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ABSTRACT: Anthropogenic carbon dioxide (CO;) emission is soaring day by
day due to fossil fuel combustion to fulfill the daily energy requirements of our va, T AFOP
society. The CO; concentration should be stabilized to evade the deadly S i ) g )
consequences of it, as climate change is one of the major consequences of f\k,@”“ré\g""’“@,’/oy
greenhouse gas emission. Chemical fixation of CO; to other value-added pay f-?“&
chemicals requires high energy due to its stability at the highest oxidation state, Ha) ~ R
creating a tremendous challenge to the scientific community to fix CO» and =i **;_Cf rfR& }M
prevent global warming caused by it. In this work, we have introduced anovel | P4 7 b co g
monomer-assembly-directed strategy to design va isible-light-responsive con- e é SOz o L : o
jugated Zn-metalated porous organic polymer (ZN@MA-POP) with a dynamic colr o e oo
covalent acyl hydrazone linkage, via a one-pot condensation between the self- — @V‘*%’“nﬁ 3 R)—’
assembled monomer 1,3,5-benzenetricarbohydrazide (TPH) and a Zn complex lh o Cyclic
(Zn@COM). We have successfully explored as-synthesized Zn@MA-POP as a Carbonate

potential photocatalyst in visible-light-driven CO, photofixation with styrene epoxide (SE) to styrene carbonate (SC). Nearly 90%
desired product (SC) selectivity has been achieved with our Zn@MA-POP, which is significantly better than that for the
conventional Zn @TiO; (~29%) and Zn @ gC3N4 (~26%) photocatalytic systems. The excellentlight-harvesting nature with longer
lifetime minimizes the radiative recombination rate of photoexcited electrons as aresult of extended rt-conjugation in Zn@MA-POP
and increased CO, uptake, eventually boosting the photocatalytic activity. Local structural results from a first-shell EXAFS analysis
reveals the existence of a Zn(N»O4) core structure in ZNn@MA-POP, which plays a pivotal role in activating the epoxide ring as well
as capturing the CO, molecules. An in-depth study of the POP-CO; interaction via a density functional theory (DFT) analysis
reveals two feasible interactions, ZN@MA-POP-CO,-A and Zn@MA-POP-CO,-B, of which the latter has a lower relative energy of
0.90 kcal/mol in comparison to the former. A density of states (DOS) calculation demonstrates the lowering of the LUMO energy
(EL) of Zn@MA-POP by 0.35 and 0.42 eV, respectively, for the two feasible interactions, in comparison to Zn@COM. Moreover,
the potential energy profile also unveils the spontaneous and exergonic photoconversion pathways for the SE to SC conversion. Our
contribution is expected to spur further interest in the precise design of visible-light-active conjugated porous organic polymers for
CO; photofixation to value-added chemicals.

KEYWORDS: CO: cycloaddition, metalated porous organic polymer, CO: photofixation, photopolymer, monomer assembly

I INTRODUCTION methods are available for CO, mitigation: i.e., CO, capture
from the atmosphere accompanied by either storage or
transformation to a feedstock of fuel and value-added
chemicals.? Of all the utilization processes, CO; insertion
into an epoxide to form a nontoxic/nonflammable cyclic

carbonate is the most attractive due to its economic viability

Anthropogenic CO; emission due to the fossil fuel combustion
during continuous industrial development gives rise to
greenhouse gases in the Earth’s atmosphere. For the first
time in human history, the atmospheric level of CO; recently
escalated abruptly more than 415 ppm in our planet.! This
rapid growth of atmospheric CO2 not only disrupts livelihoods
through the havoc of climate change but also damages the food
supply chain and causes the death of a huge number of animals
during forest fired every year. Hence, the development of
sustainable energy sources to curb industrial/social needs and
lowering the environmental pollution have been a challenge to
the scientific community in these recent years. Currently two
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Scheme 1. Schematic Illustration of the Synthesis of a Zn-Metalated Porous Organic Polymer (Zn@MA-POP) and Its

Photoresponsive CO, Fixation Activity
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with 100% atom economy. There are various other advantages
of utilization of CO; to form a cyclic carbonate formation, as it
can be used as a replacement for toxic phosgene gas and also
deployed as an essential monomer for polycarbonates and
polyurethanes.®® Up to now various effective catalysts based

on stable materials such as zeolite, silica, hydrotalcite, metal-
organic frameworks, and graphene oxide have been developed

for the insertion of CO, into oxirane utilizing harsh reaction
conditions.”™ " Hence, it is extremely important to enable the
activation of a catalyst under mild reaction conditions.
Porous organic polymers (POPs) possesses chemical
tunability due to a wide range of building blocks accompanied
by high surface area as well as high chemical and thermal
stability, low skeletal density, and adjustable chemical
functionalities, which have attracted the attention of recent
researchers to exploit the pressing needs of developing
multifunctional materials, utilized in various fields ranging
from gas adsorption and separation to catalysis.!'*"2°
Furthermore, POPs will be ideal candidates to illustrate their
CO; adsorption capacity as well as visible-light-driven CO,
fixation?! ability due to the presence of abundant heteroatoms
for strong CO, affinity and m-electron delocalization in the
extended conjugated framework nanoarchitecture that can
easily create photogenerated electrons. POPs with extended -
conjugations also exhibit a wider visible-light absorption range
and a more tunable position of the valence band (VB) and
conduction band (CB) in comparison with inorganic semi-
conductor materials, which provides a unique opportunity to
bridge the gap between sustainability and efficiency in the field
of heterogeneous photocatalysis. For the photocatalytic CO,
insertion in oxirane, epoxide ring opening appeared to be the
rate-determining step.?”> Various types of Lewis acidic sites

(Zn, Al, Co) accelerate the adsorption of epoxide, which
further enabled the nucleophilic attack of a cocatalyst such as
4-dimethylaminopyridine (DMAP) or tetrabutylammonium
bromide (TBAB).!” However, linear CO; is a stable molecule
with a high enthalpy of C®0 (+805 kJ mol™!). Thus, the
activation of CO, during photocatalysis by introducing a metal
site on the POP framework appears to be a productive way to
create a stable photocatalyst. To date, very few catalysts have
been designed and reported for the visible-light-triggered
cycloaddition of CO, and oxirane.”*** However, the developed
photocatalysts are still experiencing profound shortcomings in
performance because of low CO, adsorption capacity, poor
CO: activation ability, and catalyst photocorrosion tendency.
In this context, a thriving monomer-assembly-promoted
approach has been presented torationally constructanew class
of metalated POP having a dynamic covalent acyl hydrazone
linkage showing visible-light responsiveness. In this strategy,
the emergence of ZN@MA-POP was promoted by the
condensation reaction of self-assembled microfiber bundles
of 1,3,5-benzenetricarbohydrazide (TPH) and a Zn complex
(Zn@COM). The extended m-conjugation throughout the
polymeric network exerts an appreciable effect on the high
electron drift mobility, leading to a broadened visible-light-
responsive range, reduction of the possibility of charge
recombination, and a higher lifetime of the photo excitons.
As envisaged, Zn@MA-POP exhibited superior activity for
visible-light-driven CO; photofixation in comparison with the
various conventional catalysts. To the best of our knowledge,
this is the first report on a monomer-self-assembly-directed
synthesis and utilization of a visible-light-responsive Zn-
metalated POP for CO; insertion to cyclic carbonates.
Furthermore, the structure-activity relationship was estab-
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Figure 1. Structural integrity unit (a), '3C CP solid-state MAS NMR spectrum (b), CO2 adsorption/desorption isotherms analysis at 273 and 298
K (¢), N2-adsorption/desorption isotherm analysis at 77 K (d), the corresponding pore-size distribution as measured by the NLDFT method (e),

and NH3-TPD analysis (f) of Zn@MA-POP.

lished by XAFS analysis and a DFT computational study to get
adetailed insight into the impressive photocatalytic activity of
our ZNn@MA-POP. Activation of CO» on the ZnN,Oj catalytic
core of ZN@MA-POP was initiated through complexation of
the CO, molecule into two different positions, O1/03 (Zn®@
MA-POP-CO;-A) or 02/03 (Zn@MA-POP-CO,-B); how-
ever, the former exhibited higher relative energy (0.90 kcal/
mol) in comparison to the latter, confirming that the
interaction proceeds via the O2/03 position. Moreover, the
whole reaction process including the formation of several
intermediates utilizing our Zn@MA-POP for SE to SC

conversion is spontaneous and exergonic in nature and the
polymeric network of ZN@MA-POP exhibits superior light-
harvesting ability in CO, photofixation in comparison to its
monomeric counterpart (ZNn@COM).

| RESULTS AND DISCUSSION

Catalyst Synthesis and Characterization. As illustrated
in Scheme 1, we have initiated a novel monomer-assembly-
directed strategy where the consequential hydrogen-bonding
and mt-mt interactions in 1,3,5-benzenetricarbohydrazide
(TPH) monomer eventually encourage a self-assembly



behavior. The concomitant reaction between trimethyl-1,3,5-
benzenetricarboxylate and hydrazine hydrate in methanol leads
to the evolution of a microtubular structure of TPH.?> Zn@
COM was synthesized via a complexation reaction between
Zn(acetate), and 4-pyridinecarboxaldehyde. Furthermore, the
one-pot polycondensation reaction between the Zn complex
(Zn@COM) and TPH facilitates the formation of the
conjugated Zn@MA-POP via the dynamic covalent acyl
hydrazone linkage. Interestingly, addition of ZN@COM to a
solution containing TPH effectuates extended organic
polymeric network units with porosity accompanied by the
three carbohydrazide units asconstructed through a Schiffbase
condensation reaction with the help of an acetic acid catalyst.
In the first step, nucleophilic addition of the aromatic
hydrazide and the pyridinecarboxaldehyde-based zinc complex
accelerates the formation of hemiaminal units. Then,
dehydration of the hemiaminal intermediate promotes the
formation of a porous framework through the imine bonds.
The detailed synthesis procedure of TPH, Zn@COM
monomer, and ZN@MA-POP are provided in Figures S1-S3
in the Supporting Information. The structural integrity unit of
the respective Zn@MA-POP is depicted in Figure 1a.
Nanostructure Elucidation. Wide-angle powder X-ray
diffraction (PXRD) is a technique that reveals diffraction
planes present in a sample. A PXRD analysis of the fiber
monomer showed sharp peaks at 20 =9.8, 19.47, and 22.9°,
respectively, due to the typical lamellar phase with very highly
crystalline nature (Figure S4 in the Supporting Information).>
For the Zn@MA-POP framework, the appearance of a broad
peak in the low-29region demonstrates the amorphous nature
of the POP skeleton (Figure S5 in the Supporting
Information). The two distinct broad peaks appearing at
26.4 and 41° could be assigned to the (002) and (101) carbon
planes, respectively, corresponding to the m-stacking inter-
action of aromatic building units within a small domain due to
the random polymerization method between two monomers. >
The absence of peaks corresponding to ZnO crystalline planes
and the presence of broad peaks around 2¢ = 20° in the wide-
angle PXRD analysis of Zn@MA-POP clearly indicate the
amorphous nature of our POP, thereby diminishing the
formation of the ZnO phase (Figure S5 in the Supporting
Information).”> A '3C CP solid-state MAS NMR spectral
analysis (Figure 1b) has been conducted to understand the
molecular connectivity along with the chemical environment of
eachdiscrete carbon atom present in the molecular assembly of
Zn@MA-POP. The existence of a distinct resonance signal at
& 173.6 ppm indicates the signature of the C*®O bond of the
tricarbohydrazide unit. Furthermore, the successful polymer-
ization between 1,3,5-benzenetricarbohydrazide (TPH) and
the zinc pyridine complex (ZNn@COM) was confirmed
through the presence of the signature band of the hydrazone
linkage at 6 151 ppm. A broad peak in the region of 120-138
ppm confirms the presence of aromatic carbon atoms of
pyridine and the TPHunit.?* In addition, the existence of the
characteristic signal of an aliphatic methyl carbon of Zn®@
COM was noted at 6§ 21.2 ppm, confirming the efficient
polymerization between two monomers through a one-step
polycondensation method. To monitor the formation of the
covalent acyl hydrazone linkage in our as-synthesized Zn®
MA-POP, we have used the Fourier-transform infrared (FT-
IR) spectroscopy technique (Figure S6 in the Supporting
Information). The appearance of distinct characteristic peaks
at 1263, 1620, and 1710 cm™, respectively, confirms the

existence of -N-N, -C -5 N-, and -C--gga»O Wour
as- synthesized hydrazone-linked Zn@MA-POP material,
clearly indicating the successful incorporation of monomeric
units

through the one-step polycondensation reaction.?*>® Addi-
tionally, the stretching vibration peak appearing at 3240 cm™
corresponds to the -NH bond of a secondary amine adjacent
to a acyl group. As CO; adsorption on the catalyst surfaceis

the pivotal parameter for CO conversion into value-added
chemicals and fuels, we have investigated the CO, uptake
capacity of our as-synthesized Zn@MA-POP at twodifferent
temperatures (273 and 298 K). In order to maximize the CO,
uptake capacity over the porous adsorbents, an improvement
in the surface CO,-philicity of the porous network is
immensely significant. The functionalization of the porous
framework could be initiated by incorporating a heteroatom or
an other functional group to generate an electrostatic field on
the surface and porous channels of POP, which is responsible
for the significant interaction between CO; and the host POP
material.”® Actually, the appearance of atoms and functional
groups on the materials promotes a dipole-quadrupole
interaction, which improves the CO,-philicity of the porous
surface. Herein, our as-synthesized acyl hydrazone linked Zn@
MA-POP exhibited an CO, uptakes of 1.53 and 0.89 mmol/g
at 273 and 298 K, respectively, up to 1 bar pressure, as shown
in Figure 1c. The enhancement in diffusion of CO; from the
gas-bulk flow to the adsorbent surface with increasing
temperature leads to a drop in CO; adsorption capacity. We
have also observed the sharp increase of CO adsorption in the
lower pressure region, which is due to the appearance of strong
polarizing sites (heteroatoms) on the ZN@MA-POP surface.
In order to illustrate this phenomenon, the isosteric heat of
adsorption (Qs) has been calculated with the help of a virial
method, provided in Figure S7bin the Supporting Information.
The CO, adsorption with the virial equation fit at two different
temperatures is shown in Figure S7a in the Supporting
Information. The calculated Qg value appeared to be 55 kJ/
mol, demonstrating the good CO, affinity of our ZNn@MA-
POP, which definitely has an influence on the CO, utilization
reaction. An N, adsorption/desorption isotherm analysis at 77
K for Zn@MA-POP has been performed to evaluate the
permanent inherent porosity developed during extended
polymerization. Zn@MA-POP exhibited a typical type IV
isotherm profile with sharp gas uptake at low pressures (P/Po=
0.0-0.04), followed by an exponential increase of gas uptake in
the higher pressure region (P/Py=0.6-0.8) with no hysteresis
loop, indicating the existence of micropores in the nanoscale
dimension (Figure 1d).*%' The obtained Brunauer-Em-
mett-Teller (BET) surface area of ZNn@MA-POP appeared to
be 156 m*g with a corresponding pore volume of about
0.1954 cm?/g. Furthermore, nonlocal density functional theory
(NLDFT) has been employed to calculate the pore size
distribution (PSD) pattern (Figure 1e). The narrow pore size
distribution, with predominantly micropores having a width of
1.38 nm, clearly demonstrates the microporous nature of our
Zn@MA-POP. NHj;-temperature programmed desorption
(NH3-TPD) for the heterogeneous catalytic system has been
used to evaluate the surface acidity by measuring the acidic
sites on the surface. NH3-TPD profiles were primarily divided
into three categories based on temperature, denoted as weak
(150-300 °C), medium (300-500 °C), and strong (500-650
°C), respectively. According to Pearson’s HSAB classification,
Zn(II) complexes possess a borderline Lewis acidic character
and as a consequence of this unique conventional theory, the
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Figure 2. FE-SEM ima§es of TPH (a) and Zn@MA-POP (e). TEM images of TPH (b-d) and Zn@MA-POP (f-h), along with the

corresponding elementa

maps of C (blue), O (green), N (yellow), and Zn (red) images (i-m).

NH;-TPD profile of Zn@MA-POP exhibited a broad peak at
300-440 °C (Figure 1f).The calculated total acid strength of
Zn@MA-POP appeared to be 0.801 mmol/g. This acidic zinc
site is thought to activate the epoxide ring during photo-
catalytic CO, insertion into the styrene epoxide (SE).*>3? A
thermogravimetric analysis (TGA) (Figure S8 in the
Supporting Information) revealed a high thermal stability up
to 200 °C, followed by a sharp weight loss of 60 wt % with an
increase in temperature until 400 °C due to the breakdown of
the polymeric framework. This demonstrates the high thermal
stability of Zn@MA-POP until 200-220 °C. Furthermore, an
inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis illustrates Zn content in the polymeric
framework is 10.49 wt %, which is comparatively lower than
the theoretical value of 11.4 wt %.

Morphology Analysis. Field-emission scanning electron
microscopy (FE-SEM) images of the respective TPHand Zn@
MA-POP were obtained to reveal the very small topographic
details of the surface. The assembled structure of microtubular
bundles with an average length of 200-400 nm and width of

45-80 nm corresponding to the TPH monomer can be clearly
seenin Figure2a. However, an aggregated clustered island was

noted in case of the TPH monomer, as shown in Figure S9a,b
inthe Supporting Information. However on a closer inspection
of the FE-SEM image, a random arrangement of microtubular
tubular bundles in different dimensions was seen, as shown in
Figure S9c in the Supporting Information. On the other hand,
the FE-SEM image of Zn@MA-POP clearly illustrates the
incorporation of Zn@COM with TPH bundles by forming a
sponge type of morphology through stacking of eachlayer with
another (Figure 2e). An energy dispersive X-ray (EDX)

analysis in a selected area of the FE-SEM image of Zn@MA-
POP demonstrates the concomitant appearance of C, Zn, O,
and N elements, respectively (Figure S10 in the Supporting
Information).

A transmission electron microscopy (TEM) analysis was
performed for a further inspection of the surface topography.
Densely packed tubular bundles with a hollow interior
prevailed in the TEM image of the TPH unit (Figure 2b). In
some cases, the greater length of highly flexible TPH bundles
leads to bending (Figure 2c,d), clearly illustrating the
flexibility of microtubular bundles with diameters in the 10-40
nm range by a line-to-line fusion amidst the tubes.

Interestingly, the incorporation of Zn@COM with the
hollow/highly flexible TPH unit through polycondensation
gives rise to the formation of a sponge type of structure
through bending (Figure 2f). Additionally, the metal complex
is fully encapsulated by the hollow tubular skeleton of the TPH
framework, denoted by the darker region in the TEM image of
Zn@MA-POP. The presence of well-defined micropores
throughout the polymeric framework can be seen in high-
resolution TEM (HR-TEM) images of Zn@MA-POP (Figure
2g.h). According to Figure 2h, the micropores are in the range
of 1-2 nm, which correlates to the PSD analysis previously
provided (Figure le). The absence of crystalline fringes
demonstrates the amorphous nature of our metalated POP,
coinciding with PXRD data. An elemental mapping analysis
has been performed to obtain the abundance of each individual
element on the POP surface. Figure 2i indicates the
appearance of all elements, where each element was specified
with an individual color such as C (blue), O (green), N
(yellow), and Zn (red) images. However, the nearly
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Figure 3. Corelevel Zn2p XP spectrum (a), Zn K-edge X-ray absorption near edge structure (XANES) spectra (b), Fourier transform magnitudes
of the Zn K-edge FT-EXAFS, showing the local atomic distributions around Zn in Zn@MA-POP and Zn-foil (c). The corresponding Zn-N/O
first-shell EXAFS fitting curves at R space (d) and & space () and optimized geometry of ZNn@MA-POP (f): Zn (blue), O (red), and N (sky blue).

homogeneous dispersion of all elements on the porous
network was noted, as shown in Figure 2j—m, indicating the
successful polymerization between monomeric counterparts.

XPS Study and EXAFS Analysis of Zn@MA-POP. The
chemical composition of Zn@MA-POP was investigated using
the X-ray photoelectron spectroscopy (XPS) technique. The
XPS survey spectrum in the full scan range (Figure S11 in the
Supporting Information) confirms the presence of Zn, C, N,
and O elements and matches well with the corresponding EDX
spectrum (Figure S10 in the Supporting Information). The Zn
2p core level XPS spectrum (Figure 3a) exhibits two distinct
binding energy doublets located at ~1044.8 eV (Zn 2p12) and
~1021.6 eV (Zn 2p3p), validating the existence of tetrahedral
Zn** ions in ZN@MA-POP.** In the C Is deconvoluted XP
spectrum (Figure S12a in the Supporting Information), we
observe two characteristic binding peaks at ~284.4 and
~286.27 eV, which could be assigned to C®C bonds, the
C-N bonds of secondary amine moieties and C-O bonds,
respectively.?3¢ The high-resolution N 1s XPS peaks (Figure
S12b in the Supporting Information) appearing at ~398.09,
~398.91, and ~400.1 eV, could be ascribed to -NH of the
TPH unit, a Schiff base bond (-C®N) and pyridine N that is
attached to Zn metal of the polymer unit, respectively.?’*
The deconvoluted O 1s XPS spectrum (Figure S12c¢ in the
Supporting Information) demonstrates two distinct binding
energy peaks at ~532.7 and ~530.9 eV, respectively,
corresponding to the O atoms in the [C O-MH] group and
acetate group attached to Zn metal, respectively. Our
obgsseg(\)/ation is in accordance with a previous report by Li et
al.”>

To gain further insight into the electronic structure and the
coordination environment of Zn in our as-synthesized Zn@
MA-POP, we have conducted synchrotron-based extended X-
ray absorption fine structure (EXAFS) and X-rayabsorption
near-edge structure (XANES) analyses. For the purposes of
comparison, aseries of experiments have been performed with

respect to the standard Zn foil. A noticeable absorption edge
shift at a higher energy level for Zn@MA-POP (Figure 3b) in
comparison with the Zn foil has been observed from Zn K-
edge X-ray absorption near-edge structure (XANES) spectra,
which unambiguously indicates the higher oxidation state of
Zn(1I) in our ZN@MA-POP in comparison to Zn foil (Zn?).*!
Moreover, we have also noticed that the white line intensity of
our as-synthesized Zn@MA-POP increased in comparison to
commercial Zn foil due to the decrease in electron density over
Zn as result of electronic tuning between the active Zn site and
the conjugated porous polymer support.*? In the k>-weighted
Fourier transform (FT) of EXAFS spectra the major peak
predominately arises at 2.07 A, corresponding to the Zn-N

bond (Figure 3c). Two types of Zn-O bonds appeared at 1.94
and 2.61 A, respectively, which may be ascribed to the effective

coordination of acetate units together. According to
Tournilhac et al., the anhydrous zinc acetate complex has
four Zn-0O bonds. On the other hand, the hydrous zinc acetate
complex has six Zn-O bonds, with two additional H,O
molecules occupying axial positions.** In our ZN@MA-POP,
two N atoms from pyridine moieties occupy axial positions,
while four O atoms from two acetate groups occupy four
equatorial locations, resulting in a hexacoordinated ZnN>O4
core. The best-fitted EXAFS data of Zn@MA-POP (Figure
3d,e) at the respective R and k spaces illustrate the appearance
of the ZnN>Os core due to the coordination of the Zn?* ion
with two acetates and two pyridinic N moieties, the prevalent
active species in the ZN@MA-POP framework. All of the
corresponding coordination numbers (V) and the correspond-
ing bond lengths (R (A)) are provided in Table 1. The
optimized core-level geometry of Zn@MA-POP demonstrates
(Figure 3f) the existence of ZnN>Oy4 core, as supported by the
EXAFS analysis.

Photophysical Properties of Zn@MA-POP. The photo-
physical properties of monomers and Zn@MA-POP were
demonstrated by UV-vis diffuse reflectance spectroscopy


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06982/suppl_file/am2c06982_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06982/suppl_file/am2c06982_si_001.pdf
mailto:Zn@MA-POP.34
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06982/suppl_file/am2c06982_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06982/suppl_file/am2c06982_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06982/suppl_file/am2c06982_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06982/suppl_file/am2c06982_si_001.pdf

Table 1. Local Structural Results from the First-Shell
EXAFS Analysis of Zn@MA-POP

first shell coord. no. (N) Bond length R (A)
Zn-N5.1 2 2.071
Zn-05.1 2 1.94
Zn-04.1 2 2.61

(UV-vis-DRS) and steady-state photoluminescence (PL)
analyses.Broad spectra in the medium-UV region (200-300
nm) were detected for the TPH unit and Zn@COM with
absorption bands at 250 and 262 nm, respectively. However,
after the polymer formation (ZNn@MA-POP) the absorption
bandred-shifted tothe visible region, indicating the good light-
harvesting property of the conjugated polymer (Figure 4a).*
However, the shoulder peak emerging at 694 nm certainly
demonstrates the delocalized intramolecular charge transfer

(ICT) through the m-m conjugation inside the highly
conjugated porous polymer. The band gap of Zn@MA-POP

has been calculated from a Tauc plot (Figure S13 in the
Supporting Information) with the help of the Kubelka-Munk
equation. The narrowest band gap of about 2.5 eV was found
for Zn@MA-POP.3? The steady-state PL spectra (Figure 4b)
of TPH, Zn@COM, and Zn@MA-POP have been evaluated by
exciting the materials at a wavelength of 350 nm, from which
we obtained broad emission peaks at 500, 520, and 550 nm,
respectively. After polymerization between TPH and Zn@
COM the emission band red-shifted to 550 nm, attributed to a
metal to ligand charge transfer (MLCT) transition for Zn@
MA-POP.*> The emission band shift is further reflected by the
smallest band gap (E; = 2.5 eV) for Zn@MA-POP in
comparison to the other counterparts.*® In addition, we have
conducted a time-correlated single photon counting (TCSPC)
analysis of Zn@MA-POP with 550 nm excitation (Figure4c)

to calculate the excited-state PL decay. The obtained average
lifetime (Tave) appeared to be 0.86 ns (Table SI in the
Supporting Information). Herein, the considerably longer
lifetime clearly demonstrates the lower susceptibility of
radiative recombination between photoexcited electrons as a
consequence of extended rm-conjugation in ZN@MA-POP .+
To estimate the band edge locations of Zn@MA-POP, a
Mott-Schottky analysis was performed (Figure 4d), which
showed a positive slope of 1/C* vs applied potential,

characteristic of an n-type semiconductor.*® The flat band
potential of Zn@MA-POP calculated from the x intercept is
-1.05 V.* For n-type semiconductors, the conduction band
edge potential is defined as a drop in the flat band potential by
0.10 V, and hence the calculated CB/LUMO potential is
-0.95 V. Further, the VB/HOMO position was found to be

1.55 V using the equation Evg — Ecg = E,.”" The HOMO and
LUMO distributions from a DFT analysis of the Zn@MA-

POP unit (Figure 4e) along with the band alignment show that
the HOMO is mainly localized on the TPH moiety, whereas
the LUMO is delocalized across the Zn-core unit, which
basically acts as an electron acceptor. This allows for the
dissociation of photoexcitons across the conjugated photo-
polymer. In addition, the electrostatic potential (ESP) map
calculation (Figure 4f) shows that the most negatively charged
zones shown in red are found at the Zn core, whereas the TPH
unit displays the most positive charges as shown in blue.
Similarly, the optimized geometries, HOMO-LUMO distri-

butions, and the ESP maps for the TPH and Zn@COM are
provided in Figures S14 and S15 in the Supporting
Information. From a previous report by Alzamly et al. it was
established that atleast 0.73 eV is needed to activate the linear
CO; molecule to CO,*".>! Our as-developed ZNn@MA-POP

has enough potential to activate CO,, which can then further
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Figure 4. UV-vis-DRS absorption spectra (a), steady-state PL spectra (b), TCSPC analysis (c), Mott-Schottky plot (d), band alignment along
with highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) distributions (e), and electrostatic potential

(ESP) mapping (f) of the ZNn@MA-POP unit.
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Figure5. Schematicillustration of epoxide to cyclic carbonate formation via COzinsertion (a), conversion vs time plot (b), light on/off experiment
(c), recyclability experiment (d) of SE to SC conversion, and substrate scope analysis with Zn@MA-POP(e). Reaction conditions: catalyst (30
mg), cocatalyst TBAB (0.160 g), epoxide (0.5 mL), 1 bar of CO2, 250 W xenon lamp, reaction time 8 h.

undergo a fixation process with epoxide to yield cyclic
carbonates.

Visible-Light-Assisted CO, Photofixation withZn@
MA-POP. To evaluate the photocatalytic activity of ZNn@MA-
POP, we have performed visible-light-promoted CO, photo-
cycloaddition of styrene epoxide (SE) in the presence of
tetrabutylammonium bromide (TBAB) as cocatalyst (Figure
5a). The initial reaction begins with by placing 0.5 mL of SE in
a5 mL two-neck round-bottom flask charged with 30 mg of as-
synthesized Zn@MA-POP and 0.160 g of TBAB. The final
reaction mixture was purged with N followed by CO; for 45
min to remove the dissolved air and then inserted into a

photoreactor using a 250 W xenon lamp for 8 h with stirring.
After the end of the reaction, the obtained reaction mixture
was then subjected to GC-MS to get the final percentage of
product formation. After the initial 1 h of the reaction (Figure
5b), we observed the formation of the single product styrene
carbonate (SC) in a 31% yield. Upon increasing the reaction
time, the conversion and SC yield gradually were elevated
without any byproduct formation. the SC yield increased from
45% to 61% as the reaction progressed from 2 to4 h. After 8§ h
of the reaction, ZN@MA-POP afforded a 91% SCyield under
the visible-light irradiation.



Control experiments have been conducted to understand the
influence of various parameters in the CO, photofixation
reaction. At first, we have performed the reaction in the dark at
1 atm of CO; pressure for 8 h (entry 2, Table S2 in the
Supporting Information). Only 16% SC was obtained after the
reaction, clearly illustrating the significance of light illumina-
tion for this particular reaction. The activation of CO; does not
occur adequately in the dark, which is critical for the reaction
to proceed. Hence, we got a comparatively less amount of
product without the use of light. A very negligible amount of
SC formation (8%) was experienced when the reaction was
carried out without the cocatalyst TBAB (entry 3, Table S2 in
the Supporting Information). In addition, when the reaction
was performed only with TBAB in absence of the ZN@MA-
POP catalyst (entry 4, Table S2 in the Supporting
Information), a poor yield was obtained under identical
reaction conditions. Thus, the cocatalyst and catalyst both
played pivotalrolesinthe catalytic transformation process, and
the absence of either of them led to a lower yield during the
reaction. We have also performed the reaction using the Zn
complex (Zn@COM) instead of Zn@MA-POP catalyst (entry
5, Table S2 in the Supporting Information), but the poor yield
(20%) demonstrated the significance of the conjugated
polymeric framework in Zn@MA-POP for the photocatalytic
electron transformation process, which was absent in the
parent Zn complex. Further, the reaction under similar
conditions without any CO, demonstrated a trace amount of
product formation (entry 6, Table S2 in the Supporting
Information). We have also conducted similar reactions under
N, and aerobic atmospheres (entries 7 and 8, Table S2 in the
Supporting Information), which exhibited a trace amount of
epoxide conversion to cyclic carbonate. The local heat
produced on the catalyst surface during visible-light illumina-

tion was measured and found to be less than 40 °C. We
conducted a similar reaction maintaining all the conditions at

40 °C in the absence of light and we obtained only a trace
amount of products (entry 9, Table S2 in the Supporting
Information). Furthermore, to check the catalytic activity
under thermal conditions, we also conducted another reaction
at a much higher temperature (60 °C) for 8 h (entry 10, Table
S2 in the Supporting Information) in the absence of light. At
the end of reaction, there was only 26% epoxide conversion to
cyclic carbonate. The overall yield of cyclic carbonate under
thermal conditions was much lower than that of photocatalytic
conditions under the optimized reaction parameters. This
definitely proves the superior performance of our Zn@MA-
POP catalyst under light illumination. Moreover, Pescarmona
et. al also reported the requirement of higher temperature
(100-120 °C) and higher CO, pressure to activate CO, and

epoxide moieties for the reaction to proceed under thermal
conditions.> This indicated the minimal effect of temperature
on our reaction, and the overall CO; fixation by Zn@MA-POP
catalyst solely depends on the light irradiation. We have
performed a similar reaction under visible light irradiation
(entry 11, Table S2 in the Supporting Information) using a
visible band-pass filter. Under visible-light irradiation the Zn@
MA-POP catalyst showed only 40% styrene epoxide
conversion to cyclic carbonate, which is comparatively much
lower than that of full-spectrum light. A light on/off
experiment was performed under the optimum reaction
conditions (Figure 5c). At first, the reaction was continued
for 1 h under a dark condition, which showed a negligible
catalytic conversion of ~2-3%. After that the reaction was

performed under light irradiation for 1 h, resulting in a suitable
amount of cyclic carbonate formation. In a similar way, the
reaction has been carried out up to 8 h following the light
irradiation in every alternate hour. At the end of 8 h, the
catalyst showed 91% SE conversion along with 100% SC
selectivity. This experiment further established the crucial role
of the light in our reaction. The heterogeneous nature of the
Zn@MA-POPphotocatalyst was confirmed by a recyclability
experiment under the optimized reaction conditions (Figure
5d). After the completion of the reaction the photocatalyst was

recovered, washed with methanol, dried in an oven at 70 °C,
and utilized for the next catalytic run using fresh reactant and

cocatalyst for 8 h. The photocatalyst illustrated significant
stability up to the sixth catalytic run. An almost indistinguish-
able reactant and product distribution during recycling
experiments clearly demonstrated the excellent stability and
robustness of our ZN@MA-POP photocatalyst. To check the
structural integrity of reused Zn@MA-POP(R), we have
performed wide-angle PXRD, N»>-adsorption/desorption, SEM,
and TEM analyses of the photocatalyst after the sixth catalytic
cycle (Figure S16 in the Supporting Information). The wide-
angle PXRD data (Figure S16ain the Supporting Information)
revealed that the amorphous nature of the reused catalyst
remains unaltered along with the absence of aZnO crystalline
phase. Notably, after the fifth catalytic cycle, the overall activity
decreases to some extent. The main reason behind the
diminishmentinthe catalytic activity was carbon deposition on
the catalyst surface, which eventually blocks the catalyst’s
active sites. Moreover, deposition of reactants and products on
the pores of the polymer during catalytic cycles also led to
clogging of the pores and eventually decreased the catalyst’s
activity. Furthermore, the blocking of porous channels via
carbonaceous deposition was confirmed by a BET surface area
analysis (Figure S16b in the Supporting Information). In
comparison with the fresh catalyst (158 m?%/g surface area), the
reused catalyst showed a lower surface area of 121 m?%g,
indicating that the carbonaceous deposition thereby reduced
the accessibility of active sites throughout the porous
channel.>® Furthermore, during the reaction, the contact of
the stirrer with the quartz reactor wall may shatter the exposed
surface of Zn, which might be another reason for the lowering
of product selectivity.’* We have also conducted an ICP-OES
analysis of the Zn@MA-POP after the sixth cycle, which
showed 8.38 wt % of Zn, which is relatively lower than that of
the fresh catalyst (10.49 wt % Zn), also contributing to the
lowering of catalytic activity. Furthermore, the SEM and TEM
images (Figure S16c,d in the Supporting Information) showed
a similar cluster morphology along with the porous nature of
the ZN@MA-POP(R) in comparison to the fresh Zn@MA-
POP. This carbon deposition on the rough surface of the fresh
catalyst may be one possible reason for the creation of a
smooth surface after few cycles, as was experimentally
evidenced from the TEM images. Due to Zn@MA-POP’s
outstanding performance in CO» activation and SE conversion,
many additional epoxides with different substituents were
investigated under the same reaction parameters (Figure 5e
and Table S3 in the Supporting Information). Zn@MA-POP
exhibited effective CO, photofixation to epoxides for the
formation of cyclic carbonates irrespective of the substituents.
Zn@MA-POP may thus be employed in the majority of CO»
cycloaddition reactions involving epoxides. To further check
the superiority of our as-synthesized Zn@MA-POP catalyst,
we have compared the CO; insertion reaction with those of
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Figure 6. Optimized structures for two interaction complexes of ZN@MA-POP with CO: at the O1/03 position (a), and at the O2/O3 position
(c) and the corresponding electron localization function (ELF) density maps (b, d). All calculations were performed at the M06-2X(GD3)/

LanL.2DZ level of theory.

other Zn-based catalysts such as Zn@COM, Zn@TiO,, and
Zn@g-C3N, (Figure S17 in the Supporting Information). The
other catalysts showed comparatively lower conversions of
33%, 26%, and 29% of epoxide to cyclic carbonate,
respectively, with respect to Zn@MA-POP. This clearly
confirms the superior-light harvesting capacity and higher
photoactivity of metalated POPs in comparison to other
conventional photocatalysts. Notably, the lower activity of
Zn@COM in comparison with the ZN@MA-POP catalyst was
later investigated through a density of states (DOS) analysis,
which helped to explain the effect of polymerization. We have
also compared the photoactivity of Zn@MA-POP with those
of previously reported catalysts (Table S4 in the Supporting
Information). Huang and co-workers recently developed a
unique strategy by incorporating Lewis acidic sites in a metal-
organic framework (PCN-224) in order to facilitate ring
opening of propylene oxide during a visible-light-promoted
CO; cycloaddition reaction.” Grafting of cobalt phthalocya-

nine over the semiconductor-based photocatalyst TiO» led to
the formation of a highly efficient hybrid catalytic system for
atmospheric CO; insertion into the epoxide ring under solar
lightillumination.?* The highly conjugated TaPa-COF system
efficiently derived from 2.4,6-triformylphloroglucinol and p-
phenylenediamine appeared to be a very effective photocatalyst
for CO» photofixation into cyclic carbonates.”> One of the
mostimportantdiscoveriesinthis field was the development of
a Zr-thiamine-based carbon nitride (Zr-Thia/g-CN) with
optimum Lewis acidic/basic sites to generate a cyclic carbonate
on a large scale by incorporating atmospheric CO; into the
epoxide ring under thermal conditions as well as simulated
light irradiation.?? However, the as-synthesized Zn@MA-POP
photocatalyst exhibited a better performance with respect to
the reaction time and reaction conditions in comparison with
other reported catalytic systems.

Density Functional Theory Calculations. In orderto
better understand the CO; fixation by Zn@MA-POP and the
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Figure 7. Density of states (DOS) for the complexes of CO2 with Zn@COM and Zn@MA-POP interacting by two configurations (a) and (b),

respectively.

conversion mechanism of SE to SC via CO; insertion, a DFT
analysis was performed. All of the Cartesian coordinates and
thermochemical properties of TPH, Zn@COM monomers,
Zn@MA-POP polymers and their complexes with CO, (Zn@
COM-CO,, Zn@MA-POP) are presented in Table S5 in the
Supporting Information. In general, the CO, activation by
Zn@MA-POP is initiated by complexation of a CO, molecule
into two different positions O1/03 (Zn@MA-POP-CO,-A,;
Figure 6a and Table S5 in the Supporting Information) or O2/
03 (Zn@MA-POP-CO,-B; Figure 6¢ and Table S5 in the
Supporting Information) of two methyl carboxylate ligands, of

which the latter has a relative energy 0.90 kcal/mol lower than
that of the former. Their corresponding electron localization
function (ELF) density maps (Figure 6b,d) also show that the
interaction of a CO; molecule at the O2/03 position is more
polarized than that at the O1/03 position. Thus, the CO,
prefers more to interact with Zn@MA-POP polymer at the
02/03 position.

The densities of states (DOSs) for the complexes of CO,
with Zn@MA-POP and Zn@COM compared in Figure 7a,b
show that the polymer form exhibits a narrower band gap of
energy in comparison to the monomer for both interaction
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configurations A and B. For example, in the most stable
configuration, i.e., ZN@MA-POP-CO,-B, the LUMO energy
(Evp) for the Zn@MA-POP-CO; of -8.36 eV (band gap of

6.11 eV) is higher than that for Zn@COM-CO; of -9.05 eV

(band gap of 6.80 eV), whereas the HOMO energies (Ewn) for
both complexes are equal to -2.25 eV (Figure 7). Thus, the
polymerization of Zn@MA-POP evidently tends to be
responsible for the higher activity of CO activation in
comparison to the ZN@COM monomer as observed in the
experiments.

Furthermore, the reaction mechanism for the conversion of
SE into SC via CO; insertion on Zn@MA-POP and the DFT/
MO06-2X(GD3)-calculated potential energy profile is presented
in Figure 8a,b. The corresponding Cartesian coordinates and

thermochemical properties for all the intermediates and the

products are given in Table S6 in the Supporting Information.

As can be seen in Figure 8a,b, the most important step of ring

activation of SE is initiated by coordination between SE at the
O atom with the Zn ion of the Zn@MA-POP to form
intermediate || with a relative enthalpy at 298 K that is 28.9
kcal/mol lower than those of the separate initial reactants.

Then, the adsorption of the bromide anion (Br~) generated
from TBAB into the less hindered —~CH,- position of the
epoxide ring on SE activates the ring-opening reaction of SE,
forming intermediate Il (relative enthalpy of -61.2 kcal/
mol). Thering-opening reaction, whichis therate-determining
step, passes the transition state IV (relative energy, -47.4 kcal/
mol) with an energy barrier of 13.8 kcal/mol, which is quite
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Figure9. (a) Proposed mechanism for CO2cycloaddition by maintaining electron balance. (b) Optimized structures and charge density difference
(CDD) maps for complexes Il and VI. The red and blue isosurfaces corresponding to +0.001 and —0.001 au respectively represent the regions

where the electron density increases and decreases.

lower than that of CO» cycloaddition with propylene epoxide
catalyzed by 2,5-di-tert-butyl-1,4-benzoquinone/5 nm thick
conjugated microporous polymer (CMP) nanosheets™® (i.e.,
19.3 kcal/mol). The formed product V possesses an energy
equal to —61.4 kcal/mol. The oxygen of the SE moiety with a
negative charge becomes a favorable position for the CO,
insertion step, which is initiated by the formation of a stable
complex between the CO» molecule and SE (VI) with a
relative energy of —75.9 kcal/mol. The CO» insertion process
does not pass any transition state, and this tends to give the
direct formation of intermediate VIl (relative enthalpy of
-88.2 kcal/mol). The O atom of CO, then recombines with
the C atom in the meth{lene —CHa»- group of SE by passing

the transition state VIl (-76.4 kcal/mol) with an energy
barrier of 11.8 kcal/mol. The product of the ring-closure

reaction is the styrene carbonate (SC) in complexation with
the ZN@MA-POP and Br™ anion (IX, -92.1 kcal/mol). Finally,
the intramolecular displacement of Br™ allows the formation
of the cyclic carbonate complex (X, -58.2 kcal/ mol)
followed by the SC desorption from the catalyst surface

to release the final product SC. It is noteworthy that all of the
reactions using our ZN@MA-POP are all spontaneous and
exergonic under the studied conditions, and the Zn@MA-POP
polymer illustrates a better light-harvesting ability in CO,
fixation in comparison to its monomeric counterpart (Zn@
COM). The relative energies of all the intermediates in the
potential energy profiles were also evaluated as function of
temperature from 298 to 400 K by using Thermo code’® in
order to shed light on the influence of temperature under light
irradiation or the photothermal effect (Table S7 in the

Supporting Information). As a result, a negligible increase in
relative energy from 0.3 to 0.7 kcal/mol is observed as a
function of temperature. The thermodynamic properties of all
the species at higher temperature up to 1000K can be found in
Table S6 in the Supporting Information.

Wang et al. very recently reported that under photocatalytic
conditions the epoxide ring of styrene epoxide (SE) gets
oxidized to SE* by the photogenerated holes of the valence
band (VB) of a Bi oxide/Ti oxide molecular hybrid based
photocatalyst with the postulation of an S-scheme.’” Based on
this previous literature report, we also can speculate arelevant

concept that the CO, molecule gets reduced to CO *~ by
accepting photoexcited electrons from the conduction band

(CB) when the Zn@MA-POP catalyst is exposed to thelight.
In this way eventually both SE and CO, get activated under
light irradiation and proceed for a further cycloaddition
reaction to yield cyclic SC. Figure 9a depicts the photophysical
and chemical process for the activation of SE and CO.. It is
worth mentioning that CO; cycloaddition involves the initial
reduction of CO; to CO *7, followed by fixation in the

activated epoxide ring (SE¥), but not the conventional CO,
reduction to other products. Initially, the ZNn@MA-POP gets
excited by light irradiation and creates photoexcited electrons
and holes at the CB and VB, respectively. A time-correlated
single photon counting (TCSPC) experiment noted above
described a higher lifetime (t.vo) of about 0.86 ns for the
photogenerated electrons, indicating the formation of stable
excitons (electron-hole pairs) with alower recombination rate
(Figure 4c). Now, the CO;'" intermediate is formed by
transferring an electron from CB to CO; followed by the
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quenching of holes at the VB by SE to produce SE*. As a
result, the overall electron balance is maintained during the
catalytic cycle, which was also considered in our proposed
mechanistic pathway as supported by the DFT/M06-2X-
(GD3)-calculated potential energy profile (Figure 8).
Furthermore, the optimized structures and charge density
difference (CDD) maps for SE-Zn@MA-POP (Il) and CO,-
SE-Zn@MA-POP (VI) complexes also demonstrate the
charge separation in SE and CO; during the photocatalytic
cycloaddition reaction. As presented in Figure 9b, in complex
11, we can notice that the electron densities at SE are decreased
(blue isosurfaces) and increase subsequently at other moieties
of the respective ZN@MA-POP complex. In contrast, we can
also observe that in complex VI the electron densities are

reduced at the SE and transferred to the CO» molecule,

thereby increasing the electron densities at CO, (red
isosurfaces). This observation from the DFT computational
charge density difference (CDD) maps study clearly
establishes our hypothesis of an electron transfer mechanism
from SE to CO, by maintaining the total electron balance.

| concrusioN

In summary, we have developed a visible-light-responsive Zn-
metalated porous organic polymer (ZN@MA-POP) by a
monomer-assembly-directed one-pot polycondensation be-
tween TPH and Zn@COM monomers. The excellent light-
harvesting property, tunable band gap of the conjugated
organic framework, and the Zn core (ZnN,QOy) active site in
the as-synthesized ZNn@MA-POP are utilized for the solar-
light-driven CO, photofixation. The obtained Zn@MA-POP
exhibited higher photocatalytic activity toward insertion of
CO; into oxiranes in comparison to the parent Zn@COM as a
consequence of extended iz conjugation in the porous organic
polymer, which not only accommodates the Zn active site to
prevent further agglomeration but also maximizes the light
absorption capacity to overcome all the disadvantages related
to commercially available conventional semiconductor photo-
catalysts. A DFT study unveiled the crucial information about
CO» activation by Zn@MA-POP through two different
complexation strategies (ZN@MA-POP-CO,-A and Zn@ MA-
POP-CO,-B), where the former exhibited a higher relative
energy (0.90 kcal/mol) in comparison to the latter.
Moreover, the formation of SC from SE over Zn@MA-POP
involving several intermediates in the mechanistic pathway was
spontaneous and exergonic in nature. On the other hand, the
density of states (DOS) for the complexes of CO, with Zn@
MA-POP and Zn@COM exhibited a narrower band gap
energy in comparison to the monomer counterpart, whereas
the LUMO energies (Er) for Zn@MA-POP-CO; and Zn@
COM-CO; were -8.36 and -9.05 eV with thecorresponding
band gaps 6.11 and 6.80 eV, respectively, clearly demonstrating
the involvement of the polymeric network in the electron
transfer process. Thus, the novel photocatalyst Zn@MA-POP
for the chemical fixation of CO; into a cyclic epoxide has been
developed and the structure-activity relationship was also
established with the help of an EXAFS and DFT study, utterly
important in this modern era for CO, mitigation to prevent
environmental pollution.

I EXPERIMENTAL SECTION

Synthesis of Zn@MA-POP Photocatalyst. In order to
synthesize a molecular-assembly-based metalated porous organic
polymer, 1.5 mmol of a zinc pyridine complex (Zn@COM, 0.596

g) and 1 mmol of TPH were dissolved in 20 mL of DMAc and then
2.5 mL of 6 M acetic acid was added to initiate the Schiff base
reaction. Afterthat, the resulting solution was subjected to continuous
heating and stirring for 72 h at 130 °C under an N2 atmosphere. After
completion of thereaction, the resulting yellow solution was cooled to
room temperature and a yellow precipitate was obtained in methanol.
Finally, the precipitate was washed with methanol and dried in an
oven, denoted ZN@MA-POP. The overall synthetic procedure is
depicted in Figure S3 in the Supporting Information.
Synchrotron-Radiation-Based XAS Measurements and Data
Analysis. The Zn K-edge X-ray absorption fine structure (XAFS)
measurements were performed at the B18 beamline at the Diamond
Light Source, UK. Pellets for the measurements were made by
homogeneously mixing the sample with an inert cellulose matrix to
have an X-ray absorption edge jump of close to 1. A standard data

analysis procedure was used to extract the extended X-ray absorption
fine structure (EXAFS) signal from the measured absorption spectra.

Background subtraction, normalization, and alignment of the XAFS
data were performed with ATHENA software.

General Procedure for Photocatalytic Conversion of
Epoxides to Cyclic Carbonate. Styrene epoxide (0.5 mL, 4
mmol), Zn@MA-POP (30 mg), and TBAB (160 mg, 0.5 mmol) were
charged into a 10 mL glass reactor with a stir bar. After that, N2 gas
was purged to the reaction mixture in order to remove the air
followed by the addition of a balloon containing high-purity COx.
Finally, the reaction mixture was irradiated with a 250 W Xe lamp for
several hours at room temperature. The catalyst was isolated by
filtration after the completion of the reaction and the solution of the
product was extracted from the filtrate by ethyl acetate and water
(1:1). Further, the as-collected solution was analyzed by GC-MS to
detecttheunreacted epoxides and cyclic carbonate products. Notably,

all the reactions were carried out in an air-conditioned room (22 °C)
and an infrared temperature gun (GM320) was used to measure the
local heat produced on the catalyst surface during visible-light
illumination. It was found that the heat produced on the catalyst
surface during light irradiation was less than 40 °C. For the visible-
light spectrum we used a visible band-pass filter (Newport, FSQ-
KG1) attached to the 250 W Xe lamp.

DFT Calculations. The density functional theory (DFT) analysis
was performed with the D3 version of Grimme’s dispersion with the
original D3 damping function (GD3) using the M06-2X functional
combined with the LanL2DZ basis set and was employed using
Gaussian 16 Rev. C.01. The CDD map was calculated by the
MultiWfn code. All images were visualized by VMD software. C, N,
0O, Zn, and H atoms correspond to turquoise, blue, red, gray, and light
gray balls.
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