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ARTICLE INFO ABSTRACT

Keywords: The preparation of highly porous metal organic frameworks (MOFs) chemically resistant to water is essential for

BioMOF the forthcoming use of these materials as adsorbents in applications of gas separation under moisture or for

;Iydmplh"blmy wastewater remediation. However, most of the synthesized MOFs have a framework with low thermodynamic
erogel

stability against water. MOFs modification performed in this work aims to modify the water behavior by
addressing kinetic factors affecting the dissolution reaction rate. For this purpose, a post-synthetic process is
designed to functionalize MOF particles on the surface with a hydrophobic compound, particularly, stearic acid.
The microporous bioMOF CaSyr-1, recently synthesized in our laboratories, was selected as a case study. Pristine
CaSyr-1 transforms in water into a second crystalline phase, CaSyr-2 with a non-porous structure resolved in this
work. An external surface coating method was chosen to prevent the bioMOF from water-induced degradation,
while preserving the internal empty volume to a large extent, thus almost not affecting the adsorption capacity.
The developed synthetic method allows the straightforward assembly of the composite CaSyr-1/stearate into a
monolithic aerogel with a multimodal porosity. The significant enhancement of the kinetic stability of the
hydrophobized CaSyr-1 with respect to the parent bioMOF was demonstrated by structural and morphological
analysis. Textural properties and adsorption capacities of CaSyr-1/stearate were evaluated with different ad-
sorbates, including Ny CO, and H>O. In particular, significant water adsorption was attained in the coated MOF
without affecting the integrity of the framework. Besides, water adsorption works as an effective activation
method for the composite by displacing stearic acid adsorbed inside CaSyr-1 pores. As a consequence, COy
adsorption at room temperature in the water-activated sample was enhanced by a factor of two with respect to
the vacuum-activated sample, reaching and uptake of 31 cm® of CO; per gram of adsorbent.

Gas adsorption
Green chemistry

1. Introduction

Metal organic frameworks (MOFs) are crystalline materials, assem-
bled through coordination bonds established between metal ions or
clusters and polytopic organic linkers, with an open framework con-
taining potential voids permeable to fluids [1]. In the vast arena of
porous matter, MOFs offer unprecedented versatile chemistry, since
they can be constructed from a wide variety of inorganic building units
and organic linkers, presenting pore sizes in the micro and meso ranges,
as well as rigid or flexible frameworks [2]. In addition, their excep-
tionally high pore volume and specific surface area extend the use of
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MOFs to a wide range of domains, such as adsorption, catalysis or
biomedicine [3]. In particular, global climate change, driven by the
increase in atmospheric carbon dioxide (CO3) levels, is one of the
greatest challenges our planet is facing today. Considering that the field
of MOF research is exceptionally diverse, a significant number of this
porous materials have already been suggested for CO, capture and
separation. Despite the constant increase of newly synthesized MOFs,
only few of them are water-stable and can be applied in realistic con-
ditions of CO5 adsorption, e.g, under moisture, or in wastewater
remediation [4-7].Hence, the preparation of highly porous MOFs
chemically resistant to moisture or water is considered essential. Many
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highly porous MOFs comprising divalent metals and carboxylates,
which are some of the most easily synthesized MOFs [8], are usually
unstable in aqueous solutions or even in humid air, since the involved
carboxylate-M2* bonds are weak and can be easily replaced by coordi-
nating water molecules [9]. This substitution leads, in most cases, to the
collapse of the porous structure and further decomposition of the MOF,
or, in certain situations, to the transition towards a water-stable
non-porous secondary phase. As a consequence, most adsorption
related applications considered for these MOFs are primarily concep-
tual, since the development of economical and environmentally friendly
synthetic routes for intrinsically water-stable MOFs is a not yet resolved
drawback [10,11].

The thermodynamic and kinetic water stability of MOFs rely on the
robustness of the metal-ligand coordination bond and the hindrance of
water molecules to reach the metal node, respectively [7,12]. Since the
thermodynamic stability is determined by composition, the only way to
modify water behavior of existing MOFs is by addressing kinetic factors
affecting the reaction rate between water and the metal node. For this
purpose, several post-synthetic processes have been developed to
enhance the hydrophobic character of water-sensitive MOFs. These
methods can be categorized into internal or external surface function-
alization with hydrophobic molecules or polymers. The internal modi-
fication or functionalization of the organic linkers or metal nodes within
the framework is a highly effective hydrophobization method. However,
it presents the drawback of significantly reducing the MOF empty vol-
ume, which negatively affects the overall adsorption capacity [13].
Instead, the external surface coating method have demonstrated
outstanding performance in preventing MOFs from water-induced
degradation, while preserving the porosity to a large extent [14,15].
Similar concepts of water stability apply to bioMOFs, a subclass of MOFs
involving biomolecules as the linkers, e.g., biopolymers (proteins,
polypeptides), monomers/macrocycles (amino acids, porphyrins, cy-
clodextrins), or naturally occurring edible small molecules (carbohy-
drates, vitamins) [16]. Based on the biocompatible character of these
products, the potential of bioMOFs has been customarily developed in
medical applications [17]. The use of bioMOFs in adsorption related
applications, typically needing vast amounts of adsorbents, might also
have economical as well as environmental benefits, since these products
are built from inexpensive biomolecules through eco-friendly soft
chemistry, and, besides, they are easily recyclable [18]. Following the
interesting methodology previously reported [19], we have added some
references as a request from one reviewer [20-26].

Taking the above points into consideration, this work explores the
advantages of using hydrophobized bioMOFs in CO, adsorption appli-
cations [27]. The porous bioMOF CaSyr-1, recently synthesized in our
laboratories following a sustainable strategy [28], is selected as a case
study. Compared to other reported bioMOFs, CaSyr-1 stands out due to
its unique textural properties, i.e., high surface area (1080 ng’l) and
wide micropore diameter (1.4 nm), which enables the loading with
molecules of different sizes [29,30]. In our previous work, CaSyr-1
demonstrated favorable CO5 adsorption due to the affinity of this gas
for both calcium nodes and methoxy groups in the linker [28]. This
bioMOF presents CO, adsorption values as high as 3.7 mmol g~ at 100
kPa and 273 K, in the range of industrially used activated carbon or
zeolite 13X (ca. 4 mmol g_l) [31]. However, CaSyr-1 would not with-
stand realistic conditions of industrial post-combustion gas adsorption,
since it presents thermodynamic chemical instability when exposed to a
humid environment and transforms into a second crystalline phase,
designated as CaSyr-2. The single crystal structural analysis of this new
phase, forming part of this investigation, indicates that CaSyr-2 has a
non-porous 2D architecture not appropriate for adsorption related pur-
poses. The main objective of this study is to enhance the water stability
of the porous CaSyr-1 phase, thus considerably delaying its trans-
formation to CaSyr-2 in humid environments, which would eventually
allow the use of this bioMOF in CO; realistic adsorption applications.
For this, a post-synthetic hydrophobic surface coating strategy is

Applied Materials Today 42 (2025) 102573

established by choosing stearic acid (HStear) as the modifier. HStear is a
compound readily available and renewable, obtained by hydrolysis of
animal fat or hydrogenation of cottonseed or vegetable oil. In a recent
publication, HStear has been used to coat CaSyr-1 nanoparticles (NPs)
impregnated with isoniazid, resulting in a hydrophobic nanopowder
that was further processed to formulate a drug delivery system [29]. In
the present work, this synthetic method is evolved to straightforwardly
assembly the composite CaSyr-1/stearate (CaSyr-1/s) into a hydropho-
bic monolithic aerogel with multimodal porosity, in this case, intended
for gas adsorption. This is an important advantage to burst scale-up
production, since most MOFs are currently available as fine powders
and must be transformed into useful objects, such as pellets or mono-
liths, before industrial application [32]. The direct use of nanopowders
involves not only difficulties in handling and manipulation at operating
level, but also serious concerns regarding worker’s safety [33]. Besides,
the assembly of MOF adsorbents into monolithic macrostructures has
important advantages related to the generated meso/macroporosity as it
would improve mass transfer and adsorption kinetics [34,35]. Only few
examples of bare MOF monoliths have been reported [36,37]. In gen-
eral, MOF NPs must be embedded in a continuous matrix, e.g., graphene,
silica or cellulose, to afford stable and porous monoliths [35,38]. In this
research, ethanol, used for CaSyr-1/s synthesis and simultaneous as-
sembly in a gel, and supercritical CO2 (scCO3), used for composite
drying into a monolithic aerogel, are the only solvents applied during
the process, thus developing an eco-friendly procedure. The behavior of
CaSyr-1/s aerogel in liquid water and moisture is analyzed in regard of
structure and morphology, denoting a significant enhancement of the
kinetic stability with respect to the parent bioMOF. The textural and
adsorption properties of the synthesized products are thoroughly
investigated by using different adsorbates, including N3, CO2 and H»0,
at different pressures and temperatures.

2. Materials and methods
2.1. Materials

The employed reactants for CaSyr-1 and CaSyr-2 synthesis were
syringic acid (HaSyr 98%, abcr), calcium acetylacetonate (Ca(acac)s
98%, abcr), calcium chloride (CaCl, > 95%, Merck) and calcium hy-
droxide (Ca(OH)y > 96%, Merck). Stearic acid (HStear, Merck) was used
as a surface modifier. Absolute ethanol (EtOH, Scharlab), dime-
thylformamide (DMF, abcr), MilliQ water (Merck Q-POD) and com-
pressed CO4 (CO2 99.95 wt%, Linde Gas) were used as the solvents.

2.2. Synthetic procedure

2.2.1. Synthesis of pristine materials

CaSyr-1 was synthesized in DMF or EtOH following previously re-
ported methods [28]. Micrometric single crystals were solvothermally
(393 K, 7 days) precipitated in 25 mL of DMF by mixing 55 mg (0.50
mmol) of CaCly and 99 mg (0.50 mmol) of H,Syr. NPs were obtained by
mixing 238 mg (1.00 mmol) of Ca(acac), and 198 mg (1.00 mmol) of
HySyr in EtOH at room temperature.

CaSyr-2 single crystals were straightforwardly precipitated in water.
For that, 74 mg (1.00 mmol) of Ca(OH); and 198 mg (1.00 mmol) of
H,Syr were separately dispersed in 50 mL of MilliQ water and sonicated.
The suspension containing Ca(OH), was slowly added to the HsSyr
dispersion through a filter paper to remove the small amount of non-
dissolved particles (calcium carbonate traces). The addition of the
basic Ca(OH); solution induced the deprotonation of HySyr, which got
solubilized after been softly shaken. The resulting solution was left to
rest at room temperature, and single crystals, with appropriate di-
mensions for structural XRD elucidation using synchrotron radiation,
were recovered after 24 h. The obtained product was filtered, washed
thrice with MilliQ water and dried under vacuum.



A. Rosado et al.

2.2.2. CaSyr-1 surface modification with HStear and aerogel synthesis

A gelled suspension of CaSyr-1/s was prepared from wet CaSyr-1 NPs
and HStear (Fig. 1). After a synthesis batch, CaSyr-1 was not dried
following EtOH washing to avoid aggregation, that would hinder further
gelation. In a 10 mL vial, a batch of wet CaSyr-1, involving ca. 220 mg
(0.87 mmol) of CaSyr-1 according to the calculated 87 wt% yield, was
redispersed in 3 mL of EtOH by vortex agitation. Separately, 284 mg
(1.00 mmol) of HStear were dissolved in 4 mL of EtOH by sonication,
and then added to the 10 mL vial containing the CaSyr-1 suspension. The
resulting mixture was magnetically stirred (500 rpm) for ca. 5 min at
room temperature. The stirring bar was then removed and the dispersion
was allowed to stand for 10 min, resulting in the assembly of a gel
(Fig. 1). Since this gel needs to be washed from HStear excess, it was
transferred to a 50 mL Falcon tube and redispersed in 14 mL of fresh
EtOH, thus triplicating the EtOH volume of the initial gel. The diluted
dispersion was centrifuged and washed thrice with 21 mL of fresh EtOH.
After supernatant elimination, the slurry was redispersed by vortex
agitation in the proper EtOH volume necessary to fix the gel again (7
mL), and rapidly transferred to several small assay tubes, filling each
with 1 mL. The tubes were placed into a 200 mL high-pressure vessel.
Liquid CO, was flushed at 6 MPa and the vessel was heated at 333 K. The
pressure was then increased to 20 MPa by adding CO5 compressed with a
Teledyne Isco 260D syringe pump. These working conditions were
maintained for ca. 40 h. Finally, the reactor was isothermally depres-
surized and cooled down to collect the CaSyr-1/s dry aerogel monoliths
(Fig. 1).

2.3. Characterization

Proton nuclear magnetic resonance (*H NMR, Bruker Advance NEO
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300 MHz) was used to quantify the molar ratio of Stear™ with respect to
Syr?” in the composite CaSyr-1/s. The analysis was carried out in
dimethyl sulfoxide-dg (DMSO-dg; 99.5%D, abcr), after digesting the
sample in hydrofluoric acid to obtain free HStear and HaSyr [29]. The
HStear signal at & = 1.48 ppm was integrated with respect to the HySyr
signal at & = 7.21 ppm, since both signals correspond to the integration
of 2H in the respective pristine organic molecules (Fig. S1-S3). Powder
X-ray diffraction (XRD, Siemens D5000) patterns of the different mate-
rials were recorded at room temperature using the Cu K, incident ra-
diation in the 20 range 5-30° with steps of 0.02° s~1. The chemical
composition of CaSyr-2 was estimated by elemental analysis (EA, Flash
Smart™ elemental analyzer) and compared with the crystallographic
data. The molecular arrangement was investigated using Fourier trans-
form infrared (FTIR) spectroscopy (Jasco 4700) with attenuated total
reflection (ATR) accessory. Optical (B-600 MET OPTIKA), scanning
electron (SEM, Quanta FEI 200 FEG-ESEM) and transmission electron
(TEM, JEOL 1210) microscopes were utilized to evaluate the
morphology and size of the studied systems. The weights of main com-
ponents in the composites, as well as the thermal stability, were assessed
through thermogravimetric analysis in No flow (TGA, SDT 650-TA in-
strument) by using a temperature increase step of 5 Kmin .
Ca?*leaching was measured by means of a calcium electrode (Thermo
Scientific Orion, Fisher Sci). A drop shape analyzer (DSA 100 KRUSS)
was used for water contact angle measurements. Isotherms of N3, CO2
and water adsorption-desorption were measured in samples previously
activated at 393 K under vacuum during 24 h. N, physisorption (ASAP
2020 Micromeritics) was measured at 77 K from vacuum up to satura-
tion pressure (101.3 kPa) and applied to characterize the porosity of the
samples. The specific surface area was calculated by applying the
Brunauer-Emmet-Teller (BET) equation to the recorded No isotherms,

CaSyr-1 NPs dispersed in EtOH A\

CaSyr-1 NPs

o g &
?‘@

CaSyr-1/s
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Fig. 1. Schematic representation of CaSyr-1/s aerogel synthesis including optic photographs. In the center of the figure, the behavior of CaSyr-1 NPs and CaSyr-1/s
(as aerogel or grounded powder) in water is depicted, including the water contact angle of grounded CaSyr-1/s.
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while the micropore volume and micropore surface area were estimated
with the t-plot method. CO; isotherms were recorded at 273, 298 and
313 K from vacuum up to ca. 100 kPa using the same equipment. The
CO> enthalpy of adsorption (Qs) was determined at different levels of
surface occupancy (n) by applying the Clausius-Clapeyron equation
Qst(n) = -R In(p2/p1)(T1T2/(T2-T1)). HoO adsorption-desorption iso-
therms were measured at 298 K using an automatic volumetric analyzer
(Belsorp MAX-II). The isotherm was recorded at different values of vapor
pressure, starting from 0.037 kPa up to saturation pressure (3.17 kPa),
reaching in each point the equilibrium. Each adsorption point was
considered to be in equilibrium when the pressure variation was lower
than 0.1% over 300 s of analysis. Single-crystal XRD experiments for the
structural elucidation of CaSyr-2 were performed in the XALOC beam-
line at the ALBA synchrotron [39]. Data were collected at 100 K with a
0.72931 A wavelength using a Dectris Pilatus 6 M detector placed at 120
mm from the sample. ¢ scans were performed from 0 to 360° in steps of
0.5° with a collection time of 0.15° per step. The scan was repeated at
three different x angles (0, 45 and 90°) and merged afterwards to in-
crease the completeness and redundancy when possible. Data were
indexed, integrated and scaled using the XDS software [40]. The crystal
structure was solved by intrinsic phasing and refined with SHELXL
(version 2014/7) [41] using Olex2 as the graphical interface [42].

3. Results and discussions
3.1. CaSyr-1 and CaSyr-2 structures and phase transition

CaSyr-1 has most of the physicochemical characteristics sought in a
suitable CO, adsorbent. In this bioMOF, the available specific adsorption
sites are conferred to the structure by functionalities found in the cal-
cium coordination sphere, e.g., coordinating H,O molecules, and in the
ligand, e.g., exposed methoxy groups. Even being precipitated at the
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nanoscale in EtOH (ca. 50-70 nm, Fig. 2a), this bioMOF displays
outstanding textural properties, including a large pore diameter (1.4
nm), and above average values of micropore volume (ca. 0.30 cm3g’1)
or apparent BET surface area (1080 m?g~!). Additionally, CaSyr-1 dis-
plays a relatively high thermal stability, since the pyrolysis of its
framework is not initiated up to ca. 600 K (Fig. S4). However, a simple
trial, consisting in soaking CaSyr-1 NPs in liquid water for few minutes
at room temperature, showed that added and recovered crystals had
different XRD patterns (Fig. 2b). A second crystalline phase, designated
here as CaSyr-2, constituted by 2D prismatic crystals of ca. 10-20 um
(Fig. 2a), is rapidly formed in water. The precipitated micrometric
crystals displayed kink, step and terrace sites, thus indicating that CaSyr-
2 grew from the dissolution of CaSyr-1.

CaSyr-1 is, thus, thermodynamically instable in contact with water,
which would be detrimental for potential adsorption applications. To-
wards the comprehension of the irreversible CaSyr-1 to CaSyr-2 phase
transition pathway in water, optical microscopy was used to in situ track
the process, in this case starting from micrometric single crystals of
CaSyr-1 synthesized in DMF. The CaSyr-1 elongated crystals (100-300
um length), with typical hexagonal habit, were deposited on a micro-
scope slide (Fig. 3a) to which a drop of water was added. Almost
immediately, the needles of CaSyr-1 were broken laterally in small
pieces due to water attack (Fig. 3b). Finally, after a few minutes, the
growth of prismatic crystals of CaSyr-2 (10-20 um) could be clearly
observed (Fig. 3c).

Microscopically, the driving force for CaSyr-1 to CaSyr-2 phase
transformation can be understood through the analysis of the elucidated
structures by XRD synchrotron radiation. As previously reported, CaSyr-
1, with elemental formula [Caz(Syr)2(H20)21,, belongs to the trigonal
system [28]. The framework consists of interconnected dimeric units
(Fig. 4a,b). The double clamp-like coordination mode of Syr?~
(methoxy-phenolate-methoxy) is responsible for the connection

@ CaSyr-1 (b)
. . CaSyr-2
synthetized in
EtOH o
10 mijn liquid water 298 K
A. <—
100% RH . ¥ .
i 310K 40/60 min I 80 min 100% RH 310 K
10 min i LB 100% RH N L A A M N
“’atel‘ 310K el P ssninted Nyl st miatl VU \eestopasd Nl Nt \sonet hndnat o dansn s ndie *:
_ 298K = 60 min 100% 310K 1
s -
40 min 100% 1
1
“
1
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1
-
1
CaSyr-2 CaSyr-1NPs |
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Fig. 2. Study of the transformation of CaSyr-1 to CaSyr-2: (a) SEM pictures, and (b) powder XRD patterns of CaSyr-1 NPs and CaSyr-2 micrometric crystals syn-
thesized in EtOH and water, respectively, together with the phases obtained from the treatment of CaSyr-1 with liquid water and moisture, quantified with the
relative humidity (RH) parameter, under different exposure times and temperatures. RH is defined as the percentage of H,O vapor with respect to saturation.
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dimeric units
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CaSyr-2 nuclei

Fig. 3. Optical micrographs of: (a) CaSyr-1 crystals grown in DMF, (b) CaSyr-1 crystals after 1-2 min of water addition, and (c) CaSyr-2 crystal after 10 min of water

addition; and (d) proposed mechanism for the observed phase transformation.

Fig. 4. Structure of: (a,b,c) CaSyr-1, being (a) the dimeric unit, (b) the dimer connection through dicarboxylate bridges, and (c) the 3D porous structure; and (d,e,f)
CaSyr-2, being (d) the dimeric unit, (e) the chelating coordination mode of dicarboxylates, and (f) the dimer interconnection and extended structure.

between two Ca®* and the subsequent formation of the dimer (Fig. 4a),
while the syringate dicarboxylate groups serve as bridges of two
different dimeric units (Fig. 4b) and promote the formation of a 3D
porous framework with two types of prismatic channels, triangular and
hexagonal, the latter responsible of the porosity (Fig. 4c).

CaSyr-2, structurally resolved in this work from micrometric crystals
obtained in water (Fig. 2a), belongs to the orthorhombic system with the

space group Pbca (Table S1). The established formula [Caa(Syr)a(-
H50)41, agrees with elemental analysis data (Table S2), and denotes that
this compound contains one additional aqua ligand per calcium cation
with respect to CaSyr-1. The asymmetric unit of CaSyr-2 contains one
Ca?* ion, one Syr?~ linker and two aqua ligands, although the structure
can be described considering symmetrical dimeric building units con-
taining two Ca* ions, two Syr?~ linkers and four aqua ligands (Fig. 4d).
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The formation of these dimers is driven by the adjacent methoxy-
phenolate-methoxy groups present in Syr?~, resulting in a highly sta-
ble double clamp-like coordination mode that bridges Cal and Cal’,
similarly to CaSyr-1. Thus, the dimer core is defined by py-phenoxo
bridges (Ca-02 distance 2.318(1) A and 2.354(1) A; Ca---Ca, 3.795(1)
[o\), reinforced by the concomitant coordination of each Ca?t with two
oxygen atoms from the methoxy groups (Ca-O1, 2450(1) A and Ca-03,
2.641(1) A). The mean plane containing the oxygen atoms of the phe-
noxo and methoxy groups and the six carbon atoms of the aromatic ring
of each linker forms an angle of 30.67(5)° with the plane defined by the
Cay0-, central core of the dimer. Additionally, the coordination sphere of
each calcium includes two aqua ligands and two oxygen atoms (04 and
05) from a nearly symmetrical chelate (u!-n?) carboxylate group of a
close neighbor dimer (Fig. 4e), which is slightly tilted in comparison
with the aromatic ring of the syringate ligand (15.30(6)°). Therefore,
calcium shows a coordination number eight with a roughly square
antiprismatic geometry [43]. Each dimeric unit is connected to four
adjacent units (Fig. 4f), defining 2D layers that are parallel to the ac
plane (Fig. 5a). Although isolated CaSyr-2 layers seem to include some
empty space, the voids get completely blocked upon hydrogen
bonding-mediated inter-layer stacking (Fig. 5b), resulting in a
non-porous 3D supramolecular architecture (Fig. 5c), as confirmed by
Ny adsorption-desorption analysis (Fig. S5). This absence of porosity
contrasts with the high void volume of the closely related CaSyr-1. The
key aspect that dictates these differences resides in the coordination
mode of the carboxylate groups of the syringate, acting as a bridge be-
tween dimeric units in CaSyr-1 (Fig. 4b) and as a chelate in CaSyr-2
(Fig. 4e). Hence, whereas each Syr?~ in CaSyr-1 interconnects three
dimeric subunits (one through the double clamp phenoxo, and two
through the asymmetric p?n': n! carboxylate bridge), in the CaSyr-2
structure Syr?~ only interconnects two units (one through the double
clamp phenoxo and another by the chelating carboxylate).

On the basis of the structural singularity of each phase, the mecha-
nism of phase transformation in water, schematized in Fig. 3d, is
rationalized as starting with aqua molecules approaching the bimetallic
centers of CaSyr-1 (I), in a way that each one interacts with one calcium
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and promotes the substitution of the Ca-O(carboxylate) bond by a Ca-
OHj; bond (1), thus starting the dissolution process. Next, the released
pendant oxygen can interact with a calcium atom from the neighboring
dimer, where the other oxygen from the carboxylate is linked (III), thus
resulting in syringate chelated carboxylate groups (IV). CaSyr-2 nuclei
are thus formed by the lateral disconnection among CaSyr-1 dimers, as
observed at the macroscopic scale (Fig. 3b). The process continues until
CaSyr-2 crystallizes at expenses of CaSyr-1 dissolution.

CaSyr-1 to CaSyr-2 phase transformation occurs not only when the
former is immersed in water, but also when this phase is exposed to an
atmosphere of high moisture content. This behavior was observed by
subjecting CaSyr-1 NPs to and atmosphere of 100% RH at 310 K in a
closed recipient. Phase evolution was monitored by analyzing the
structure and morphology of the sample at intervals of 20 min. XRD
patterns denoted that both phases, CaSyr-1 and CaSyr-2, were present
after 40 min, and phase transition was completed after 80 min (Fig. 2b).
Contrarily, the onset of CaSyr-1 dissolution can be already observed by
SEM in pictures taken after 20 min, which displayed an even surface for
the NPs (Fig. 2a), although this transformation was not still reflected in
the XRD pattern. At 40 and 60 min, the observed aggregates were a
mixture of decomposing CaSyr-1 NPs and growing micrometric crystals
of CaSyr-2. Nevertheless, CaSyr-1 has a considerable kinetic stability
under ambient conditions (60% RH at 298 K). According to XRD anal-
ysis, CaSyr-1 was stable when stored under these conditions for at least
one month (Fig. 2b).

3.2. CaSyr-1/s aerogel

Even the kinetic stability of CaSyr-1 is demonstrated to be significant
under ambient conditions, this bioMOF would transform to CaSyr-2 in
most of the humid industrial environments applied for gas adsorption.
Hence, for this target application, water stability of CaSyr-1 must be
increased, but compulsorily maintaining the internal pore volume
available for adsorption. A process of selective hydrophobic function-
alization of the external surface of the bioMOF NPs is designed in this
study for this purpose. It is reasoned that external selective

() b

Fig. 5. Structure of CaSyr-2: (a) extended 2D, (b) stacking of the layers through hydrogen bonding, and (c) packing (the two green tones represent not coordi-

nated layers).
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functionalization could be achieved by using a bulky coating agent,
which, due to size-exclusion would not enter the CaSyr-1 cavities.
However, it is worth mentioning that due to the large diameter of the
pores in CaSyr-1, complete exclusion from the pores would be difficult to
achieve. After evaluating several candidates, stearic acid was selected as
an optimal modifier, since this natural organic acid is endowed with a
long aliphatic tail imparting a large hydrophobic character, and a car-
boxylic polar head with high affinity for calcium. Moreover, it is cheap,
abundant and renewable, and can be processed via a sustainable
approach based exclusively on the use of EtOH as a solvent. This coating
agent has previously proved to be effective in increasing the hydro-
phobicity of several MOFs [29,44-46]. However, this mostly occurs at
the cost of blocking the pores in the framework, which disqualified the
system for further adsorption applications. This negative feature is cir-
cumvented in this study by properly setting the reaction and activation
conditions.

In this study, it was experimentally observed that, by adding stearic
acid to CaSyr-1 NPs dispersed in EtOH, a non-flowing gel-like product
was suddenly formed (Fig. 1). The gelation process is envisaged to occur
in two steps: first, the suspended NPs are coated with HStear, mainly
reacting with the crystallographic defects present on the NPs surface,
and, second, gelation is driven by the hydrophobic interactions between
the solvent-exposed aliphatic domains in the different NPs. The CaSyr-
1/s gel is then dried using scCO3 to obtain a highly porous aerogel
[47]. In this method, the EtOH solvent of the gel is mixed with added
scCO; under mild conditions of pressure and temperature (20 MPa and
333 K, respectively). The EtOH/CO5 mixture is eliminated from the solid
under supercritical conditions to overcome the development of capillary
forces, thus avoiding the collapse of the meso/macroporous network of
the gel. The recovered product is a dry aerogel monolith of CaSyr-1/s
(Fig. 1). Unlike net CaSyr-1 NPs, which rapidly transformed into
CaSyr-2 when immersed into water (Fig. 1), the CaSyr-1/s aerogel
floated on the surface of the liquid phase when added either as one-piece
or grounded into powder (Fig. 1). The liquid phase was analyzed for
leaching of calcium ions, indicating negligible values of dissolved
cation, which points to null dissolution of CaSyr-1 bioMOF. The hy-
drophobic behavior of the composite aerogel was corroborated by
measuring the water contact angle in a compacted aerogel, giving a
value of ca. 135° (Fig. 1), characteristic of a water-repellent material.
Hydrophobicity is conferred to the block by the aliphatic domains of
stearate anions oriented towards the exterior of CaSyr-1 NPs.

'H NMR was used to ascertain the content of stearate with respect to
CaSyr-1, providing a ratio of ca. 0.4 mol of stearate per mol of CaSyr-1,
calculated from the empirical formula of the MOF (Fig. S1-S3).
Regarding the composite structure, CaSyr-1/s displayed all the XRD
peaks observed for net CaSyr-1, and a wide incipient extra signal at 20 =
21-22°, which can be attributed to the formation of a small fraction of
calcium stearate or stearic acid impurities (Fig. 6), both phases pre-
senting intense diffraction peaks at these angles [48,49]. In the
ATR-FTIR spectrum of CaSyr-1/s, most of the observed bands match
those of pristine CaSyr-1 signals and are assigned to the skeleton of
syringate (Fig. S6). The presence of stearate is assessed by the increase of
the C-H symmetric and asymmetric stretching bands at 2920-2850
cm ™!, C=O0 stretching, typically emerging as an intense signal for free
stearic acid at ca. 1700 cm_l, shifted to lower wavenumber values in
stearate coating, denoting deprotonation and coordination with calcium
[50]. TGA data indicated that CaSyr-1/s aerogel and the parent CaSyr-1
NPs have similar thermal stability (Fig. S4). Essentially, the stablished
carboxylate bonds of the Ca-syringate and Ca-stearate types must be of
similar energy, both breaking above 600 K. The significant weight loss
observed for CaSyr-1 at ca. 400 K was attributed to the evaporation of
traces of solvent and adsorbed water, phenomenon that was clearly
reduced for the hydrophobic bioMOF. Slight differences could be
noticed in the region between 450 and 530 K, assigned to the pyrolysis of
organic acids, where the functionalized CaSyr-1/s aerogel experienced a
decay of ca. 2 wt%, not present for pristine CaSyr-1. This indicates that
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Fig. 6. Powder XRD patterns of CaSyr-1 NPs, CaSyr-1/s aerogel and CaSyr-2
microcrystals, and CaSyr-1/s behavior when exposed to water, either liquid
at 298 K (solid line) or moisture at 100% RH and 310 K (dashed line) or after a
cycle of water vapor adsorption-desorption at 298 K (dotted line). Asterisks (*)
indicate the broad signal at 20 = 21-22° associated with free stearic acid,
observed for the CaSyr-1/s aerogel sample prior to pore activation by using
either vapor or liquid water. Black dots (e) mark the CaSyr-1 peak at 20 = 5.7°,
with reduced intensity (respect to empty pore samples) due to the presence of
free stearic acid into the pores of CaSyr-1/s aerogel.

small amounts of free HStear might be adsorbed in the structure. SEM
images indicated similar appearance for CaSyr-1 NPs in the pristine
bioMOF (Fig. S7a) and in the composite aerogel (Fig. S7b). However, in
the aerogel, the NPs were organized in a macroporous network, while
the pristine NPs formed dense aggregates. TEM images revealed that the
size of the CaSyr-1 NPs in both CaSyr-1 and CaSyr-1/s samples were
comparable (Fig. S7c,d). However, the NPs in CaSyr-1/s exhibited less
defined surfaces compared to the parent material, likely due to the dy-
namic nature of the stearate aliphatic tails [29].

The effect of the post-synthetic modification with stearate on the
phase transition of CaSyr-1 to CaSyr-2 was evaluated in liquid water at
298 K and in a humid environment at 310 K. First, the grounded CaSyr-
1/s aerogel was placed in contact with liquid water for 1 h at 298 K.
Under these conditions, CaSyr-1/s particles were not wet by the liquid
phase and remained floating on the interphase water-air. No significant
differences could be spotted in the SEM images (Fig. S7e) or in the XRD
pattern (Fig. 6) of the recovered sample in comparison to the initial
CaSyr-1/s aerogel, with just some variations in the relative intensity of
the XRD peaks, indicating that phase transition did not take place.
However, when stirring the pulverized CaSyr-1/s monolith in water for
several hours, the recorded XRD pattern pointed to its complete trans-
formation to CaSyr-2 (Fig. 6), which indicates that the coated sample
was not thermodynamically stable in water. Exposure to liquid water
induces the cleavage of Ca-Stear bonds and the progressive release of
HStear, which forms crystals with a characteristic flake-like morphology
(Fig. S7f). Conversely, during tests conducted at 100% RH and 310 K,
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the CaSyr-1 framework in CaSyr-1/s aerogel remained stable up to one
week, as evidenced by the XRD analysis (Fig. 6), time after which peaks
corresponding to CaSyr-2 emerged in the diffraction pattern. These
findings demonstrate that the post-synthetic modification of CaSyr-1
with stearate results in a remarkable enhancement of the kinetic sta-
bility of the framework against water, reflected in the time frame that
goes from minutes in the pristine bioMOF to several days in the aerogel.
After one week of water exposure, the CaSyr-2 phase progressively
forms, eventually becoming the predominant component of the mate-
rial. At this stage, the non-porous nature of CaSyr-2 would limit the
suitability of this material for adsorption applications.

3.3. Adsorption

Low temperature N physisorption at different relative pressures (p/
p°, where p° is the saturation pressure) was used to determine the
textural properties of the composite and constituent NPs. Net CaSyr-1
displayed a type I isotherm at low p/p° corresponding to intraparticle
micropores, developing hysteresis at medium-high p/p°, related to
interparticle mesoporosity, corresponding to type IV isotherm (Fig. S5).
A value of apparent BET surface area of 1080 m2g~! was calculated from
the isotherm, which includes a micropore surface area of ca. 900 ng’l.
The specific external surface area can then be approximated to 180
m?g L. This value, together with the measured specific relative amount
of stearate in the composite (1.6-107% mol gaﬁsyr,l), and estimating the
surface area occupied by one mol of stearate on ca. 4.3 x 10 cm?mol ™
(stearate molecular size taken as ca. 0.3 x 2.4 nm diameter x length),
allow evaluating the percentage of coated external surface area, giving
ca. 70 ng’l. This value corresponds to ca. 40% of potential total
coverage, assuming all stearate heads are anchored on the outer surface
of the NPs at these conditions, i.e., 77 K. Actually, this is a notable high
percentage of surface covering, which can be attained on account of the
large degree of dispersion of the CaSyr-1 NPs when structured in an
aerogel. Comparing to pristine CaSyr-1, CaSyr-1/s offers singular
textural properties originated by the particular arrangement of the NPs
in the aerogel-like macrostructure (Fig. S7b). Thus, the recorded
isotherm for CaSyr-1/s starts with type II at low p/, po, not displaying the
microporosity intrinsically provided to the system by CaSyr-1. Next, an
H3 hysteresis cycle from a type IV isotherm, associated to grove voids
generated by NPs aggregation, is observed at medium-high p/p° (Fig.
S5). The isotherm did not exhibit a saturation limit, indicating indefinite
multi-layer formation. This is a behavior characteristic of aerogels
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constituted by particles containing meso and macropores with a wide
distribution of pore size. The measured BET surface area has a value of
70 m2g . The lack of N physisorption in the micropores of the com-
posite is ascribed to hindered access of gas molecules to the internal
cavities of the bioMOF caused by functionalization with stearate and
concomitant steric hindrance. Pore entrance blocking is exacerbated by
the almost null mobility of the aliphatic chains at the low temperature
used for the analysis, corresponding to that of liquid N2 (77 K). Based on
that argument, it was reasoned that an increase in the analysis tem-
perature, for instance to room temperature, would enhance gas
adsorption by conferring substantial dynamic mobility to the aliphatic
domains of the coating agent. Since Ny adsorption at room temperature
is very poor due to its negligible polarity, the adsorption of CO,, with a
significant quadrupole moment, was chosen to perform new measure-
ments at 298 K. CO, has been widely employed to study ultra-
micropores [51], thus, it is expected for the molecules of the gas to
pass through the small openings statistically occasioned by the dynamics
of the aliphatic tails. At saturation pressure and 298 K, CaSyr-1/s aerogel
adsorbed ca. 16 cmsg(;;syr_l s of CO4 (or 23 cmsgésyr_l when recalcu-
lated with respect to the weight of CaSyr-1 exclusively) (Fig. 7a).
Nevertheless, this amount is only half of that adsorbed by pristine
CaSyr-1 (or 49 cm3gé,syr,1) under similar conditions. Minimizing at 298
K the influence of steric barriers that limit the uptake into the internal
pore volume, partial occupancy of micropore volume by stearic acid was
considered to explain the observed behavior. Actually, the cylindrical
HStear molecule, with a geometrical diameter of ca. 0.3 nm, could
penetrate the 1.4 nm channels of CaSyr-1, even the dynamic disorder of
the tails would enlarge its effective diameter (Fig. 8a). The insertion of
HStear in the porous system is possibly driven through hydrogen
bonding with the exposed coordinating HoO molecules of the calcium
sphere, easily reachable in the hexagonal channels of CaSyr-1. As pre-
viously anticipated in the TGA analysis (Fig. S4), small amounts of free
HStear could be found in the structure, which, due to cumulative steric
impedance, should be most likely adsorbed on the inner walls of the
pores close to the entrance, thus resulting in partial blocking of the
bioMOF empty pore for further CO, adsorption (Fig. 8b).

To further analyze the water stability of the hydrophobized aerogel,
as well as the water uptake into the hydrophilic CaSyr-1 component, the
adsorption-desorption isotherm of H,O at 298 K and different relative
pressures was measured for CaSyr-1/s and compared with that of pris-
tine CaSyr-1 (Fig. 7b). Water adsorption was chosen because it has been
used to study ultra-small micropores in hydrophilic compounds owing to
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Fig. 7. Adsorption behavior of the studied materials: (a) CO, adsorption isotherms at 298 K for net CaSyr-1 NPs (green), CaSyr-1/s aerogel in three consecutive
cycles (reddish tones), and CaSyr-1/s aerogel after a cycle of vapor H,O adsorption-desorption at 298 K (yellow), and (b) H,O adsorption-desorption isotherms at 298
K for CaSyr-1 NPs (green) and CaSyr-1/s aerogel (red), in both graphs considering only the mass of CaSyr-1 in the sample to calculate the volumetric spe-

cific adsorption.
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(b) CaSyr-1 (hexagonal channel)
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Fig. 8. CaSyr-1 functionalization and activation with water: (a) hexagonal channels of CaSyr-1, indicating pore diameter and the exposed coordinating H,O mol-
ecules, as well as dimensions of Hstear, (b) schematic representation of HStear functionalization on CaSyr-1 and subsequent activation with H,O vapor at 298 K
(HStear adsorbed through hydrogen bonding at the walls in the inner cavities and chemisorbed on the external surface, in orange and black, respectively).

H,0 small molecular diameter [52]. Notably, CaSyr-1/s exhibited an
extraordinary water uptake at 298 K and saturation pressure, in the
order of 340 cmSgEalsyr,l /s (or 450 cmBgZ;%,syr,l), close to values reported
for hydrophilic MOFs designed for this application [53]. Compared to
pristine CaSyr-1, CaSyr-1/s required higher p/p° to take up significant
amounts of Hy0, as the adsorption process was hindered by the presence
of hydrophobic stearate molecules on the bioMOF external surface.
However, by increasing water vapor pressure, discrete H,O molecules
could progressively penetrate the hydrophobic coating and reach the
hydrophilic CaSyr-1 micropores, ultimately resulting in a higher H,O
uptake than for bare CaSyr-1 (410 cmBgEalsyr_l). The lower adsorption
value observed for pristine CaSyr-1 with respect to CaSyr-1/s is related
to the onset of water-induced framework degradation. Differences be-
tween the two samples were also evident by studying the desorption
branch. While desorption in CaSyr-1 closely follows the adsorption
pathway, indicating similar activation energy for both processes, water
desorption in CaSyr-1/s was significantly less favorable than adsorption,
leading to a type IV isotherm with H2 hysteresis. This hysteresis curve is
associated with ink bottle shaped pores, with smaller diameter at the
entrance than in the main channel. In the particular case of CaSyr-1/s,
the pore opening diameter is reduced by stearate coating. Addition-
ally, the desorption process involves water leaving the hydrophilic pores
of CaSyr-1 through the adverse hydrophobic environment formed on the
outer surface of the particles. XRD characterization of the treated sample
indicated that the framework of CaSyr-1 did not suffer any structural
change during water adsorption/desorption (Fig. 6). Interestingly, the
pattern of CaSyr-1/s sample collected after this process recovered the
ratio of relative intensities for the most intense peaks observed for
pristine CaSyr-1, which was modified in the as-synthesized CaSyr-1/s
sample. Similar changes could be noted in the CaSyr-1/s sample treated
with liquid water at 298 K for 1 h. Main differences between CaSyr-1 and
as-synthesized CaSyr-1/s were found analyzing the intensity of the low
angle peak arisen at 20 = 5.7°, which was indexed to the (2-10)
reflection. This signal is assigned in the CaSyr-1 crystal to the ordered
arrangement of the micropores. For net CaSyr-1, this is an intense and
sharp diffraction peak indicating empty pores, attained after sample
activation. This peak is still present in the as-synthesized aerogel, but
with lower relative intensity than in net CaSyr-1. The reduction in

intensity of low-angle peaks in nanoporous compounds has been
described as an indication of reversible deformation of pore walls when
they are loaded with guest molecules [54], which in the case of
CaSyr-1/s, can only be HStear. In the XRD pattern of the sample
recovered after water adsorption/desorption, the low angle peak is
again a sharp signal of high intensity, thus suggesting the activation of
the micropores.

With the objective of verifying sample activation through water
adsorption, the sample recovered after the water adsorption/desorption
experiment was subjected to second cycles of Ny and CO5 adsorption at
77 and 298 K, respectively. Again, the adsorption of N5 at low pressures
was negligible, as it was for the as-synthesized CaSyr-1/s, which con-
firms that for this gas the main effect hindering adsorption in the mi-
cropores is pore entrance blocking by frozen aliphatic chains with null
mobility at 77 K (Fig. S5). Instead, CO adsorption at room temperature
in the water-activated sample was enhanced by a factor of two with
respect to the vacuum-activated sample, reaching and uptake of 31
cmSgEalsyr,l /s (or 45 cmSgEe}syr,l), which means that ca. 92 v% of the net
CaSyr-1 empty volume for CO, adsorption was recovered (Fig. 7a). A
plausible explanation for the enhanced CaSyr-1 activation attained with
water is the displacement of the HStear impregnated in the pores
(Fig. 8b). Previous studies have shown that when saturated vapor is
inside micropores, the adsorbed fluid density increases to near-liquid
water due to the high influence of the wall interactions [55]. In this
particular case, this liquid water behavior could interfere in the
hydrogen bonding interactions formed between HStear and the coordi-
nating HyO molecules, thus resulting in the replacement of HStear by an
extended H-bonded water network inside the pores, which would
further push the aliphatic compound to the outer surface. These results
suggest that CaSyr-1 to CaSyr-2 conversion might be initiated in the
external surface of the MOF, as the presence of near-liquid water in the
pores does not induce this phase transformation. Activation with CO2
was not attained in the as-synthesized sample studied in this work, not
even after three consecutive CO, adsorption-desorption cycles at 298 K
(Fig. 7a), denoting that it does not interfere in the supramolecular in-
teractions of the adsorbed HStear with the walls of the pores.

A fundamental parameter to evaluate the advantages of an adsorbent
for a particular adsorbate is the isosteric enthalpy of adsorption (Qg),
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measured at different levels of surface occupancy [56]. For CaSyr-1 and
CaSyr-1/s, measured Qg values were near constant at the different gas
loadings (Fig. S8), with values of 16-18 and 31-34 J mmol ™}, respec-
tively. Even all quantities were in the range of physisorption, the COy
adsorption enthalpy was notably higher for the CaSyr-1/s aerogel than
for net CaSyr-1. Found differences are related to the activation method
used in each case, thermal activation under vacuum for CaSyr-1 and
water vapor activation for CaSyr-1/s. Regarding the integrity of the
CaSyr-1 framework, water vapor activation can be considered as a more
aggressive method than thermal activation. The water treatment is
prone to induce surface defects on the pore walls, resulting in increased
Qs values. Nevertheless, this increment, far from being an inconvenient,
suggests that CaSyr-1/s would have an enhanced affinity for CO,. The
generation of defects in the crystalline structure of MOFs have proved to
increase their adsorption performance for specific gases [57].

4. Conclusions

This study illustrates an efficient method to produce water-stable
frameworks starting from moisture-sensitive MOFs. In the designed
protocol only green solvents, i.e., EtOH, for MOF coating and simulta-
neous assembly in a gel, and scCOg, for composite drying into a mono-
lithic aerogel, and a readily available organic acid, i.e., stearic acid, are
used throughout the post-synthetic modification of the MOF, thus
involving a sustainable and cost-effective strategy. The protocol enables
the surface hydrophobization of MOF NPs with stearate and the simul-
taneous spontaneous self-assembly of the functionalized particles into
an interconnected aerogel-like macrostructure, which supposes advan-
tages from an operational perspective, but also in regard of the intrinsic
characteristics of the material. This study is focused on CaSyr-1 bioMOF,
but the proposed functionalization could also be extended to other
water-sensitive MOFs containing metals with affinity to carboxylic
acids, thus representing a novel general strategy to accomplish both
surface hydrophobization and NPs 3D macrostructuration. Stearate
coating significantly increases the kinetic stability of CaSyr-1 against
moisture, thus avoiding its rapid transformation into the non-porous
CaSyr-2 phase. Indeed, high values of H,O vapor adsorption could be
attained in the CaSyr-1/s aerogel without affecting the structural
integrity of the framework. Furthermore, this HyO adsorption-
desorption process benefits the adsorptive capacities of CaSyr-1/s by
activating the material through the displacement of impregnated HStear
inside the pores. CO, adsorption at room temperature in the water-
activated sample was enhanced by a factor of two with respect to the
vacuum-activated sample, reaching and uptake of 31 cmggaalsyr,l /s (45
cmggaalsyr_l). The resulting activated CaSyr-1/s aerogel exhibits COy
uptake values comparable with the ones for net CaSyr-1, in which ca. 92
v% of the net CaSyr-1 empty volume for CO, adsorption was recovered.
In short, the resulting activated CaSyr-1/s aerogel exhibits CO5 uptake
values comparable with the ones observed for net CaSyr-1, denoting that
the proposed hydrophobic coating can benefit the kinetic stability of the
MOF while preserving the intrinsic adsorption characteristics of the
material, as long as the activation protocol follows a water vapor
treatment before vacuum. The stability of CaSyr-1/s structure and
adsorption performance under long-term humidity exposure and mul-
tiple CO2/H20 adsorption-desorption cycles needs to be analyzed in a
future work to ensure the application of this modified bioMOF in more
realistic conditions.
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