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1. Instrumentation and chemicals

Nuclear magnetic resonance (NMR) spectroscopy: *H NMR spectroscopic analyses were carried out
using Bruker Avance 11l 500 NMR spectrometer. The solid-state *C cross-polarization magic angle
spinning (CP/MAS) NMR experiments were carried out on JEOL ECX2 400 MHz (field 9.4 T) using a 4
mm solid-state MAS probe. A 4 mm Zirconia rotor was used for packing the samples, and it was spun at
8 kHz at the magic angle.

Fourier transform infrared (FTIR) spectroscopy: Potassium bromide pellets were used to carry out
FTIR measurements on Perkin-Elmer Model 2000 FTIR spectrometer. The represented data were the
signal-averaged values of twenty scans at ambient conditions with a resolution of 4 cm™,

Thermogravimetric analysis (TGA): TGA measurements were performed on a Perkin EImer TGA-6000
instrument. The samples were heated under a nitrogen atmosphere from 30 °C to 900 °C at a rate of 10 °C
min~2.

Powder X-ray diffraction (PXRD): PXRD experiments were conducted on a PANalytical Empyrean

XRD instrument. Data were acquired for 20 values of 5° to 80°.

Specific Brunauer-Emmett-Teller (BET) surface area analysis: All the nitrogen sorption
measurements were carried out on Quantachrome Autosorb, QUA211011 equipment. Before analysis, the
samples were degassed under a vacuum for 12 h at 80 °C. BET isotherms were analyzed using ASiQwin
software.

Field emission scanning electron microscopy (FESEM): The morphology of the network polymer was
investigated using Carl Zeiss (Ultraplus) field emission scanning electron microscope. FESEM samples
were prepared by sprinkling ~ 0.5 mg of polymer on a carbon tape attached with an aluminium stub. Then
the samples were coated with a thin layer of sputtered gold. The imaging was performed at an accelerating
voltage of 5 kV and 20 kV.

High-resolution transmission electron microscopy (HRTEM): The morphology of the samples was
examined through the FEI TALOS 200S instrument at a working voltage of 200 kV. The samples were
prepared by drop-casting the supernatant of polymer dispersion in methanol on a lacey-carbon grid.

X-ray photoelectron spectroscopy (XPS): The XPS experiment was performed using PHI 5000 Versa
Prob 11, FIE Inc. For the measurement, a vacuum-dried powder sample drop was taken on a sample holder
of the size 1.5 mm radius. The scan time was set for 1 h per element for the core level scan (energy band:
20 eV) with a pass setting of 23.5 eV. 0.025 eV step and 100 ms time per step for 5 cycles.

Steady-state UV-visible absorption spectroscopy: Cary 100 spectrophotometer was used to record the
UV-visible spectra.
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Inductively coupled plasma optical emission spectrometry (ICP-OES): Pristine and recycled
Ag@NPOP were subjected to ICP-OES analysis to quantify the metal loading. 5 mg of Ag@NPOP was
digested in aqua regia (diluted to 15 mL by water) and was analyzed for the amount of Ag present.

Chemicals: All chemicals were used as received unless stated otherwise. Glutaraldehyde aqueous solution
(50% v/v), K2COs (>99%), tetrafluoroterephthalonitrile (99%), dimethylformamide (99.9%), sodium
borohydride, silver nitrate, n-tetrabutylammonium bromide were purchased from Sigma-Aldrich.
Resorcinol (98%) was received from Spectrochem.
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2. Synthesis and characterization of noria cage

HO OH y H  HCI, EtOH
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Scheme. S1 Synthetic scheme for noria.

We followed a reported procedure for the synthesis of the noria cage with minor modifications (Scheme
S1).!Resorcinol (40 mmol, 4.4 g) and glutaraldehyde solution (50 wt. % in water, 8.0 mmol) were taken
in a 250 mL round bottom flask and were dissolved in 50 mL of ethanol. Then 10 mL conc. HCI was
added drop-wise with stirring at 2-3 °C for 30 min. The solution was further kept for stirring at 80 °C for
48 h. After that, the reaction mixture was cooled to room temperature. Then it was poured into 150 mL of
cold methanol. The precipitate was collected by centrifugation and washed multiple times with water,
methanol, and diethyl ether, and a pale-yellow color solid was obtained. The product was dried in a glass
oven under vacuum for 24 h at 80 °C (Yield: ~ 30 %). *H NMR (500 MHz, [Ds] DMSO, 6 (ppm)): 0.81—
2.90 (m, 36 H, -CH2CH2CHz2-), 3.88-4.32 (m, 12 H, CH), 6.0-6.3 (m, 12, Ar-H), 6.9-7.5 (m, 12 H, Ar-
H), 8.65-9.45 (m, 24 H, OH, Fig. S25); *C NMR (126 MHz, [Ds] DMSO) éc (ppm)): 151.36, 151.31,
124.60, 122.66, 103.23, 102.33, 35.44, 33.64, 15.07 (Fig. S26). MALDI-TOF-MS: m/z [M] * calc. for
(C102H96024):1704.63, found: 1704.10; calc. for (Ci02He6024+Na): 1727.86, found: 1727.06; calc. for
(C102H96024+K): 1743.73, found: 1743.09.

3. Cage/cavitand-to-network design strategy

Nonporous monomers are mostly used as building blocks for the development of porous organic polymers
(POPs). However, in recent years, an alternative strategy has emerged where three-dimensional
‘preporous’ building blocks, such as cavitands and cages with well-defined discrete cavities, or voids are
employed for the development of a new generation of POPs (Fig. S1, Table S1).2° In this approach, cage/
cavitand molecules are linked with different types of rigid aromatic linkers to form extended networks
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with facile inter-pore connectivity. The benefit of the cage-to-network strategy is integrating the structural
and functional properties (e.g., guest recognition) of the preporous building blocks into the final network.

Noria
(Present work)

y-Cyclodextrin C-phenylresorcin[4]arene Calix[8]arene

O
CGH.; 0C6H; a © o}
0 i B 0 @ @ \>_CI N O 1 @ N7 \CI N
CeHiz @ NG /_ 0 s =
o 0 o NH Ef CI—(’ @ cl o 3o Cl . 5:—3—0 NHa
o ECH O 0 cl & & cl A }3
O R H1s N N = NS @}—}—0 NH,
ol s (P N ° @ @ N’_ Y—cl | & O A
0

NH @ 0C gH3 A /‘N c o o cl HoN

= (o]

Tetraphenylethylene-based Trigonal prismatic
Trigonal prismatic cage Trigonal prismatic triazine cage oxacalixarene cage cage

Fig. S1 The preporous cavitands and cages used for the development of porous organic polymers for multifarious
applications.

Table S1. Preporous cavitand and cage-based building blocks with multiple propagating sites (cavitand > 8, cage >
3) used for the development of porous organic polymers.
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3.1 Fabrication of noria-based porous organic polymer (NPOP)

Noria cage has 24 phenolic hydroxyl groups. Therefore, we varied the linker (tetrafluoroterephthalonitrile,
TFN) to noria ratio from 3 to 12 to knit noria (Table S2). We optimized the fabrication conditions by
varying solvents and the equivalent of the base (Table S2). We found a lower surface area of the polymer
by using three equivalents of TFEN. This might be due to the lower degree of crosslinking. On the other
hand, we observed that a higher equivalent of crosslinkers (TFN, 12 equiv.) led to the formation of soluble
nonporous oligomers, which might be due to the steric factor associated with bulky noria cage. We got
the highest surface area of the polymer with better yield by employing 6 equivalent of TFN. Furthermore,
solvent optimization provided the highest surface area materials. The optimized reaction conditions are
discussed provided below and are represented in Table S2.

Noria (100 mg, 0.06 mmol) and tetrafluoroterephthalonitrile (TFN, 72 mg, 6 equiv., 0.35 mmol) were
added to a 15 mL sealed-Schlenk tube (Table S2). 5 mL 1:1 (v/v) mixture of anhydrous DMF and 1,4-
dioxane were charged to Schlenk tube. The mixture was warmed to dissolve the monomers. The mixture
was brought to room temperature, and finely ground K2COs (215 mg, 1.56 mmol) was added to it. The
reaction mixture was degassed by three consecutive freeze-pump-thaw cycles. Then the reaction mixture
was stirred at 85 °C for 48 h under a nitrogen atmosphere. It was allowed to cool to room temperature and
quenched with 1 M HCI solution (10 mL). The precipitate was separated using centrifugation and washed
with 1,4-dioxane, methanol, and diethyl ether. Next, it was thoroughly washed by Soxhlet extraction for
24 h each in THF, methanol, and chloroform, respectively. The resulting brown solid was dried under
vacuum at 120 °C to yield NPOP polymer (estimated yield ~ 60 %, considering 1:6 ratio of noria and
TFN in the repeating unit).

Table S2: Optimization table for the synthesis of NPOP.

Noria TFN KoCOs  Temp.

Entry (Equiv) (Equiv.) (Equiv.) °C) Solvent Remarks
1 1 3 12 120 (48 h) DMSO
Surface area (<100 m? g%)
2 1 6 12 120 (48 h) DMSO
Formation of oligomer soluble in
3 1 12 26 120 (48 h) DMSO DMSO, DMF (nonporous)
4 1 6 26 85 (48 h) DMF Surface area (597 m? g%)
5 1 6 26 85 (48 h) DMF(/E |1())xane Surface area (720-773 m? g')
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3.2 FTIR and Solid-state *C (CP/MAS) NMR analysis
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Fig. S2 (a) FTIR spectra of NPOP compared with noria and tetrafluoroterephthalonitrile (TFN). (b) **C NMR
spectra of noria, tetrafluoroterephthalonitrile (TFN) in DMSO-Ds, and **C (CP/MAS) solid-state NMR spectrum
of NPOP (bottom to top). The chemically nonequivalent C-atoms in TFN are designated by red, green, and blue-
filled circles (middle panel).

We performed a comparative FTIR analysis employing NPOP, noria cage and crosslinker
tetrafluoroterepthalonitrile (TFN, Fig. S2a). The peaks at 1094 and 1248 cm ! suggested the C—O—C bond
formation during SnAr reaction. We compared the solid-state **C cross-polarization magic angle spinning
(CP/MAS) NMR of NPOP with solution-state 3C NMR of pristine noria cage and TFN in Ds-DMSO
(Fig. S2b). In the solid-state *3C (CP/MAS) NMR, we observed sharp peaks at 28 and 35 ppm that were
attributed to the —CH- and —CH2— functionalities present in the noria core, respectively. Whereas peak
resonating around 153 ppm was indicative of the formation of aryl C-O bonds.!® The peak resonating
around 105 ppm in the solid-state **C NMR of NPOP is due to the C-atoms of the nitrile group (C=N)
present in the TFN linker.° Broad peaks from 115 to 140 ppm were attributed to the aromatic carbons
present in the noria and TFN moieties.

3.3 Thermogravimetric analysis (TGA)

The thermogravimetric analysis of NPOP revealed that the POP was stable up to ~ 400 °C (Fig. S3). 3-5
% mass loss at around 100°C was attributed to the evaporation of the trapped solvent molecules.
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Fig. S3 Thermogravimetric analysis of noria and NPOP.

3.4 Surface area and pore size distribution analysis

The specific surface area and pore size distributions were estimated by N2 adsorption-desorption isotherms
at 77 K. The pore size distributions of the pristine noria and POPs were obtained through the non-local
density functional theory method (NLDFT, carbon, slit pore, equilibrium model).!* The specific surface
areas were obtained by fitting the adsorption isotherm with Brinauer-Emmett-Teller (BET) equation as
given below (Eg. 1).1

P/P, 1 c 1, P

_— — 1
n(l—;;o nmC nmC ( @

Where P/Po is the relative pressure, n is the specific amount adsorbed at P/Po, nm is the specific monolayer
capacity, and C is the BET constant. The specific Brinauer—-Emmett—Teller (BET) surface area of noria
and NPOP were determined to be 218 + 3 m? g, 748 + 25 m? g%, respectively (Fig. S4). Noria displayed
a Type Il isotherm, while NPOP exhibited Type Ib isotherm with H4 type hysteresis loop.!* An H4 type
hysteresis loop suggested the presence of narrow mesopores (2-5 nm). The t-plot method was employed
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Fig. S4 Specific BET surface area plots for (a) noria and (b) NPOP.
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using carbon-black as a standard to calculate the micropore volume (Vmicro), micropore area (Smicro), and
the total pore volume (Vi) at relative pressure (P/Po) of 0.95 (Table S3).

Table S3 Summary of the gas adsorption properties of different batches of noria and NPOP.

Entry Sger (M? g?) Avg. SgeT (M? g1) | Smicro(M?g2) | Vimicro (€mM3 g?) | Vior (cm® g?)
_ 215 (1% batch), 103 0.05 0.24
Noria 218+ 3
221 (2" batch)
773 (1% batch), 502 0.22 0.49
NPOP 748 £ 25
720 (2" batch)

In order to understand the role of the noria cage, we synthesized an analogous polymer of NPOP, Ph-POP,
employing a flat aromatic phenolic core, phloroglucinol, and TFN (1: 3 ratio). The specific surface area
of Ph-POP was found to be only 15 m? g* (Fig. S5a). The non-porous nature of Ph-POP compared to the
high surface area and microporous nature of NPOP ascertained the importance of the ‘cage-to-network’
strategy applying noria as the building unit.
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Fig. S5 (a) Nitrogen sorption isotherms and (b) NLDFT pore size distribution plots for Ph-POP (polymers without
noria cage).
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3.5 Morphological analysis

Morphological analyses were carried out using a field emission scanning electron microscope (FESEM)
and a high-resolution transmission electron microscope (HRTEM). FESEM images revealed plate-like
morphology for NPOP polymer. The HRTEM images of NPOP showed the porous structure typically
observed in the amorphous POPs (Fig. S6).12

Fig. S6 (a) FESEM and (b) HRTEM images of NPOP.

3.6 Powder X-ray diffraction analysis

Powder X-ray diffraction (PXRD) analysis of NPOP confirmed the amorphous nature of the polymer (Fig.
S7).
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Fig. S7 Powder X-ray diffraction analysis of NPOP.
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4. Selective CO; adsorption

The COz2 sorption isotherms of the noria and NPOP were measured at 273 K as well as 298 K (Fig. S8).
A flue gas composition of 15% CO2 and 85% N2 was considered according to ideal adsorbed solution

theory (IAST) for the calculation of CO2 over N2 selectivity (Eq. 2).%3
q1

Selectivity = # (2)
P,
Where g1 and g2 are the amounts of adsorbate at pressure P1 and P2, respectively. The CO2/Nz2 selectivity
of noria and NPOP at 273 K were found to be 24 and 30, respectively.

@, (b)
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Fig. S8. CO; sorption isotherms at 273 K and 298 K and N sorption isotherms at 273 K of (a) noria and (b) NPOP
(filled circle: adsorption, hollow circle: desorption).

The isosteric heat of adsorption (Qst) for CO2 was calculated from the adsorption isotherms measured at
273 K and 298 K considering the fixed amount of adsorbate using the Clausius-Clapeyron equation (Eq.

3).13
n()-t(E-2) o
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Fig. S9 The isosteric heat of adsorption (Qst) profiles of noria and NPOP.

Where P1 and P2 are the pressure for the same volume of the gas adsorbed at two different temperatures,
T1 and T, respectively. 4Hads (Or, Qst) gives the isosteric heat of adsorption (Fig. S9). The heat of
adsorption for noria and NPOP were found to be almost similar, 30.4 and 28.9 kJ mol, respectively. The
high heat of adsorption was attributed to the facile interaction of CO2 with the heteroatom-rich porous
network as well as the ‘cage-effect’ associated with the noria core.’
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5. Chemical fixation of CO;

5.1. Catalytic conversion of epoxides and CO: to cyclic carbonates

The catalytic fixation of carbon dioxide to cyclic organic carbonates has attracted significant attention
because of the use of cyclic carbonates as electrolytes for Li-ion batteries, polar aprotic solvents, fuel
additives, etc. The reaction was optimized by taking styrene oxide (10 mmol) as the model substrate due
to its high boiling point. The reaction was performed at 2.5 bar of carbon dioxide pressure at 90 °C using
NPOP (30 mg, 0.14 mol %) as a catalyst and tetra-n-butyl ammonium bromide (TBAB, 0.30 mmol, 2.9
mol %) as cocatalyst under solvent-free conditions for 12 h (Scheme S2).

NPOP (30 mg) (o]
fo) TBAB (0.3 mmol) OJ.LO
.
R CO, (1-2.5 bar), 35-90°C R

Scheme S2 Schematic illustration for the reaction conditions of the catalytic conversion of carbon dioxide and
epoxides to cyclic carbonates using NPOP.

The H-bonding interaction between phenolic -OH and epoxide oxygen activates the substrate.*
Subsequently, the nucleophile Br- from the cocatalyst TBAB attacks the sterically less hindered carbon
of the epoxide leading to the ring-opening. This step is defined as the rate-determining step of the reaction.
The resultant oxoanion attacks the carbon atom of COz, which is entrapped into the N and O-rich porous
network due to the favorable ion-quadrupole interactions (as indicated by the high heat of CO2 adsorption
for NPOP: 28.9 kJ mol™).22 It leads to an intermediate carbonate formation. At the end, the intramolecular
ring closure results in the desired cyclic carbonate as a product with the recovery of TBAB (Fig. S10).
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Fig. S10 A plausible mechanism for the chemical fixation of CO, and epoxide to cyclic organic carbonate by noria
and noria-based porous organic polymer (NPOP).
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The turnover number of the catalysts (TON = number of moles of reactant consumed/mole of catalyst)
was calculated considering the catalytically active sites, i.e., noria unit. We found the turnover numbers
for noria and NPOP were 477 and 511, respectively.

5.2 Recyclability

The catalyst was recovered by centrifuging the reaction mixture and was regenerated by washing with
dichloromethane and kept for drying under vacuum at 100 °C in the oven for 12 h. The catalyst was highly
effective for 10 consecutive cycles. The slight reduction in % of conversion was mostly due to the loss of
the catalyst during the workup. The % of conversion was found to be unchanged if we maintain the catalyst
amount identical circumventing the weight loss in subsequent cycles (~1 mg/cycle) (Fig. S11a). The
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Fig. S11 (a) Recyclability of NPOP for catalytic conversion of styrene oxide and CO, to styrene carbonate. The
amount of catalyst (wt%) in subsequent cycles is represented by red dots; the decrease in % of conversion is due to
the weight loss of the catalyst (~ 1 mg/cycle) during the recovery process. The catalytic activity remains the same
if the catalyst amount is maintained (30 mg), circumventing the weight loss, as shown in the 11" cycle. (b) FTIR
spectra of pristine and recovered NPOP catalyst employed for CO, conversion reaction after 10 cycles.

& 1% S A A
Fig. S12 (a, b) FESEM and (c, d) HRTEM images of pristine (a, ¢) and recovered NPOP (b, d), respectively
employed for CO, conversion reaction after the 10" cycle.
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structural integrity of the catalyst was reconfirmed by FTIR, FESEM, and HRTEM analysis (Fig. S11b,
S12).

6. Fabrication and characterization of AQ@NPOP

6.1 Fabrication of silver nanoparticles encapsulated noria-based polymer
(Ag@NPOP)

Well sonicated dispersion of 100 mg NPOP in 5 mL DMSO and 50 mg of AgNOsin DMSO (5 mL) were
added to a 15 mL Schlenk-sealed tube (Scheme S3). The reaction mixture was stirred at room temperature
for 2 h and then stirred at 80 °C for 24 h under a nitrogen atmosphere. The reaction mixture was allowed
to cool to room temperature. The precipitate was separated by centrifugation and washed thoroughly with
methanol and diethyl ether. The resulting dark-grey-colored solid was dried under vacuum at 80°C to yield
Ag@NPOP. The formation of Ag(0) nanoparticles from Ag* was mediated by the oxidation of phenolic
units present in NPOP.>18 The reducing property of NPOP was attributed to the polyphenolic noria core
analogous to the reducing activity of natural polyphenols (e.g., flavonoids, tannic acid, etc.).

AgNO,, DMSO,
80°C,24h

() =Ag nanoparticles

Ag@NPOP

Scheme S3 Scheme for post-synthetically modified silver nanoparticles encapsulated noria-based polymer
(Ag@NPOP); the size of Ag nanoparticles is not to scale as per the pore sizes of the networks in the pictorial
depiction.
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6.2 Microscopy and PXRD analysis

The HRTEM and high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images of Ag@NPOP showed a homogeneous distribution of spherical Ag nanoparticles
throughout the polymer (Fig. S13a-e). A statistical estimate from the TEM images unveiled the average
size of the Ag nanoparticles to be 6-15 nm. The crystalline nature of AG@NPOP was ascertained through
the selected area electron diffraction (SAED) pattern (Fig. S13d). PXRD pattern of Ag@NPOP showed
the characteristics peaks of Ag (0) confirming the successful incorporation of Ag nanoparticles (JCPDS
no. 04-0783) into the NPOP matrix (Fig. S13f).
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Fig. S13 (a) HRTEM image of Ag@NPOP, inset: statistical size distribution histogram of Ag nanoparticles on
NPOP framework. (b) Magnified image of Ag@NPOP indicating the Ag nanoparticles embedded porous structure.
(c) Lattice fringes due to the Ag nanoparticles in Ag@NPOP. (d) Selected area electron diffraction (SAED) pattern
of Ag@NPOP. (e) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
elemental mapping images of Ag@NPOP indicating the homogeneous distribution of carbon, nitrogen, oxygen,
fluorine, and silver throughout the network (scale = 200 nm). (f) PXRD profile of Ag@NPOP showing the
representative diffraction peaks of Ag nanoparticles (JCPDS no. 04-0783).
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6.3 Nitrogen gas sorption studies and porosity

The BET specific surface area of Ag@NPOP was found to be 100 m? g~! (Fig. S14). The decrease in BET
surface area compared to NPOP (773 m? g1) was due to the incorporation of Ag nanoparticles, which
resulted in the blockage of the cavities.
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Fig. S14 (a) Nitrogen sorption isotherms (solid sphere: adsorption; hollow sphere: desorption) of AGg@NPOP. (b)
NLDFT pore size distribution of Ag@NPOP (solid sphere: differential pore volume vs. pore width plot; hollow
sphere: cumulative pore volume vs. pore width plot).

6.4 XPS analysis

The XPS analysis of POPs is shown in Fig. S15. The fitting parameter (x2) values in all cases were close
to 1. The C 1s spectrum of Ag@NPOP revealed the presence of sp3-C at 284.4 eV, whereas the C-O peak
appeared at 286.2 eV. O 1s spectrum indicated the presence of -OH, C=0, and C-O-C at 530.1, 531.1,
and 532.8 eV, respectively. The C=0 bonds might appear due to the oxidation of the phenolic —OH group
upon silver loading.'>!® On the other hand, peaks at 687.1 and 685.3 eV in F 1s spectra were assigned to
two different types of binding modes of tetrafluoroterephthalonitrile moiety with noria core.'® Peaks at
368.3 and 374.3 eV (with a spin energy separation of 6 eV) were attributed to Ag(0) 3dszand Ag(0) 3daz,
respectively, ascertaining the formation of silver nanoparticles.
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Fig. S15 X-ray photoelectron spectroscopy analysis: (a) full spectrum of NPOP, and (b) full spectrum of
Ag@NPOP, (c) C 1s, (d) N 1s, (e) O 1s, (f) F 1s, and (g) Ag 3d of Ag@NPOP.
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7. Ag@NPOP as heterogeneous catalyst

7.1 Catalytic reduction of 4-nitrophenol

The catalytic reduction of 4-nitrophenol in the presence of sodium borohydride (NaBH4) has emerged as
a key method based on the simplicity and low cost. 4-aminophenol is non-toxic and commonly used for
analgesics and antipyretics in the pharmaceutical industry, such as for the synthesis of paracetamol,
phenacetin, etc.!” Hence, Ag@NPOP was employed for the catalytic reduction of 4-nitrophenol to 4-

aminophenol (Scheme S4).
NO
Ag@NPOP
© NaBH,, H,O ©
OH

Scheme S4 Schematic illustration of the catalytic reduction of 4-nitrophenol using AG@NPOP.

The aqueous solution of p-nitrophenol (0.13 mM) and ag. sodium borohydride (0.2 M) was taken into a
cuvette. A water suspension of Ag@NPOP (1 mg mL™, 50-100 pL) was added, and the progress of the
reaction was monitored by UV-Vis spectroscopy at room temperature. The reaction conditions were
optimized by changing the concentration of nitrophenol, NaBH4, and catalyst (Table S4, Fig. S16).

Table S4 Catalytic reduction of 4-nitrophenol using AG@NPOP with varying concentrations of substrate and
catalyst.

4-Nitrophenol NaBH, Catalyst (1 mg/mL) 99% cTOilIlI:’erion)
0.13 mM 02M - No conversion (2 days)
0.13 mM 02M 225 uL (commercial AgNP) 30 min
0.13 mM 02M 50 uL (Ag@NPOP) 4.5 min
0.13 mM 0.1 M 50 uL (Ag@NPOP) 5.5 min
0.13 mM 0.05M 50 uL (Ag@NPOP) 14 min
0.13 mM 0.05M 100 uL (Ag@NPOP) 12 min
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In the beginning, the light-yellow color of nitrophenol changed to bright yellow after the addition of
NaBHg4 solution due to the formation of 4-nitrophenolate. When the Ag@NPOP catalyst was added, the
solution became colorless. The absorption peak at 408 nm, corresponding to a bright yellow solution,
decreased. In contrast, the peak at ~300 nm simultaneously increased, corresponding to 4-nitroaniline.
Reaction under similar conditions without Ag@NPOP showed no conversion. Progress of the reaction
was observed by plotting the change in percentage of conversion with time. Facile diffusion of the reactant
through the pores and easy accessibility of the catalyst over a porous surface significantly enhanced the
reaction rate. Since the concentration of NaBH4 was considerably higher than that of 4-nitrophenol, the
order of the reaction was labeled as a pseudo-first-order reaction.'® The rate-constant was estimated to be
1.60x102sec™.
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Fig. S16 Ultraviolet-visible spectra at successive time intervals for the conversion of 4-nitrophenol to 4-
aminophenol by varying amount of Ag@NPOP and NaBH. (a-d).
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Fig. S17. Ultraviolet-visible spectra at successive time intervals depicting the conversion of (a) 3-nitrophenol, (b)
2-nitrophenol, (c) 4-nitrotoluene, (d) 4-nitroaniline, (e) 4-nitrobenzyl alcohol, (f) 2,4-dinitrophenol, respectively,
catalyzed by Ag@NPOP. Substrate (0.13 mM), NaBH, (0.2 M), catalyst (1 mg mL™).

We performed UV-visible spectroscopic investigation for the reduction of different nitroarenes [(0.13
mM, in water or water:ethanol mixture (5:1 v/v)] by Ag@NPOP (1 mg mL™, 100 pL in 2.3 mL reaction
mixture) in the presence of hydride donor NaBH4 (0.2 M, Fig. S17). Ag@NPOP showed fast reduction of
various nitroarenes, including 4-nitrophenol (~98% in 4 min), 3-nitrophenol (~95% in 3 min), 2-

25

Commercial AgNPs ——0min

2.0+

1.5

1.04

Absorbance

0.5- W\ —_20

0.0+

300 400 500 600
Wavelength (nm)

Fig. S18 Ultraviolet-visible spectra at successive time intervals for the conversion of 4-nitrophenol (0.13 mM) to
4-aminophenol by commercial Ag nanoparticles (225 uL of 0.02 mg mL™), and NaBH, (0.2 M).
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nitrophenol (~93% in 5 min), 4-nitrotoluene (~80% in 10 min), 4-nitroaniline (~98% in 5 min), 4-
nitrobenzyl alcohol (~80% in 10 min), and 2,4-dinitrophenol (~90% in 25 min). We further checked the
catalytic efficiency using commercially available Ag nanoparticles (Sigma-Aldrich, Catalogue no.
730777) dispersion for the same reaction under similar conditions. 4-Nitrophenol (0.13 mM) reduction in
the presence of 0.2 M NaBHa4 catalyzed by Ag nanoparticles (225 pL of 0.02 mg mLequivalent to 9 wt%
Ag, ~1.5 times higher Ag wt% than in Ag@NPOP) would take 30 mins compared to 4.5 min by
Ag@NPOP, suggesting the superiority of the later as catalyst (Fig. S18).

For the bulk scale reaction, nitroarenes (1 mmol) and NaBH4 (8 mmol) were dissolved in ethanol (15 mL),
and 30 mg of Ag@NPOP was dispersed into it. The mixture was stirred at room temperature for 2 h under
a nitrogen atmosphere. The catalyst was separated after the reaction by centrifugation. After the workup,
the crude reaction mixture was checked for NMR to determine the % of conversion (Fig. S38-S40).

The reduction of nitroarenes is likely to proceed through four consecutive steps, (i) adsorption of
nitroarenes on the porous network of Ag@NPOP; (ii) adsorption of molecular hydrogen released from
NaBHjs on the catalytically active centers, i.e., silver nanoparticles, encapsulated into the heteroatom-rich
porous framework, (iii) transfer of hydrogen to nitroarenes mediated by metal nanoparticles. Finally, (iv)
desorption of aromatic amines from the catalyst surface. It has been proposed in the literature that the
conversion of 4-aminophenol from 4-nitrophenol in the presence of silver nanoparticles involves the
formation of 4-nitrosophenol and 4-(hydroxyamino)phenol as intermediates (Fig. S19).18-%0

OH

-z--?--7/—

-H,0 [ +H, +H, | -H,O

NO

OH

Fig. S19 Schematic illustration of the catalytic reduction of 4-nitrophenol to 4-aminophenol by AG@NPOP. Particle
sizes of silver nanoparticles are not to scale as per the pore sizes of the frameworks in the pictorial depiction.
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7.2 Recyclability

The Ag@NPOP was recovered by centrifugation, and reactivated by washing with water, methanol, and
dried under vacuum at 70°C for 6 h after every use. The catalyst was highly effective in reducing 4-
nitrophenol, giving ~ 95% conversion for consecutive 15 cycles (Fig. S20a). The FTIR spectrum of the
recovered catalyst was found to be the same as that of the pristine one (Fig. S20b). The thermogravimetric
analysis of AG@NPOP after the hot water filtration study indicated no loss of silver. The ICP-OES
analysis of recovered Ag@NPOP suggested negligible loss (~ 0.6 wt%) of Ag, signifying the robustness
of the catalystt FESEM and HAADF-STEM images suggested the unaltered morphology with
homogeneous distribution of Ag nanoparticles throughout the NPOP matrix (Fig. S21 and S22).
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Fig. S20 (a) UV-vis absorption spectra monitoring the 4-nitrophenol reduction by Ag@NPOP for consecutive 15
cycles. (b) FTIR spectra of pristine (brown) and recovered (green) Ag@NPOP catalyst employed for 4-nitrophenol
reduction after the 15™ cycle.

Fig. S21 FESEM images of (a) pristine and (b) recovered Ag@NPOP employed for 4-nitrophenol reduction after
15 consecutive cycles.
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Fig. S22 (a, b) HRTEM images of recovered Ag@NPOP employed for 4-nitrophenol reduction after the 15" cycle.
(c) HAADF-STEM images indicate that the homogeneous distribution of silver nanoparticles is retained after
catalysis; scale = 500 nm.

7.3 Three-component coupling reactions

We performed a one-pot three-component coupling reaction among the aromatic aldehyde, cyclic
secondary amine, and terminal alkyne for the synthesis of propargylamine derivative catalyzed by
Ag@NPOP. First, the catalyst (15 mg), aldehyde (1 mmol), cyclic secondary amine (1.1 mmol),
phenylacetylene (1.5 mmol), and THF (1 mL) were taken in a 5 mL round bottom flask. The reaction

Iminium cation

ks (D

S oNT o

X =H, OMe I—— i -
X

2" rarwor -
Z Ag@NPOP Z
THF

Silver acetylide

Fig. S23 Plausible mechanism of three-component coupling reaction of aldehyde, cyclic secondary amine, and
terminal alkyne for the formation of propargylamine [1-(1,3-diphenylprop-2-yn-1-yl)pyrrolidine] catalyzed by

Ag@NPOP.
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mixture was stirred for 12 h under a nitrogen atmosphere at 70°C. Then the catalyst was separated by
filtration, and the solvent was evaporated under reduced pressure. The % of conversion was calculated by
'H NMR analysis with respect to the corresponding aldehyde. We obtained ~64% and ~70 % of
conversion for 4-methoxybenzaldehyde and benzaldehyde, respectively, by Ag@NPOP (Fig. S41-S44),
which could be improved through further optimizations. The plausible mechanism was proposed in Fig.
S23. First, the activation of the C-H bond of alkyne was induced by silver nanoparticles encapsulated in
Ag@NPOP. The resultant silver acetylide species reacted with the in situ generated iminium ion from
aromatic aldehyde and cyclic secondary amine that led to the formation of propargylamine.??* The
catalyst can be recycled multiple times without significant loss in the catalytic efficiency (Fig. S24). The
synthesis of propargylamine derivative [1-(1,3-diphenylprop-2-yn-1-yl)pyrrolidine] through a
heterogeneous catalytic route using metal loaded porous organic polymers, to the best of our knowledge,
has not been demonstrated yet. However, further detailed study encompassing solvent screening and
variable reaction conditions is required to improve the efficiency of the AG@NPOP catalyst.
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Fig. S24 Recyclability of Ag@NPOP shown up to the 4™ cycle for the synthesis of propargylamine derivative [1-
(1,3-diphenylprop-2-yn-1-yl)pyrrolidine] in a three-component reaction.
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8. Comparative accounts of cavitand/cage based porous organic polymers

Table S5 Comparative accounts of noria-based porous organic polymers (POPs) developed in the present study
with other cavitand/ cage-based porous organic polymers for heterogeneous catalysis.

S. Cavitand/ Surface area -
No. Substance cage used (Seer: m? gY) Catalysis Reference
NPOP* 773 Metal—_free CO_z conversion
to cyclic organic carbonates
Nitrophenol reduction, one
1. Noria cage pot three component reaction Present work*
Ag@NPOP 100 (aldehyde, amine and
alkyne) for the synthesis of
propargylamine derivatives
Cavitand-based porous organic polymers
CDPs-HIPE- Photocatalytic degradation 25
2. TiO, 171 of Methylene blue Small, 2020, 16, 1907555.
. ACS Appl. Mater.
3. CD-PAF Cyc|0dextrin - Halogoerr:]atg?ﬂ]g: aryl Interfaces, 2017, 9,
P 30958.%
4. | BnCD-HCPP 1225 Nitrophenol reduction Chem. Sci., 2016, 7, 905.%
5. | RN4-Az-OH | Resorcin[4]arene 340 Metal-free CO, conversion Chem. Mater.,42019, 31,
to cyclic organic carbonates 8440.
) . Metal-free CO, conversion Ind. Eng. Chem. Res. 2020,
6. CalCOP-1 Calix[4]arene 46 to cyclic organic carbonates 59, 7247.%
7 Pd-PPQ 202 Suzuki coupling reactions ChemCatgggérlnz,gzmg, 1L,
8. TADPSTi Pillar[5]arene i Asymmetric reduction of Polym. Chem., 2017, 8,
aldehyde 7108.%°

*To the best of our knowledge, there is no report on organic molecular cage-based porous organic polymers for heterogeneous

catalysis.
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Table S6 A comparative account of CO, conversion to cyclic organic carbonates by NPOP in comparison with the other
reported catalysts, including homogeneous catalysts, inorganic complexes, metal organic frameworks, covalent organic
frameworks, ionic liquids, cage compounds, porous silica-based materials, metal loaded polymers (M@POPSs), and porous
organic polymers.

S. Pressure| Temp. Conversion of propylene
No Substance (bar) ) TBAB oxide (%), time (h) Reference
1. Noria 84 (12) [styrene oxide]
03 Present work
2.5 90 mrﬁol 88 (12) [styrene oxide] (metal-free, solvent-free CO,
2. NPOP 99 (12) [propylene oxide] fixation)
98% (12) [epichlorohydrin]?
Homogeneous catalysts
3. | AlcatalystC* | 10 25 5 99 (14) Angew. Cherg'g';zt'fd" 2016, 35,
0,
4. | Squaramide-5* | 10 45 | 5 mol% 74 (18) ACS Catal. 2017, 7, 3532.%2
(TBAI)
V (V) 0.25 33
5. Complex-3* 10 85 (TBAI) 74 (18) ACS Catal. 2017, 7, 2367.
Metal loaded covalent organic frameworks (M@COFs)
6. | 2,3-DhaTph 1 110 | 005 94 (12 h) Catal. Sci. Techngl. 2016, 6
7. | COF-JLUG 1 40 0.51 88 (48) J. Mater. Cgfﬂ‘gﬁ' 2018, 6,
8. TBICOF 1 28 0.5 54 (24) Chem. Mater., 2019, 31, 1584.%
COF-HNU14 .
. ; ACS Sustainable Chem. Eng.,
9. (Imidazolium 20 120 - 96 (24) 2020, 8. 184135
salt)
Zn-Salen-COF- 38
10. SpU113 1 25 1.8 98 (48) Nat. Commun., 2020, 11, 4481.
Metal organic frameworks (MOFs)
i ) 4 Adv. Funct. Mater., 2017, 27,
11. ZIF-8/CN 10 80 99 (24) 1700706.%
Acrylamide-
12. containing 1 RT 059 96 (48) Chem. Mater., 2017, 29, 9256.
MOF
13. Zn-DPA 10 100 0.3 99 (2) Nat. Commun., 2019, 10, 4362.*
Zn(I1) organic
framework with i 0 2
14. a Zny(-COO)e 1 atm 30-40 1 mol% 99 (24) Chem. Eur. J. 2020, 26, 788.
cluster
lonic liquids
15, | PDMBr (ionic | 110 ; 99 (4) Chem. Sci., 2015, 6, 6916.%
liquid)
16 KCC- 10 90 i 98 (1.5) Green Chem., 2015, 17, 3059.%
" | U/IL/HPW NPs ' B T '

S27




Metal encapsulated cage compounds

58 (48) . 45
17. | Co(lll)@cage 1 25 10 mol% Chem. Sci., 2019, 10, 1549.
(IH@cag ’ 99 (24 h)'
2.5 Sustainable Energy Fuels, 2019,
_ *
18. Cg-Am 2.5 90 mol% 95 (9) 3, 2567.%
Metal loaded porous organic polymers (M@POPs)
19. Co-CMP 30 100 18 98 (1) Nat. Commun., 2013, 4, 1960.*
mol%
Zn(OACcC)2
loaded o- 7.2 Angew. Chem. Int. Ed., 2016, 55,
20. Hydroxyazo - ALY mol% 90(0.8) 9685.%
POPs
ColZn 7.2 Adv. Mater., 2017, 29,
21. R@HMTA 2 — mol% 99 (15) 17004454
2. | M R(')\':'AZ' 1 35 0.25 92 (24) Chem. Mater., 2019, 31, 8440.*
23. Zn/POF2 2.5 90 0.43 90 (9) Chem. Sci., 2020, 11, 7910.%°
Porous organic polymers (POPs)
N-Heterocyclic
24, carbenes 1 120 | 10 mol% 98 (24) Chem. Mater., 2015, 27, 6818.%*
polymers
Porphyrin- 0 52
25. based POPs 15 100 1 mol% 99 (5) Green Chem., 2018, 20, 903.
26. COP-222 1 100 - 99 (24) Chem, 2019, 5, 3232.%
N-rich click-
27. based POP 1 100 - 99 (24) ChemSusChem, 2020, 13, 180.%
(CPP)

*Nonrecyclable, “Epichlorohydrin used as the substrate, catalysis further assisted by the anchimeric assistance of —CI group

Table S7 Comparative accounts of silver nanoparticles loaded noria-based porous organic polymer (Ag@NPOP) with
some of the well-known metal loaded porous materials, like porous organic polymers (POPs), covalent organic frameworks
(COFs), metal organic frameworks (MOFs), porous silica, and cage molecules for catalytic reduction of nitrophenol.

Pseudo-first

NS(') Catalyst Substrate and NaBH. order rate Time References
' constant (s
0.13 mM, 2.1 .
1 | Ag@NPOP 0.2 M (NaBH.) 1.6x10°s 4.5 min Present work
Metal loaded Covalent Organic Frameworks (M@COFs)
i 15 mL, 0.18 mmol/L 3 1 . Chem. Commun., 2014, 50,
2 | AUO)@TpPa-1 | 465 3 oin 12 ml (NaBH) | > X 1078 13min | 31695
0.18 mM 15 mL, 0.36 M 12 31 . ACS Appl. Mater. Interfaces 2017,
3 | Au/COF mL NaBH4 7.6x107°s 10 min 9, 74815
1.0x10°3M, 0.3 mL . J. Am. Chem. Soc., 2017, 139,
4 | PINPs@COF 0.5 M, 1 mL (NaBH.) ) 8min 1 170057
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30 uL, 0.01

UiO-66 31 5 | ACS Appl. Mater. Interfaces 2020,
NH,@COP@Pd M, 0.25 mL of NaBH4 52x107s 6 -7 min 12, 72855
(0.19 M)
PtNPs@Phos- 1.5x102M, 2.0 mL . 59
COE-1 20 M, 2.0 mL (NaBH,) - 7 min Small, 2020, 16, 1906005.
Metal loaded Porous Organic Polymers (M@POPs)
0.1 mM ; : 27
Au@BnCDHCPP 0.3 M, 0.1 mL (NaBH.) - 3 min Chem. Sci., 2016, 7, 905.
Au@Im-POP-2 0.5 mmol - 60 min | Dalton Trans., 2016, 45, 16896.%
2.5 mmol (NaBH4) " T '
10 mL, 10 mmol L™
AgO@CMP 1.0mL, 1.0 mol L 81x102st | somin | ACS Appl Mater. Interfaces,
2017, 9, 5231.
(NaBH4)
1 mL, 0.05 mol L* 2 1 . J. Mater. Chem. A, 2019, 7,
AQO@CZ-TEB | 4 § 1 50 mol L (NaBHy) | =2 1078 2min- | 4344962
Metal Organic Frameworks
Pt/NPC-900 20mg L™ i 3-6 min ACS Appl. Mater. Interfaces 2018,
Ni/NPC-900 3 mg (KBH,) 10, 12740.%3
NU-1000-Au- 5mg 3.1 . 64
nano 20 mg (NaBH) 4x107s 14 min | Chem. Mater., 2019, 31, 1485.
ZIF-
3.33 mmol L™, 60 uL . J. Am. Chem. Soc., 2020, 142, 9,
gg@ AU25@ZIF- 1 4 45 molL*, 70 uL (NaBH,) ; 3min-— ) 419665
Organic Cages
5.0 pL, 0.06 mol L™ . Angew. Chem. Int. Ed., 2019,
PA@MTC1-1/5 0.13 mmol ) SMIN | 55780115
1
Pd@RCC3 0.165 mmo,\'lg-BH%%“ mmol | 54102t | 4min | Nat Catal, 2018, 1, 214.5°
Au@o-DPC 30 uL, (10 mM) 4.1x10?%s? i 68
Au@c-DPC 10 mM, 300 uL (NaBH,) 17x 102t 2-4 min | Dalton Trans., 2020, 49, 12145,
Porous silica composite
Ag-DHSS 1.8 mg/ m_"’ 10 mL ; 40 min | Chem. Mater., 2016, 28, 5596.%°
Heterobimetallic | 4y \\ 13 mL, 0.05 M 300 - .| ACS Sustainable Chem. Eng.
Co—Mn oxide L of NaBH 1x107s 10 min 2017 5. 11504.7°
(COzMﬂ3Og) lJ. 0 a 4 1 Yy .
SBA- 0.2 mL, 20 mM 15x102s? 7 min ACS Appl. Mater. Interfaces,
15/PDA0.6/Ag 0.660 mL, 3 M (NaBH,) ' 2018, 10, 1792.™
Mo-doped  Ni-
based catalyst NP (0.125 mM) and NaBH4 9.2 x 10857 7 min ACSYQAppI. Nano Mater., 2019, 2,
(MNC) a.o0m 879.
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9. 1H, 13C NMR and mass analysis
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Fig. S25 *H NMR spectrum (500 MHz) of noria in De-DMSO.
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Fig. 526 13C NMR spectrum (126 MHz) of noria in Ds-DMSO.
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Fig. S27 *H NMR spectra of the reaction mixture in CDCl; for the reaction of styrene oxide and CO, employing (a)
noria and (b) NPOP as the catalyst and in the absence of cocatalyst, tetrabutylammonium bromide (TBAB),
indicating only a trace amount of conversion into corresponding cyclic organic carbonate.

S31



CI)_(CI . b2 o—l(o
o’ @ ©/L\ — @4‘:1\’
[
| | 26 %

—— Q)
==
T —
i — O
-
>
fm=
—————

1.00-3
026
0273
0273
0622

5.5
f1 (ppm)

Fig. S28 *H NMR spectrum of the reaction mixture (in CDClIs3) for the conversion of styrene oxide with tetrabutyl
ammonium bromide (TBAB) as the only catalyst using 1,1,2,2-tetrachloroethane as external NMR standard.
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Fig. S29 *H NMR spectrum of the reaction mixture (in CDCIs) for the conversion of styrene oxide with NPOP
as a catalyst using 1,1,2,2-tetrachloroethane as external NMR standard.
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Fig. S30 *H NMR spectrum of the reaction mixture (in CDClIs) for the conversion of styrene oxide with noria as
a catalyst using 1,1,2,2-tetrachloroethane as external NMR standard.
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Fig. S31 'H NMR spectrum of the reaction mixture (in CDCIs) for the conversion of styrene oxide with
Ag@NPOP as a catalyst using 1,1,2,2-tetrachloroethane as external NMR standard.
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Fig. S32 *H NMR spectrum of the reaction mixture (in CDClIs) for the conversion of propylene oxide with NPOP
as a catalyst using 1,1,2,2-tetrachloroethane as external NMR standard.
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Fig. S33 'H NMR spectrum of the reaction mixture (in CDCls) for the conversion of epichlorohydrin with NPOP

as a catalyst.
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Fig. S34 'H NMR spectrum of the reaction mixture (in CDCI3) for the conversion of 1,2-epoxy-3-
phenoxypropane with NPOP as a catalyst.
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Fig. S35 *H NMR spectrum of the reaction mixture (in CDCIs) for the conversion of 1,2-epoxyhexane with
NPOP as a catalyst using 1,1,2,2-tetrachloroethane as external NMR standard.
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Fig. S36 'H NMR spectrum of the reaction mixture (in CDCI3) for the conversion of cyclohexane oxide with
NPOP as a catalyst using 1,1,2,2-tetrachloroethane as external NMR standard.
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Fig. S37 *H NMR spectrum of the reaction mixture (in CDCls) for the conversion of epichlorohydrin with NPOP

as the catalyst at 35°C, 1 bar CO, pressure, and for 24 h using 1,1,2,2-tetrachloroethane as external NMR
standard.
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Fig. S38 *H NMR spectrum of the reaction mixture (in De-DMSO) for the conversion of p-nitrophenol (1 mmol) to
p-aminophenol by Ag@NPOP as a catalyst (isolated yield: 90%; inset: HRMS analysis showing the molecular ion

peak, [M+H]" at 110.0623).
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Fig. S39 'H NMR spectrum of the reaction mixture (in CDCIs) for the conversion of o-nitrotoluene (1 mmol) to
o-aminotoluene by Ag@NPOP as a catalyst (isolated yield: 92%; inset: HRMS analysis showing molecular ion

peak [M+H]" at 108.0831).
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Fig. S41 A comparative *H NMR spectra (in CDCIs) of the reaction mixture after removing THF, pyrrolidine,

benzaldehyde, and phenylacetylene indicating the formation of propargylamine derivative. The % of conversion
(70%) was estimated with respect to benzaldehyde.
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Fig. S42 (a) *H NMR spectrum of 1-(1,3-diphenylprop-2-yn-1-yl)pyrrolidine after column purification (isolated
yield: 68%). (b) HRMS data of the three-component coupling reaction mixture (in CHCIs) catalyzed by Ag@NPOP
suggesting the formation of the product ([M+H]": 262.1589).
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Fig. S43 A comparative *H NMR spectra (in CDCls) of the reaction mixture after removing THF, pyrrolidine, 4-

methoxybenzaldehyde and phenylacetylene indicating the formation of propargylamine derivative. The % of
conversion (64%) was estimated with respect to 4-methoxybenzaldehyde.

Intens. | +MS, 0.2-0.3min #(10-19)
x10! 221.0968
0.8
0.6+
[M+H]*
0.4 292.1694
0.2
479.2684 T
SR O ) OV O VO O et W |
200 400 600 800 1000 1200 mz

Fig. S44 HRMS data of the three-component coupling reaction mixture (in CHCIs) catalyzed by Ag@NPOP
suggesting the formation of the product ([M+H]": 292.1694).
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