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Crown Ether Holes in Rigid Backbone

ABSTRACT: Here, we present the synthesis and characterization  [remanabie cayc peromance

‘Gycloaddition of Eporide
=)

of a novel 2D crystalline framework, named C,0, which mainly
consists of carbon and oxygen in a 2:1 molar ratio and features
crown ether holes in its skeletal structure. The covalent-
frameworked 2D crown ether can be synthesized on a gram-scale
and exhibits fine chemical stability in various environments,
including acid, base, and different organic solvents. The C,O X
efficiently activates KI through the strong coordination of K* with | &= %
crown ether holes in a rigid framework, which enhances the
nucleophilicity of I” and significantly improves its catalytic activity
for CO, fixation with epoxides. The presence of C,0 with KI C.0

results in remarkable increases in CO, conversion from 5.7% to

99.9% and from 2.9% to 74.2% for epichlorohydrin and allyl glycidyl ether, respectively. Moreover, C,O possesses both electrophilic
and nucleophilic sites at the edge of its framework, allowing for the customization of physicochemical properties by a diverse range of
chemical modifications. Specifically, incorporating allyl glycidyl ether (AGE) as an electrophile or ethoxyethylamine (EEA) as a
nucleophile into C,O enables the synthesis of C,0-AGE or C,0-EEA, respectively. These modified frameworks exhibit improved
conversions of 97.2% and 99.9% for CO, fixation with allyl glycidyl ether, outperforming unmodified C,O showing a conversion of
74.2%. This newly developed scalable, durable, and customizable covalent framework holds tremendous potential for the design and
preparation of outstanding materials with versatile functionalities, rendering them highly attractive for a wide range of applications.
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1. INTRODUCTION hydrogen bonds,*® keto—enol tautomerism,”’ and interlayer
interactions.’® Gram-scale synthesis has been achieved by a
solid-state coordination method and hydrothermal proce-
dure.’”*> Nevertheless, the development of chemically stable
COFs exhibiting the desired functionality, especially in large-
scale production, is still a major challenge for their practical
applications.

COFs are solid materials based on organic frameworks. It
implies that molecular chemical reactions, established in

to their tunable structures and properties."* > The majority of organic chemistry, can be employed to provide functionality

current COFs have been synthesized by solvothermal methods Wh_ﬂe .mechamcal frameworks of the ?D materials are
that rely on dynamic chemistry (such as boronate ester,”">> maintained. Crown ethers are macrocyclic host molecules
)

hydrazone,”* and imine linkage)>*>* that involves reversible that selectively bind alkali metal cations due to their electron-

. ... 3334 . . « _
bond formation and breaking, allowing for the self-assembly of rich tiavllfles', " the 1ntrotc}11uct1zn (l)f dSIth ram.olecularl. hSSt
molecular building blocks into desired crystalline structures. guest chemistry of crown etaers as iec Lo varlous appications

. . . in cation recognition,”>*® biological systems,”” and cataly-
However, these materials tend to have inherently low chemical

stability due to their vulnerable covalent bonds. As a result, the

The recent discovery of two-dimensional (2D) materials has
garnered siﬁniﬁcant attention for various applications, such as
separation, -3 gas storage,4_7 electrodes,*™* and cataly-
sis,">”'” because of their high surface area, electrical/thermal
conductivity, mechanical properties, and other beneficial
properties. In particular, covalent organic frameworks
(COFs), a class of 2D materials with a controlled porous
structures, have been widely investigated in recent decades due

synthesis of COFs is sensitive to small variations in reaction Received:  October 12, 2023
conditions, such as reactant ratios, reaction temperatures, and Revised:  January 14, 2024
solvent selection. This limits their production scale to tens or a Accepted:  January 20, 2024

few hundred milligrams and hinders their utilization in
practical applications.”””” To address these issues, the
chemical stability has been improved by incorporating
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Figure 1. Synthetic strategy for preparing C,0. Condensation of TCPG gives a 2D microporous crystalline framework with pore size of 0.88 nm,

denoted C,0.

sis.”®* For example, 18-crown-6 structure is an excellent
activated agent for KI in CO, fixation with epoxides.*>*'
However, they have limited binding strength and selectivity
due to the flexibility of the macrocyclic polyether rings.***
Early studies have established that rigidifying the crown ether
structure through chemical modification enhances the binding
affinity. For example, Guo et al. found that the crown ether
incorporated in graphene generates larger binding energy
(~1.4 eV) than those obtained with free crown ether
molecules.™

Here, we prepare the novel 2D framework having both
electrophilic and nucleophilic sites with crown ether holes
(C,0) through irreversible nucleophilic aromatic substitution
(SnAr) of trichlorophloroglucinol (TCPG), where TCPG was
prepared by chlorination of phloroglucinol (PG) (Figure 1).
The synthesis and the purification of the building unit is facile
compared to other reported COFs,**" indicating that the
preparation of this 2D material is easily available. C,0O
possesses inherent crown ether pores in its rigid skeletal
structure, resulting in substantial increases in conversion for
cycloaddtion of epoxides with CO, by activation of potassium
iodide (KI) and improving the nucleophilicity of iodine
anions.** ™" Additionally, C,O has both electrophilic and
nucleophilic sites at the edge of its framework, enabling the
precise customization of physicochemical properties through a
diverse range of chemical modifications. This offers the
advantage of easily introducing desired functional groups and
other beneficial properties depending on the applications.
Furthermore, C,0 can be produced on a large scale due to the
stable stoichiometric balance of TCPG itself and exhibits fine
chemical stability under harsh chemical environments by
strong covalent bonds formed by self-condensation of TCPG.
With its unique combination of scalable, durable, and

customizable characteristics, this newly developed covalent
framework exhibits immense potential for the design and
preparation of outstanding materials with versatile function-
alities, making them highly desirable for a wide range of
applications.

2. RESULTS AND DISCUSSION

2.1. Preparation of C,0. The C,0 was simply synthesized
by the self-condensation reaction of TCPG with potassium
carbonate as a base catalyst, yielding crystalline black
precipitates (Figure 1). It is remarkable that the C,0 could
be easily prepared on a gram-scale, considering the typical
synthesis of COFs by the solvothermal process is limited to
only a few hundred milligrams.”>** TCPG is a polyfunctional
monomer containing stoichiometric amounts of chloride and
hydroxyl groups. It is well-known that polymers with high
molecular weight could be easily achieved from the polymer-
ization of such monomer type.”*" It implies that controlling
the polymerization process is likely to further scale up the
synthesis of C,0 to the industrial scale. The empirical formula
of this product is C,O for the repeating unit in the basal plane.
Elemental analyses were in good agreement with the chemical
formula of the molecules (Table S1, Supporting Information).
Notably, the material consists of only carbon (C) and oxygen
(O) in its skeletal structure; hence, we named the product
C,0. The reaction conversion calculated from the content of
residue chloride (0.9% from XPS) is 98.2%. The peak at 200
eV is attributed to the chlorine atoms in the edge of C,O.
Additionally, C,O could also be prepared through the self-
condensation reaction of tribromophloroglucinol (TBPG) as
well (see the Supporting Information). However, in this study,
C,0 synthesized using TCPG was used for further analysis.
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Figure 2. Chracterization of C,0. (a) FT-IR spectra of PG (blue), TCPG (red) and C,0 (black). (b) Solid-state '*C CP-MAS NMR spectrum of
C,0. (c) PXRD profile of C,0. (d) Raman spectrum of C,0. (e) FT-IR spectra and (f) PXRD patterns of C,O after treatments under different
chemical environments for 1 week. (g) AFM images of C,O nanosheets with S—6 nm thickness consisting of ~18 monolayers. (h) A HR-TEM
image of C,0. (i) A magnified image of the HR-TEM image of the C,0 and (j) its corresponding FFT image. (k) A schematic representation of

the C,0.

By rigidifying crown ethers in a 2D structure, we expect to
increase the binding affinity and selective molecule sorption of
crown ethers. According to Chisholm et al, the dioxin
structure in oxidized graphene is highly stable, which implies
that C,0 is a chemically stable material.**~*® Usually, most
COFs have intrinsically limited chemical stability due to their
dynamic chemistry that renders these materials chemically
vulnerable.”*™** Unlike these COFs, C,0 is connected by an
irreversible dioxin linkage from the self-condensation of
TCPG, indicating that much improved chemical stability can
be expected. In addition, functional groups such as hydroxyl
group and halogen group at the edge of the C,0 allow
postmodification with various chemical moieties producing
C,0 having different polarities. Furthermore, an ordered
inclusion of crown ether holes is expected to coordinate with
metal ions®”® (K*, Cu®, Zn?*, Ce*, etc.), which would be
beneficial for various applications such as catalysis, separation,
antibacterial/virus agent, and electrode. In this study, we
utilized C,0 as a catalyst for the epoxide cycloaddition
reaction with carbon dioxide.

2.2. Characterization of C,0. Fourier-transform infrared
(FT-IR) spectrum of C,O displays adsorption peaks at 1,240

em™ and 1,030 cm’}, corresponding to asymmetric and

symmetric vibration modes of the ether bonds, respectively
(Figure 2a). The significant decrease of the peak intensity in
C,0 was observed at 3,458 cm™' (O—H stretching) and 760
cm™' (C—Cl stretching) compared to PG and TCPG,
indicating the high conversion of the self-condensation
reaction (Figure 2a). The peak intensity of C=O stretching
at 1712 cm™" of C,0 was found to be slightly larger than that
of TCPG due to the tautomerism of phloroglucinol (PG)
derivatives. TCPG shown in Figure 1 is enol-form, while 2,4,6-
trichlorocyclohexane-1,3,5-trione can be formed through the
tautomerization of TCPG.°"> We postulate that the
tautomerization of TCPG plays an important role in the
formation of C,0 in high conversion. The chloride at the a-
position of the carbonyl group formed by the tautomerization
is much more reactive than the aryl chloride in TCPG, which
facilitates SyAr reaction (Figure S1, Supporting Informa-
tion).”> To further confirm the chemical structure of C,O,
solid-state *C cross-polarization magic-angle spinning (CP-
MAS) NMR spectroscopy was conducted (Figure 2b). The
C—0 and C—CI carbon peaks were observed at 146 and 102
ppm, respectively. Additionally, C—OH and C=O carbon
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Figure 3. C,0-catalyzed cycloaddition of epoxides. (a) Schematic illustration of the C,O-cation complex. (b) Alkali metal ion sorption of C,0
calculated by ICP-MS. (c) O 1s XPS spectra of C,0 and C,0 + KI. (d) Catalytic performance of C,0 with epichlorohydrin and allyl glycidyl ether.
(e) The proposed mechanism of the cycloaddition reaction catalyzed by C,0 with KL

peaks were also observed at 154 and 192 ppm, respectively,
with smaller intensity. The peaks below 100 ppm in “C
CPMAS NMR could be attributed to entrapped solvent (or
impurities) and satellite peaks.

The powder X-ray diffraction (PXRD) patterns of C,O show
two distinct peaks at 10° and 26°, corresponding to in-plane
reflection (100) of 0.88 nm and interlayer distance between
stacked sheets of 0.34 nm, respectively (Figure 2c). The
experimental PXRD pattern was consistent with the simulated
AB stacking mode for 2 layers of C,O (Figure S2, Supporting
Information). The lattice model afforded optimized unit cell
with parameters of a = b =825 A, c=7.02 A, a = #=90° and
y = 60°. It is noteworthy that C,O has a crystalline structure
even though it was prepared from the irreversible SyAr
reaction. The formation of such a regular 2D structure could

be attributable to the rigidity of the building units and strong
directionality of the dioxin linkage. The in-plane reflection
peak also indicates that C,O contains crown ether structures
rigidified by the backbone frames, which can enhance the
bindin§ affinity and selective molecule sorption of crown
ethers.”* The interlayer distance of C,O is close to that of
graphite (d &~ 0.335 nm), suggesting that C,0 has a 2D
structure close to that of graphene derivatives.””*° We also
found that potassium ions (K*) could enhance the crystallinity
of C,0 during the self-condensation reaction. Since 18-crown-
6, a cyclic crown ether consisting of six ethylene oxide units, is
well-known to recognize K*, it can be assumed that there is a
specific interaction of the building unit (TCPG) with
potassium ion during the self-condensation reaction. As a
result, the peak intensity of the (100) reflection prepared using
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K,COj; as base catalyst is larger than that of C,O prepared
using triethylamine, indicating that the K acts as a cation
template (Figure S3, Supporting Information).”’

The porous structure of C,0O could also be estimated by N,
adsorption analysis at 77 K (Figure S4, Supporting
Information). COPFs having large pores prepared from
solvothermal process normally show large N, uptake, while
covalent triazine frameworks (CTF) having smaller pores like
C,0 show small or no detectable N, adsorption, if any. Since
CTF and C,0 both have a dense structure, N, can not be
easily adsorbed into the network.”® Nevertheless, a slight CO,
uptake of 0.6 mmol-g~' was observed, indicating that hydroxyl
groups at the edge of the plane could increase the CO, uptake
due to hydrophilic interaction. The Raman spectrum of C,0 in
Figure 2d indicates its graphitic nature by showing two distinct
peaks at 1345 cm™ (D band) and 1580 cm™ (G band). The
intensity ratio between the D band and G band (Ip/I;) reflects
the disorder of the carbon materials.””® The Ip,/I; value for
C,0 is 0.64, indicating that C,0 has a degree of graghitization
higher than that of graphene oxide (Ip/I ~ 0.88).”

The chemical stability of C,O was investigated by treating
with various chemical environments such as boiling water, 1 M
HCI, 1 M NaOH, chloroform, hexane, and dimethylformamide
(DMF) for 7 days. The FT-IR spectra and PXRD patterns of
C,O before and after treatment indicated that C,O retains its
original structure and crystallinity, demonstrating its fine
chemical stability (Figure 2e,f). The thermal stability of C,0
was also evaluated using thermogravimetric analysis (TGA)
under an N, atmosphere, which showed high decomposition
temperature and large char yield in comparison to TCPG,
indicating the formation of a network structure”” (Figure SS,
Supporting Information). The fine chemical and thermal
stabilities of C,O stem from the strong covalent bonding
within its structure, achieved through irreversible SyAr
reactions that facilitate the formation of a robust network.

C,0 obtained from the self-condensation reaction and
purification process could be easily dispersed by sonication in
N,N-dimethyl-formamide (DMF) with good dispersity. Atomic
force microscopy (AFM) showed that the thickness of the 2D
nanosheets was 6 nm, consisting of ~18 monolayers (Figure
2g). The HR-TEM and corresponding fast Fourier transform
(FFT) image of C,0 (Figure 2h,j) demonstrate a distinct
layered structure with an interlayer distance of 0.34 nm,
matching well with the XRD results shown in Figure 2c. In
addition, those images represent hexagonal lattices of C,O
(Figure 2h—k).

2.3. Catalytic Performance and Postmodification of
C,0. The conversion of CO, into value-added products has
become an active research field in response to increasing
greenhouse gas emissions.”® It has recently been found that
crown ethers are effective phase-transfer agents of potiassium
iodide (KI) for the fixation of CO, with epoxides, which is
alternatively referred to as cycloaddition reaction of CO, with
epoxides.*”*' Moreover, hydrogen bond donors such as
hydroxyl and amine functional groups were found to facilitate
the cycloaddition reaction of CO, by activating the epoxides.”’
Given the high density of crown ethers and sufficient hydrogen
bond donors, C,0 could serve as an attractive cocatalyst for
CO, fixation (Figure 3a). First, we measured the alkali metal
ion sorption properties of C,O using inductively coupled
plasma-mass spectrometry (ICP-MS). As shown in Figure 3b,
C,0 shows the highest ion sorption capacity for the K* ion as
expected from the pore structure that is the same as 18-crown-

6. The K* ion adsorption capability was further confirmed by
XPS studies. The O 1s XPS spectra of C,0 shows two distinct
signals at 530.4 and 532.0 eV, which are attributed to the
oxygen atoms of crown ether holes and the hydroxyl groups at
the edge of the plane, respectively (Figure 3c). Compared to
bare C,0, the O 1s spectra of C,0 with KI exhibited a shift
from 532.0 to 532.7 eV and 530.4 to 531.2 eV due to the
interaction between crown ether holes in C,0 and K*, which
increased the binding energy of O 1s. (Figure 3c). It has been
demonstrated that the coordination of crown ether groups with
K* can significantly improve the nucleophilicity of 1.7
Thus, C,0 could be a suitable cocatalyst for the cycloaddition
of epoxides.

To investigate the catalytic performance of C,0, the
cycloadditions of CO, with two epoxides (epichlorohydrin
and allyl glycidyl ether) were performed (Figure 3d, Table 1).

Table 1. Catalytic Performance of C,0 and Modified-C,O

Temp. Time Conversion
Entry Substrate Catalyst (°c (h) (%)
1 Epichlorohydrin KI 80 12 5.7
2 Epichlorohydrin ~ KI + C,0 80 12 99.9
(24 mg)
3 Allyl glycidyl KI 80 12 2.9
ether
4 Allyl glycidyl KI + C,0 80 12 45.7
ether (18 mg)
S Allyl glycidyl KI + C,0 80 12 74.2
ether (24 mg)
6 Allyl glycidyl KI + C,0 80 12 75.7
ether (30 mg)
7 Allyl glycidyl KI + C,0 80 18 80.1
ether (24 mg)
8 Allyl glycidyl KI + C,0- 80 12 97.2
ether AGE”
(24 mg)
9 Allyl glycidyl KI + C,0O- 80 12 34.8
ether DETA"
(24 mg)
10 Allyl glycidyl KI + C,0- 80 12 99.9
ether EEA°
(24 rng)

“C,0 modified with allyl glycidyl ether (see Figure 4a). bc,0
modified with diethylenetriamine (see Figure SS, Supporting
Information). “C,O modified with ethoxyethylamine (see Figure 4a).

Potassium iodide (KI) is one of the most extensively studied
catalysts in cycloaddtion reaction of epoxides, and it is well-
known that the inclusion of the K" in the crown ether
enhances the catalytic performance of KI due to the increase in
nucleophilicity of I” anion. The use of only KI resulted in
relatively low conversion values, such as 5.7 and 2.9% for
epichlorohydrin and allyl glycidyl ether, respectively, indicating
poor catalytic performance of KI itself. However, the presence
of C,0 with KI results in remarkable increases in conversion of
99.9% (epichlorohydrin, entry 2 of Table 1) and 74.2% (allyl
glycidyl ether, entry S of Table 1), which can be ascribed to the
crown ethers in the C,0 structure.”>’® Also, recycling studies
of C,0—KI-based catalytic system were conducted (Figure S6,
Supporting Information) using epichlorohydrin as a substrate,
and recycling tests proved that the reaction could be
conducted for at least 3 consecutive runs without significant
loss of activity, indicating the durability of the C,0—KI based
catalytic system. The detailed mechanism of the C,0-catalyzed
cycloaddition reaction of CO, with epoxides is described in
Figure 3e. The nucleophilicity of iodide anion (I7) is enhanced
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Figure 4. Postmodification of C,0. (a) The preparation of modified-C,O using allyl glycidyl ether and 2-ethoxyethylamine (C,0-AGE and C,O-
EEA, repectively). (b) The FT-IR spetra of C,0, C,0-AGE, and C,0-EEA. (c) Catalytic performance of C,0, C,0-AGE, and C,0-EEA.

by the interaction of C,0 with KI. Additionally, the
cycloaddition reaction is facilitated by the hydroxyl groups at
the edge of the C,0, which can activate the epoxides by
making them more susceptlble to attack by the iodine anion”’
(Figure 3e, (1)). The activated epoxide undergoes nucleophilic
attack by the iodide anion, leading to the ring opening of the
epoxide (Figure 3e, (2)). In the next step, the nucleophilic
oxygen atom of the epoxide donates a pair of electrons to the
electrophilic carbon atom of CO,, resulting in the formation of
a carbon—oxygen bond between the epoxide and CO, (Figure
3e, (3)). Finally, the intermediate undergoes ring closure to
form the cyclic carbonate product, and the catalyst is
regenerated to its original form (I7) to participate in
subsequent catalytic cycles (Figure 3e, (4)). To gain deeper
insight into the catalytic activity of C,0, the catalytic process is
investigated using a density functional theory (DFT)
calculation (Figure S7, Supporting Information). In the
catalyst-free reaction process, the energy barrier for the RDS
(ring opening of epichlorohydrin) is 63.96 kcal/mol, which is
consistent with the reported literature’®”” (Figure S7a,
Supporting Information). Similar to the catalyst-free process,
the CO,-epichlorohydrin cycloaddition reaction catalyzed by
C,0 was carried out, and the energy profile diagram is shown
in Figure S7b, Supporting Information. The ring-opening step
is considered the RDS in the CO, cycloaddition reaction with
an energy barrier of 28.01 kcal/mol, which is significantly
lower than that of the reaction without the catalyst (63.96
kcal/mol). The use of C,0 is crucial to promote the desired
reaction pathways and offer a sustainable route for the
conversion of CO, to valuable cyclic carbonates with various
applications.

The relatively low conversion with allyl glycidyl ether was
attributed to limited compatibility between C,O and allyl
glycidyl ether, which suppresses activation process of the
epoxide with C,0.*° The conversion of allyl glycidyl ether
could be somewhat improved by increasing the reaction time
to 18 h (80.1%, entry 7 of Table 1) or by increasing the
amount of C,0 to 30 mg (75.7%, entry 6 of Table 1).
Nevertheless, the obtained results did not exhibit a dramatic
increase, suggesting that further chemical modification of C,0O
is necessary to achieve the desired advancement.

To improve the compatibility between C,O and allyl
glycidyl ether, we modified the edge structure of C,0, utilizing
the electrophilic (—Cl) and nucleophilic (—OH) sites located
at the edge of the framework (Figure 4a). By incorporating
allyl glycidyl ether (AGE) as an electrophile or ethoxyethyl-
amine (EEA) as a nucleophile into C,0, C,0-AGE and C,O-
EEA were successfully synthesized without deformation of
their 2D crystalline structure, which was confirmed by FT-IR
(Figure 4b) and PXRD results (Figure S8, Supporting
Information). It is noteworthy that C,O can be easily modified
with high conversion both by a nucleophile and an electrophile
such as EEA and AGE, respectively. This customizable
property of C,O makes it readily amenable to modification
with a variety of substrates. The conversion of allyl glycidyl
ether was found to be 97.2% and 99.9% (entries 8 and 10) at
the same reaction condition when C,0-AGE and C,0-EEA
were used for the cycloaddition reaction, respectively (Figure
4c). The increase of the conversion with use of C,0-AGE and
C,0-EEA could be attributed to the improved compatibility of
the C,0 derivatives in the reaction medium.*"** For example,
when C,0-DETA (C,0 modified with diethylenetriamine, see
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Figure S9, Supporting Information) was used with KI as the
catalyst for the cycloaddition reaction of allyl glycidyl ether, the
conversion was only 34.8%. Since diethylenetriamine (DETA)
has multiple nucleophilic sites, it could cross-link C,O during
the modification, leading to poor dispersion of C,0-DETA in
the reaction medium. Although quantitative analysis of the
miscibility of C,0 was not feasible in this study, qualitative
analysis was conducted. As shown in Figure S10, it was
observed that C,0-DETA showed poor dispersion in the
reaction medium, while C,0-AGE and C,0-EEA exhibited
much better dispersion in the reaction medium. Between C,0-
AGE and C,0-EEA, C,0-EEA demonstrated superior
catalytic performance due to the presence of the remaining
hydroxyl groups that facilitate the CO, fixation reaction.

3. CONCLUSION

In summary, we have successfully synthesized a novel covalent
framework, C,0, with crown ether holes in its skeletal
structure through irreversible nucleophilic aromatic substitu-
tion reaction (SyAr) of TCPG in a gram-scale. The resulting
framework showed a desirable degree of crystallinity with
layered 2D structure (d = 0.34 nm) and excellent chemical
stability against various chemical environments including acid,
base, and different organic solvents. The crown ether holes in
the C,O structure were found to strongly coordinate with K,
thereby increasing the nucleophilicity of I” and enhancing its
catalytic activity for the CO, fixation with epoxides. The
presence of C,0 with KI significantly improves the catalytic
performance compared with using KI alone. The catalytic
conversion is increased from 5.7% to 99.9% and 2.9% to 74.2%
for epichlorohydrin and allyl glycidyl ether, respectively. Since
the C,0 possesses both electrophilic and nucleophilic sites at
the edge of the framework, C,O can be easily modified by
incorporating with electrophiles or nucleophiles. For example,
C,0-AGE and C,0-EEA, obtained through modification with
allyl glycidyl ether and ethoxyethylamine as an electrophile and
a nucleophile, respectively, show improved conversions (97.2%
and 99.9%) for allyl glycidyl ether compared to unmodified
C,0 (74.2%). With the unique combination of scalable,
durable, and customizable properties of C,0, this newly
developed covalent framework holds tremendous potential for
the design and preparation of outstanding materials with
versatile functionalities, rendering them highly desirable for a
wide range of applications, including batteries, fuel cells,
purification, antibacterial/antiviral composite materials, etc.

4. EXPERIMENTAL SECTION

4.1. Materials. Phloroglucinol (PG) (>99%), potassium carbo-
nate (>99%, Anhydrous), sulfuryl chloride (97%), triethylamine
(=99%), epichlorohydrin (>99%), allyl glycidyl ether (>99.0%), N-
bromosuccinimide (NBS) (99.0%), diethylenetriamine (99%), 2-
ethoxyethylamine (98%), and sodium hydrogen carbonate (>99.7%)
were purchased from Sigma-Aldrich Co., Ltd. (USA). N,N-
Dimethylformamide (DMF), diethyl ether, and bromine were
purchased from Junsei Co. Ltd. Methylene chloride (MC) was
dried with anhydrous calcium chloride, followed by distillation. DMF
was used after drying using a molecular sieve (3 A). All the other
reagents were used as received.

4.2. Synthesis of 1,3,5-Trichlorophloroglucinol (TCPG).
Typically, 5.0 g (40 mmol) of phloroglucinol (PG) was added into
a 250 mL predried round-bottom flask and 10.0 mL of MC was added
to prepare PG suspension. 16.2 g (120 mmol) of sulfuryl chloride in
30.0 mL of MC was mixed with the PG suspension. 8.9 g (120 mmol)
of diethyl ether was transferred into a dropping funnel and was added

dropwise into the mixture under the temperature of 0 °C for 2 h with
stirring. After a 2 h reaction, a yellowish solution was obtained
without any precipitates. The reaction mixture was dried under
vacuum conditions, and then a pinkish powder was obtained. The
crude product was dissolved in acetone and then precipitated in
deionized water (DIW) 3 times. The product was collected by suction
filtration and dried overnight to give an off-white powder (22.0 g, 96
mmol, 80%). mp 154 °C; 'H NMR (300 MHz, DMSO-dg, 3): & =
9.912 (OH); *C NMR (300 MHz, DMSO-dg, 8): & = 93.35, 151.30.

4.3. Synthesis of C;0. A 100 mL RB flask was charged with 5.4 g
(40 mmol) of anhydrous K,CO5 and 3.0 g (13.1 mmol) of TCPG in a
solution of 20.0 mL of dioxane/10.0 mL mesitylene. The flask was
flash-frozen at 77 K (LN, bath) and evacuated to an internal pressure
of 0.15 mmHg. The reaction mixture was heated at 120 °C for 3 days,
and the crude product was precipitated in diethyl ether, dilute HCI
solution, DIW, and methanol in turn, and the obtained black
precipitate was isolated by suction filtration. The dark product was
obtained (1.25 g, 80%) and then dried under vacuum conditions at 60
°C overnight.

4.4. Preparation of C,0-AGE. A 100 mL RB flask was charged
with 0.1 g of C,0 and 3.0 g of allyl glycidyl ether in a solution of 20.0
mL of DMF. 10 mg of triphenylphosphine was added to the flask, and
the reaction mixture was purged with N, gas for 10 min. Then, the
reaction mixture was heated at 90 °C for 20 h. The crude product was
washed with methanol 3 times and isolated by suction filtration. The
dark product was obtained and then dried under vacuum conditions
at 60 °C overnight.

4.5. Preparation of C;0-EEA. A 100 mL RB flask was charged
with 0.1 g of C,0 and 3.0 g of 2-ethoxyethylamine in a solution of
20.0 mL of DMF. The reaction mixture was purged with N, gas for 10
min and heated at 90 °C for 20 h. The crude product was washed
with methanol 3 times and isolated by suction filtration. The dark
product was obtained and then dried under vacuum conditions at 60
°C overnight.

4.6. Catalytic Tests. 10 mmol of epoxides (epichlorohydrin and
allyl glycidyl ether) and 0.1 mmol of KI with 24.0 mg/30.0 mg of C,0
or without C,0 were added into a Schlenk flask. Before the reaction,
the reaction system was purged with aqueous CO, for S min. CO, gas
was introduced into the flask through a ballon (1 atm), and then, the
mixture was reacted at 80 °C for 12 or 18 h with continuous stirring.
After the reaction, the product was cooled to room temperature, and
the collected sample was centrifuged, filtered, and analyzed by 'H
NMR to measure the yields of cyclic carbonates.

4.7. Characterization. The chemical structures were confirmed
by 'H NMR and "*C NMR spectroscopy (ZEOL LNM-LA 300, 300
MHz) using DMSO-d; (Cambridge Isotope Laboratories) as the
NMR solvent and tetramethylsilane (TMS) as the internal standard at
room temperature. Fourier transform-infrared (FT-IR) spectra were
recorded on a Nicolet 6700 spectrophotometer (Thermo Scientific,
USA). Gas chromatography—mass spectrometry (GC-MS) was
performed using a magnetic sector instrument by chemical ionization
(CI) or by fast atom bombardment (FAB) using the indicated matrix.
The elemental contents of carbon, hydrogen, nitrogen, and oxygen
were evaluated using Flash2000 (Thermo Fisher Scientific, Germany),
an element analyzer (EA). The X-ray photoelectron spectroscopy
(XPS) was analyzed with a Sigma probe (Thermo Fisher Scientific,
UK) using an Al Ka X-ray source (1486.6 eV). X-ray diffraction
(XRD) patterns were taken on a High Power X-ray Diffractometer D/
MAZX 2500 V/PC (Cu Ka radiation, 35 kV, 20 mA, 1.5418 A),
Rigaku. Scanning electron microscopy images were taken on a field
emission scanning electron microscope (FE-SEM) JSM-7800F Prime
(JEOL Ltd., Japan). High-resolution transmission electron micros-
copy (HR-TEM) images were acquired by using JEM-ARM200F
(JEOL Ltd,, Japan) under an operating voltage of 80 kV installed at
National Center for Inter-University Research Facility (NCIRF) at
Seoul National University. The samples for TEM were prepared by
drop casting DIW/Acetone dispersion on a Quantifoil holey carbon
TEM grid and dried in an oven at 80 °C. The thermal stabilities of the
materials were analyzed through thermal gravimetric analysis (TGA)
using a TA Instruments TGA Q-S00 under a nitrogen (N,)
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atmosphere. The samples were heated to 120 °C at a heating rate of
10 °C/min and maintained at 120 °C for S min to remove the
remaining moisture and any solvent and then heated to 700 °C at a
heating rate of 10 °C/min. The cation sorption experiment was
analyzed by inductively coupled plasma optical emission spectroscopy
using a 5800 ICP-OES instrument (Agilent).
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