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ARTICLE INFO ABSTRACT

Keywords: A novel approach is reported to prepare 3D-printed polymers that incorporate metal-organic frameworks (MOFs)

MOFs through a one-pot growth process, involving covalent grafting and growth onto 3D polymeric surfaces. The

3D-printed polymers . resulting hybrid materials were subjected to comprehensive characterization using techniques such as SEM, XRD,

Igg?rg f:trilzgus catalysis FTIR, Raman, and XPS. The findings demonstrated an excellent dispersion of the inorganic units on the polymer

Cyclic carbonates matrix while preserving their metal-organic structure. The hybrid materials exhibited the presence of Lewis acid
and basic groups within the MOF. The catalytic performance of these hybrid materials was evaluated in the mild
cycloaddition reaction of carbon dioxide (CO) to epoxides. Notably, the polymers incorporating UiO-67 MOFs
displayed remarkable activity, even at low CO4 pressures and in the absence of auxiliary co-catalysts or additives.
The catalytic activity of these hybrid materials exhibited a significant improvement, up to two orders of
magnitude higher than analogous bulk MOFs. This observation highlights the superior performance of the 3D-
printed polymer/MOF hybrids in this catalytic transformation.

1. Introduction

Metal-organic frameworks (MOFs) are crystalline, porous, and tail-
orable materials with high potential as recyclable heterogeneous cata-
lysts [1-4]. For most of the traditional applications of MOFs, their
typical powder form (in the scale from nano- to micrometers) has proved
as a straightforward and useful methodology. However, this approach
presents some limitations when aiming for high catalytic activity and
durability in the production of fine chemicals and pharmaceutically
active compounds [5]. On the one hand, only a small part of the active
sites participates in the activation of the reaction substrates, especially
for large crystals with low surface-to-volume ratios. Besides, MOFs often
suffer from deactivation as a direct result of agglomeration and me-
chanical attrition over consecutive reaction cycles (Scheme 1, left).
Many efforts have been devoted in the last decade to enhancing the
catalytic activity and stability of MOFs by means of their incorporation
into oriented matrixes such as granules and pellets. Nevertheless, this
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methodology often results in a significant loss of surface area, material
deactivation/deformation, and limited access to pores [6-8].

Recent reports show precedents of incorporating MOFs, particularly
ZIF-8 and H-KUST-1, onto the surface of standalone (3D-printed) poly-
mers through non-covalent methods [9-14]. Some studies have also
attempted covalent grafting of pre-synthesized MOFs onto polymer
supports by reacting amino groups of the linker with epoxy groups of the
polymer [15-18]. However, these systems have faced challenges such as
a significant decrease in activity attributed to crystal agglomeration
during the post-synthetic grafting step and the potential leaching of
metal species from the MOFs (refer to Scheme 1, center). Although these
approaches show promise, these issues have limited their effectiveness
in practical applications [2,3,6,8].

Additive manufacturing (AM), commonly known as 3D printing
(3DP), offers unique advantages in generating complex and customized
geometries that are often difficult or expensive to achieve through
traditional manufacturing methods. This technology enables the
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creation of scaffolds with intricate structures, which can be seamlessly
integrated into complex 3D architectures. In our study, we have devel-
oped an innovative approach for the in-situ growth of zirconium
carboxylate metal-organic frameworks (MOFs) on 3D-printed epoxy-
functionalized polymeric surfaces (refer to Scheme 1, right). The pres-
ence of epoxy functional groups on the surface enables precise surface
customization by introducing aromatic carboxylate moieties through
the ring-opening of these epoxy groups with amino-functionalized
linkers, such as 2-amino terephthalic acid or 3-aminobenzoic acid (see
Fig. 1). The precise incorporation of carboxylate groups onto the poly-
meric surface facilitates the grafting of metal species and subsequent
nucleation and growth of the MOF crystals on the surface of the 3D
polymeric network.

This approach allows us to capitalize on the inherent advantages of
MOFs, including their potential catalytic properties and remarkable CO4
adsorption capabilities, while leveraging 3D printing technologies to
fabricate intricate polymeric frameworks for the activation and con-
version of COq, particularly in the context of the cycloaddition of CO; to
epoxides. Notably, the polymers incorporating UiO-67 MOFs exhibited
exceptional catalytic activity, demonstrating remarkable performance
even at low CO; pressures and without the need for auxiliary co-
catalysts or additives. In fact, the catalytic activity of these hybrid ma-
terials showed a significant enhancement, reaching up to two orders of
magnitude higher than that of comparable bulk MOFs.

2. Results and discussion

2.1. 3D printed polymer surface modification and MOF growth and
immobilization

The 3D printed polymeric supports were obtained from the photo-
polymerization of glycidyl methacrylate (GMA) and additional
acrylate-based crosslinkers either ethylene glycol methacrylate (EGMA)
or 1,4-butanediol diacrylate (1,4-BUDA) in the presence of phenylbis
(2,4,6-trimethylbenzoyl)-phosphine oxide (BAPO) as the photo-
initiator, as shown in the step (i) of Fig. 1 [19]. Proof-of-concept
macroscopic structures, in the form of 3DP devices resembling simple
disks (10 mm diameter, 1.5 mm high), were utilized to explore the
feasibility of in-situ MOF growth. The choice of these devices was
motivated by their relatively uniform and flat surfaces, facilitating
subsequent characterization efforts. Initially, the focus was on immo-
bilizing UiO-66-NHj; on the polymer surface. The amino groups present
in the 2-aminoterephthalic acid linkers could serve as nucleophiles,
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enabling the ring-opening of the epoxy groups on the polymer support
(step ii in Fig. 1). This reaction results in the formation of covalent bonds
between the MOF linkers and the polymer. Therefore, it enables the
in-situ growth of MOFs within the structure (step iii in Fig. 1) and their
direct immobilization onto the polymer surface in a one-pot methodol-
ogy (Material 1 A in Fig. 1).

It is worth mentioning that the immobilization and growth of the
MOF on the polymer surface can also be achieved using a one-pot
methodology. In this approach, the modification of the polymer sur-
face occurs concurrently with the growth of the MOF (step iv in Fig. 1).
This one-pot method offers the advantage of simplifying the process by
combining the surface modification and MOF growth steps into a single
reaction, facilitating the integration of the MOF onto the polymer sur-
face in a more efficient and streamlined manner (Material 1 A in Fig. 1).

Thus, in a preliminary experiment, the disc was subjected to modifi-
cation using solely 2-aminoterephthalic acid (BDC-NHy) to confirm the
successful grafting of the linker onto the polymer surface. The success of
this modification was verified through ATR-FT-IR analysis of the disc
(Fig. 2). The resulting spectrum displayed significant changes, including
an increase in intensity for the O-H band at approximately 3500 cm ™}, the
presence of a carbonyl band within the range of 1600-1700 cm ™!, and the
C-N amine stretching band at around 1350 cm™'. Additionally, the
modification of the C-H and C-O stretching bands in the 750-1100 cm™?
region indicated the effective modification of the epoxy groups present in
the polymer. Noteworthy, the appearance, after the disc modification with
2-aminoterephthalic acid (BDC-NHy-A in Fig. 2), of a new peak at
1680 cm ! corresponding to G=0 of free carboxylic acid groups indicates
the incorporation of free carboxylic acid groups onto the polymer surface
readily available for the subsequent MOF growth [20].

After the surface modification process is finalized, the 3D-printed
polymer is ready for MOF growth. The growth of MOF crystals takes
place through a self-assembly process, driven by coordination in-
teractions between the metal ions and the organic linkers under sol-
vothermal conditions and in the presence of the modified polymeric disc
using an excess of 2-aminoterephthalic acid and ZrCls, following the
detailed procedure outlined in the experimental setup. It’s worth
emphasizing that the MOF organic precursor can directly induce the
epoxide ring-opening reaction of the precursors. Consequently, MOF
growth can also be performed directly on the non-modified polymer
surface in a "one-pot, one-step" fashion, without the necessity of pre-
anchoring the MOF linker (step iv of Fig. 1) yielding analogous re-
sults. Following the growth process and subsequent washing, the
modified polymers exhibited the presence of MOF crystallites on the
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Scheme 1. Representation of state-of-art MOF technologies based on bulk powder (left) and post-synthetic adsorption of MOFs on polymer surfaces (center); in
comparison with the approach proposed in this work based on the one-pot growth of MOF on 3D-printed materials with functional groups for the covalent

immobilization of the MOF (right).
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Fig. 1. Schematic representation of the synthetic protocol for different MOF-3DP-polymers composites. 1X refers to materials bearing UiO-66-NH, as supported MOF
and 2X based on UiO-67. X refers to the 3D structure of the polymer scaffold studied in this work: disc-like (1 A and 2 A); grid-structured (1B and 2B); and spiral-

shaped (2 C). See ESI for synthetic details.
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Fig. 2. FTIR of the polymer disc A (black spectrum), disc grafted with BDC-NH; = 2-amino terephthalic acid (a) or AB= 3-aminobenzoic acid (pink spectrum) and
subsequent in-situ growth of UiO-66-NH, (a) or UiO-67 MOF on the disc (1 A and 2 A) (red spectrum) and bulk UiO-66-NH, (a) or UiO-67 MOF (b) (blue spectrum).
The most characteristic bands discussed in the text have been highlighted in light blue and associated to the characteristic functional groups of the MOF.

surface. This was confirmed through characterization by different
techniques. The ATR-FT-IR spectrum of material 1 A displayed charac-
teristic bands of the bulk UiO-66-NH; MOF (as shown in the red and blue
spectra in Fig. 2), like the carbonyl band of zirconium carboxylate bonds
at 1650 cm L.

Besides, the evaluation of UiO-66-NH; crystals on the polymer sur-
face using scanning electron microscopy (SEM), Raman spectroscopy, X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) pro-
vided additional evidence of the immobilization of the MOFs. Thus, the
SEM images, as shown in Fig. 3a, validate the uniform decoration of the
polymeric surface with MOF, observed at both the micro- and nanoscale.
The SEM images reveal the presence of MOF crystallites with diameters
ranging from approximately 100 to 500 nm, confirming the successful
formation and distribution of MOF structures on the polymeric surface
(Fig. 3a).

To demonstrate the versatility of this methodology for the in-situ

growth and immobilization of other MOFs, UiO-67 was chosen as an
additional example. Unlike UiO-66-NH,, UiO-67 does not contain amino
groups in its structure. Therefore, the immobilization and growth of
UiO-67 on the polymer surface can only occur after the surface modi-
fication of the 3D-printed polymers is completed. For the surface
modification step, 3-aminobenzoic acid was selected as the molecule to
modify the surface and facilitate the growth and immobilization of UiO-
67. The 3-aminobenzoic acid molecules react with the epoxide moieties
of the polymer to modify the surface, allowing for the subsequent
growth and attachment of UiO-67 crystals on the polymer surface. This
“one-pot two-step” modification provides the necessary functional
groups for coordination with the metal ions of Ui0O-67 and enables the
successful immobilization of the MOF on the polymer surface (see step
(iii) in the bottom part of Fig. 1), as indicated by the carbonyl vibration
band at 1675 cm ™! assigned to the free carboxylic acid groups of the 3-
aminobenzoic acid grafted to the polymer (see Fig. 2).
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Fig. 3. SEM images of the 3D printed polymeric disc modified with MOF samples 1 A (a) and 2 A (b). A gradual increase in augments can be observed from left to

right, shifting from microscopic (left, 100 pm) to nanoscopic scale (left, 1 um).

Following the successful modification of the polymer with 3-amino-
benzoic acid, as confirmed by ATR-FT-IR analysis (refer to Fig. 2), the
solvothermal growth of UiO-67 MOF was carried out using 1,1-
biphenyl-4,4-dicarboxylic acid and ZrCly (as shown in Fig. 1). The ATR-
FT-IR analysis of the hybrid material obtained demonstrates the pres-
ence of characteristic peaks associated with UiO-67, such as 1660 em™!
assigned to G=0 groups of the zirconium carboxylates and 1260 cm?
corresponding to aromatic moieties from the 1,1-biphenyl-4,4-dicar-
boxylic acid linker (Fig. 2b). These spectral features confirm the suc-
cessful incorporation of UiO-67 onto the modified polymer surface.
Furthermore, the SEM images provide evidence of the homogeneous
distribution of UiO-67 nanoparticles throughout the surface of the disc
(Fig. 3b). The images confirm the successful growth of the MOF on the
modified polymer and reveal the formation of uniformly dispersed UiO-
67 nanoparticles, with sizes smaller than 50 nm.

These experimental findings provide compelling evidence of the
effectiveness of the growth methodology in achieving the desired
growth and dispersion of UiO-67 on the polymer surface. The SEM im-
ages indicate that UiO-67 exhibits a smaller particle size compared to
UiO66-NHj. The nucleation and crystal growth of the ZrgO4(OH)4 sec-
ondary building unit (SBU) in UiO-67 are known to be challenging and
highly sensitive to reaction conditions for this two aromatic ring system
(4,4"-biphenyl dicarboxylate) with respect to the above mentioned one
aromatic ring (1,4-benzene dicarboxylate) UiO-66 system. This has been
attributed to the distorting of the Zr-O bonds between the ZrgO4(OH)4
SBU and the organic linker with two aromatic rings due to the torsion of
the biphenyl, which does not exist in the case of the one-ring benzene
dicarboxylate [21]. Such torsional strain that is experienced in the
crystalline structure, results in a more probable UiO-67 structural
breakdown with respect to the “torsional strain-free” UiO-66 structure.

Therefore, precise control is necessary to maintain suitable condi-
tions throughout synthesis and handling to ensure the integrity and
optimal performance of the MOF. Acetic acid has been utilized as a
modulator to regulate the nucleation and crystal growth of UiO-67,
playing a critical role in controlling the size, morphology, and unifor-
mity of the resulting crystals. However, it is important to note that
attempting to grow UiO-67 under strong acid conditions has detrimental
effects on the structure of the 3D-printed polymer. This deterioration
can be attributed to the hydrolysis of ester groups present in the
monomers used for polymer preparation. To mitigate such adverse ef-
fects, careful consideration must be given to the compatibility between
the reaction conditions and the polymer matrix in MOF growth
experiments.

Raman mapping is a versatile and powerful technique for characterizing
material surfaces, providing valuable insights into their chemical compo-
sition, molecular structure, surface topography, and spatial distribution. In
the case of 3D-printed MOF hybrids, Raman mapping was utilized to
investigate the chemical composition and molecular structure of the MOF
and visualize their surface topography and MOF thicknesses. This
comprehensive characterization approach helps uncover the surface prop-
erties and behavior of the MOF-polymer hybrid system, shedding light on
the distribution and arrangement of the MOF within the polymer matrix.

Through the combination of chemical information and visual map-
ping, Raman mapping allows for a deeper understanding of the distri-
bution of the MOF at the surface of the hybrid material [22]. The Raman
depth mapping analyses of the hybrids reveal two distinct components
(Fig. 4). The first component, represented by the red color for both
samples 1 A and 2 A (as seen in the top part of Fig. 4a and b), exhibits the
main Raman shifts characteristic of either bulk UiO-66-NHj (as shown in
Fig. 4a and the middle spectra of part c) or bulk UiO-67 (as depicted in
Fig. 4b and the top spectra of part c). This component corresponds to the
Raman signals originating from the MOF crystals present on the surface
and matches with the main signals of the bulk MOFs. Several Raman
signals corresponding to the MOF linker can be identified in this
component for both MOF/polymer composites: 850 cm™' (1 A) or
855 cm ™! (2 A) for the C-C symmetric breathing mode; 1120 cm~ (1 A)
or 1155 cm™! (2 A) for the antisymmetric C-H wagging of benzene/
aromatic ring breathing mode; 1440 em ! (1 A) or 1445 em ! (2 A) for
the O-C-O symmetric stretching and 1615 cm™! (1 A) or 1610 cm™?
(2 A) for the C-C symmetric ring breathing mode of the linker [23].

The second component in depth, represented by the blue color for
both samples 1 A and 2 A (as observed in the bottom part of Fig. 4a and
b), can be identified as the polymer component. This identification is
based on the Raman shifts characteristic of the acrylate groups present in
the bulk polymeric material. For example, the signal at 1720 cm ™},
assignable to the ester groups of the polyacrylate, confirms the presence
of the polymer component (as illustrated in Fig. 4c, bottom spectra).
This analysis reveals notable disparities in the distribution of the MOF
(represented by the red component in Fig. 4) across the surfaces of
samples 1 A and 2 A. Sample 1 A, decorated with UiO-66-NH,, dem-
onstrates a denser distribution of the MOF phase (Fig. 4a), whereas
sample 2 A, decorated with UiO-67, displays a thinner (<10 um) and
slightly more dispersed distribution of the MOF phase (Fig. 4b). This
might be a result of the poor crystallization of UiO-67 with respect to the
UiO-66-NH,, as suggested by SEM and will be confirmed by other
techniques (XRD, XPS and FTIR) vide infra.
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Fig. 4. Raman depth mapping analyses of 1 A (a) and 2 A (b). Regions marked in red correspond to the spatial sections that presented a Raman signal at 1615 cm™*
and 1430-1450 cm ! associated with the C-C stretching mode of the aromatic ring and in-phase carboxylate stretching of the linker, respectively (c). The arrows
indicating the MOF layer have the same size as the scale at the right bottom part (10 um).

X-ray diffraction (XRD) is a commonly used technique for the char-
acterization of metal-organic frameworks (MOFs). However, when it
comes to hybrid materials incorporating amorphous polymeric supports,
the application of XRD can be challenging. The inherent amorphous
nature of the polymeric support lacks long-range order, resulting in
broad background scattering in the XRD pattern (see broad peak be-
tween 10 and 35 ° in Fig. 5 due to polymer disc A). This background
scattering can overlap with the diffraction peaks from the MOF, making
it difficult to accurately interpret and analyze the XRD data, especially
for quantitative measurements of MOF crystallinity. In the case of the in-
situ grown UiO-66-NH; (sample 1 A), the crystalline structure was
confirmed by powder XRD analysis. Two characteristic intense peaks

a)

— A =disc
—1A
—— 1 =Ui0-66-NH,

5 10 15

20 25 30
26 (°)

below 26 = 10°, observed in the bulk UiO-66-NH, sample, were also
present in sample 1 A, providing evidence of the successful incorpora-
tion and growth of UiO-66-NH; on the polymeric support (refer to 1 A in
Fig. 5a). In the case of sample 2 A, the UiO-67 nanoparticles exhibited a
smaller size, higher structural strain, and higher dispersion, which is
likely to lead to a pronounced broadening of the characteristic XRD
peaks observed in the bulk UiO-67 sample (refer to 2 A Fig. 5b). The
broadening of these peaks, combined with the amorphous nature of the
polymeric support (A), poses challenges in the effective characterization
of the MOF by powder XRD. These findings stress the difficulties
inherent in studying hybrid materials not in (polycrystalline) powder
form (see well-defined patterns of bulk UiO-66 -NHy and UiO-67 in

b)

T T kJI M T O
5 10 15 20 25 30 35 40
26 (°)

Fig. 5. Powder XRD analyses for samples 1 A (a) and 2 A (b). The amorphous pattern measured for the unmodified polymer disc A has been added (blue pattern). The
patterns for the bulk MOFs 1 and 2 have also been introduced in black: UiO-66-NH, (a) and UiO-67 (b).
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Fig. 5) but grown on a surface and highlight the importance of metic-
ulous interpretation and analysis of XRD data when studying MOF-
polymer hybrid systems.

Being the MOF located mainly on the surface, XPS analysis is a more
adequate technique with respect to XRD. This technique provided
valuable insights into the surface composition and Zr-oxo chemical en-
vironments of the UiO-66-NHy/disc hybrid (sample 1 A). Consistent
with expectations, similar signals to those of bulk UiO66-NH; were
observed on the surface of the MOF-3D-printed disc. The Zr 3ds3/
(185.2 eV) and Zr 3ds,2 (182.9 eV) signals indicated the presence of
Zr** in the expected oxidation state and coordination environment.
Additionally, signals at 534, 532, and 530 eV were assigned to free
carboxylate groups (COOH), metal-coordinated carboxylate groups (Zr-
0-C), and bridging linked n3-O-Zr groups (Zr-O-Zr), respectively. These
findings were in accordance with the chemical environment of UiO66-
NH,, (Fig. 6 and Fig. S1).

For UiO-67 (sample 2 A), the high-resolution XPS spectrum of the
O1lsregion displayed a peak at 530.4 eV, which was assigned to Zr-O-Zr
bonding units within the MOF structure (Fig. 6b) [24]. Interestingly,
more pronounced peaks at > 533 eV were observed in the spectrum of
sample 2 A compared to that of sample 1 A. This suggested the presence
of uncoordinated carboxylate groups (-COOH) as well as Zr-O-H groups
resulting from missing linkers between neighboring Zrg-oxo clusters,
indicating network defects. This observation correlated with a large
amount of coordinated-free carboxylate groups (1680 cm™!) present in
the FTIR (see Fig. 3), as well as the smaller and less-perfect crystals
observed in sample 2 A [24,25]. Moreover, the differences in the Zr 3d
signals with respect to the 1 A sample (see additional signals at binding
energies >187 eV in Fig. S1) might be related to a different type of Zr
coordination environment (i.e. Zr nodes with exposed OH sites or
coordinatively unsaturated Zr-O-H sites vs. saturated Zr-O-Zr sites) in
the highly defective 2 A sample with respect to sample 1 A, which is in
line with the Ol1s XPS spectrum described above [25].

Journal of CO2 Utilization 78 (2023) 102636

Overall, understanding and addressing the challenges associated
with MOF growth and considering the compatibility of reaction condi-
tions with the polymer matrix is crucial for successful MOF synthesis and
maintaining the integrity of the polymer material. After considering and
addressing such issues, it is possible to expand the range of MOFs that
can be grown and immobilized on the surface of 3D-printed polymers,
showcasing the versatility and applicability of this methodology for
various MOF systems. The observations made through the surface-
sensitive RAMAN, SEM and XPS analyses are consistent, providing
further confirmation of the differences in MOF distribution on the
polymer surface. The combination of these characterization techniques
allows for a comprehensive understanding of the MOF-polymer hybrid
system, offering insights into the spatial distribution and heterogeneity
of the MOF phase obtained by the methodology here developed.

2.2. 3D printed MOF with more complex 3D structures

Having successfully developed a methodology for the solvothermal
growth and immobilization of MOF on the polymeric surface of simple
3D structures like disks, we expanded our approach to more intricate
polymer scaffolds. In this study, we evaluated two different 3D struc-
tures: grid structures and spiral shape devices, denoted as B and C in
Fig. 1c, respectively. To fabricate these polymer scaffolds, we employed
a direct polymerization approach using a mixture of glycidyl methac-
rylate (GMA) and 1,4-butanediol diacrylate (1,4-BUDA) with a weight
ratio of 50:50%. Phenylbis(2,4,6-trimethylbenzoyl)-phosphine oxide
(BAPO) was included as the photoinitiator (see Fig. 1) in a 1% wt. The
incorporation of 1,4-butanediol diacrylate (1,4-BUDA) into the polymer
formulation enabled the production of 3D structures with enhanced
spatial definition and complexity.

The developed methodology was applied to modify the surfaces of
polymers B and C, printed with different 3D geometries. 2-aminotereph-
thalic acid was used to open the epoxide groups on the polymers,
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Fig. 6. O(1 S) XPS analysis of 1 A (a) and 2 A (b). The chemical structures of the proposed motifs present in the crystals have been included in the left part. See

Figure. S1 for comparison with the spectra of the 1 bulk MOF.
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thereby facilitating the grafting of the MOF. The success of this modi-
fication was confirmed by observing the disappearance of C-O oxirane
vibrations at approximately 750-1100 cm ! and the appearance of O-H
bonds at around 3500 cm (Fig. S2). Subsequently, the solvothermal
synthesis of the MOF was performed, and upon analyzing the resulting
samples by ATR-FT-IR, we found clear evidence of the MOF’s growth on
both polymer surfaces, regardless of their geometries, by the presence of
a zirconium carboxylate vibration band characteristic of metal-
carboxylate interactions, as well as metal-oxo vibrations at approxi-
mately 1600-1700 cm™ and 700-800 cm™, for both UiO-66-NH, (1 C)
and UiO-67 (2 C) MOFs (Fig. S2). As previously mentioned, the low MOF
loading, together with the amorphous nature and the high curvature of
the polymeric supports does not provide a substantial diffraction pattern
of the grafted MOF crystalline structure (Fig. S3).

The ICP analysis results of the acid hydrolysis MOF/polymer samples
provided valuable insights into the Zr content of the hybrid materials
that were prepared. The analysis showed that the Zr content varied
across the different samples, but overall, the Zr loading was relatively
low, ranging from 0.6 to 1.9 mg Zr per gram of MOF-3D-printed polymer
(see Table S1). These findings are consistent with the expectation of
simple surface attachments of the MOF onto the polymer surface as
observed for the simpler disc geometry. The SEM images of sample 2 C
(Fig. S5a) clearly show the uniform presence of the MOF UiO-67 on the
surface of the polymer. However, the size of the MOF particles on this
sample appears slightly larger compared to those obtained by growing
the MOF on the polymer with a disc geometry. This difference in
morphology is likely to be related to the influence of the support ge-
ometry on the growth of the MOF. Different geometries of the polymer
support can affect the nucleation and growth processes of the MOF
crystals [26]. The surface area, surface energy, and physical structure of
the polymer could play significant roles in guiding the nucleation and
subsequent crystal growth of the MOF. Indeed, Fig. S5 shows the pres-
ence of the denser MOF growth in the edge of the spiral geometry (see
image in the center of Fig. S5b), even after 3 consecutive reaction cycles.

2.3. Catalytic evaluation of the 3D-printed-MOF hybrid

MOFs can be used across a broad spectrum of applications, spanning
gas storage, sensing, catalytic processes, etc [2-5]. To assess the appli-
cability of hybrid materials obtained by growing MOFs on 3D-printing
polymeric scaffolds, we decided to evaluate their viability for cata-
lyzing the activation and conversion of CO,. MOFs not only exhibit the
capacity to adsorb CO5 but also possess functional groups that serve as
active sites for CO; activation. These groups include Lewis acids, basic
functional moieties, and nucleophilic sites, which emerge due to
network imperfections. We chose the cycloaddition reaction between
CO2 and epichlorohydrin as our benchmark reaction, given its
well-documented nature [27-29]. The catalytic transformation was
assayed at 80 °C in the presence of a CO; balloon for 5 h. Kinetic profiles
were monitored by withdrawing samples from the catalytic crude every
30 min during the reaction time (5 h). The conversion, selectivity and
yield of the epoxide into the desired cyclic carbonate were calculated by
the combined use of FTIR and NMR spectroscopy (Figs. S4 and S6 and
Tables S1 and S2),

In the absence of a co-catalyst, ZrCly, the modified polymeric scaf-
folds, and the bulk MOF did not exhibit significant catalytic activity
(Entries 1-5, Table S1). Only UiO-66-NH; showed a minor conversion
(Fig. 7 Table S1). As for the hybrid MOF-3D printed polymer composites,
those containing UiO-67 components demonstrated superior catalytic
performance compared to their UiO66-NH, counterparts (Fig. 7,
Table S1). In all the cases, the reaction proceeded with remarkable
selectivity (> 99%) in each instance, yielding only the respective car-
bonate product. Indeed, the top-performing materials were as follows:
2B (yielding 61%) > 2 C (yielding 50%) > 2 A (yielding 10%) > UiO-67
bulk (yielding <2%). It’s important to emphasize that these outcomes
are quite promising, particularly considering that the CO, conversion
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Fig. 7. Productivity (left axis, expressed in mols of carbonate product obtained
divided by the moles of Zr and by the reaction time) and yield after 5h of
reaction (right axis) obtained with MOFs 1 (UiO-66-NH;) and 2 (UiO-67) either
in bulk or grown on polymers A, B and C, during the CO, cycloaddition to
epichlorohydrin. Reaction conditions: 0.5 mL epichlorohydrin, 80 °C, CO,
balloon, solvent/additive-free.

reaction was conducted without the assistance of supplementary co-
catalysts [30].

For the hybrid MOF-3D printed polymer grown on disc-like materials
(1 A and 2 A), the catalytic activity seems to correlate with the number
of defects (which causes more unsaturated metal sites that can active the
epoxides) as well as particle size, following the anticipated inverse
trend. The enhanced productivities observed in 2 A compared to 1 A
stem from the greater presence of structural defects (i.e. missing linkers)
evident in the former UiO-67-derived material, as indicated by XPS
analyses (Fig. 6). The higher number of defects in UiO-67 causes more
unsaturated metal sites that can activate the epoxides. Moreover,
smaller and more defective MOF nanoparticles lead to higher yields of
cyclic carbonate, as depicted in Fig. 7. Specifically, materials 1 A (with
particle size >200 nm) yielded productivities of 20 molproducfrrlolz’r1
h™!, whereas 2 A (with particle size <50 nm) achieved significantly
higher productivity at 85 molpmduct-molir1 h~!. Additionally, the higher
porosity inherent in UiO-67 likely contributes to the improved catalytic
performance of 2 A [2,3,21-23].

When considering the impact of the 3D morphology of the polymeric
scaffolds, the highest yield was achieved when utilizing 2B, which fea-
tures a grid-like structure. This enhanced yield associated with 2B was
attributed to its higher Zr content in comparison to both 2 A and 2 C.
However, it’s noteworthy that 2 C exhibited the highest productivity
value (243 molpmdu,:t-molir1 h™), a nearly five-fold increase compared
to 2B (55 molpmduct-molirl h™1) and a three-fold increase compared to
2A (85 molprmlucfmolz’r1 h™). Thus, comparing these results to those
obtained from bulk UiO-67 (<1 molpmdm-molir1 h™1), a substantial in-
crease of up to two orders of magnitude was observed for the MOF
grown on these 3D-printed polymers (refer to Fig. 7 and Table S1).
Consequently, even samples with very low Zr-MOF loading showcased
enhanced catalytic performance, likely attributed to improved disper-
sion and minimal self-deactivation through nanoparticle aggregation.

Furthermore, it’s worth highlighting that the composite material 2 C
features a distinctive spiral-like structure, which not only contributes to
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superior catalytic performance but also maintains a more durable
morphology when compared to 2 A and 2B. These latter materials, upon
modification with the MOF, exhibit a certain degree of fragility that
results in some degradation of the material’s structure during the cata-
lytic transformation, as depicted in Fig. S4b. The growth of the MOF on
the disc-shaped (A) and grid-structured (B) polymers evidently intro-
duced fragility to the surface, whereas the spiral-shaped material (2 C)
displayed greater robustness. This enhanced resilience of 2 C can be
attributed to its unique design, which facilitates the even distribution of
structural tensions. Besides, the curved surface of 2 C could potentially
aid the diffusion of reagents throughout the polymeric matrix, leading to
an increase in their local concentration and thereby promoting their
reaction. This phenomenon likely accounts for the notable high yields
achieved by 2 C (approximately 50%), despite the relatively low cata-
lytic loading of Zr present.

In order to take advantage of the heterogeneous nature of the poly-
meric matrixes used, the reusability of the material 2 C was assayed. The
recyclability test relied on filtration-based mixture removal of the
epichlorohydrin after partial consumption (ca. 70%). Afterwards, a new
batch of reagent (0.5 mL of epichlorohydrin) was immediately put in
contact with the reactor and the reaction course was monitored until the
desired yield was reached.

Results in Fig. 8 and Table S2 indicate that the sample could be suc-
cessfully reused for at least three reaction cycles, maintaining its catalytic
activity (TOF of ca. 130-140 h~! and TON = 1600-1700). This outcome,
suggests that (despite the strong curvature of the polymer support) most of
the UiO-67 nanocrystals had been covalently grafted on the polymeric
surface C, preventing the material from experiencing leaching during
consecutive reaction cycles. The higher amount of cyclic carbonate
detected at initial reaction times in the second and third runs (with higher
TOFs of ca.140 vs. 130) was assigned to the adsorption of some products
within the hybrid material during the mixture removal, as the polymers
were not washed before consecutive runs. To analyze whether any sig-
nificant morphological change occurred on the polymeric surface during
the consecutive catalytic experiments, the reused material was charac-
terized by SEM (Fig. S5). The morphology, size, and distribution of the
MOF 2 nanoparticles grafted on polymer C were preserved after 3 reaction
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cycles. Moreover, the Zr content (obtained from ICP analysis of the
digested sample) of the spent materials (0.79 mgyz,- gc_altalyst), was similar to
the as-prepared sample (0.83 ngr-ggaltalyst), confirming the stability of the
MOF-polymer composite under reaction conditions. Additional recycles
showcase a similar cyclic carbonate yield (ca. 70% after 5 h), indicating
the adequate MOF grafting, further contributing to the overall mechanical
stability and therefore reusability.

The outstanding robustness of 2 C encouraged us to test the perfor-
mance of this material under continuous-flow conditions [19]. Pre-
liminary results reveal a stable catalytic activity over a period of 24 h
with a productivity of 5.2 molpmduct-molirl-h’1 (Fig. S6). More detailed
studies assaying the flow usage of such MOF/polymers are ongoing to
further increase the applicability and sustainability of the whole process.

The insights already gained from the characterization of the analo-
gous bulk UiO-MOF contribute significantly to the understanding of the
acid-base properties, providing essential context for our current study on
CO4, utilization [31]. On the one hand, NH3-TPD analysis as a Brgnsted
base probe demonstrated that bulk UiO samples predominantly interact
with Brgnsted acid sites (Zr-H,0/Zr-OH) and hard Lewis acid sites on
Zr** with open coordination formed by the missing linkers and depen-
dent on the sample water content. On the other hand, in-situ FTIR of CO
performed for the bulk UiO samples revealed the presence of coor-
dinatively unsaturated (cus) Zr** ions acting as Lewis acid sites [32].
The reported results indicated an expected increase in the amount of Zr
Lewis acid sites and Brgnsted acid sites associated with water molecules,
with the concomitant amount of missing linker defects in UiO samples.
This comprehensive analysis underscores the multifaceted nature of the
acid-base properties in defect-containing UiO-type MOFs, shedding light
on both Lewis and Brgnsted acid sites. In this work, we have found that
sample 2 A exhibits a higher amount of defects than sample 1 A (as
indicated by XPS analysis), and based on the above-mentioned results,
material 2 (UiO-67) will present a higher number of Lewis/Brgnsted acid
sites (associated to such defect-sites) than material 1 (UiO-66-NHs)
when grown on a similar polymer support.

In light of these findings, further studies were performed with the C
polymer to shed light on the role played by each component of 2 C in the
catalytic transformation. When C was only functionalized with the
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Fig. 8. 1st (black squares), 2nd (red circles) and 3th (blue triangles) reuse tests for 2 C. Broad lines in light blue indicate the injection of new batches of
epichlorohydrin after each cycle. Reaction conditions: 0.5 mL epichlorohydrin, 80 °C, CO, balloon, solvent-free, 0.287 g of 2 C. Yields are determined by FTIR using
an appropriate calibration curve. TOF calculated after 3 h for conversion < 20%. TON at 10 h before the addition of more epichlorohydrin.
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linker, or directly impregnated with ZrCly, no significant catalytic ac-
tivity was observed under the same conditions (yields < 5%, entries 1-3
in Table S1). As expected, the parent C polymer did not promote any
catalytic activity by itself. Hence, the catalytic activity of the material
relied on tight cooperativity between the several sites confined in the
crystalline structures grafted on the polymeric surfaces. Based on pre-
vious reports [33,34], a tentative mechanism can be proposed in which
the free-carboxylate anions present in the structural defects act as
co-catalyst for the epoxy-ring step of the substrate (Step 1 in Fig. 9). This
pathway is likely catalyzed by the activation of the oxirane ring upon
coordination with the Lewis acid Zr sites (RIC in Fig. 9). In a similar
manner, the alkoxylate anion Int1 formed after Step 1 can be stabilized
by Zr-coordination. At this stage, the nucleophilic oxygen atom of Int1
attacks the COy molecule to produce the carboxylate anionic species
Int2, which might also be interacting with the acidic Zr units (Step 2 in
Fig. 9).

One should note that the high surface area and porosity of the MOF
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Fig. 9. Proposed mechanism for the cycloaddition of CO; to epichlorohydrin
catalyzed by the multifunctional heterogeneous system 2 CC. Color code: red
atoms correspond to reagents/products of the catalysis; Blue atoms correspond
to the Lewis acid units present in the active site; Green atoms correspond to the
nucleophilic species of the active site. In addition, one might note that some
chloride anions present in the structure could also be acting as nucleophiles.
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nanocrystals on C could be facilitating the adsorption of CO, and fa-
voring its reaction with Intl [35]. Int2 then undergoes a ring-closing
step to yield the desired product that is likely stabilized by the acid
sites as well (Step 3 to PIC, Fig. 9). Previous studies of CO4 adsorption
and desorption of similar UiO-type MOFs, have already demonstrated
the presence of weak and medium to strong Lewis basic sites in bulk UiO
samples [36]. They provide insights into the potential interaction of
these sites with COs, together with the above-mentioned Lewis acid site
interacting with an adsorbed epoxide. Moreover, the presence of basic
oxygen sites from the organic linker coordinated with the zirconium
sites of the UiO-type MOF have been modeled [37]. These sites could
potentially serve as adsorption points for COy during the reaction
mechanism.

Finally, the cyclic carbonate is released and the carboxylate unit of
the linker at the MOF defect is recovered so it can act as a nucleophile for
subsequent turnovers (Step 4 in Fig. 9). It must be mentioned that some
chloride anions are still present in the structure from the precursor
(ZrCly) and could also be acting as the nucleophilic species for the
process. However, our system does not require the use of ammonium salt
additives (e.g. tetrabutylammonium bromide or TBABr) in order to
achieve competitive carbonate yields with respect to state-of-art bulk
carboxylate-type MOFs (mainly with UiO and MIL-type topologies) re-
ported in the presence of TBABr as co-catalysts at room temperature
conditions [38-40].

The participation of free carboxylate groups as co-catalysts (i.e. nu-
cleophiles and/or Lewis bases) for the attack on the epoxy carbon and
opening the oxirane ring (step 1) has been reported for homogeneous
catalysts [41], and heterogeneous MOF catalysts [42]. In this last case,
non-metal coordinated phenolate groups (i.e. at defect sites) were pro-
posed to be the nucleophilic (and Lewis basic) oxygen atoms able to
attack the CO,, while the epoxide is simultaneously activated at the
unsaturated metal sites. In a similar manner, the more defective UiO-67
should present more nucleophilic oxygen and electrophilic metal atoms
as Lewis basic-acid pairs for the simultaneous activation of the CO5 and
epoxide (steps 1 and 2). In the case of the more perfect UiO-66-NHy, the
higher amount of coordinated linker-to-metal sites makes the simulta-
neous activation of reactants sterically unfeasible. As evidenced by the
XPS analyses, we propose a mechanism for the activation of the epoxide
based on the defects with acidic (Zr4+) and nucleophilic (COO") char-
acters present in the MOF composite. Indeed, the synergistic participa-
tion of Lewis acidic Zr*" coordinatively unsaturated site and Lewis basic
carboxylate (—COO™) groups of non-coordinated organic linkers have
been already proposed for the co-catalyst free COy cycloaddition to
epoxides catalyzed by zinc-carboxylate MOFs [43-45]. However, some
participation of protonated carboxylic acid groups (due to the strong
acid Zr sites) cannot be neglected, since the Brgnsted acidity of several
catalysts has been reported to promote the protonation of epoxides or
their activation by hydrogen bonding [46,47].

3. Conclusions

All these results stress that the one-pot growth of model MOFs on 3D-
printed polymeric supports can be achieved with a simple two-step
process: (i) reaction between a nucleophile containing carboxylic
groups and the epoxy-rings of the polymer followed by (ii) in-situ sol-
vothermal formation of MOF crystal structures with the desired linkers.
This synthetic protocol was found to be quite robust producing micro-
and nanocrystals of UiO-66-NHy and UiO-67, respectively, on polymeric
matrixes with varying 3D geometries (viz., A, B, and C).

The catalytic performance of these covalently-grafted MOF nano-
particles on 3D-printed polymers (i.e. 243 molpmducfmolzrl-h*1 for
sample 2 C) is superior to the state-of-art examples reported for the
cycloaddition of CO5 to epoxides with UiO-type Zr-MOFs under similar
reaction conditions (19 molproducfmolirlh_l for defect engineered bulk
UiO-66-NH>) [37]. The active sites confined within the matrix rendered
a 12-fold increase in productivity in comparison with the
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best-performing bulk MOF described in the literature. This, to the best of
our knowledge, is the first report on co-catalyst-free CO, cycloaddition
to epoxides using a UiO-67-based system. The best-performing material
2 C could be recycled for at least three runs without significant loss in
activity, with the active sites barely suffering from agglomeration and
attrition. Preliminary tests under flow conditions infer a stable catalytic
performance with a productivity value of 5.2 molpmductvmolirl-h’l.
Thus, the proposed systems exhibit promising catalytic results under
batch and flow conditions, which might pave the way to the continuous
production of additional products using CO; as feedstock. The notable
improvement observed in the catalytic performance of the
MOF-3D-printed polymer hybrids not only simplifies the production of
complex MOF-supported structures and enhances their recoverability
but also opens up possibilities for the development of hybrid devices
with superior catalytic performance in the specific transformation of
interest. This advancement paves the way for the design and fabrication
of more efficient and effective catalytic systems by combining the ben-
efits of 3D printing technology with the exceptional properties of MOFs.
Such hybrid devices have the potential to revolutionize various catalytic
applications and contribute to the advancement of sustainable and
efficient chemical processes.
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