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ABSTRACT: We report the design and synthesis of an amide
functionalized microporous organic polymer (Am-MOP)
prepared from trimesic acid and p-phenylenediamine using
thionyl chloride as a reagent. Polar amide (—CONH-)
functional groups act as a linking unit between the node and
spacer and constitute the pore wall of the continuous
polymeric network. The strong covalent bonds between the
building blocks (trimesic acid and p-phenylenediamine)
through amide bond linkages provide high thermal and
chemical stability to Am-MOP. The presence of a highly
polar pore surface allows selective CO, uptake at 195 K over
other gases such as N,, Ar, and O,. The CO, molecule
interacts with amide functional groups via Lewis acid—base

Knoevenagel
condensation

Selective CO,
adsorption

Amide functionalized MOP

type interactions as demonstrated through DFT calculations. Furthermore, for the first time Am-MOP with basic functional
groups has been exploited for the Knoevenagel condensation reaction between aldehydes and active methylene compounds.
Availability of a large number of catalytic sites per volume and confined microporosity gives enhanced catalytic efficiency and

high selectivity for small substrate molecules.
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1. INTRODUCTION

Design and synthesis of microporous organic polymers
(MOPs) with pore size <2 nm have attracted tremendous
attention in both academia and industry owing to their
potential applications in gas storage,l_4 separation,s_7 opto-
electronics,” ' and catalysis."'”'* The presence of light
elements (C, H, N, and O) makes them extremely less dense
than known porous materials. The vast choice of organic
building blocks and synthetic diversity allow fine-tuning of the
pore surface and specific surface area of the polymers, and
strong covalent bonding in the network would lead to high
thermal and chemical stability.">'°Although metal—organic
frameworks (MOFs) are recognized for high specific surface
areas and adsorption capacities,"”'® limited hydrolytic stability
of most of the MOFs (excluding few stable MOFs such as
zeolitic imidazolate frameworks (ZIFs) and Materials of
Institute Lavoisier (MILs)) restrict their applications in
humid or other extreme conditions.'® In this regard, organic
polymers are superior porous materials with a greater degree of
recyclability.’°"** Specifically, selective CO, capture and
storage has gained a lot of interest due to its environmental,
economic reasons, and separation of CO, from N, is one of the
prime requirements for the CO, capture technology with
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concern of flue gas. Apart from MOFs,**~*” several MOPs have
also been studied for selective CO, sorption.”*>*° CO, sorption
capacity does not solely depend on the surface area,
functionalities such as —NH,, —C=N, —OH, F, etc. present
on the pore surface which tune the isosteric heats of adsorption
required to attain higher amount of uptake and selectivity in
microporous frameworks either in MOFs or organic porous
polymers.*73® However, the costly metal complex catalysts
associated in the case of conjugated microporous polymers
(CMPs), reversible nature of imine bonds in covalent organic
frameworks (COFs), or limited stability of MOFs at high
temperature conditions limit their usage. Therefore we sought
to design MOPs with simple building blocks having basic polar
functionalities for improving CO, selectivity and other
properties like catalysis. With this objective, we have designed
a new microporous organic polymer with amide (>CONH)
functional groups (Am-MOP) on the pore surface and envisage
that these amide groups would specifically interact with CO,
molecules having a large quadrupole moment and the mildly
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Scheme 1. Schematic for Synthesis of Am-MOP Polymer
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basic nature of amide groups could be exploited for
heterogeneous catalysis. In this contribution, we report the
design and synthesis of an amide functionalized organic
polymer (Am-MOP) based on condensation of trimesic acid
and p-phenylenediamine and characterized by FTIR, *C/CP-
MAS NMR, FESEM, TEM, and PXRD measurements. Am-
MOP shows inherent microporosity and selective CO, uptake
over other gases. Moreover, inherent microporosity of Am-
MOP with mild basic functional groups prompted us to study
catalytic Knoevenagel condensation reactions. The high density
of amide groups along the pore walls, inherent H-bonding
capability with different organic molecules, and confined
microporosity result in facile interaction with the substrates
and give enhanced selectivity and high catalytic efliciency.

2. EXPERIMENTAL SECTION

2.1. Materials. 1,3,5-Benzenetricarboxylic acid or trimesic acid and
p-phenylenediamine were purchased from Sigma Aldrich Chemical Co.
and used without further purification. All solvents were dried before
using. Triethylamine, aniline, thionyl chloride, and all reagents used for
catalysis were purchased from Across Organics.

2.2. Characterization. The elemental analysis was carried out
using Thermo Fischer Flash 2000 Elemental Analyzer. Infrared (IR)
spectra were carried out using KBr pellets on a Bruker FT-IR
spectrometer. Solid-state '3C cross-polarization magnetic angle
spinning (CP-MAS) NMR spectra were measured on a Varian Infinity
Plus 300 WB spectrometer at a MAS rate of S kHz and a CP contact
time of 1.4 ms. Morphological studies have been carried out using
Lica-S440I field emission scanning electron microscopy (FESEM) by
placing samples on a silicon wafer under high vacuum with an
accelerating voltage of 10 kV. Transmission electron microscopy
(TEM) analysis was carried on a JEOL JEM-3010 transmission
electron microscope with an accelerating voltage of 300 kV. The
sample is prepared by dispersing Am-MOP in ethanol under
sonication and drop casted onto a carbon-coated copper grid. Powder
X-ray diffraction (PXRD) measurements were carried out using Bruker
Discover-8 diffractometer employing Cu—Ka radiation. Thermogravi-
metric analysis (TGA) was done using Mettler Toledo TGA 850
instrument in nitrogen atmosphere in the range of 30—800 °C with a
heating rate of S °C per min. Porosity measurements were
accomplished using QUNATACHROME QUADRASORD-SI ana-
lyzer at 77 K for N,, 195 K for CO,, Ar, N,, and H, at low pressure
and for CO, at 273 K, 293 K, and 1 atm.

2.3. Synthesis of Am-MOP. In a typical experiment trimesic acid
(1 equiv, 105.07 mg) in tetrahydrofuran (THF) within a Schlenk flask
is degassed and purged with argon (Ar). To this thionyl chloride (3.5
equiv, 0.127 mL) was added dropwise under the continuous flow of
Ar. The mixture is allowed to heat at 80 °C for 2 h. After cooling the
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mixture to room temprature, it was washed with dry THF several
times resulting in trimesoyl chloride. To trimesoyl chloride in dry
THF, a solution of p-phenylenediamine (1.5 equiv, 81.0 mg) and
triethylamine (1.5 equiv, 0.1 mL) in THF was added dropwise at 0 °C
under continuous stirring. The reaction is allowed to cool to room
temperature and further stirred for 18 h. The precipitates were
collected by filtration and washed several times with THF, water, and
acetone. The resultant powder immersed in acetone overnight and
dried at room temperature under vacuum to afford a pale white
powder. Yield: 75%. Elemental analysis of guest free samples for
Cy;H, N4O; Calculated: C, 67.9; H, 4.4; N, 17.6. Found: C, 63.3; H,
5.0; N, 13.2. FT-IR (cm™): 3243 (br), 3066 (br), 1664 (sh), 1511
(sh), 1403 (sh), 1309 (sh), 1246 (sh), 829 (sh), 791 (w), 518 (br).

2.4. General Procedure for the Catalytic Reactions.
Benzaldehyde derivative (1 equiv) and malononitrile (1 equiv) were
taken in a predried Schlenk tube, and THF (3 mL) was added to it
under inert atmosphere. It is stirred for ten minutes at room
temperature followed by the addition of guest free Am-MOP (0.9 mol
%). The reaction mixture is refluxed at 40 °C under nitrogen
atmosphere. The reaction mixture is concentrated and filtered to
recover the catalyst. Filtrate is analyzed using a GC-MS analyzer, and
products were qualitatively analyzed by '"H NMR spectroscopy (see
the Supporting Information for details).

2.5. Computational Details. Geometry optimization of a basic
unit (Figure 5a) was carried out in gas phase using Gaussian 09.”” The
initial structure was modeled in GaussView>® which was optimized for
its geometry at the M06-2X/cc-pvtz level of theory. The dimer (Figure
Sb) of the basic unit was optimized at the M06-2X/cc-pvdz level of
theory. During the geometry optimization, the maximum component
of force on any atom was converged to less than 4.5 X 107° au.

As seen in Figure Sb, the amide groups can form hydrogen bonds
among themselves in the native Am-MOP; thus the adsorbed CO, will
interact through weak Lewis acid/base interaction with the carbonyl
oxygen of the amide. The binding energy of CO, with the dimer of a
basic unit (Figure 7b) was calculated using the M06-2X/cc-pvdz//
MO06-2X/cc-pvtz level of theory as follows

AE = Ebasicunit+C02 - Ebasicunit - ECOZ

where AE = binding energy of CO,, Ec unitscoa = Optimized energy
of basic unit with CO,, Epc unit = Optimized energy of basic unit, and
Eco, = optimized energy of CO,.

To know the types of interactions exhibit by CO,, we calculated
electron density difference maps using the M06-2X/cc-pvtz level of
theory. It is calculated as

Ap = pbasicunit+C02 - pbasicunit - pCOZ

where Ap = difference in electron density, Pp.ic unitscoz = total electron
density of basic unit with CO,, Ej g uye = total electron density of
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Figure 1. (a) FTIR spectra of as-synthesized Am-MOP and (b) solid-state '*C/CP-MAS NMR of as-synthesized Am-MOP showing the presence of

triethylammonium chloride salt.
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Figure 2. (a) TGA of as-synthesized (black) and guest free (red) Am-MOP with a heating rate of 5 °C/min in the range of 30—800 °C and (b)
FTIR spectra of guest free Am-MOP indicating the intact of amide linkage in the polymer.

basic unit, and Eco, = total electron density of CO,. All structures
were visualized using GaussView and VMD.*®

The binding energy was calculated to be —28.4 kJ/mol using the
MO06-2X/cc-pvdz//MO06-2X/ cc-pvtz level of theory.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. The polymer Am-MOP
is reproducibly synthesized by the condensation of trimesic acid
and p-phenylenediamine in tetrahydrofuran (THF) using
thionyl chloride and triethylamine (Scheme 1). The as-
synthesized Am-MOP has been characterized by Fourier
transform infrared spectroscopy (FTIR), solid-state '*C/CP-
MAS NMR, and thermogravimetric analysis (TGA). FTIR of
Am-MOP shows bands at 1673 cm™' and 3270 cm™!
corresponding to ¥(C=0) and v(N—H) stretching vibrations
of amide bond indicating condensation of p-phenylenediamine
and trimesic acid. The presence of strong peaks in the range of
2677—2934 cm™" was attributed to aliphatic alkyl chains of the
triethylammonium chloride salt (formed by the reaction of
Et;N and HCI during the course of polymer formation) present
in the pores of the polymer. Peaks at 1514 cm™" and 1398 cm™
can be attributed to (N—H) in-plane bending and v(C—N)
stretching vibrations of amide groups (Figure 1a). Further, the
presence of amide functional groups in Am-MOP is confirmed
by the presence of peaks at 164 ppm in solid-state *C/CP-
MAS NMR spectra, and all other peaks ranging from 120 to
140 ppm correspond to aromatic carbons and peaks at 47 ppm
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and 10 ppm could be attributed to the aliphatic carbons of in
situ generated triethylammonium chloride present inside the
pores as a guest or template molecules (Figure 1b). Also, TGA
analysis shows weight loss of 13% between 150 and 200 °C
which corresponds to the loss of triethylammonium chloride
entrapped in the pores and further heating shows no loss up to
400 °C indicating the high thermal stability of Am-MOP
(Figure 2a, black). Hence, the sample was evacuated at 200 °C
in a long glass tube used for adsorption measurement, where we
observed crystalline transparent salts condensed at the upper
part of the tube during degassing and is confirmed to be
triethylammonium chloride salt from '"H NMR and powder X-
ray diffraction measurements (Figures S1 and S2). The sample
is completely evacuated at 200 °C for 72 h under vacuum to
remove all the salt present in the pores of Am-MOP. TGA
analysis of a guest free sample shows a weight loss of 2% below
100 °C attributed to loss of moisture in Am-MOP (Figure 2a,
red). Elemental analysis of guest free Am-MOP is found to be
Cy;H,NgO5(H,0), which is closely matching with the
monomer unit of polymer with little moisture as observed in
TGA analysis. Guest free Am-MOP is further characterized by
FT-IR, “C/CP-MAS solid-state NMR, and powder X-ray
diffraction (PXRD) studies. FTIR of Am-MOP shows bands at
1664 cm™" and 3270 cm™' corresponding to v(C=0) and
v(N—H) stretching of an amide bond indicating the amide
linkage in the polymer is intact even after complete removal of
salt at 200 °C (Figure 2b). Further, the presence of amide
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Figure 3. Solid-state '*C/CP-MAS NMR of guest free Am-MOP indicating the absence of any salt impurities.
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Figure 4. Powder X-ray diffraction patterns of (a) as-synthesized and (b) guest free Am-MOP.
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Figure S. Optimized geometry of (a) basic unit and (b) a dimer of the basic unit. C - silver, H - pink, N - blue,

O - red.

functional groups in Am-MOP is confirmed by the presence of
signals at 166 ppm with enhanced intensity in *C/CP-MAS
solid-state NMR spectra in comparison to as-synthesized Am-
MOP (Figure 3), and the absence of any peaks at 47 ppm and
10 ppm indicates that triethylammonium chloride is completely
removed from the polymer. PXRD measurements of as-
synthesized Am-MOP are observed to be crystalline which is
corroborated to triethylammonium chloride salt, and guest free
sample shows a broad peak centered at 24° suggesting that the
guest free polymer is amorphous in nature (Figures 4a and 4b).

The basic unit as shown in Scheme 1 was optimized for its
geometry using density functional theory (see the Experimental
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Section), and the same is shown in Figure Sa. This C3
symmetric moiety is planar. However, in a laterally stacked
dimer, such units became nonplanar due to the formation of
several N—H--O hydrogen bonds (Figure Sb). The formation
of hydrogen bonds has been shown to induce a red shift in the
carbonyl and N—H stretching frequencies in the literature.***!
We too have observed such a red shift in these bands, relative to
their gas phase values suggesting the H-bonding between the
units.

3.2. Morphology and Porosity. Morphology of the Am-
MOP was investigated using field emission scanning electron
microscopy (FESEM). At low magnifications compound shows

dx.doi.org/10.1021/am500057z | ACS Appl. Mater. Interfaces 2014, 6, 4630—4637
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aggregation of small particles resulting in irregular morphology
(Figure 6a). Further magnification shows the presence of

Figure 6. (a), (b) FESEM images of Am-MOP at different
magnifications showing spherical particles and (c), (d) TEM images
of Am-MOP showing continuous microporous polymer networks.

spherical particles clustered together and undergoes agglomer-
ation which is prevalent in several microporous organic
polymers,*” and the particle size ranges from 50 to 200 nm
(Figure 6b). Interestingly, TEM image analysis of Am-MOP
shows that these spherical particles constitute an extended
network structure (Figure 6c). Further magnification at the
edges of these particles discloses the presence of continuous
microporous structure (Figure 6d). Many covalent organic
frameworks reported in the literature possess sheetlike
morphologies and whose XRD pattern have been modeled
using stacked sheets with hexagonal network topologie-
s."**However, the formation of strong hydrogen bonds
between the amide groups of two basic units (as seen in
Figure 5) promotes nonplanar, three-dimensional architectures.
Thus, both the experimental and theoretical data strongly

suggest this Am-MOP to be an extended three-dimensional
porous network than one constituted by two-dimensional
sheets.

The permanent porosity of completely guest free Am-MOP
was analyzed using adsorption experiments with different
adsorbates. The guest free sample is activated at 150 °C to
remove any moisture prior to the adsorption measurements.
Adsorption measurements of N, (kinetic diameter = 3.6 A)
carried out at 77 K show a typical type-II profile suggesting the
surface adsorption (Figure 7a) and nonporous nature of
polymer to N,. Interestingly, an appreciable amount of CO,
(kinetic diameter = 3.3 A) adsorption was observed at 195 K
with a typical type-I profile, reflecting the microporous nature
(<2 nm) of the polymer. The final amount of CO, adsorbed is
found to be 40 mL/g which corresponds to 0.8 molecules per
formula unit (Figure 7a) and the Langmuir surface area
calculated to be 223 m*/g. Further, no uptake of other gases
like H, (2.89 A), Ar (3.7 A), and N, (3.6 A) is observed (Figure
S3) at 195 K suggesting that the polymer is CO, selective. An
optimized geometry of the CO, complexed with the dimer of
the basic unit is displayed in Figure 7b. The geometry was
obtained within the M06-2X*/cc-pvdz level of theory, and the
binding energy of CO, was calculated as —28.4 kJ/mol at the
MO06-2X/cc-pvtz//M06-2X/cc-pvdz level of theory. This value
is comparable to the experimental heat of enthalpy —27.6 kJ/
mol calculated using the Dubinin—Radushkevich (DR)
equation®® at 195 K. Electron density difference map analysis
shows that CO, interacts via Lewis acid—base type interaction
with the oxygen of amide carbonyl and also undergoes weak H-
bonding interaction with the phenyl C—H and 7—=n
interactions with the aromatic phenyl group. We have further
studied the CO, uptake capacity of Am-MOP at 273 K and 1
atm. As shown in Figure S4, Am-MOP shows a type-I CO,
uptake profile with the final amount being about 20 mL/g.
Similar uptake amounts are also reported in other organic
microporous polymers at similar conditions.*”**We have
calculated the pore size distribution of Am-MOP from CO,
adsorption data at 273 K using the density functional theory
(DFT) method.*® The pore width distribution showed maxima
at3.0and 4.1 A (Figure SS) suggesting the microporous nature
of the polymer.

3.3. Catalysis. Amide is a fascinating functional group
attributed for its dual interaction sites through the —NH moiety
and the >C=O0 group. The mildly basic nature of the amide

(a) (b)
404 —A—ads =

20

Gas uptake (mL/g)

Figure 7. Adsorption isotherms of Am-MOP (a) N, at 77 K (yellow) and CO, at 195 K (blue). (b) Optimized geometry of the basic unit
complexing with CO,. Cyan and orange regions indicate decreased and increased electron densities, respectively. The isosurface value is 5 X 107 au.

C - silver, H - pink, N - blue, O - red.
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functional group makes it versatile in catalyzing the
condensation reactions. For instance Kitagawa et al. and
Zhou et al. recently reported the Knoevenagel condensation
reaction using three-dimensional porous coordination polymers
with amide functional groups immobilized on the pore
walls.>>*' The interlinking amide groups constituting the
pore wall of the Am-MOP prompted us to study its catalytic
activity toward condensation of aldehydes and active methylene
compounds (commonly known as Knoevenagel condensation).

Malononitrile and p-nitrobenzaldehyde were taken as
reference to test the catalytic activity of activated guest free
Am-MOP. In a typical condensation reaction p-nitrobenzalde-
hyde (1 equiv), malononitrile (1 equiv), and Am-MOP (0.9
mol %) were taken in dry THF and stirred at 40 °C under inert
atmosphere conditions (Figure 8). The quantitative analysis of
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Figure 8. Catalytic reactions of the Knoevenagel condensation using
guest free Am-MOP and a conversion profile for various aldehydes
and active methylene compounds.

the product is monitored using GC-MS analyzer at regular
intervals of time. Although low conversion (37%) of conjugated
enone is observed in the first 3 h (Figure S6), a steep increase
has been noticed in the next few hours (66%, 6 h) (Figure S7),
and almost all the benzaldehyde is converted to product within
9h (>99%) (Figure S8). With this result, we are encouraged to
study the catalytic efficiency of Am-MOP toward different
active methylene compounds, and conversion results are
summarized in Figure 8. In order to check the selectivity of
the Am-MOP, we have chosen the bulkier methyl and ethyl
cyano acetate. Interestingly, appreciable conversions were
observed, in the case of the methyl derivative (88%) and up
to 90% conversion in the case of ethyl cyano acetate. However,
the reaction takes a longer time (about 12 h compared to
malononitrile), and no selectivity was observed between
malononitrile and methyl or ethyl cyano acetate. It is
noteworthy to mention, the longer reaction times in the case
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of methyl and ethyl substituted active methylene compounds
suggest that the network has the possibility to swell slowly in
order to accommodate the active methylene precursor and
catalyze the reaction. The swelling of polymer network in
organic solvents is often observed in microporous organic
polymers.>> On the other hand, the catalytic reaction with the
much bulkier tert-butylcyanoacetate shows feeble (<15%)
conversion under similar conditions even after 24 h. These
results suggest that Am-MOP is selective for small molecules,
and the large size of the tert-butyl precursor could not pass
through the pore window. These results suggest that the
micropore size of the catalyst plays an important role in
enhancing the selectivity of the Knoevenagel condensation
reaction. The catalytic reaction between malononitrile and p-
nitrobenzaldehyde using triphenylbenzamide (basic unit,
prepared by the condensation of trimesoylchloride and aniline,
Figure S9) shows no appreciable conversion (<10%) even after
24 h suggesting the efficiency of Am-MOP in catalyzing the
reaction. Products formed using catalytic Am-MOP was
analyzed by 'H NMR analysis (Figures S10—S13). The
enhanced efficiency of Am-MOP may be attributed to a large
number of catalytic sites available per volume, and micropore
confinement of the substrate would expect to play a role along
with basicity of amide functionality in enhancing the reaction
yields. Catalytic efficiency of Am-MOP is observed to be similar
up to four cycles of catalytic reactions.

4. CONCLUSIONS

In conclusion, we have successfully demonstrated the molecular
design and synthesis of an amide functionalized organic
polymer with microporosity. The presence of polar amide
functional groups along the pore wall displays high selectivity in
CO, uptake through effective interaction of CO, with the
>CONH group as supported by DFT based calculations.
Furthermore, mild basic functionalities (>CONH) were
exploited for Knoevenagel condensation reactions with good
selectivity. This work would pave the way to fabricate amide
functionalized polymers with tunable porosity depending on
the length of the linker with enhanced surface area, CO,
uptake, and catalytic activity.
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