mass spectrometer. The
complete breakthrough of CO, and other species was indicated by the
downstream gas composition reaching that of the feed gas. In the
experiments, binary mixture gases were prepared with a CO,/N, ratio of
15/85 and a CO,/CH, of 50/50, which are typical composition of flue
gas emitted from coal-fired power plants and general feed composition
of landfill gas, respectively.

B RESULTS

Synthesis and Structural Characterization. Porous
polymer networks were synthesized through the nucleophilic
substitution reaction of chloromethylbenzene with ethylene
diamine (Scheme 1). Six solvents with different molecular size
and polarity, namely THF, DIO, EA, ACE, DMF, and DMSO,
were attempted as shown in Table 1. The monomers can dissolve

Table 1. Physicochemical Properties of Solvents and
Resultant Products

Molecular Er(30)¢

Solvent Structure diameter (A) (kcal-mol™") Product
LY
Tetrahydrofuran &
4.12 374 P1
(THF) P
L=
1, 4-Dioxane

© o
| 4.80 36.0 P2
S g

(DIO) ¢

Ethyl acetate

<
) Mt 558 38.1 P3
Acetone
(ACE) K 4.30 422 -

N,N-Dimethyl %
formamide }*{ N 4.60 43.8 -
(DMF) e
Dimethyl sulfoxide ?

. . 416 45.1 -
(DMSO) %y

“E1(30) value is the molar electronic transition energies of dissolved
solvatochromic pyridinium N-phenolate betaine dye, which is used as
the parameter of solvent polarity.>®

in all of the above solvents, leading to the formation of clear
colorless solutions at the beginning of reactions. By using THF,
DIO, and EA as solvents, white powders can be obtained as the
target products. In the presence of ACE, DMF, and DMSO,
nevertheless, no solid products appeared under the same reaction
conditions, indicating that no polymerization reactions occurred
at all. Apparently, solvents play an important role in the synthesis
of porous polymer networks. Taking into account that the
hydrolysis of EA is possible under polymerization conditions due
to the formation of HCI, the liquid phase after polymerization
was analyzed by gas chromatography (GC). As shown in Figure
S1 (Supporting Information), no obvious difference can be
observed between the liquid after reaction and pure EA. This
suggests that EA is stable under the reaction conditions, which
may be related to the interaction of HCI with amines in polymers.
Triethylamine (Et;N) was used to capture HCl that generated in
the polymerization process. The adsorption capacity of obtained
material is apparently lower than the original material post-
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treated with KOH (Figure S2, Supporting Information), which
indicates that Et;N is not eflicient for the capture of HCI
generated during synthesis. Various methods such as IR spectra,
solid state *C CP MAS NMR spectra, and elemental analysis
were then employed to characterize these porous polymer
networks.

As shown in Figure 1, the IR spectrum of M1 displays strong
bands at 600—800 cm ™" due to the C—Cl stretching vibrations. In

M1

P3

3200 2400 1600 800

Wavenumber (cm™)

Transmittance (a.u.)

Figure 1. IR spectra of the monomer M1 and porous polymer networks
P1, P2, and P3.

the IR spectra of P1, P2, and P3, however, these bands diminish
to an undetected level, suggesting the cleavage of C—Cl bonds in
the process of polymerization. Two weak bands at 2916 and 2846
cm™), representing the stretching vibrations of —CH,—, can be
observed in the spectrum of MI. Their intensity is greatly
enhanced after polymerization, which is due to the connection of
—CH,— groups from the monomer diamine. The products P1,
P2, and P3 give two new bands at 1104 and 3428 cm ™', which can
be ascribed to the C—N and N—H stretching vibrations,
respectively. IR spectra of the monomer and products clearly
show the cleavage of C—Cl bonds, the formation of C—N bonds,
and the enhancement of —CH,— groups. This demonstrates that
the porous polymer networks were fabricated through a
nucleophilic substitution reaction, as shown in Scheme 1. The
band at 1640 cm™' originated from primary amine groups
(—NH,) are detected on the products. This reveals that only one
—NH, in some diamines reacts with M1 and forms —NH—, while
the other —NH, becomes a pendant group in the products. It is
easy to understand that the lower band intensity of —NH,
mirrors a higher polymerization degree of porous polymer
networks. On the other hand, the intenser of the band at 3428
cm™' (N—H) is, the higher of the polymerization degree should
be. By combining the bands of -NH, with N—H, it is reasonable
that P1 with an intenser N—H band and a weaker —NH, band
has the highest polymerization degree among the three porous
polymer networks.

Figure 2 displays the solid state *C CP MAS NMR spectra of
porous polymer networks. The three porous polymer networks
present similar spectra, despite that different solvents were used
in the synthetic process. All of the spectra give a peak at 133.7
ppm, which is assigned to the sp> C in benzene rings. For the
carbon atoms of methyl directly connected to benzene rings, they
present a peak at 14.8 ppm. The NMR peaks of carbon atoms
connected to alkyl carbon and nitrogen are combined, which
produces a broad peak at 50.2 ppm. The elemental analysis was
also conducted and the results are shown in Table 2. The

°
HN
e P3

180 150 120 90
ppm

A
A

Figure 2. Solid state '*C CP MAS NMR spectra of porous polymer
networks P1, P2, and P3.

products mainly consist of three elements, that is, carbon,
nitrogen, and hydrogen. The nitrogen contents of around 12 wt
% were observed in the porous polymer networks, indicating the
successful introduction of nitrogen that may act as active species
for the adsorption of CO,. The IR spectra, together with NMR
and elemental analysis results, demonstrate the successful
fabrication of porous polymer networks through nucleophilic
substitution reactions.

The pore structure of porous polymer networks was first
evaluated by N, adsorption at 77 K. The isotherms show that the
N, uptakes at relative pressures lower than 0.8 are quite low, and
the uptakes increase greatly at relative pressures higher than 0.8
(Figure S3, Supporting Information). Supercritical CO,
activation is a good method to maintain some pores that may
be destroyed during thermal activation.® The polymers were
thus activated using supercritical CO,. The N, uptake can be
enhanced slightly, while the effect of supercritical CO, is not as
obvious as that reported in literature.’® These results suggest that
N, is difficult to enter the pores of porous polymer networks,
while with the increase of pressure, adsorption occurs on the
outer surface and/or pores between aggregated particles.
Correspondingly, the BET surface areas calculated from N,
adsorption are quite low. For instance, the material P1 only has a
surface area of 10.7 m*g ™" (Table 2). Because the molecular size
of CO, (3.30 A) is smaller than that of N, (3.64 A), CO, was
employed to probe the pore structure. The adsorption of CO, at
273 K offers a valid complementary method to study the porosity
of material, in particular, the narrow micropores.’”>” Unlike N,
adsorption, a large number of CO, can be adsorbed at low
relative pressures as shown in Figure 3. All of the materials show a
type I isotherm according to IUPAC classification with
characteristically steep uptake at low relative pressure. This
suggests the microporous property of materials. The CO, uptake
on P1 is obviously higher than that on P2 and P3. In comparison
with N, adsorption, more valid textual parameters can be
obtained by CO, adsorption. Take P1 as an example, the surface
area from CO, adsorption is 99.9 m*g™' (Table 2). This
indicates that the pore diameter of P1 is larger than CO, while
smaller than N,. As a result, the polymer can have high CO,
adsorption ability and low N, adsorption ability, leading to a high
selectivity of CO,/N,. Despite of the probe molecules, similar
orders of pore diameters and pore volumes are observed.
Apparently, the material P1 exhibits a smaller pore diameter and
a larger pore volume in contrast with P2 and P3.

The thermal stability of porous polymer networks is examined
by TG. As given in Figure 4, the weight losses at about 100 °C
ascribed to the desorption of adsorbed water are negligible for all
the materials, which indicates the hydrophobicity of porous

dx.doi.org/10.1021/am505851u | ACS Appl. Mater. Interfaces 2014, 6, 20340—20349
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Table 2. Textural Properties and Elemental Analysis of Porous Polymer Networks

sample Sger” (m*g™) v,? (cm*g™)
P1 99.9 (10.7) 0.073 (0.026)
P2 56.7 (8.1) 0.051 (0.017)
P3 50.1 (94) 0.050 (0.019)

elemental analysis (wt %)

D, (A) N C H

3.6 (5.6) 12.14 71.77 9.22
43 (5.9) 11.90 70.31 8.99
4.1 (5.7) 11.98 72.83 9.33

“The parameters were measured by CO, adsorption at 273 K, whereas the parameters in parentheses were measured by N, adsorption at 77 K.

W & g o N
o © © © ©

-1
CO, uptake (mg-g’)

N
=]

Pressure (bar)

-=—P1
—o— P2
——P3

dV /dd
P

12 16
Pore diameter (A)

20 24

Figure 3. CO, adsorption—desorption isotherms at 273 K. Pore size distributions were calculated from adsorption branches by the HK method.
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Figure S. Adsorption isotherms of CO,, CH,, and N, on porous polymer networks P1, P2, and P3 at different temperatures. The lines are fitted results

by use of the DL model.

polymer networks. The hydrophobicity/hydrophilicity of
materials was also studied by the static water contact angle.
The contact angle of a typical polymer P1 is 63°, as shown in
Figure S4 (Supporting Information). For inorganic porous
materials, due to surface hydrophilicity, the water droplet can
easily penetrate into the bulk in the contact angle measurement,
and disappeared within several seconds. In the case of organic
polymers, however, the contact angles are usually higher than
90°. The presence of hydrophilic groups (such as acrylic acid,
amines, and alumina) can lead to the decrease of contact angle as

20344

reported in the literature.’®* Hence, it is easy to understand that
the present materials show a contact angel higher than inorganic
materials but lower than pure organic polymers. The
predominant decomposition of frameworks takes place at
about 400 °C, followed by a gradual weight loss up to 600 °C.
The final weight stays steady at about 10% of the original weight
of materials, which may be due to the formation of carbon. A
slight weight loss at 200—400 °C can be observed for P2, which is
absent in other materials. In addition, the decomposition of P1
and P3 shows a sharp DTG peak at 396 °C, whereas that of P2 is

dx.doi.org/10.1021/am505851u | ACS Appl. Mater. Interfaces 2014, 6, 20340—20349
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Figure 6. IAST selectivity of CO,/N, and CO,/CH, on porous polymer networks at 298 K.

at 385 °C. These results reflect that P1 and P3 are more stable as
compared with P2.

Static Adsorption Behavior of CO,, CH,, and N,. The
adsorption behavior of CO,, CH,, and N, on different materials
was systematically studied. P1 has the highest adsorption
capacity on CO, among the three porous polymer networks in
two different temperatures (Figure S). For example, the uptakes
of CO, on P2 and P3 are 57.6 and 56.2 mg-g~", respectively, at
273 K. Under the same conditions, the uptake of CO, on P1
reaches 82.1 mg-g™', which is obviously higher than that on P2
and P3. The adsorption capacity of P1 is comparable to some
reported adsorbents such as porphyrin porous polymer CuPor-
BPDC (55.0 m: -g_l),so microporous MOF {[Ni(L),]-4H,0},
(56.2 mg-g™"),'° conjugated microporous polymer CMP-1-NH,
(70.4 mg'g_l),éo porous electron-rich covalent organonitridic
framework PECONF-1 (81.8 mg-g_l),é1 and porous polymer
network PPN-6 (88.4 mg-g_l).62 MEA is the most well-studied
alkanolamine for CO, capture applications and is usually
dissolved in water at a concentration of about 20—30 wt %.
The reaction of 2 equiv of MEA with CO, results in the
formation of an anionic carbamate species and a corresponding
ammonium cation. Hence, the CO, uptake of an MEA solution is
between 1.6 and 2.4 mmolg™', depending on the specific
concentration. The CO, uptake of P1 was calculated to be 1.8
mmol-g~', which is comparable to the MEA solution. In contrast
to CO,, the other gases CH, and N, are barely adsorbed on the
porous polymer networks. At 273 K, the uptake of CH, on P1 is
only 2.6 mg-g~', while that of N, is negligible (0.6 mg-g™"). The
same trend is also found on P2 and P3. The uptake of CH, and
N, on the present materials are lower than common porous
materials reported in literature. These results indicate a high
selectivity of CO, over CH, and N,. As can be seen from CO,
adsorption isotherms, an initial steep increase in CO, uptake at
low pressure is observed, which suggests the presence of high-
affinity binding sites (chemisorbed sites) for CO,. With the
increase of pressure, the CO, uptake keeps increasing, indicating
that physically adsorbed sites also exist in the polymers. IR
spectra of P1 before and after CO, adsorption were further
recorded, shown in Figure SS (Supporting Information). The
band at 3428 cm™' that is ascribed to the N—H stretching
vibration is weakened obviously due to the adsorption of CO,.
The IR results thus confirmed the presence of chemisorbed sites
in the polymers.

To estimate the selectivity of CO,/N, and CO,/CH,, the DL-
IAST model is employed. The fitting parameters of the DL
model are shown in Tables S1—S3 (Supporting Information).
The results of IAST selectivity are displayed in Figures 6 and S6
(Supporting Information). All porous polymer networks exhibit
high adsorption selectivities of CO, over N, and CH,. At 298 K

20345

and 1 bar, the IAST selectivity of CO,/N, on P1 can reach 10139,
which is higher than that on P2 (2113) and P3 (2736). Also, the
selectivity of CO,/CH, on P1 is higher than that on P2 and P3.
To the best of our knowledge, the material P1 shows the highest
CO,/N, selectivity among the reported materials up to now.
This selectivity is apparently higher than some well-known
materials such as metal—organic frameworks SIFSIX-3-Zn
(1818)"* and Mg-MOF-74 (352),%* porous polymer networks
PPN-6-CO,DETA (442),% and zeolite 13X (220).%*

To further understand the affinity of polymers and CO,, the
isosteric heat of adsorption is calculated from the isotherms at
273 and 298 K, shown in Figure 7. The nonlinear curve fitting

80
70
60 -
50
40
30
20+
10+

o 1 1 L 1 1 L
0 10 20 30 40 50 60 70

A
CO, uptake (mg-g")

st

Q_, (kJ-mol™)

Figure 7. CO, isosteric heat of adsorption of porous polymer networks
P1, P2, and P3.

results of isotherms by the virial-type equation are shown in
Figures S7—S9 (Supporting Information). At zero loading, the
heat of adsorption of P1 reaches 75.9 kJ-mol ™', whereas that of
P2 (52.3kJ-mol™") and P3 (54.2 kJ-mol™") is somewhat lower. As
CO, uptake increases, the heat of adsorption declines
significantly, which may be caused by the continuous occupation
of active sites with the increase of uptake.

Taking into account that the recyclability is crucial to the
practical application of adsorbent, regeneration of porous
polymer networks was carried out. As shown in Figures 8 and
S10 (Supporting Information), no loss of activity is observed
even after six cycles, demonstrating the excellent recyclability of
present materials. It is worth noting that the saturated adsorbents
were regenerated at only 60 °C for 100 min. These mild
conditions are sufficient to recover the adsorption capacity
completely. This can be attributed to the use of secondary amines
as building blocks of adsorbents, which offers an appropriate
CO,-adsorbent interaction. Lu et al.® reported a porous polymer
network tethered with primary amines, namely PPN-6-
CH,DETA. The lower limit for the regeneration of adsorbents
is 80 °C for 100 min, which is severer as compared with present
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Figure 8. Six cycles regeneration experiment of CO, adsorption over the
adsorbent P1.

materials constructed with secondary amines. By using chemical
activation of polyindole nanofibers, Saleh et al®® prepared
nitrogen-doped microporous carbon materials for CO, capture.
Although a temperature of 150 °C is required for the
regeneration of adsorbents, a slight loss of adsorption capacity
can be observed after 10 cycles. The excellent recyclability, along
with mild regeneration conditions, makes the present adsorbents
highly promising for practical applications, aiming to develop
new, energy-efficient carbon capture processes.

Dynamic Breakthrough Curve Measurements. For bulk
separation of gas mixtures in the process of pressure swing
adsorption (PSA) and temperature swing adsorption (TSA),
dynamic breakthrough curves are quite useful to assess the
performance of a new adsorbent. Two binary gas mixtures,
namely CO,/N, (15/85) and CO,/CH, (50/50), were used for
column breakthrough curve measurements. The results are
illustrated in Figures 9, S11, and S12 (Supporting Information).
In the case of a CO,/N, mixture, N, is the first gas to break
through the column at about 20 s, which is understandable
because N, is only weakly adsorbed on P1. It is worthy of note
that the breakthrough of CO, is 450 s, which is much later than
N,. A roll-up of N, can be seen from the breakthrough curve,
which is displaced by CO, when CO, becomes the most
adsorbed gas. Likewise, CH, is the weak adsorption ingredient in
the case of a CO,/CH, mixture, and can break through the
column first at about 80 s. This breakthrough time is obviously
earlier than that of CO, (300 s). A roll-up of CH, is observed in
the breakthrough curve, and is larger than that of N,. This is
caused by the higher content of CH, in the binary gas mixture. In
comparison with P2 and P3, the selectivity of CO,/N, and CO,/
CH, on P1is higher. For example, the breakthrough time of CO,
on P1 is 450 s, which is longer than P2 (330 s) and P3 (360 s).
The dynamic breakthrough curves are in good agreement with

the static adsorption results, and give further evidence of the high
potential of present porous polymer networks in industrial
applications.

B DISCUSSION

By use of a nucleophilic substitution reaction of chloromethyl-
benzene and diamine, a series of porous polymer networks are
successfully fabricated. The reaction of chloromethylbenzene
with amine group results in the formation of new C—N bonds
along with hydrogen chloride as a byproduct. As a result, a large
number of secondary amine groups are generated; they perform
as bridges to connect benzene rings (Scheme 1). A continuous
spatial polymer network is thus constructed. The network is
made up of not only rigid groups (benzene rings) but also flexible
linkages (C—C and C—N single bonds). In the synthetic process,
it should be hard to form pores owing to the random orientation
of flexible linkages. Interestingly, the present porous polymer
networks exhibit relatively uniform pores with a size close to
solvent molecules, which indicates that solvents play an
important role in the formation of porous polymer networks.
In addition to the function of reaction medium, the solvents are
deemed to act as molecular templates, directing the growth of
materials. The utilization of molecular templates to direct the
formation of polymers has already been reported. The key point
is the interaction between template and monomer, which can be
demonstrated by UV absorption.**®” The UV absorption spectra
of monomers in solvents were thus recorded. As shown in Figure
S13 (Supporting Information), the redshift of ethylene diamine
in THF was clearly observed, implying an association between
the monomers and solvent molecules via hydrogen bonding.
This gives further evidence of the templating role of solvent
molecules. The interaction between solvent molecules and
precursors lead to the positioning of the building blocks of
polymers. The solvent molecules thus played a directing role,
making polymer growth proceed in continuous solvent phase. A
polymer intermediate with the pores occupied by solvents is thus
fabricated. After the removal of solvents, porous polymer
networks with pore dimensions of solvent molecules are
produced.

It is interesting to note that the properties of polymers (e.g,
polymerization degree, pore structure, and thermal stability) are
different, despite that the same monomers and reaction
conditions are employed for the synthesis. As a result, the
properties of polymers should be strongly dependent on solvents
used. To dissolve the two monomers in the present study, polar
solvents are evidently required. A collection of polar solvents are
thus attempted, as listed in Table 1. To compare the polarity of
solvents quantitatively, E+(30), the molar electronic transition
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Figure 9. Dynamic breakthrough curves of CO,/N, and CO,/CH, over the adsorbent P1.
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energy of dissolved solvatochromic pyridinium N-phenolate
betaine dye, is applied.>> A high E(30) value corresponds to
high solvent polarity. As shown in Table 1, the E+(30) values of
different solvents vary from 36.0 to 45.1 kcal-mol™". It is worth
noting that solvents (THF, DIO, and EA) with an E1(30) value
lower than 38.1 kcal-mol ™" favor the formation of polymers. On
the contrary, for the solvents (ACE, DMF, and DMSO) with an
E1(30) value higher than 42.2 kcal'‘mol™', no products can be
formed at all. That means, as the reaction medium, solvents with
too high polarity are harmful. A solvent with high polarity has
strong interaction with the monomers. When the E1(30) value is
higher than 42.2 kcal'mol™’, such interaction may become
comparable to the interaction between two monomers and thus
hinder the polymerization reactions. Besides, even if some
fragments were yielded from several monomer molecules, the
high polarity of solvent may lead to the dissolution of these
fragments. Apparently, the polarity of solvents is essential to the
fabrication of porous polymer networks.

In addition to polarity, the molecular sizes of solvents are
considered to be another factor affecting the fabrication of
porous polymer networks. When THF is used as the solvent, the
polymer P1 can be obtained. The pore size of P1 is 3.6 A
calculated from CO, adsorption, whereas that of P1 is 5.6 A
calculated from N, adsorption. The HK model is utilized to
calculate the pore size for both CO, and N, adsorption. For the
calculation of pore size distribution, various probe molecules and
different methods could be used. The use of different probe
molecules and methods may lead to different results. It should be
normal because the pore structure for amorphous materials is
complicated. Taking account of the accuracy of measurements
and models, it is reasonable that the pore size of P1 is consistent
with the molecular size of THF (4.12 A). When solvents (i.e.,
DIO and EA) with larger molecular sizes are employed, the pore
sizes of resultant polymers increase. By comparing Tables 1 and
2, it could be found that the pore size distribution of polymers is
not completely consistent with the molecular size of solvents.
Hence, the molecular size of solvent is not the unique factor
influencing the pore size of polymer. In addition to molecular
size, the polarity of solvents also has an effect on the formation of
polymers. The rate of polymerization is very important to
optimize porosity if the used solvents could affect this rate. It is
found that the rate of polymerization in EA is a little higher than
that in THF and DIO, but in general, there is no obvious
difference for different solvents. As a result, the rate of
polymerization caused by the used solvents should have a
minor effect on porosity of polymer in the present study. As a
result, it is postulated that the small molecular size of THF,
together with the proper polarity, endows the resultant polymer
P1 with the small pore size and high polymerization degree. The
high polymerization degree of P1 is responsible for the large pore
volume, high nitrogen content, and high thermal stability. On the
basis of the above-mentioned analysis, it is conclusive that the
properties of porous polymer networks strongly depend on the
molecular size and polarity of solvents.

As described above, the present porous polymer networks
exhibit excellent selective adsorption capacity on CO,. Under the
same conditions, the uptakes of CH, and N, are neglectable. The
high selectivity can be attributed to two factors, that is, the
presence of abundant amine groups in frameworks and the
appropriate pore sizes of polymers. First, secondary amines are
typical CO,-philic sites, and can build strong interaction between
CO, and polymers. This kind of interaction is absent in the case
of CH, and N, as adsorbate molecules. Second, the dymanic

diameter of CO, is 3.30 A, and is smaller than that of CH, (3.80
A) and N, (3.64 A). More importantly, the pore sizes of present
adsorbents are quite close to the diameters of these adsorbate
molecules. Accordingly, the effect of molecule sieving emerges
on the present adsorption system. CO, with a small molecular
size is easy to enter the pores of adsorbents, whereas the access of
CH, and N, to the pores are relatively difficult. Based on the
analysis above, it is easy to understand that P1 shows the highest
selectivity of CO, over CH, and N, among the porous polymer
networks. The largest content of amine groups in P1 is
considered the first factor. In addition, the pore size of P1 is
smaller than that of P2 and P3, and the effect of molecule sieving
should be more obvious. In short, the excellent selective
adsorption capacity of present materials on CO, is related to
amine groups in their frameworks as well as proper sizes of the
pores.

Despite the many efforts that have been made, so far, low-cost
synthesis of porous polymer networks is still an open question
from the viewpoints of monomers and catalysts. In this study, we
design a molecular template strategy to construct porous
polymer networks through a nucleophilic substitution reaction.
Both monomers (chloromethylbenzene and ethylene diamine)
are inexpensive and readily available. More importantly, the
polymerization reactions can occur under mild conditions
without the addition of any catalysts. In addition to the reaction
media, the organic solvents play a templating role, making the
growth of porous polymer networks proceed under the direction
of solvent molecules. As a result, the obtained materials exhibit
well-defined micropores with dimensions of solvent molecules.
Through the nucleophilic substitution of chloromethylbenzene
with ethylene diamine, the frameworks with abundant secondary
amines are generated, which offers appropriate adsorbate—
adsorbent interaction that is beneficial for selective adsorption
and energy-efficient regeneration. The pore structure, together
with plentiful amines in frameworks, makes our materials highly
active for selective adsorption of CO,, whereas CH, and N, are
barely adsorbed. Furthermore, these materials can be completely
regenerated under mild conditions, and no loss of activity is
observed after six cycles. The low-cost synthesis, high
physicochemical stability, outstanding CO, selectivity, and
energy-saving regeneration make the present porous polymer
networks highly promising in selective capture of CO, from
mixtures such as flue gas and natural gas.

B CONCLUSIONS

A collection of porous polymer networks are fabricated via a
nucleophilic substitution reaction of chloromethylbenzene and
ethylene diamine. In addition to the reaction media, the solvents
also play a templating role that can direct the growth of porous
polymer networks. The properties of resultant materials
(including polymerization degree, pore structure, and thermal
stability) are thus strongly dependent on solvent used. The
molecular sizes and polarity can quantitatively reflect the nature
of solvents, and correlate well with the properties of materials.
Due to the presence of plentiful secondary amines in frameworks
and appropriate pore sizes, these materials exhibit high activity in
selective capture of CO, from gas mixtures containing CH, and
N,. By judicious choice of monomers and solvents, the present
strategy should enable secondary amines to be introduced to
frameworks with a variety of pore structures and pore sizes,
resulting in the fabrication of new porous polymer networks that
have great potential for applications in adsorption and catalysis.
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