7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue
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magnesium oxides+

’ M) Check for updates ‘

Cite this: Dalton Trans., 2023, 52,
17873

Nathalie Wauteraerts, €22 Min Tu, 2 #° Nicolas Chanut,?
Sabina Rodriguez-Hermida,*< Jesus Gandara-Loe® and Rob Ameloot (2 *@

In this work, we investigate the vapor-assisted synthesis of the metal—organic framework MOF-74 starting
from three metal oxides (ZnO, CoO, and MgO). Depending on the nature of the added vapor (H,O, DMF,
DMSO), the metal oxide, and the temperature, the outcome of the reaction can be directed towards the
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desired porous phase. Ex situ and in situ XRD measurements reveal the formation of an intermediate
phase during the reaction of MgO with Hsdobdc, while the MOF-74 phase forms directly for ZnO and
CoO. The reduced CO, uptake of the resulting materials compared to solvothermally prepared MOFs
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Introduction

Metal-organic frameworks (MOFs) are crystalline materials
consisting of metal nodes connected by multitopic organic
linkers." A high degree of structural and functional tuneability
combined with large specific surface areas and porosity posi-
tion them as interesting materials for gas storage, molecular
separation, and catalysis.>® MOFs are typically synthesized via
solvothermal methods, in a temperature range from room
temperature up to 250 °C.* For standard solvothermal syn-
thesis recipes, the solvent can make up 40-45% of the pro-
duction cost on an industrial scale.” In addition, the metal
salts that are often used to synthesize MOFs can be expensive
and yield a stoichiometric amount of waste. When starting
from metal oxides, only H,O is generated as a byproduct.® In
this perspective, water-based synthesis methods are developed
for MOF-74 to eliminate the use of solvents.”*" Additionally,
the spray-drying technique has been proposed as a green syn-
thesis method which is already applied at pilot-scale.'?
Alternative, solvent-free or solvent-lean routes for MOF syn-
thesis, such as mechanochemical and vapor-phase processes

“Center for Membrane Separation, Adsorption, Catalysis and Spectroscopy (cMACS),
KU Leuven - University of Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium.
E-mail: rob.ameloot@kuleuven.be

52020 X-Lab and State Key Laboratory of Transducer Technology, Shanghai Institute
of Microsystem and Information Technology, Chinese Academy of Sciences, Shanghai
200050, China

“Servizos de Apoio d Investigacion, Universidade da Corufia, Campus Elvifia s/n
15071, A Corufia, Spain

tElectronic supplementary information (ESI) available:
methods, SEM images, additional X-ray diffractograms, N, adsorption isotherms
and FTIR spectra plots. See DOI: https://doi.org/10.1039/d3dt01785k

Characterization

This journal is © The Royal Society of Chemistry 2023

might be offset by the convenience of the presented route and the promise of a high space time yield.

using non-salt metal these
limitations."*"°

In mechanochemical approaches, a chemical reaction is
induced by grinding the solid precursors. To achieve MOF
materials, inexpensive and readily available metal oxides are
often used as precursors. No or little solvent is needed during
the process, and water is the sole byproduct. Therefore, it is an
environmentally friendly and cost-efficient alternative to solvo-
thermal methods.'* However, obtaining an open framework
via neat grinding is difficult and limited to a few materials."”
In liquid-assisted grinding, a small amount of solvent is added
to accelerate the reactions.’”'® The grinding liquid can affect
the nature and crystallinity of the phases that are formed by
altering the coordination of the metal nodes.'*'® An alterna-
tive approach without the need for mechanical energy input is
vapor-assisted aging, also called vapor digestion or accelerated
aging. In that approach, solid reactants are transformed into
MOFs in the presence of water or solvent vapor at mild
temperatures.>* ¢

The occurrence of multiple polymorphs in several MOF
systems can make it difficult to control the synthesis outcome.
In solvothermal synthesis methods, fine-tuning the reaction
conditions such as precursor concentration, solvent compo-
sition, synthesis duration, etc., is often critical to obtain the
desired phase.”” Often, the solvent influences the coordination
behavior of the metal ion and/or fills the pores to direct the
MOF formation process.”®*? In a vapor-assisted method, the
linker molecule itself or an additive can take up this role.***"

MOF-74 (M,(dobdc), also called CPO-27) is a promising can-
didate for H, storage and CO, capture.***® This MOF material
can form with several metal ion nodes (Mg>", Zn>*, Co>", Fe*",
Ni**, Mn?*, Cd**, Cu**) connected by 2,5-dihydroxybenzenedi-

precursors, can overcome
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carboxylate (dobdc®"), resulting in hexagonal channels with a
diameter of 11 A.*’7*° The metal ions are arranged in a five-co-
ordinated square-pyramidal geometry leaving one coordination
site open.>**°™** In the solvothermal synthesis of MOF-74, the
solvent composition and reaction temperature is critical to
obtain the desired phase. When DMSO is used instead of the
standard DMF-H,O mixture in the solvothermal synthesis of Zn-
MOF-74, a different polymorph, Zn-UTSA-74, is obtained.*?
Performing the Zn-MOF-74 synthesis procedure at 158 °C instead
of 105 °C, leads to Zn-UTSA-74 as well.** The binuclear secondary
building unit of Zn-UTSA-74 comprises one tetrahedrally co-
ordinated metal ion node that is coordinatively saturated and
one octahedrally coordinated metal ion node that has two open
metal sites as the two water molecules occupying the axial posi-
tions can be removed during activation. The resulting structure
has a pore aperture of 8 A, slightly smaller than Zn-MOF-74. Zn-
UTSA-74 has shown promising results for the separation of C,H,/
CO,,* although it converts to Zn-MOF-74 in the presence of
liquid water or water vapor.** Besides the solvent choice and
temperature, the formed topology is determined by the pH.
When the reaction environment is not basic enough to deproto-
nate the hydroxyl groups on the linker, Mg-CPO-26 (Mg
(H,dobdc)(H,0),) is formed.*”*> Only the carboxylate groups of
the linker and 2 additional water molecules coordinate to the
metal center, forming a non-porous, three-dimensional
network.*® These examples illustrate that predicting the outcome
of different synthesis procedures, is challenging and complex in
the case of MOF-74.%72837

Several research groups investigated the mechanochemical
synthesis of MOF-74 via ball milling. Attempts to synthesize
Zn-MOF-74 mechanochemically from ZnO and H,dobdc (2: 1)
without added liquid did not result in any desired reaction
products. However, when H,O or DMF was added, Zn-MOF-74
was achieved."**® Also, Mg-MOF-74 could be obtained starting
from MgO when MeOH assisted the formation. However, for
Co-MOF-74, Co(OAc),-4H,0O was needed as a precursor and
DMF was added.”” Wang et al. showed that M-MOF-74 (M =
Mg, Mn, Co, Ni, Cu, and Zn) could also be achieved starting
from metal nitrate salts through liquid-assisted grinding when
an organic base, N,N-diisopropylethyleneamine, was added to
deprotonate the linker and facilitate grinding.*® Finally, Ayoub
et al. investigated the mechanochemical synthesis of mixed-
metal MOF-74 starting from pre-assembled complexes of Zn>",
Mg>*, Ni**, and Co®".*” At last, increasing the reaction temp-
erature can accelerate the reaction significantly. At room temp-
erature, the conversion reaction of ZnO: H,dobdc (2: 1) in the
presence of H,O is not finished after 24 hours of ball-milling.
However, at 75 °C, only 8 minutes are needed to complete the
conversion.">*? In all these cases, ball milling was necessary
to achieve the MOF; no vapor-assisted aging procedure exists
for MOF-74. The development of such a method would allow
the green synthesis of MOF-74 without the need for a ball mill.

This paper reports the formation of M-MOF-74 (M = Mg,
Zn, Co) by a vapor-assisted method starting from metal oxide
precursors. To enable the formation of the desired MOF-74
phase, it was necessary to introduce an additive (H,O, DMF, or
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DMSO) in the vapor phase and control the temperature.
Different templating effects were observed depending on the
structural metal ion. The conversion was monitored by in situ
and ex situ diffraction measurements (Scheme 1).

Experimental

Materials

MgO (98+%, <45 pm, Acros Organics); ZnO (99.5+%, <5 um,
Carl Roth); CoO (74+%, <45 pm, Acros Organics); Hydobdc
(98%, Sigma-Aldrich); N,N-dimethyl formamide (99+%, extra
pure, Acros Organics); dimethyl sulfoxide (99.7+%, Acros
Organics); N,N-diethylformamide (99%, Acros Organics); N,N-
dimethylacetamide (extra pure 99.5%, Acros Organics).

Synthesis of M,dobdc

Metal oxide (ZnO, 61.6 mg; MgO, 30.5 mg; CoO 56.7 mg) was
mixed with 75 mg H,dobdc (molar ratio 2:1) with a mortar
and pestle until the mixture was visually homogeneous.
Afterwards, the mixture was placed in a 25 ml Schott bottle.
The additive (<50 pL) was put in a separate 2 mL vial and
placed inside the Schott bottle. The Schott bottle was sealed
and placed in preheated oven with a temperature in the range
of 100-150 °C for 24 h. Afterwards, the samples were washed
via soxhlet extraction with methanol for 24 h. Reference Zn-
MOF-74 was synthesized according to published procedure.'*
The characterization data of the as-synthesized MOF materials
through powder X-ray diffraction (PXRD), thermogravimetric
analysis (TGA), scanning electron microscopy (SEM), FTIR
spectroscopy, N, and CO, adsorption can be found in the ESL{

(a)
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MO:Hgdobdc Vapor-assisted conversion MOF-74
(b)
T t
—_— —;,
MO:H4dobdc Vapor-assisted conversion MOF-74

Scheme 1 Setups for the vapor-assisted synthesis of MOF-74: metal
oxide (MO) and Hdobdc linker are mixed in a 2: 1 ratio. (a) Setup for ex
situ MOF-74 synthesis. The physical mixture is placed in a 25 ml bottle
together with a vial containing an additive. (b) Setup for in situ XRD
measurements to monitor the vapor-assisted synthesis of MOF-74. The
physical mixture is inserted into a 1.0 mm diameter capillary. Afterwards,
a smaller capillary (diameter 0.7 mm) containing a small amount of addi-
tive is inserted and the outer capillary is sealed (Fig. S17).

This journal is © The Royal Society of Chemistry 2023
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Results and discussion

When a metal oxide (MgO, ZnO, CoO) and H,dobdc were
heated together to 150 °C without an additive, no reaction
occurred. In contrast, by introducing humidity, M-MOF-74 (M
= Mg, Co) could be obtained through the conversion of MgO
or CoO with H,dobdc in a temperature range of 100-150 °C
with conversion times of up to 24 h (Scheme 2 and Fig. S21).
The resulting crystallites had a rod-shaped structure growing
in floret-like groups and reaching lengths of several pm
(Fig. S3 and S4t). The volume of added water was controlled to
reach a partial pressure 0.2 bar below the saturation pressure
to prevent condensation. In the case of MgO, the non-porous
phase Mg-CPO-26 (CCDC: VOGTER) was observed when the
partial pressure of water exceeds the saturation pressure and
condensation occurs (Fig. S5 and S67).

When ZnO and H,dobdc reacted in a humid atmosphere, a
dense coordination polymer (CP) was formed: [Zn
(H;0),(H,dobdc)],, which is further referred to as
CP-ZnH,dobdec. This structure did not transform into the open
MOF-74 structure upon further heating in the presence of H,O
vapor. Likely, the different behavior of ZnO is due to its lower
basicity compared to CoO and MgO, making it less reactive.’®
In the formation of CP-ZnH,dobdc, only the carboxylic acid
groups of the H,dobdc linker are deprotonated while the phe-
nolic hydroxyls remain protonated, thus preventing the for-
mation of MOF-74.

The formation of Mg-MOF-74 in the presence of H,O vapor
was investigated by in situ diffraction measurements at DESY
beamline P02.1 (Fig. S71). These measurements revealed an
intermediate phase present at the start, which was converted
to Mg-MOF-74 upon heating to 130 °C (Fig. 1c). The intermedi-
ate phase, Mg(H,dobdc)(H,0)s-H,O, is a hydrogen-bonded 3D
structure built from mononuclear (MN) units consisting of 5
H,O molecules and one dobdc®>~ anion coordinated to a Mg**
ion, and will be further referred to as MN-MgH,dobdc.’" The

=
o —Mgo — @8 @ MgMOF-74
H:;@\):OH & ;f

HO b
o] :
H,dobdc ,mki
— 1 Co0 — \
H,0 vapor “ @8 CoMOF-74
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?fﬁ @
— Zn0 — 4 CP-ZnH2dobdc
g @
$ ¢

Scheme 2 Products obtained by the reaction of different metal oxides
with Hsdobdc in a humid atmosphere at 130 °C. For MgO and CoO,
MOF-74 is obtained (CCDC: VOGTIV and ORIWAP, respectively). ZnO
yields a dense coordination polymer [Zn(H,0),(H,dobdc)],, (CCDC:
ODIPOHO1).
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same structure was obtained by Henkelis et al. as a by-product
of Mg-MOF-74 synthesis after evaporation of the remaining
solvent at room temperature.”® This structure was also
observed ex situ when the reaction proceeded at 50 °C (Fig. S8
and S9t). This dense phase transforms upon heating into the
more thermodynamically stable product, Mg-MOF-74.>* This
transformation is in line with earlier observations that a
higher synthesis temperature favors the transition from a 2D
to 3D framework.>”*%%*

Synchrotron SAXS measurements were performed to investi-
gate the effect of the reaction temperature on Mg- and Co-
MOF-74 (Fig. 1). At 100 °C (Fig. 1a), Mg-MOF-74 could be
observed after 10 minutes, following an initial growth phase of
MN-MgH,dobdc. The content of the latter phase diminished
rapidly once MOF-74 started to form, and continued decreas-
ing until the end of the measurement (45 minutes). In con-
trast, at 130 ©°C (Fig. 1b), the transformation of
MN-MgH,dobdc into MOF-74 already started after 3 minutes
and was completed after only half a minute.

When CoO reacted with the linker in the presence of
humidity, it transformed into Co-MOF-74 without forming an
intermediate phase (Fig. 1d). At 100 °C, the conversion
initiated after 7 minutes, slightly faster than for the Mg-
analog. The vapor-assisted synthesis of Mg- and Co-MOF-74
can also be observed via the color change of the precursor mix-
tures. The color changes from light to dark yellow in the case
of Mg-MOF-74, and from light yellow to brown for Co-MOF-74
(Fig. S10%).

The reaction of ZnO with H,dobdc in a humid atmosphere
does not result in Zn-MOF-74, as indicated above. Therefore,
we introduced other vapor additives to direct the reaction
towards Zn-MOF-74 (Scheme 3). DMF and DMSO have already
proven to template the vapor-assisted synthesis of other
porous MOF materials.’**" In contrast to H,O, DMF vapor
steers the reaction towards the desired Zn-MOF-74 phase
(Fig. S11a and S12f%). The study by Henkelis et al. shows that
different molecules occupy the open metal sites in the as-syn-
thesized MOF structure for the Mg”* and Zn>" variants based
on single-crystal XRD analysis. For Mg-MOF-74, H,O is co-
ordinated to the metal sites, while DMF is preferentially coor-
dinating in Zn-MOF-74.>> This observation suggests that these
molecules can play a structure-directing role in the formation
of the respective MOFs. In addition, DMF can partially decom-
pose to formic acid and dimethylamine during MOF synthesis
at elevated temperatures. Dimethylamine is a weak base (pK}, =
3.3) but can deprotonate the carboxyl groups of the Hydobdc
linker (pK, < 5).°°

When DMF vapor is used to obtain Zn-MOF-74, the reaction
temperature plays a critical role. At lower temperatures, only
Zn-MOF-74 is formed. By increasing the reaction temperature,
Zn-UTSA-74 can be observed (Fig. 2). At 150 °C, UTSA-74 is the
only reaction product. This temperature effect is in agreement
with the synthesis procedure by Luo et al, in which Zn-
UTSA-74 is obtained at higher temperatures (158 °C) compared
to Zn-MOF-74 (105 °C).*>** The observation that Zn-UTSA-74
is preferred at higher temperatures might be explained by the

Dalton Trans., 2023, 52,17873-17880 | 17875
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Fig. 1 Vapor-assisted formation of Mg-MOF-74 and Co-MOF-74 starting from respectively MgO and CoO with Hydobdc in the presence of H,O
vapor. Top: In situ SAXS measurements (SAXS beamline Elettra Synchrotron) at different temperatures: (a) Mg-MOF-74 at 100 °C, (b) Mg-MOF-74 at
130 °C and (d) Co-MOF-74 at 100 °C. The asterisk corresponds to parasitic scattering of the set-up. Bottom: Extent of reaction (a) as function of
time determined by the integrated peak intensities of the (1 0 1) reflection of MN-MgH,dobdc at g = 7.8 nm~! and the (2 —1 0) reflection of MOF-74
at g = 4.8 nm™. (c) Schematic illustration of the stepwise formation of Mg-MOF-74 with the structures of Hsdobdc, MN-Mg-H,dobdc (CCDC:

XAJGEX) and Mg-MOF-74 (CCDC: VOGTIV).
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Scheme 3 Products obtained by the reaction of ZnO with Hsdobdc in
the presence of different vapor additives: in the presence of H,O vapor,
the dense coordination polymer [Zn(H,0),(H.dobdc)l, (CCDC:
ODIPOHO01) is obtained. In the presence of DMF vapor, Zn-MOF-74
(CCDC: ORIVOC) is formed. When DMSO vapor is introduced, UTSA-74
(CCDC: OLEYAH) is obtained.
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Fig. 2 Diffractograms of the reaction products of ZnO with Hydobdc in
the presence of DMF at different temperatures. At a lower temperature
(100 °C) Zn-MOF-74 is preferentially formed and at a higher tempera-
ture (150 °C) Zn-UTSA-74.
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increased presence of dimethylamine at elevated temperatures,
which affects the rate of linker deprotonation and can modify
the coordination environment of the metal ions.>® This
hypothesis is supported by the formation of Zn-UTSA-74 in the
presence N-donor modulators at a temperature typically used
to synthesize Zn-MOF-74 (120 °C).>"*®

Co-MOF-74 can also be formed upon reaction of CoO and
H,dobdc in the presence of DMF vapor. CoO directly converts
into Co-MOF-74 at 150 °C (Fig. S13%), as in the case when H,0O
vapor is present. However, at 50 °C in the presence of DMF
vapor, an additional phase, Co(dobdc)(DMF),(H,0), (CCDC:
SEWXIE), is formed (Fig. S14 and S1571). In this dense phase,
Co* is octahedrally coordinated to 2 H,O molecules, 2 carbox-
ylate groups of the linker, and 2 DMF molecules.’® In the case
of MgO, DMF vapor does not direct the synthesis of Mg-
MOF-74. An unknown phase can be observed (Fig. S127).

In the presence of DMSO vapor, ZnO is converted into Zn-
UTSA-74 (Fig. S16 and S11b¥). The structure-directing effect of
DMSO, likely through the stabilization of the dimer SBUs,*® is
in agreement with a report by Bueken et al. in which Zn-
UTSA-74 is formed instead of Zn-MOF-74 when DMSO is used
as the reaction solvent. The reaction products for the Mg and
Co variants in the presence of DMSO vapor are unknown crys-
talline phases (Fig. S167).

The thermal stability and compositional purity of the
different materials were investigated by TGA after washing
with methanol (Fig. 3). The TGA curves show the same weight
loss steps as previously reported.*”**%* First, (30-150 °C) is
attributed to the removal of solvent (MeOH) and H,O mole-
cules. In a second step, the framework starts to collapse and
decomposes above 200 °C. From TGA measurements under
air, we can calculate the weight loss attributed to the MOF
framework by comparing the theoretical weight loss with the

100
—— Mg-MOF-74
—— Co-MOF-74
—— Zn-MOF-74

90

)
30 \

20

400 600

Temperature [°C]

T
200 800
Fig. 3 TGA measurements of M,(dobdc) (M = Mg, Zn and Co) under air
atmosphere (20% O, and 80% N,) with a heating rate of 1 °C min~. Red

line represents Mg-MOF-74, blue line represents Co-MOF-74 and green
line represents Zn-MOF-74.
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experimental one (Table S1f). From these results, it can be
concluded that full conversion is reached for the 3 samples.

To demonstrate the porosity and the potential of these
materials for CO, capture, N, and CO, adsorption isotherms
were recorded after activation at 150 °C for 12 h under vacuum
(Fig. 4 and $171). BET surface areas of 313, 290 and 285 m>
g~ ! were measured for Mg-, Co- and Zn-MOF-74, respectively.
These values are significantly lower compared to those pre-
viously reported (Table S3t). Mg-MOF-74 showed the highest
and steepest CO, uptake of 2.55 mmol g™ " at 1.15 bar followed
by Co-MOF-74 (2.37 mmol g™') and Zn-MOF-74 (1.87 mmol
g~ "). However, the same level of CO, uptake as resulting from
another synthesis method is not reached (Fig. S18t). On
average, 30% of the reported CO, capacity is reached. An over-
view of CO, adsorption data in literature is given in Table S2.}
As the experimental weight loss only slightly deviates from the
theoretical one, it can be assumed that the loss in CO, uptake
is not caused solely by incomplete conversion of the precur-
sors. The study of Liang et al. shows that activation at 150 °C
under vacuum is sufficient to reach 90% of the available pore
volume. Additional activation up to 300 °C is necessary to
remove all the coordinated molecules.®® However, in our case,
a higher activation temperature (200 °C) did not lead to an
increase in CO, uptake.

Quantitative analysis of the powder X-ray diffractograms
(Fig. S191) showed that the amount of MOF-74 present in the
vapor-assisted synthesized sample is largely reduced (<50%) in
comparison to hydrothermally synthesized MOF-74. This indi-
cates that non-porous, amorphous impurities with a similar
composition and thermal stability as MOF-74 are present. The
reduction in crystalline content matches the reduction of CO,
uptake (45%).

3.0
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| —m— Co-MOF-74 R
__2.54 —e—Zn-MOF-74 A AAA—T
ke ,A’A'A ._./I
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. .,.
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Fig. 4 CO, adsorption isotherms for M,(dobdc) (M = Mg, Zn and Co)
recorded at 25 °C. Red line with triangles represents Mg-MOF-74, blue
line with squares represents Co-MOF-74 and green line with circles rep-
resents Zn-MOF-74.
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Additionally, very long measurement times were recorded
for N, and CO, adsorption in MOF-74 samples synthesized by
the vapor-assisted method. In addition to the intrinsic lower
uptake of the materials obtained through the vapor-assisted
approach, the much slower uptake kinetics of these samples
might have prevented the measurements from reaching equili-
brium in the low pressure region, thereby reducing the appar-
ent N, uptake and the surface area.®® Likely, this behavior is
caused by pore blocking by the amorphous phase.®*

From these results, we can conclude that the reduced CO,
and N, uptake of the MOF-74 samples synthesized by the
vapor-assisted method originates from the presence of non-
crystalline material.®>®®  Although the linkers are mainly
present in a coordinated fashion (Fig. S207), at least through
their carboxylate groups, it is likely that the amorphous phase
partially blocks the pores. As a result, the uptake capacity is
lowered and the uptake kinetics are slowed down.

From capillary measurements, we can see that full conver-
sion is reached after 6 minutes. In this way a few mg of
material is obtained in the limited volume of a capillary
(20 mm?). As the reported method shows promising results to
achieve a high space time yield (STY) in contrast with solvo-
thermal methods, future work will focus on improving the
crystallinity and therefore the CO, uptake via the vapor-
assisted approach.

Conclusions

In conclusion, this work demonstrates the vapor-assisted syn-
thesis of the M-MOF-74 family (M = Mg, Co, Zn). Different
polymorphs are obtained depending on the nature of additive
vapors in combination with the coordination preferences of
the metal ions. The results emphasize the importance of
in situ diffraction measurements for vapor-assisted synthesis
methods to better understand the vapor-assisted conversion.
To conclude, vapor-assisted synthesis enables obtaining prom-
ising MOF materials in an environmentally benign way
without the need for bulk solvents or a mechanochemical
reactor.
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