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A sustainable and practical method has been developed for synthesizing ZIF-ionic polymer core-shell hybrid
materials. This one-pot, two-step process employs imidazole, zinc nitrate, DABCO (1,4-diazabicyclo[2.2.2]oc-
tane), and 1,3,5-tris(bromomethyl)benzene in ethanol, yielding high efficiency. In this approach, DABCO facil-
itates ZIF formation by deprotonating imidazole and subsequently reacts with 1,3,5-tris(bromomethyl)benzene
to generate a poly-DABCO salt that coats the ZIF surface via coordination interactions. The resulting hybrid
materials, which exhibit dual Lewis acid and base functionalities, demonstrate exceptional activity and stability
in catalyzing CO2 conversion into cyclic carbonates. Interestingly, the catalyst also exhibits high activity in the
synthesis of bis(cyclic carbonate) from diepoxide, which subsequently reacts with diamines to form non-
isocyanate polyurethanes. A proposed reaction mechanism, combining experimental findings and density
functional theory (DFT) calculations, highlights the critical roles of zinc and the ionic polymer in achieving high
catalytic performance. Specifically, zinc and ionic polymer are identified as key contributors to epoxide acti-
vation and ring-opening processes. This study not only deepens the understanding of ZIF-polymer hybrid ma-
terials but also establishes a strong foundation for future advancements in their design, research, and
applications.

1. Introduction furnish Lewis acidic sites to activate epoxide substrates, while the ionic

polymer component provides highly accessible nucleophilic anions that

The catalytic conversion of CO: into value-added chemicals is
regarded as an effective strategy to mitigate CO2 emissions while
advancing sustainable chemical manufacturing [1]. Among the various
CO: utilization routes, the cycloaddition of CO- with epoxides to pro-
duce cyclic carbonates has attracted significant interest owing to its
100 % atom economy, mild reaction conditions, and the broad industrial
applicability of cyclic carbonates [2]. Zeolitic imidazolate frameworks
(ZIFs) and ionic polymers have emerged as efficient heterogeneous
catalysts for the cycloaddition of CO2 and epoxides [3-10]. In particular,
integrating ZIFs with ionic polymers represents a promising approach to
construct synergistic catalytic systems that combine the complementary
advantages of both components. Within such hybrid catalysts, ZIFs can

* Corresponding authors.

facilitate epoxide ring opening, thereby enhancing the overall catalytic
performance.

Zeolitic imidazolate frameworks (ZIFs), a significant subclass of
metal-organic frameworks (MOFs), consist of transition metal ions and
imidazolate linkers arranged in tetrahedral coordination, mimicking the
structure of crystalline aluminosilicate zeolites [11-18]. Their high
surface area, stability, and tuneable porosity makes them highly
appealing for applications such as heterogeneous catalysis, selective gas
adsorption, and separation [19-25]. However, their commercial
viability is constrained by high crystallinity, which limits integration
into various technologies [26-30]. Additionally, their porous crystalline
structure often collapses under mechanical stress, as seen in various
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Scheme 1. Synthesis of ZIFs/poly DABCO core-shell hybrid materials and polymer P.

catalytic applications [31-36]. To overcome these challenges, re-
searchers have developed hybrid materials by combining ZIFs with
polymers that are flexible, designable, and processable. These hybrids
leverage the complementary properties of both components, enhancing
processability, stability, and functionality to broaden the applicability of
ZIF [37-40].

Several methods have been explored for combining ZIFs (or MOFs)
with polymers to create hybrid materials [41], including grafting poly-
mers to and from ZIFs, polymerizing polymers within ZIFs, using poly-
mers as templates for ZIFs, and the bottom-up synthesis of poly-ZIFs.
However, these approaches often face challenges due to inherent in-
compatibilities between the components [42-45]. Additionally, the
construction of ZIF-polymer hybrid materials typically involves complex
synthesis and separation processes, which hinders their commercial
scalability. Developing sustainable and scalable methods for fabricating
these materials is essential to unlock their potential for widespread ap-
plications [46]. This work centers on the development of a facile, scal-
able, and eco-friendly approach for fabricating compatible catalytic
ZIF-polymer hybrid materials.

A common method for synthesizing ZIFs involves mixing a highly
diluted metal salt with organic ligands in an organic solvent and heating
the mixture in an autoclave at temperatures up to 200°C [47]. Despite its
widespread use, this approach is often time-consuming and
energy-intensive. To address these challenges, the addition of organic
amines, such as ammonium hydroxide or TEA [48,49], to deprotonate
the organic ligands is emerging as a promising method to accelerate the
preparation process and reduce energy input. However, most organic
amines are toxic, and their environmental impact is often overlooked
after the reaction [50,51]. In light of this, we propose that by selecting a
suitable amine to deprotonate the imidazole ligand, it could subse-
quently be used to construct a poly ammonium salt that decorates the
surface of the ZIF after synthesis, leading to the formation of ZIF-poly
ammonium salt hybrid materials. The key to this design is ensuring
that the amine remains on the ZIF surface after synthesis, allowing for
polymer growth directly on the surface during polymerization.

With this in mind, we discovered that DABCO, a well-established
coordination linker for MOF modification [52-58], can act as an
organic base to deprotonate imidazole during ZIF synthesis. DABCO
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Scheme 2. The design of core-shell synthesis and multifunctional roles of DABCO: 1) Assists in hydrogen removal, 2) Coordinates with ZIF, and 3) Forms an ionic

polymer shell.

then reacts with 1,3,5-tris(bromomethyl)benzene to form a poly-DABCO
salt, which decorates the surface of the ZIFs (Scheme 1). This
poly-DABCO salt grows on the ZIF surface through coordination in-
teractions between DABCO and the ZIFs prior to polymerization. The
entire process is a one-pot synthesis of ZIF-ionic polymer core-shell
hybrid materials, eliminating the need for separation steps and
yielding a highly efficient product. The method is facile, scalable, and
environmentally friendly. These novel ZIF-ionic polymer core-shell
hybrid materials, incorporating both Lewis acid and base functional-
ities, hold great promise for the development of functional hybrid ma-
terials with diverse applications.

2. Materials and method
2.1. Chemical reagents

All chemical reagents were obtained from Merck and used without
additional purification.

2.2. Synthesis of ZP1 and ZP2

Imidazole (6.8 g, 0.10 mol) or 4(5)-(hydroxymethyl)imidazole
(9.8 g, 0.10 mol) and Zn(NOs)2-6H20 (14.8 g, 0.05 mol) were intro-
duced to a 250 mL flask with 100 mL of ethanol. DABCO (11.2 g,
0.10 mol), pre-dissolved in 100 mL of ethanol, was then added to the
mixture, which was stirred at RT for 12 h. After this period, 1,3,5-tris
(bromomethyl)benzene (23.8 g, 0.067 mol, with mole ratio to DABCO
of 2:3) was introduced, and the temperature was raised to 60 °C. The
mixture was heated for an additional 12 h. Upon cooling to RT, a white
solid precipitated and was obtained by centrifugation. The product was
purified by washing with ethanol, affording a quantitative yield of either
ZP1 or ZP2, depending on the imidazole derivative used.

2.3. Synthesis of ionic polymer P

DABCO (0.34g, 3 mmol) and 1,3,5-tris(bromomethyl)benzene
(0.72 g, 2 mmol) were dissolved in 20 mL of ethanol and added to the
reaction flask. The reaction was conducted at 60 °C and 12 h. Upon
cooling, a white solid precipitated and was obtained by centrifugation.
The white solid was then washed by ethanol, affording polymer P in
near-quantitative yield.

2.4. Experiments for conversion of CO, with epoxide

CO:2 conversion was carried out in a 25 mL stainless-steel reactor.
Typically, 1 mmol of glycidyl phenyl ether, 40 mg of ZP, and 2 mL of
ethanol were added to the reactor, followed by the introduction of CO-
at 1.0 MPa. The mixture was then heated to 110 °C and stirred for 4 h.
After completion, the reactor was cooled in an ice-water bath, and the
residual CO2 was released slowly. The resulting product was analyzed by

gas chromatography (GC) with biphenyl as the internal standard.

2.5. Experiment for production of poly(hydroxylurethane)

1,7-octadiene diepoxide (1 mmol) and hexane-1,6-diamine
(1.4 mmol) were mixed in 6 mL of anhydrous DMF in a 25 mL flask.
The mixture was then heated at 140 °C under a N atmosphere for 3
days. Upon completion, the resulting product was washed thoroughly
with CH,Cl; and dried at 60 °C prior to conduct characterization.

3. Results and discussion
3.1. Core-shell hybrid materials

Our strategy involves the design of ZIF/ionic polymer hybrid mate-
rials using a facile, one-pot, two-step green process at a 10-gram scale. In
the first step, ZIFs were synthesized by introducing DABCO as a depro-
tonating agent under RT conditions. In the second step, 1,3,5-tris(bro-
momethyl)benzene was directly added to the reaction mixture,
leading to the formation of a poly-DABCO salt on the ZIF particles.
Scheme 2 outlines the multifunctional roles of DABCO and the core-shell
formation process, where coordination between DABCO and ZIF likely
generates a core-shell structure, with the ZIF core encapsulated within
the polymer shell during polymerization. This new method for con-
structing core-shell structures is straightforward, ensures strong bonding
between the core and shell, and does not require additional functional
groups for chemical synthesis. The conventional synthesis of ZIF-pol-
ymer composites is typically based on physical mixing, in which no
specific interaction exists between the ZIF and the polymer matrix. In
contrast, DABCO exhibits coordination interactions with the ZIF
framework, which not only facilitates the construction of the ionic
polymer directly on the ZIF surface but also contributes to the stabili-
zation of the ZIF structure. Scheme 1 depicts the synthesis process for
ZIF/poly-DABCO salt hybrid materials and poly-DABCO salts, labelled
ZP1, ZP2, and P, with ZP1 and ZP2 incorporating different imidazole.
The poly-DABCO salt (P) was synthesized for comparative analysis.
Additionally, substituting DABCO with tetramethylethylenediamine for
the synthesis of ZIF/ionic polymer hybrids resulted in the polymer
failing to grow on the ZIF surface, highlighting the crucial role of DABCO
in enabling surface polymerization.

Fig. 1 and Fig. S1 present FESEM and STEM-HAADF results, show-
casing the morphology and particle size of the synthesized ZIF-ionic
polymer hybrid materials (ZP1 and ZP2) and the ionic polymer (P).
The particles display a spherical morphology, with an approximate size
of 1 ym. STEM-HAADF images confirm that the ionic DABCO polymer
has successfully grown on the ZIF surface, forming a core-shell structure.
The FESEM-EDX line scan of Br further confirms the core-shell structure
of ZIF and the ionic polymer, demonstrating that the polymer grows on
the surface of the ZIF. FESEM-EDX mapping of ZP2 (Fig. S2) reveals the
elemental distribution, with distinct colours corresponding to C, N, Zn,
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Fig. 1. SEM images of ZP1, ZP2, P and STEM-HAADF images of ZP2.

and Br. Table S1 provides the composition of ZP1-ZP2, determined via
ICP-OES and elemental analyses. The Zn contents of ZP1 and ZP2 are
8.01 and 7.63 wt%, respectively. X-ray photoelectron spectroscopy
(XPS) further characterizes the elemental composition (Fig. 2). The N1s
spectrum shows peaks at 399, 401, and 405 eV, corresponding to C-N,
C=N in imidazole, and positively charged quaternary nitrogen in
DABCO, respectively [59-63]. The Zn 2p spectra of ZP1 and ZP2, with
peaks at 1020.88 and 1044.84 eV, were assigned to Zn 2p*? and Zn
2p*/2 hybrid orbitals. FT-IR spectra of ZP1 and ZP2 confirm ZIF for-
mation (Fig. S3), with a peak at 430 cm™ for the Zn-N stretching vi-
bration and a peak at 3410 cm™! for -OH stretching in ZP2 [64]. Powder
XRD patterns reveal that the ZIF-ionic polymer hybrid materials lack
crystallinity (Fig. S4). Thermogravimetric analysis shows that ZP1 and

ZP2 are stable up to 200 °C (Fig. S5). The calculated BET surface areas
for ZP1 (5 mz/g), ZP2 (4 mz/g), and P (4 mz/g) are very low (Table S2),
indicating their non-porous nature. Furthermore, control experiments
were conducted to confirm the formation of ZIF-1. The ZIF-1 interme-
diate coordinated with DABCO was successfully isolated after the first
step, and its XRD and FT-IR results consistently verified the formation of
ZIF-1 (Fig. 3 and Fig. S6). In the FT-IR spectrum (Fig. S6), a character-
istic band at 1674 cm™ corresponds to C=N stretching, confirming the
presence of imidazolate-based organic linkers. The band at
1089 cm™ arises from C-H bending vibrations, while the peak at
1496 cm™ is assigned to C=C stretching modes. XPS was further
employed to investigate the coordination interaction between ZIF-1 and
DABCO (Fig. S7). In the N 1 s spectrum, a distinct peak at ~407 eV is
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Fig. 3. X-ray diffraction analysis of ZF1.

observed, which is attributed to the C-N species of DABCO, indicating

Table 1
Screening of catalyst .

) O//<

o]

O\/A Catalyst 0 \/k/
©/ ' Coz

4>

Entry Catalyst Conversion[%)]" Yield[%]°
1 ZP1 60 59

2 ZP2 83 83

3 ZIF 0 0

4 P 46 46

5¢ ZP2 70 69

64 ZF2 50 50

7¢ ZP2 60 60

gf ZIF2/P 80 80

the successful incorporation and coordination of DABCO within the
ZIF-1 framework.

#Reaction condition: 1 mmol glycidyl phenyl ether, 40 mg catalyst,
2mL EtOH, 10 bar CO,, 110 °C, 4 h. bConversion and yield were
determined by GC. °5bar CO,. 92bar CO,. €20 mg catalyst. ‘ZIF2
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Fig. 5. Recycling of catalyst. (a) Reaction condition: 1 mmol glycidyl phenyl ether, 40 mg ZP2, 2 mL EtOH, 10 bar CO5, 110 °C, 4 h. Yield was determined by GC. (b)

SEM image after recycling.
(20 mg), P (20 mg).
3.2. Catalytic conversion of COz

ZIF-poly DABCO salt hybrid materials, which combine both Lewis
acid and base functionalities, exhibit significant potential for catalysis
[65-67]. We demonstrate Lewis acid-Lewis base catalysis in the con-
version of CO2 with epoxides into cyclic carbonates (Table 1). In this
reaction, the ZIFs, with Zn acting as a Lewis acid, activate the epoxide,
while the poly-DABCO salt, with bromide as a Lewis base, facilitates the
ring-opening of the epoxide [68-78]. We first tested ZP1 as a catalyst in
ethanol (entry 1, Table 1), yielding cyclic carbonate with a 59 % yield.
Previous studies have shown that the hydroxyl group plays a critical role
in stabilizing the turnover frequency-determining transition states,
thereby promoting the reaction [79-82]. Building on this, we evaluated
the catalytic performance of ZP2, which contains a hydroxyl group.
Remarkably, ZP2 (entry 2) exhibited higher catalytic activity than ZP1,
which can be attributed to its greater density of Lewis acid sites, as
confirmed by the NHs-TPD experiments (Fig. S8). Notably, under the
same conditions, ZIF showed no activity (entry 3), emphasizing the
critical role of the ionic polymer shell in enhancing activity. Ionic
polymer P demonstrated lower activity than ZP1 and ZP2 (entry 4),
suggesting that ZIFs, acting as Lewis acids, are essential for promoting
the reaction. These results suggest that the ZIF core and the ionic

polymer shell in the ZIF-ionic polymer core-shell hybrid materials
exhibit a cooperative effect, effectively promoting the reaction between
CO2 and epoxides. A further decrease in pressure and catalyst loading
resulted in a noticeable decline in product yield (entries 5-7). In addi-
tion, the physical mixture of ZIF2 and polymer P showed slightly lower
catalytic activity than ZP2 (entry 8), highlighting the advantage of the
integrated hybrid structure.

Reaction temperature and kinetic studies indicate that catalytic ac-
tivity increases with temperature, ranging from 90°C to 130°C (Fig. 4a),
and the reaction is nearly complete after 6 h (Fig. 4b). Further experi-
ments were conducted to study the reusability of the ZIF-poly DABCO
core-shell hybrid materials. The results demonstrated the catalyst are
stable after 10 cycles with no significant loss of activity (Fig. 5a). The
mapping of SEM-EDX analysis revealed no observable changes in par-
ticle size, morphology, or elemental distribution before and after recy-
cling (Fig. 5b, Fig. S9), confirming the structural stability of the catalyst.
FT-IR spectra of ZP-2 after 10 recycling cycles exhibit no noticeable
changes relative to those of the fresh catalyst (Fig. S10), indicating good
structural stability during reuse. ICP analysis revealed that the concen-
tration of Zn leached into ethanol after the first reaction was as low as
2 ppm, while after 10 catalytic cycles it further decreased to 1 ppm. This
negligible metal leaching accounts for the minimal loss in catalytic ac-
tivity observed over 10 reuse cycles. As designed, the catalyst of core-
shell hybrid material exhibits excellent stability, which can be
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Table 2
Substrate scope.?).

Entry Epoxide Product Temp. Time (h) Yield (%)
(°C)
1 o 0 110 4 83
PhOCHf OJ<
0
PhOCH;
2 (o) 0] 110 16 84

oA
Ph)\/

3 (e} O 110 6 88
), e
4

Ph
I

j> 0 100 6 81

C

5 > o » OJ<O 130 8 78
5 o\)\/o

6 o o 130 72 67
o
C1OH21
7 (@] (0] 130 24 80

3 4

%) Conditions: 1 mmol epoxide, 40 mg ZP2, 10 bar CO,. ") Yield was determined by NMR.

(0]

ZP2 o
}—o
MO + CO, \)\/\/\<‘Y .
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Scheme 3. Synthetic scheme of non-isocyanate polyurethanes.
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transition state structures.

attributed to the protective ionic polymer shell and the strong
coordination-based bonding between the core and shell.

The ZIF-poly(DABCO) core-shell hybrid materials also act as effi-
cient catalysts for the cycloaddition of COz with a variety of epoxides to
afford the corresponding cyclic carbonates (entries 1-4, Table 2). Ep-
oxides bearing alkene functionalities or long hydrophobic chains were
well tolerated under the reaction conditions (entries 5 and 6). To further
expand the substrate scope, cyclohexene oxide was examined as an in-
ternal epoxide, and the catalyst exhibited good activity toward this more
challenging substrate. Compared with state-of-the-art catalysts, ZP2
demonstrates competitive catalytic performance (Table S3).

Cyclic carbonates are considered environmentally friendly pre-
cursors for non-isocyanate polyurethanes, which are synthesized via
polyaddition reactions with amine groups [83]. In this context, our
catalyst effectively facilitates the conversion of 1,7-octadiene diepoxide
into bis(cyclic carbonate), as illustrated in Scheme 3. The resulting bis
(cyclic carbonate) subsequently reacts with hexane-1,6-diamine to form
non-isocyanate polyurethane in the absence of a catalyst. The poly-
urethane product is characterized by FT-IR spectroscopy (Fig. S11).
Notably, the characteristic peak at 1783 cm™ , which is corresponding to
the C=0 stretching vibration of the cyclic carbonate, disappears after
polymerization. Meanwhile, a broad peak emerges at 3440 cm™,
attributed to N-H and O-H stretching vibrations from amide and hy-

droxyl groups, respectively [84]. Additionally, the appearance of peaks
at 1664 cm™ further indicates the secondary amide linkages formation
within the polyurethane structure. Furthermore, the polyurethane ex-
hibits high stability, remaining stable up to 268 °C (Fig. S12). The
fraction of polyurethane solubilized in DMF with 0.5 % LiBr at 70 °C
exhibited a molecular weight of 3456 g mol™ .

The reaction mechanism was investigated using Density Functional
Theory (DFT) calculations (see Supporting Information section 4.1 for
detailed computational methods). The full Gibbs energy profile for the
reaction using model catalyst is shown in Fig. 6. The reaction proceeds
with firstly the binding of epoxide to Zn metal center, which acts as a
Lewis acid activating the epoxide (INTZ2). Subsequently, the epoxide
ring is attacked by the bromide anion via SN2 (TS1), with a barrier of
20.8 kcal/mol. The ring-opened species INT3 then attacks CO, carbon

(TS2), activating it to INT5. This is a reversible step, as INT5 is ener-
getically uphill of INT3 (by 1.2 kcal/mol) and that the subsequent step

of ring closure from INT5 via TS3 is more difficult (17.4 kcal/mol) than
reverting to INT3 from INT5 via TS2 (12.0 kcal/mol). The ring closure
step occurs as the carbonate oxygen anion attacks C-Br in another Sy2
step to yield the cyclic carbonate product coordinated to the catalyst,
INT®6. Finally, the release of the cyclic carbonate regenerates the catalyst
INT1, thereby continuing the catalytic cycle. The release of cyclic car-
bonate and thus the overall conversion is exergonically favorable, with a
Gibbs energy of reaction AG, = -8.3 kcal/mol. We note that the rate-
determining step is the ring closure step (TS3), giving an overall bar-
rier of 22.6 kcal/mol (Fig. 6). This agrees well with other theoretical
studies on the Zn-based catalysts for the fixation of CO5 with epoxide,
wherein the ring closure step is also shown to be the rate-determining
step [49,85,86].
To understand the role of the hydroxyl groups in catalyst INT1, we
performed further computational studies by replacing the hydroxyl
groups in catalyst INT1 by H atoms (to give INT1a, Scheme S2); we also
model the ZP1 catalyst using INT1b (Scheme S2). Focusing on the rate-
determining step of ring closure, we found that, the ring closure step has
a barrier of 23.9 kcal/mol via TS3a and 23.6 kcal/mol via TS3b,
Fig. S14), which is respectively 1.3 and 1.0 kcal/mol higher than TS3
(Fig. S14). Using simple transition state theory, this predicts that the
reaction catalyzed by INT1 will be kinetically more favored than INT1a
by about 5.5 times and INT1b by 3.7 times. To understand the molecular
origins for the roles of OH groups, we performed frontier molecular
orbitals (FMOs) and non-covalent interactions (NCI) analysis (Fig. S14).
We note that the HOMO and the LUMO for TS3 and TS3a and TS3b are
similar: the HOMO has highest coefficient on the leaving bromide group
and the LUMO has highest coefficients on the aromatic ring of the
ammonium cation. The electronic factors are similar for these systems.
The NCI plots show that in TS3, there is some interaction between the
oxygen atom of the OH groups and the C-H bond of the DABCO moiety
of the ammonium cations (Fig. S14, circled in green). Additional binding
energies between the ammonium cation and the rest of the molecule are
—16.6 kcal/mol (single-point SMD(ethanol)-B3LYP-D3BJ/BS2 calcula-
tion using the TS geometry) for TS3, —14.9 kcal/mol for TS3a and
—13.7 kcal/mol for TS3b. Thus, TS3 benefits from favorable NCI be-
tween the OH groups and the positively charged ammonium cation,
thus, lowering the TS barrier and giving better catalyst performance.
To understand the role of ZIF in enhancing the overall catalytic
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Scheme 4. Proposed reaction mechanism for ZP2-catalyzed conversion of CO, with epoxide to cyclic carbonate.

performance of the ZIF/poly ammonium salt composites, we performed
the full computational studies on the model system for polymer P
(Supporting Information section 4.4). We found that in the absence of
any Lewis acid activation, the epoxide ring opening step has the highest
overall barrier, and the catalytic cycle has an energetic span of
27.9 kcal/mol (Fig. S15). This is 5.3 kcal/mol higher than the model
system (Fig. 6). This explains the much reduced conversion and yield
when using polymer P as a catalyst compared to ZP2, which contains Zn
ions that are essential in activating epoxide toward nucleophilic attack
by the bromide anion.

Based on the experimental results and DFT calculations, we propose
a plausible mechanism for cyclic carbonate synthesis, as illustrated in
Scheme 4. Initially, the epoxide oxygen coordinates to the Zn metal
center, which acts as a Lewis acid, thereby activating the epoxide.
Concurrently, the bromide component of ZP2 attacks the less sterically
hindered carbon atom, forming a ring-opened intermediate. This inter-
mediate then undergoes nucleophilic attack on CO:, resulting in the
formation of a carbonate species. Subsequently, ring closure occurs
through an Sy2 mechanism, displacing the bromide and yielding the
corresponding cyclic carbonate while regenerating the catalyst. The
hydroxyl groups in imidazole and the Zn sites in the ZIF framework are
crucial for lowering the transition state barrier, which is essential for
facilitating the reaction.

4. Conclusion

We have successfully synthesized the first ZIF-ionic polymer core-
shell hybrid materials through coordination interactions. These novel
materials, which integrate both Lewis acid and base functionalities,
demonstrate good catalytic activity and excellent stability for CO2 con-
version. The synthesis employs a one-pot process, eliminating the need
for separation steps and producing a quantitative product. This method
holds significant promise for the development of new hybrid materials
with diverse applications. This work advances the understanding and

design of ZIF-polymer hybrid materials and lays the foundation for
future research and applications.
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