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Abstract
The pressing demand for sustainable carbon utilization has spurred the development of efficient
heterogeneous catalysts for the chemical fixation of CO2 into value-added cyclic carbonates. Despite
significant advances in metal-organic frameworks (MOFs), most UiO-66 based catalytic systems still
suffer from relatively low catalytic performance and limited selectivity. In this study, a Zr-based MOF, UiO-
66 and its L-alanine-functionalized derivative, UiO-66@Ala, were synthesized via a sol–gel method,
followed by post-synthetic alkyl-halide functionalization to incorporate bromide ions, yielding UiO-
66@Ala/Br⁻. UiO-66@Ala afforded 99% conversion of styrene oxide to styrene carbonate in the presence
of tetrabutylammonium bromide (TBAB) as a cocatalyst under solvent-free conditions, whereas UiO-
66@Ala/Br⁻ achieved 61% conversion without the addition of any external cocatalyst. Complete
characterization (PXRD, FT-IR, 1H NMR, BET, TGA/DTG, EDX, XPS and CD) confirms successful
incorporation of the chiral L-alanine linker, retention of the UiO-66 topology and high stability. Analysis
after the reaction confirms structural integrity and retention of chirality. Sequential functionalization
progressively transformed the UiO-66 framework from a pristine Zr-based platform into a chiral L-
alanine-functionalized catalyst and, upon further post-synthetic modification, into a framework
incorporating Br⁻ nucleophiles, demonstrating how functionalization can tune the chemical environment
and catalytic behavior of the MOF. Overall, this work establishes a sol–gel-derived and systematically
functionalized UiO-66 platform for correlating progressive structural and chemical modification with
framework stability and catalytic performance, providing a versatile strategy for the development of
multifunctional MOF catalysts for CO2 fixation.

Introduction
The substantial increase in anthropogenic greenhouse gas emissions, particularly carbon dioxide (CO2),
since the onset of the Industrial Revolution has become one of the principal drivers of global climate
change and environmental degradation. 1 The extensive consumption of fossil fuels, together with
emissions from industrial activities and transportation, has resulted in a continuous rise in atmospheric
CO2 concentrations, intensifying the greenhouse effect and posing serious ecological and

socioeconomic challenges.2 Consequently, the development of sustainable and efficient strategies for
mitigating anthropogenic CO2 emissions has emerged as a global scientific priority. Beyond its role as a
greenhouse gas, CO2 represents an abundant, inexpensive, non-toxic, and renewable C1 carbon

feedstock with considerable potential for the synthesis of value-added chemicals and fuels.3 In
particular, extensive efforts have been devoted to the activation and transformation of
thermodynamically stable CO2 into high-value products, demonstrating its potential as an
environmentally benign carbon source for the production of a wide range of fine chemicals and
functional materials. 4 Over the past decades, numerous homogeneous and heterogeneous catalytic
systems have been developed for the cycloaddition of CO₂ with epoxides to produce cyclic carbonates.5

Although homogeneous catalysts, including ionic liquids,6 Schiff bases,7 and some complexes,8 often

Page 2/23



exhibit high catalytic activity. However, for some homogeneous catalysts, their practical application is
hindered by difficult product separation and poor recyclability.9 In contrast, heterogeneous catalysts
offer superior recoverability and operational stability but frequently require elevated temperatures, co-
catalysts, or organic solvents to achieve satisfactory performance. 10 Consequently, the development of
efficient, recyclable heterogeneous catalysts capable of operating under mild reaction conditions
remains a major objective. 11, 12 Research suggests that an optimal heterogeneous catalyst for the
cycloaddition of CO2 with epoxide should exhibit a large surface area, selective CO2 adsorption,
adequate Lewis/Brønsted acidic or basic sites for substrate activation, and high stability. It is imperative
to establish robust frameworks utilizing Lewis acidic metal ions for the effective coupling of CO2 with

epoxides, considering these factors. 13

MOFs, as promising materials, can have a major impact on catalytic organic transformations due to their
high porosity and desirable architectural engineering. 14 Due to this highly desirable engineering, their
applications are not limited to catalytic organic transformations but also include extensive use in
photocatalysis, 15 electrocatalysis, 16, 17 separation, 18 and medicine. 19 Zr-based MOFs demonstrate
considerable suitability for this application owing to their robust stability across a broad spectrum of pH
conditions, facile functionalization capabilities via diverse synthetic approaches, and the capacity to
precisely control their porosity and surface area through judicious selection of constituent building
blocks or the implementation of defect engineering methodologies.20 For instance, UiO-66 composed of
zirconium in nodal positions and terephthalic acid ligands exhibits substantial stability and preserves its
Lewis acidity. Its properties make it a highly suitable candidate for catalytic applications.21 Considering
the insights gained from prior reports, it is evident that multiple variables and alterations can influence
the CO2 fixation process. The integration of metallic nodes (possessing Lewis/Brønsted acidic
characteristics) alongside basic functional moieties, such as amine groups within organic linkers, proves
efficacious for cycloaddition reactions. In this context, the metallic nodes serve to activate epoxides,
whereas the carbon dioxide primarily undergoes activation by the basic sites.22 Lewis acid-based MOF
catalysts incorporating basic functional groups represent promising heterogeneous catalysts for organic
transformations. It has been determined that the incorporation of NH2-functionalized linkers led to
enhanced basicity and catalytic performance in these MOF architectures. Fundamentally, the catalytic
reactions occurred as a result of the cooperative effect between Lewis acid metal nodes located at
proximate basic sites on the MOF’s pore surface, ultimately yielding bifunctional acid-base
heterogeneous catalysts. 23 Sol–gel processing has emerged as a versatile approach for the synthesis
and functionalization of MOF-based materials, in which molecular precursors undergo hydrolysis,
condensation, and subsequent network formation to generate a three-dimensional gel structure that can
evolve into the final porous framework. In particular, sol–gel strategies have been successfully applied to
Zr-based MOFs, including UiO-66, HKUST-1, ZIF-8, enabling the incorporation of different functional
ligands and the controlled development of framework structures and properties.24–26
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Beyond the selection of functionalized linkers and effective metal nodes, the utilization of an effective
co-catalyst is of critical significance for CO2 fixation, specifically in its role as a ring-opening agent. 27

Moreover, the integration of chirality, an inherent property of the natural world, is of significant
consequence in catalytic disciplines, including CO2 fixation, to achieve enhanced selectivity. The
significance of chiral metal-organic frameworks (CMOFs) has escalated in recent years, owing to their
distinctive properties. Chiral MOFs can be synthesized through two primary approaches: direct synthesis
and post-synthesis. Optimization efforts concerning chiral MOFs are currently extensive. This
phenomenon is largely a consequence of their adeptness in refining pore geometry and magnitude,
which is determined by their topological framework, a discipline referred to as reticular chemistry. In
addition, the characteristic of a chiral environment combined with the considerable internal surface area
generates high expectations for MOFs. 28

Herein, the incorporation of individual modifications into UiO-66 can offer distinct advantages while also
introducing specific limitations, as systematically summarized in Fig. 1. Specifically, the integration of L-
alanine as a functionalized linker, offering both readily available -NH groups and a chiral environment, is
a promising approach for optimizing the chemical environment of UiO-66 for effective catalytic CO2

fixation. Consequently, two UiO-66-based catalysts featuring these functionalities were deliberately
designed to establish durable and effective catalytic systems: UiO-66@Ala, which requires an external
co-catalyst, and UiO-66@Ala/Br⁻, which incorporates the bromide functionality intrinsically and facilitates
a co-catalyst-free operation. Comprehensive characterization of both materials was performed via FT-IR
spectroscopy, PXRD, ¹H NMR spectroscopy, BET, TGA/DTG, EDX, CD, and XPS to elucidate their overall
properties. UiO-66@Ala, a mixed-linker UiO-66 architecture, offers accessible -NH sites and a chiral
environment. When combined with TBAB as an external co-catalyst, it facilitates highly efficient CO2

cycloaddition, achieving up to 99% styrene oxide conversion under optimized conditions. Furthermore,
UiO-66@Ala/Br⁻ retains the essential structural and functional aspects of UiO-66@Ala, with the bromide
functionality integrated into the catalytic structure, thus negating the need for an external co-catalyst.
Moreover, UiO-66@Ala/Br⁻ displays enhanced catalytic capabilities, achieving 61% conversion in the CO2

fixation reaction. After operation, characterization via FT-IR, PXRD, XPS, and CD confirms that both
catalysts remain largely intact structurally following the CO2 fixation. The continued presence of crucial
functional groups and chiral features underscores their significant operational stability. The catalyst’s
effectiveness stems from its integrated design: Zr4+ sites act as Lewis acids for epoxide activation, while
-NH groups offer Lewis basicity, aiding substrate interaction and reaction advancement. Also, the chiral
environment provided by L-alanine might affect the immediate reaction surroundings and the selection
of products, with the embedded Br⁻ entities potentially functioning as efficient nucleophiles for ring-
opening. By integrating these functions into one porous structure, a cooperative catalytic platform is
formed, enabling Lewis acid activation, nucleophilic ring opening, chiral microenvironment engineering,
and CO2 insertion to work together.

Experimental Section
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Materials and methods
All solvents and materials were received and used without further purifications. FT-IR, PXRD, TGA/DTG,
N2 adsorption-desorption, 1H NMR, EDX, XPS, and circular dichroism (CD) measurements were

performed using the instruments described in the Supporting Information. Catalytic conversions were
determined by gas chromatography (GC) and further analyzed by 1H NMR spectroscopy.

Synthesis and Functionalization of UiO-66
UiO-66 and L-alanine-functionalized UiO-66 (UiO-66@Ala) were synthesized through a sol–gel route
based on previously reported procedures with slight modifications. 29, 30 Briefly, ZrCl4 and acetic acid
were dissolved in DMF, followed by the controlled addition of water under vigorous stirring. In parallel,
H2BDC was dispersed in DMF, and the two solutions were subsequently combined and subjected to

thermal treatment to induce gel formation, followed by static aging. (Figure S1) The resulting solid was
isolated, washed sequentially with water, ethanol, and acetone, and dried to afford UiO-66. UiO-66@Ala
was prepared under identical conditions using an equimolar mixture of H2BDC and L-alanine as the
organic components.

UiO-66@Ala/Br⁻ was subsequently prepared by post-synthetic modification of UiO-66@Ala. The
functionalized framework was dispersed in DMF, followed by the dropwise addition of a DMF solution of
methyl bromide under continuous stirring at room temperature. The stirring continued for 24 h. The
resulting solid was thoroughly washed and dried to afford UiO-66@Ala/Br⁻.

CO2 cycloaddition reactions were performed under solvent-free conditions using predetermined
amounts of epoxide and catalyst, with TBAB added as a co-catalyst where applicable, under a CO2

atmosphere. Conversion was determined by GC and 1H NMR spectroscopy, with detailed reaction
conditions provided in the Supporting Information.

Result and Discussion

Structural Characterization
UiO-66 and UiO-66@Ala was successfully synthesized through a straightforward sol-gel method, 29, 30

whereas UiO-66@Ala/Br⁻ was subsequently obtained via post-modification of the UiO-66@Ala catalyst
(Fig. 2a). Detailed synthetic procedures are provided in the Supporting Information. The successful
formation of the synthesized materials was further verified by EDX elemental mapping. As shown in
Figures S2-S4, the elemental distribution confirms the homogeneous presence of Zr, C, O, and N within
the UiO-66@Ala framework, while the incorporation of Br in UiO-66@Ala/Br⁻ verifies the successful post-
synthetic functionalization of the parent MOF. Furthermore, the chemical structures of UiO-66, UiO-
66@Ala and UiO-66@Ala/Br⁻ were further investigated by FT-IR spectroscopy, and the corresponding
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spectra are presented in Figure S5-S6. A broad absorption band centered at 3200–3400 cm-1 is
attributed to the stretching vibration of the -NH groups. 31, 32 The characteristic absorption bands

observed in the range of 1250–1700 cm-1 correspond to the stretching vibrations of C = O, C = C, C-N, and
N-H bonds, confirming the coordination of ligands with the nodal positions within the MOF framework. 32

In addition, the absorption peak located at 2931 cm-1 is assigned to the stretching vibration of aliphatic

C-H (sp3) bonds, which serves as another characteristic feature of the synthesized frameworks.
Comparative analysis of the FT-IR spectra for UiO-66@Ala and UiO-66@Ala/Br⁻ revealed minor spectral
shifts, confirming successful structural modification while preserving the integrity of the parent UiO-66
framework. PXRD analysis was performed to investigate the crystallographic structures of UiO-66, UiO-
66@Ala, and UiO-66@Ala/Br⁻. The experimental diffraction patterns are in excellent agreement with the
reported simulated patterns of UiO-66 type frameworks, confirming the successful formation of the
desired crystalline structures.33, 34 The PXRD pattern of UiO-66@Ala exhibits characteristic diffraction
peaks at 2θ values of 7.3°, 8.48°, 14.72°, 18.64°, 22.24°, and 25.76°, which can be indexed to the (111),
(200), (222), (420), (511), and (600) crystallographic planes, respectively, together with several additional
reflection characteristic of the UiO-66 framework (Fig. 2b). These diffraction features closely match
those of the simulated UiO-66 analogues, further verifying the high crystallinity and phase purity of the
synthesized material. Specifically, the diffraction patterns of both UiO-66@Ala and modified UiO-
66@Ala/Br⁻ correspond to that of the parent UiO-66 framework. This indicates that the underlying crystal
structure remains unaltered by either the mixed-linker engineering or the subsequent bromide
functionalization. The presented data corroborates the sustained structural integrity and extended
crystallinity of the UiO-66 framework following the modification procedure.

To investigate the porosity of the synthesized materials, nitrogen adsorption-desorption measurements
were performed, and the corresponding BET surface areas were determined for UiO-66, UiO-66@Ala, and
UiO-66@Ala/Br⁻. As shown in Fig. 3a, UiO-66@Ala exhibits a specific surface area of 805.55 m2 g-1,

whereas the modified UiO-66@Ala/Br⁻ displays a reduced surface area of 575.83 m2 g-1 (Fig. 3b).
Comparing to the pristine UiO-66, the noticeable decrease in the BET surface area of functionalized UiO-
66 samples following bromide functionalization can be attributed to the partial occupation of the pore
channels and active adsorption sites by the introduced bromide moieties, thereby reducing the
accessible pore volume and surface area. (Figure S7) This observation provides additional evidence for
the successful modification of UiO-66@Ala and is in excellent agreement with the results obtained from
FT-IR, PXRD, and elemental analyses. Collectively, these findings demonstrate that although the
functionalization process decreases the accessible porosity, the crystalline framework of the UiO-66
structure remains well preserved, confirming the successful construction of UiO-66@Ala/Br⁻. 1H NMR
spectroscopy was employed to verify the successful incorporation of the primary linker, terephthalic
acid, together with the L-alanine functional ligand within the UiO-66 framework. Prior to analysis, the
MOF samples were chemically digested following the D2O/NaOH protocol, (Scheme S1) and the detailed

digestion procedure is described in the Supporting Information.35 As presented in Figures S8-S9, the

characteristic proton resonances corresponding to both BDC2- and L-alanine are clearly observed,
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confirming the successful incorporation of the functional ligand into the framework. Moreover, the
retention of the characteristic signals associated with BDC2- indicates that the parent UiO-66
architecture is largely preserved following mixed-linker construction. These results provide strong
molecular-level evidence for the successful integration of L-alanine into UiO-66@Ala, further supporting
the conclusions drawn from the complementary structural characterization techniques such as PXRD,
FT-IR, and elemental mappings. The thermal stability and decomposition behavior of UiO-66@Ala and
UiO-66@Ala/Br⁻ were investigated by TGA/DTG, and the corresponding thermograms are presented in
Figs. 3c and 3d. Both materials exhibit similar thermal decomposition profiles to the pristine UiO-66,
(Figure S10) demonstrating the excellent thermal stability characteristic of UiO-66-based frameworks.
The initial weight loss observed below approximately 350 ℃ is primarily attributed to the removal of
physically adsorbed and coordinated solvent molecules, followed by the dehydroxylation of the Zr6-oxo

clusters and the elimination of residual modulator species incorporated during synthesis. 35 At higher
temperatures, between 500 and 600 ℃, rapid framework decomposition occurs as a result of the
breakdown of the organic linkers, ultimately leading to the collapse of the MOF architecture. 36 Following
complete decomposition, both materials retain approximately 45–50 wt% residue, which is mainly
associated with the formation of thermally stable zirconium oxide species. Overall, the TGA/DTG results
confirm that both UiO-66@Ala and UiO-66@Ala/Br⁻ possess high thermal stability, indicating that neither
mixed-linker engineering nor bromide functionalization adversely affects the intrinsic thermal robustness
of the UiO-66 framework. Furthermore, the incorporation of L-alanine as a chiral functional ligand within
the UiO-66 framework is expected to impart chirality to the resulting materials. To verify the successful
transfer of chirality, CD spectroscopy was performed for both UiO-66@Ala and UiO-66@Ala/Br⁻, and the
corresponding spectra are presented in Figure S11. For comparison, the CD spectrum of pure L-alanine
is also included. Both functionalized MOFs exhibit characteristic Cotton effects within the spectral
region associated with L-alanine, demonstrating that the chiral environment of the amino acid is retained
after its incorporation into the framework. These observations provide strong evidence that the chirality
of L-alanine is successfully transferred to the UiO-66 architecture, confirming the formation of chiral
MOF materials. Moreover, the preservation of the chiroptical response following bromide
functionalization indicates that the modification process does not compromise the chiral nature of the
framework. Collectively, the CD results further corroborate the successful incorporation of L-alanine and
the construction of chiral UiO-66@Ala and UiO-66@Ala/Br⁻ catalysts.

XPS analysis was employed to investigate the surface elemental composition and chemical states of the
constituent elements in UiO-66@Ala. As shown in Figure S12, the XPS survey spectrum confirms the
presence of Zr, C, O, and N, consistent with the successful incorporation of the L-alanine functionality
into the UiO-66 framework. The Zr 3d spectrum in Fig. 4a displays two characteristic peaks centered at
182.68 and 185.03 eV, which can be assigned to the Zr 3d5/2 and Zr 3d3/2 components, respectively. The

corresponding binding energies are consistent with the presence of Zr4+ species within the zirconium-

oxo clusters of the UiO-66 framework. 37 The O 1s spectrum (Fig. 4b) further reveals the characteristic
oxygen environments associated with the framework, including contributions from Zr-O bonds and
carboxylate oxygen species originating from the organic linkers.38 In addition, the C 1s spectrum
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(Fig. 4c) exhibits signals attributable to C-N and O-C = O environments, corresponding to the amino-
functionalized linker and carboxylate groups, respectively, thereby supporting the successful
incorporation of L-alanine into the MOF architecture. Finally, the N 1s spectrum (Fig. 4d) indicates the
presence of nitrogen species associated with -NH2 and protonated -NH3

+ functionalities within UiO-

66@Ala. These nitrogen-containing environments can be reasonably attributed to the L-alanine-derived
functionality incorporated into the framework. The coexistence of neutral and protonated nitrogen
species may arise from the coordination environment and post-synthetic proton-transfer processes
involving the amino functionality. Such protonation behavior has also been reported for amino-acid-
functionalized materials, where modification and coordination processes can generate different nitrogen
chemical states, including protonated ammonium species. 32, 39

For UiO-66@Ala/Br⁻, the XPS survey spectrum reveals the presence of Zr, C, O, N, and Br, providing
evidence for the successful incorporation of the bromide functionality while preserving the fundamental
chemical composition of the UiO-66@Ala framework (Figure S13). The Zr 3d spectrum shown in Fig. 5a
displays two characteristic components centered at 182.62 and 184.88 eV, which can be assigned to the
Zr 3d5/2 and Zr 3d3/2 states, respectively. These binding energies are consistent with the presence of Zr⁴⁺

species within the zirconium-oxo clusters of the UiO-66 framework. 28, 37 The O 1s spectrum (Fig. 5b)
exhibits contributions corresponding to the distinct oxygen environments within the framework,
particularly Zr-O species and carboxylate oxygen atoms associated with the organic linkers. 38

Furthermore, the C 1s spectrum (Fig. 5c) contains characteristic contributions attributable to C-N and O-
C = O environments, which can be assigned to the amino-containing functionality and carboxylate
groups, respectively. 40 The N 1s spectrum (Fig. 5d) further demonstrates the presence of several
nitrogen-containing chemical environments, including -NH2, -NH-, and protonated -NH3

+ species,

indicating the retention of the L-alanine-derived functionality within the modified framework. 32, 40

Importantly, the Br 3d spectrum presented in Figure S14 provides direct evidence for the successful
incorporation and persistence of bromide species within UiO-66@Ala/Br⁻. The binding energies and
corresponding chemical assignments obtained from the XPS measurements before and after the CO2

fixation reaction are systematically summarized in Table S1, enabling a direct comparison of the surface
chemical states before and after catalytic operation. Collectively, the XPS results, in conjunction with the
complementary spectroscopic and structural characterization, support the successful construction of
the multifunctional UiO-66@Ala/Br⁻ catalytic platform.

CO2 Fixation Procedure

The catalytic performance of UiO-66@Ala, in the presence of TBAB as a co-catalyst, and UiO-66@Ala/Br⁻,
without the addition of any external co-catalyst, was systematically evaluated toward the cycloaddition
of CO2 with epoxides to produce cyclic carbonates. In particular, their catalytic efficiency for epoxide ring
opening and subsequent CO2 insertion was investigated and correlated with their structural and

electronic properties. To gain comprehensive insight into the catalytic mechanism and catalyst durability,
extensive post-catalytic characterizations were performed, including XPS before and after catalysis to
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examine changes in the electronic structure, CD spectroscopy to assess the preservation of chirality, as
well as PXRD and FT-IR spectroscopy to evaluate structural stability following the catalytic reaction.
Styrene oxide was selected as the model substrate for catalytic CO2 fixation, and the reaction conditions
were optimized at 1 atm CO2 with a reaction time of 12 h, together with the optimization of other key
reaction parameters. Detailed experimental procedures, optimization studies, and catalytic protocols for
the CO2 fixation reaction are provided in the Supporting Information. These comprehensive

investigations enable a direct comparison between the co-catalyst-assisted and self-cocatalytic systems
while simultaneously elucidating the relationship between catalyst structure, chirality, electronic
properties, and catalytic performance.

Following the successful synthesis and comprehensive characterization of UiO-66@Ala as a recyclable
and chiral MOF catalyst, our primary objective was to develop an efficient catalytic protocol for the
fixation of CO2 through the cycloaddition reaction of styrene oxide, selected as a model epoxide, to
produce the corresponding (R,S) cyclic carbonate (styrene carbonate). To maximize the catalytic
efficiency, a systematic optimization of the reaction conditions was performed by investigating the
effects of several key parameters, including catalyst loading, co-catalyst (TBAB) concentration, reaction
temperature, reaction time, and solvent selection. (Fig. 6) The results of these optimization studies are
summarized in Table S2. The influence of catalyst loading was subsequently investigated by varying the
amount of UiO-66@Ala from 10 to 60 mg (Table S2, Entries 1–6). As shown, increasing the catalyst
dosage progressively enhanced the conversion of styrene oxide into styrene carbonate owing to the
increased availability of accessible catalytic active sites. However, only marginal improvements were
observed when the catalyst loading exceeded 30 mg, suggesting that the catalytic system had
approached its maximum efficiency under the selected reaction conditions. Therefore, 30 mg was
selected as the optimal catalyst loading for all subsequent experiments (Table S2, Entry 3). The effect of
TBAB was further examined. The combined catalyst/co-catalyst system significantly improved the
catalytic performance, and systematic variation of the TBAB amount revealed that 100 mg provided the
highest conversion of styrene oxide under 1 atm CO2 (Table S2, Entries 7–13). The influence of solvent
polarity and reaction medium was also systematically evaluated using CH3CN, MeOH, DMF, THF, CHCl3,
and EtOH (3 mL) under otherwise identical reaction conditions (Table S2, Entries 14–19). Among the
solvents investigated, ethanol under reflux conditions afforded the highest catalytic performance,
achieving a styrene carbonate conversion of 97% (Table S2, Entry 19). The superior performance
observed in ethanol may be associated with its favorable balance of solvent polarity, substrate solubility,
and efficient mass transport during the catalytic process. Finally, a control experiment was performed
using TBAB alone in the absence of UiO-66@Ala. Under identical reaction conditions, only 28%
conversion of styrene oxide was obtained (Table S2, Entry 20), demonstrating that the MOF catalyst is
the principal active component responsible for efficient CO2 fixation, while TBAB primarily serves as a
cooperative co-catalyst that enhances the overall reaction kinetics. Furthermore, we decided to explore
the potential and effectiveness of this approach for the creation of (R,S)-cyclic carbonates after
determining the ideal reaction conditions. In order to produce the (R,S)-cyclic carbonates, we looked at

Page 9/23



the conversion and selectivity of cycloaddition of CO2 to various epoxides under solvent-free
circumstances at 80°C (Table S4, method A).

A similar optimization study was carried out for UiO-66@Ala/Br⁻ under otherwise identical reaction
conditions. Compared to the previous catalytic system, no external TBAB co-catalyst was added as
bromide species were incorporated in the catalyst framework. Table S3 summarizes the results of the
optimization. Among the conditions investigated, the highest styrene carbonate conversion was
achieved using 60 mg of UiO-66@Ala/Br⁻ under solvent-free conditions at 80°C for 24 h, resulting in a
conversion of 61%. Under similar conditions, the conversion decreased to 44% with the reduction of the
reaction time to 12 h. These results suggest that the immobilized bromide species are involved in the
catalytic activity and can be used as an alternative to the externally added homogeneous TBAB co-
catalyst. Thus, the application of UiO-66@Ala/Br⁻ allows CO2 fixation in a simplified, solvent-free
catalytic system without the need for additional external bromide source. However, limitation lies within
bromide leaching and low conversions, therefore, future works can focus on stabilizing bromide within
architectures of MOFs. After establishing the optimal reaction conditions, the substrate scope of the
UiO-66@Ala/Br⁻ catalytic system was investigated for the synthesis of a series of cyclic carbonates
through the cycloaddition of CO2 with various epoxides. The conversion of epoxides and the selectivity

toward the corresponding cyclic carbonates were evaluated under the optimized solvent-free conditions
at 80°C (Table S4, Method B). As summarized in Table S4, the catalyst efficiently promoted the
conversion of a range of terminal epoxides into their corresponding cyclic carbonates. The results
demonstrate the applicability of UiO-66@Ala/Br⁻ as a heterogeneous bifunctional catalyst for the
solvent-free fixation of CO2 into value-added cyclic carbonate products.

In addition to the optimization studies, the catalytic performances of several control systems, including
ZrCl4, pristine UiO-66, L-alanine, and a physical mixture of UiO-66 and L-alanine, were evaluated under the
optimized reaction conditions to elucidate the individual contributions of the metal precursor, MOF
scaffold, and chiral ligand. These catalytic tests were performed using 30 mg of catalyst in the presence
of 100 mg of TBAB as the co-catalyst under solvent-free conditions at 80°C and 1 atm CO2. As
summarized in (Table S5, see supporting information), UiO-66@Ala and UiO-66@Ala/Br⁻ exhibited
markedly superior catalytic activity compared with all control samples, demonstrating that the
integration of L-alanine into the UiO-66 framework generates a synergistic catalytic environment that
cannot be achieved by the individual components or their physical mixture. To confirm the
heterogeneous nature of the catalytic process, hot‑filtration tests were carried out for both UiO‑66@Ala
and UiO‑66@Ala/Br⁻ under the optimized reaction conditions (Figures S15 and S16). For UiO‑66@Ala,
the solid catalyst was removed via centrifugation from the reaction mixture at the middle of optimal
reaction time, (after 6 h) at which point a styrene carbonate conversion of 62% had been reached. The
supernatant was then allowed to react further under identical conditions in the absence of the solid.
Upon completion of rest of the reaction time, only a negligible increase in conversion (< 2%) was
observed, indicating that no catalytically active species leached into the. An analogous hot‑filtration
experiment was performed for UiO‑66@Ala/Br⁻: after removal of the solid at 12 h (32% conversion), the
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filtrate showed only a marginal increase in conversion (< 1%) upon continued reaction, demonstrating
that UiO‑66@Ala/Br⁻ also operates without detectable leaching of active sites. The recyclability and long-
term stability of UiO-66@Ala and UiO-66@Ala/Br⁻ were also systematically evaluated through
consecutive catalytic cycles. As illustrated in Figure S17 and S18 the catalyst could be readily recovered
and reused for five successive reaction cycles, exhibiting only a slight decrease in catalytic activity while
maintaining high conversion efficiency. Although UiO-66@Ala/Br⁻ maintained high catalytic activity
throughout the recycling experiments, the more pronounced decrease in performance observed between
the fourth and fifth catalytic cycles is likely attributable to the partial leaching of the catalyst specially in
functional groups. This interpretation is further supported by the post-catalytic XPS analysis, which
indicates changes in the surface chemical composition consistent with the loss of these functional
moieties. Furthermore, the stereochemical characteristics of the obtained cyclic carbonates were
investigated using chiral GC. The chromatographic profile of the predominant enantiomer exhibited a
strong and well-defined signal, and the obtained enantiomeric distribution was consistent with the
results obtained from GC analyses (Figure S19 and S20), confirming the reliability of the catalytic
system toward the formation of chiral cyclic carbonates. Finally, the molecular structure of the resulting
(R,S)-styrene carbonate product mixture was further verified by 1H NMR spectroscopy (Figure S21 and
S22), providing additional confirmation of the successful cycloaddition of CO2 and the formation of the

desired cyclic carbonate products.

Electronic Structure, Post-Reaction Characterization, and
Proposed Catalytic Mechanism
From a mechanistic perspective (Figure S23), the coexistence of these chemically distinct
functionalities provides a plausible basis for the observed catalytic activity. The Zr4+ centers can
function as Lewis acidic sites for epoxide activation, facilitating polarization of the C-O bonds and
rendering the epoxide more susceptible to nucleophilic attack. Meanwhile, the amino functionalities can
provide complementary Lewis basic interactions and participate in substrate activation and reaction
progression. The incorporated Br⁻ species can serve as accessible nucleophiles for efficient epoxide ring
opening, while the chiral microenvironment introduced by L-alanine may further influence the local
reaction environment and potentially contribute to product selectivity. Thus, the integration of Lewis
acidic Zr4+ centers, amino functionalities, nucleophilic Br⁻ species, and a chiral L-alanine-derived
environment within a single porous architecture establishes a cooperative catalytic platform in which
epoxide activation, nucleophilic ring opening, CO2 insertion, and subsequent cyclic-carbonate formation
can be effectively unified. Furthermore, results collectively demonstrate the high structural robustness
and operational durability of the catalysts under the applied CO2 fixation conditions over five consecutive

catalytic cycles. Post-reaction XPS analysis indicates that the characteristic Zr 3d, O 1s, C 1s, and N 1s
signals of both catalysts remain largely preserved after five cycles, with no substantial changes in their
corresponding chemical states, supporting the overall chemical and structural stability of the UiO-66
based frameworks (Fig. 7a-d, Figures S24 and S25). Nevertheless, a noticeable difference was observed
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in the Br 3d region of UiO-66@Ala/Br⁻ after five catalytic cycles. Although the post-catalytic spectrum
exhibits increased noise, the Br 3d signal remains detectable, indicating that bromide species are
retained within the functionalized framework after repeated catalytic operation. (Figure S26) This
observation is consistent with the recycling experiments, in which the catalytic conversion remains
relatively stable during the initial cycles but decreases more noticeably between the fourth and fifth
cycles. The gradual decline in catalytic performance can therefore be reasonably associated with
progressive Br⁻ leaching, which reduces the availability of the nucleophilic sites responsible for epoxide
ring opening. This bromide leaching represents an important limitation of the present catalyst and
provides a clear direction for future studies aimed at developing more strongly anchored or stabilized
anionic functionalities within the framework. Further evidence for the structural integrity of both
catalysts is provided by FT-IR and PXRD analyses after five catalytic cycles (Figure S27 and Fig. 7e). The
preservation of the characteristic vibrational features and diffraction patterns indicates that the
fundamental UiO-66 framework remains intact after prolonged catalytic operation, in agreement with the
post-reaction XPS results. Moreover, CD analysis demonstrates that the chiral characteristics originating
from the L-alanine functionality are substantially retained after catalysis (Figure S28). However, UiO-
66@Ala/Br⁻ exhibits a noticeable attenuation of its CD response after repeated operation, attributed
particularly to the final cycles. Overall, the combined XPS, FT-IR, PXRD, and CD analyses indicate that the
UiO-66-based architecture exhibits considerable structural resilience under the applied reaction
conditions, accompanied by relatively limited loss of amino-containing functionalities. In contrast, UiO-
66@Ala/Br⁻ is particularly susceptible to progressive Br⁻ leaching, which becomes more pronounced
during extended recycling and ultimately contributes to the observed decrease in catalytic activity.
Nevertheless, the preservation of the primary UiO-66 framework and substantial retention of its chiral
environment after repeated catalytic operation highlight the promising structural durability and
recyclability of these multifunctional catalysts, while simultaneously identifying anion stabilization as an
important avenue for future catalyst development.

Conclusion
In summary, UiO-66 and its L-alanine-functionalized derivative, UiO-66@Ala, were successfully
synthesized via a sol–gel method, followed by post-synthetic alkyl-halide functionalization of UiO-
66@Ala to incorporate bromide ions, yielding UiO-66@Ala/Br⁻, and the resulting materials were evaluated
for the cycloaddition of CO2 with epoxides. Comprehensive characterization confirmed the successful
incorporation of the L-alanine functionality while preserving the crystallinity and structural integrity of the
UiO-66 framework. The catalytic results demonstrate that the combination of Zr4+ Lewis acid sites, -NH
functionalities, chiral microenvironments, and Br⁻ nucleophilic sites can synergistically promote epoxide
activation, ring opening, and subsequent CO2 insertion, leading to efficient cyclic carbonate formation
with high selectivity. Notably, UiO-66@Ala exhibited excellent catalytic performance in the presence of
TBAB, achieving up to 99% conversion of styrene oxide. More importantly, incorporation of Br⁻ into the
framework produced UiO-66@Ala/Br⁻, enabling CO2 cycloaddition without the need for an external co-

catalyst. This integrated catalytic design demonstrates the potential of incorporating both catalytic
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functionality and nucleophilic species within a single porous framework. Post-catalytic characterization
further confirmed the overall structural robustness and retention of the chiral framework, although Br⁻
leaching was observed during repeated cycles and represents an important limitation for further
optimization. Overall, this work highlights chiral, cascade functionalization of UiO-66 as a promising
platform for selective and more sustainable CO2 fixation and provides a useful strategy for designing
heterogeneous catalysts that minimize reliance on -NH functionalities, external co-catalysts and organic
solvents while introducing chiral microenvironments into the structure.
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Figures

Figure 1

Merits and limitations of individual modification on UiO-66 in catalytic CO2 fixation.

Page 17/23



Figure 2

a) Schematic illustration of the general synthesis strategy and proposed structural architectures of UiO-
66@Ala and UiO-66@Ala/Br⁻, and b) PXRD patterns of the as-synthesized UiO-66, UiO-66@Ala, and UiO-
66@Ala/Br⁻, together with their corresponding simulated patterns for structural comparison.
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Figure 3

N₂ adsorption-desorption isotherms and corresponding BET surface-area analyses of a) UiO-66@Ala and
(b) UiO-66@Ala/Br⁻; and TGA/DTG profiles of c) UiO-66@Ala and d) UiO-66@Ala/Br⁻.
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Figure 4

XPS spectra of UiO-66@Ala: a) Zr 3d, b) O 1s, c) C 1s, and d) N 1s.
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Figure 5

XPS spectra of UiO-66@Ala/Br⁻: a) Zr 3d, b) O 1s, c) C 1s, and d) N 1s.
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Figure 6

Optimization of the CO2 cycloaddition reaction using (a-c) UiO-66@Ala and (d-e) UiO-66@Ala/Br⁻. (a, d)
effect of catalyst loading, (b) effect of TBAB loading, (c, e) effect of solvent on epoxide conversion and
enantiomer excess; Reaction conditions: UiO-66@Ala: 12 h, 80 °C; 30 mg catalyst was used for panels
(b,c), and 100 mg TBAB was used for panel (c); solvent-containing reactions were conducted under
reflux. UiO-66@Ala/Br⁻: 24 h, 80 °C, without external co-catalyst; solvent-containing reactions were
conducted under reflux.
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Figure 7

Post-catalytic characterization of UiO-66@Ala and UiO-66@Ala/Br⁻ after five cycles of CO₂ fixation: XPS
spectra of a) Zr 3d and b) O 1s for UiO-66@Ala; XPS spectra of c) Zr 3d and d) O 1s for UiO-66@Ala/Br⁻;
and e) comparison of the PXRD patterns of UiO-66@Ala and UiO-66@Ala/Br⁻ before and after five
catalytic cycles.
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