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ABSTRACT: Because of their molecular sieving properties, metal−organic
frameworks have a high potential for application in gas storage, separation,
and sensing. However, their real-world implementation will require robust
and low-cost synthetic approaches. We herein report the solvent-free
synthesis of ultramicroporous α-magnesium formate (α-MgFm) based on
the solid−vapor reaction of magnesium oxide (MgO) and formic acid and
establish the requirement for a structure-directing agent. Translated into a
chemical vapor deposition protocol, this method enables the fabrication of
high-quality, pinhole-free films of α-MgFm.

Metal−organic frameworks (MOFs) are microporous
crystalline coordination polymers built from metal ion

nodes connected by organic linkers.1 Because of their defined
pore structure and a functionalizable pore interior, these
materials have received much attention in gas storage,
separation, and sensing.1,2 MOFs with pores of width
approximately no more than two or three molecular diameters
(i.e., below 5−7 Å) are called ultramicroporous.3 They display
remarkable selectivity between small molecules with similar
physical and chemical properties.4 For instance, the adsorptive
separation of C2H2 and C2H4, with respective kinetic diameters
of 3.3 and 4.16 Å, was achieved using an ultramicroporous
calcium squarate MOF (pore size: 3.4 Å).5 At least as
impressive is the selective adsorption of CO2 over C2H2, both
with a kinetic diameter of 3.3 Å, on ultramicroporous pillared
SIFSIX-3-Ni (3.8 Å).6

The application of these MOFs in sensing and membrane-
based gas separation requires a convenient way to deposit high-
quality thin films. To the best of our knowledge, only two pure
ultramicroporous MOF films have been reported so far. Ni2(L-
aspartate)2pyrazine (JUC-150, pore size: 2.5 × 4.5 Å) was
grown on a sacrificial nickel mesh under solvothermal
conditions.7 Solvothermal growth is neither favorable for
manufacturing sensing devices nor does it easily yield high-
quality films. Because of the fast diffusion of both metal ions
and linkers in solution, there is little control over nucleation
and growth rates, which often leads to the formation of
scattered crystallites instead of thin, pinhole-free thin films.
Another example is the liquid-phase epitaxial growth of a
SIFSIX-3-Ni membrane.8 The fabrication of a virtually defect-
free membrane took 30 growth cycles, leading to a rough and
thick (5 μm) MOF film.

Recently, our group demonstrated the chemical vapor
deposition of MOFs (MOF-CVD) for the solvent-free growth
of high-quality thin films.9−11 This all-vapor-phase approach
consists of two steps: (1) deposition of a precursor film,
typically a metal oxide, and (2) precursor-to-MOF conversion
by exposure to linker vapor. Herein, we demonstrate MOF-
CVD of high-quality α-magnesium formate [Mg3(HCOO)6]
(α-MgFm) films by the reaction of sputtered MgO with formic
acid vapor.
Anhydrous magnesium formate (MgFm) exists in at least

three polymorphs: as α-,12 β-,13 and γ14-magnesium formate.
While the β-phase is a dense coordination polymer, the α- and
γ-phases demonstrate permanent porosity.14,15 Both porous
polymorphs have similar topologies and accessible surface
areas but form in the presence of different structure-directing
agents (SDAs): N,N-dimethylformamide (DMF) for α-MgFm
and 1,3-benzeneditetrazole for γ-MgFm. Interestingly, as DMF
decomposes to formic acid when heated in the presence of
moisture, it can serve as a linker precursor in α-MgFm
synthesis.16 The much higher volatility of DMF compared to
that of 1,3-benzeneditetrazole makes α-MgFm a promising
candidate for MOF-CVD.
Magnesium oxide (MgO) was selected as a precursor

because of its reactive nature and ease of sputter deposition.
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Before proceeding to thin films, the bulk reaction between
MgO powder and formic acid vapor was studied. Bulk samples
allow the straightforward use of characterization techniques
such as thermogravimetry (TG), mass spectrometry (MS), and
gas physisorption. In addition, the solvent-free conversion of
MgO is valuable on its own as a low-cost, environmentally
friendly method for bulk α-MgFm production. The reaction of
MgO with formic acid vapor leads to different products,
depending on the presence or absence of a template (Figure
1). In the absence of an SDA, the nonporous β-MgFm is
formed at 150 °C (Figure 2a, red). To facilitate the formation

of the porous α-MgFm phase, several organic solvent vapors
were tested as potential SDAs: DMF, dimethyl sulfoxide
(DMSO), tetrahydrofuran, 1,4-dioxane, 2-methylfuran, and
cyclohexane (Figure S1). Special care was taken to ensure full
vaporization during synthesis to avoid solid−liquid reactions.
Formic acid and the SDA were added to the reaction chamber
in such amounts that their partial pressures after full
evaporation were equal to approximately 0.3 bar, which are
lower than their saturation pressure at the reaction temper-
ature. While most tested SDAs led to amorphous products,
DMSO and DMF directed the reaction toward the desired α-

Figure 1. Products resulting from the reaction of formic acid vapor with MgO, in both bulk powder and thin-film forms.

Figure 2. Synthesis and characterization of magnesium formate (MgFm) powder. (a) PXRD patterns of products obtained by the reaction of MgO
with formic acid vapor, with and without DMF or DMSO added as an SDA. (b, top) PXRD data illustrating the formation of perovskite-like
[Mg(CHOO)3]·NH2(CH3)2 in the early stages of reaction in the presence of DMF. (b, bottom) PXRD data of α-MgFm after activation. (c)
Activation study of the as-synthesized α-MgFm·DMF via VT-PXRD. (d) TG−MS analysis of α-MgFm·DMF. (e) Ar BET surface area measured at
77 K for α-MgFm activated at different temperatures. (f) SEM image of as-synthesized α-MgFm·DMF.
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MgFm·DMF and α-MgFm·DMSO phases (Figure 2a, blue).
The obtained α-MgFm·DMF is composed of coalesced
submicrometer crystallites (Figure 2f).
The time-resolved formation of α-MgFm·DMF in a sealed

capillary was studied by XRD with synchrotron radiation
(Figure S2). At first, traces of dense perovskite-like phase
[Mg(CHOO)3]·NH2(CH3)2 were observed (Figure 2b, top).
This material is isostructural to the previously reported Mn,
Co, and Ni compounds17 and forms, thanks to the partial
decomposition of DMF to dimethylamine. After a few minutes,
α-MgFm·DMF starts crystallizing and quickly becomes the
predominant phase. Attempts to isolate the perovskite-like
compound were not successful.
The reported specific surface area values of α-MgFm vary

from 15015 and 28418 to 49616,19 m2 g−1. This striking
discrepancy is seemingly due to slightly different unit cell
parameters of the samples prepared via different synthesis
routes16 and, more importantly, via different activation
procedures. To find the optimal activation temperature for
α-MgFm·DMF, variable temperature powder X-ray diffraction
(VT-PXRD) measurements were performed (Figure 2c). A
clear change in the relative peak intensities caused by the
changes in the in-pore electron density is observed at 150 °C.
The room-temperature and 150 °C powder patterns match
with the simulated PXRD patterns for the DMF-loaded

(Cambridge Structural Database (CSD) reference code:
NAXVOY01) and evacuated structures (CSD: XEHSUZ),
respectively. This finding confirms the successful evacuation of
the DMF guest molecules from the pores. The activated
framework is stable up to 350−400 °C in air. At higher
temperatures, it undergoes a phase transition to the nonporous
β-MgFm. Between 400 and 450 °C, the β-phase gradually
decomposes, as can be seen from the increasing MgO
diffraction peaks at 43 and 44° 2θ.
The activation and thermal stability of α-MgFm·DMF were

studied further by simultaneous TG in air and MS (Figure 2d).
As expected, the TG profile consists of two mass loss steps:
desorption of DMF at 120−190 °C and thermal decom-
position at 420−460 °C. The activation step is accompanied
by the release of DMF (m/z = 73), with a peak at 170 °C. This
result confirms the presence of DMF in the pores and supports
its role as an SDA. Thermal decomposition is nonoxidative as
the TG profiles measured in air and nitrogen overlap (Figure
S3). The release of both water and formic acid (Figure S4)
suggests the following mechanism

→ + + −

+ −

x x

x

Mg (HCOO) 3MgO HCOOH (6 )CO

(3 )H O
3 6

2

Figure 3. Synthesis and characterization of α-MgFm films. FTIR spectra (a) and GIXRD patterns (b) of sputtered MgO exposed to formic acid and
DMF vapors for different times. (c) AFM snapshots at different reaction times. (d) Layer thickness and roughness as a function of reaction time.
The thickness was derived from ellipsometry using appropriate models.18 The rms roughness from a 6 × 6 μm2 area was probed by AFM. (e)
Synchrotron GIXRD pattern after 8 h of reaction. (f) Photograph of the film after 8 h of conversion.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c03212
Chem. Mater. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03212/suppl_file/cm0c03212_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03212/suppl_file/cm0c03212_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03212/suppl_file/cm0c03212_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03212/suppl_file/cm0c03212_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03212?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03212?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03212?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03212?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03212?ref=pdf


The porosity of α-MgFm was studied by argon phys-
isorption. The choice of argon over nitrogen as a probe
molecule is due to the smaller probe size, higher symmetry,
and absence of quadrupole moment, which is advantageous to
polar microporous solids.20 α-MgFm was activated at different
temperatures for 8 h under dynamic vacuum (Figure 2e). The
highest BET surface area was found for activation at 200 °C.
While milder activation is not sufficient to remove all DMF
from the pores, heating α-MgFm to higher temperatures for a
prolonged time causes partial pore collapse. The BET area of
297 m2 g−1 is in good agreement with the previously reported
value of 284 m2 g−1 for solvothermal synthesis.14 However, it
falls short of 496 m2 g−1 reported for α-MgFm with an
expanded unit cell using supercritical CO2 for activation.

16

The optimized conversion conditions to obtain the α-MgFm
powder were tested on a 10 nm MgO film sputtered on a wafer
substrate. The samples were placed in a reaction chamber,
together with formic acid and DMF, and heated to 150 °C for
3 days. Unexpectedly, the conditions for bulk powder
conversion were not directly applicable to thin films, as no
crystalline product was formed. Two possible reasons can
account for these observations. First, there is considerable
depletion of formic acid and DMF vapor, as well as the release
of water, during the bulk synthesis, which might shift the
thermodynamic equilibrium in favor of α-MgFm. In contrast,
these changes are negligible in the case of thin films because of
the much lower quantity of MgO present in the chamber.
Second, sputtered MgO converts to Mg(OH)2 and MgCO3
when exposed to ambient air before the experiment, as
indicated by Fourier-transform infrared (FTIR) spectroscopy
and XPS data (Figures S5 and S6), and this conversion affects
its reactivity.
Different conditions were tested for α-MgFm film formation,

by varying the time, temperature, and amounts of formic acid
and DMF. Highly crystalline and smooth films of α-MgFM
were obtained under milder conditions compared to bulk
powder conversion: 100 °C, 0.02 bar formic acid, 0.1 bar
DMF, and 8 h reaction time. Figure 3 summarizes a detailed
study on the kinetics of conversion. As indicated by the
appearance of symmetric and asymmetric carboxylate stretch-
ing bands at 1640 and 1350−1450 cm−1, the reaction between
the metal source and formic acid starts already after 2 h.
However, at this stage, the film is amorphous and its thickness
remains virtually unchanged. The film thickness is an indicator
of the degree of MgO conversion and is expected to increase
drastically when the dense metal precursor converts to a

porous MOF.21 In the case of α-MgFm, the theoretical film
expansion factor, as calculated from the corresponding molar
volumes, equals 7.3×, 3.3×, and 3.0× when using MgO,
Mg(OH)2, and MgCO3 as precursors, respectively (see Table
S1 for details). Between 4 and 8 h, α-MgFm crystallizes, as
evidenced by the corresponding XRD reflections, changes in
the FTIR spectrum, and considerable film expansion. At 8 h,
the film expands 3.2 times, which is in good agreement with
the theoretical values of both Mg(OH)2 and MgCO3. Also, a
thicker 20 nm MgO film was successfully converted to α-
MgFm under the same conditions. The identical expansion
factor of 3.2 indicates that also in this case full conversion was
reached (Figures S7 and S8). Both films were found to be
pinhole-free, as evidenced by conductive atomic force
microscopy (AFM) and even for a bias voltage of 10 V
(Figure S9). Prolonged reaction time leads to an increase in
particle size and roughness, likely due to ripening. As
evidenced by AFM (Figure 3c), the root-mean-square (rms)
roughness increases from 2.9 nm at 8 h to 7.4 nm at 24 h.
Moreover, the film gradually loses its crystallinity as the XRD
reflections broaden with reaction time, indicating the
metastability of the α-MgFm phase. Overall, the observed
behavior bears a strong resemblance to the MOF-CVD of ZIF-
8: a metal oxide reacts with the linker forming an amorphous
product, which crystallizes into a MOF after an induction
period.21 However, compared to ZIF-8, the formation of α-
MgFm films is considerably slower.
In contrast to the bulk powder, the film does not undergo

phase transition from α- to β-MgFm upon heating (Figure
S10). Moreover, the thin film demonstrates superior thermal
stability, up to 400 °C and even for a prolonged time. The
same holds for its stability in the presence of humidity: while
bulk α-MgFm converts into nonporous β-[Mg3(HCOO)6·
2H2O] (CSD: BEWFOY) after only a few hours of exposure to
ambient air, the thin film is stable for at least several weeks
(Figure 4a,b). A possible explanation for this phenomenon is a
strain-induced stabilization that occurs only in thin films. A
similar effect was recently demonstrated to stabilize thin films
of metastable CsPbI3 perovskites.

22

Adsorption of methanol at 25 °C was measured to compare
the porosity of α-MgFm powder and films. For the powder, the
uptake was measured volumetrically, by an automated gas
physisorption instrument. For thin-film measurements, MgO
(10 nm) was sputtered on a quartz crystal microbalance
(QCM) sensor, followed by the established MOF-CVD
protocol. The difference between the resonance frequency of

Figure 4. Stability in a humid atmosphere (RH = 33%) and the porosity of α-MgFm powder and films. (a) PXRD patterns of the bulk powder and
(b) GIXRD patterns of the thin film immediately after activation and after storage for 2 days, 2 weeks, and 2 months. (c) Methanol adsorption
isotherms of the α-MgFm powder and film at 25 °C. The powder and film samples were activated at 200 and 120 °C, respectively.
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the sensor before and after MOF deposition was used to
calculate the mass of the α-MgFm film. The sensor was placed
in a miniature flow chamber and its resonance frequency was
measured at different concentrations of methanol vapor. By
exploiting the direct proportionality between the adsorbed
mass and the frequency shift, methanol uptake (mmol·g−1) was
calculated. Both isotherms exhibit a type I behavior, with the
adsorption capacity of the film being only slightly lower
(Figure 4). The pore volume was determined from the uptake
at P/P0 = 0.7 and assuming the density of liquid methanol for
the adsorbed phase. The resulting values of 0.11 and 0.09 cm3

g−1 for the bulk powder and the thin film, respectively, are in
good agreement with 0.10 cm3 g−1 measured for α-MgFm
powder by Ar physisorption.
In conclusion, this work has expanded the MOF-CVD

method to the ultramicroporous MOF α-MgFm. The crucial
role of the SDA for solvent-free synthesis of this MOF was
demonstrated for both powder formation and thin-film
deposition. Grazing incidence X-ray diffraction (GIXRD),
together with ellipsometry, AFM topography scans, and
conductive AFM show that the resulting films are smooth, of
high quality, and pinhole-free. Contrary to expectations, thin
films of α-MgFm fabricated via MOF-CVD were shown to be
both more thermally and moisture stable in comparison with
bulk powders.

■ MATERIALS AND METHODS
Chemicals. MgO (extra pure, Acros Organics); formic acid (99−

100%, Chem-Lab Analytical bvba); DMF (99+%, extra pure, Acros
Organics); DMSO (99.7+%, Actos Organics); tetrahydrofuran (99+
%, extra pure, stabilized, Acros Organics); 1,4-dioxane (99.5%, for
analysis, stabilized, Acros Organics); 2-methylfuran (99%, Actos
Organics); and cyclohexane (99+%, pure, Acros Organics).
Substrates. Single-side polished back-etched p-type Si wafers

oriented along the ⟨100⟩ axis (Si-Mat Silicon Materials, Germany)
were used as a substrate. Their diameter was 76.2 mm, thickness was
381 ± 25 μm, and resistivity was 1−30 Ω·cm. To measure methanol
adsorption on a thin film, a gold-coated 6 MHz quartz crystal
(Inficon, 008-010-G10) was used as a substrate.
MgO Deposition. MgO thin films were deposited through

physical vapor deposition with a BAE370 magnetron RF sputter
coater, using a MgO target (99.999% purity, Demaco). The
depositions were done at a pressure of ∼2 × 10−3 mbar, under an
Ar plasma, at power set to 150 W for 3 min. The target thickness of 10
nm was confirmed by ellipsometry.
Bulk Powder Synthesis. For the typical solvent-free synthesis of

bulk powder of α-MgFm, 40.3 mg (1.0 mmol) of magnesium oxide,
94.3 μL (2.5 mmol) of formic acid, and 2.5 mmol of an SDA, if
present, were placed separately in a 300 mL glass reactor and sealed.
The reactor was placed in a forced convection oven preheated at 150
°C and kept for 3 days.
Thin-Film Deposition. For the optimized procedure, a substrate

with a layer of sputtered MgO was placed in a 300 mL glass reactor
together with 7.76 μL of formic acid and 79.6 μL of DMF or 73.2 μL
of DMSO. The partial pressures of formic acid and DMF after full
evaporation were equal to approximately 0.3 bar, which are lower than
their saturation pressure at the reaction temperature. The reactor was
placed in a forced convection oven preheated at 100 °C at a specific
duration. At the end of the reaction time, the sample was removed
from the reactor and allowed to cool down in air.
It should be noted that both DMF and DMSO can decompose

upon heating, and this process can be accelerated by other
compounds present (e.g., formic acid).23,24 However, as both DMF
and DMSO act as SDAs in our case, only very small amounts are used,
and this decomposition does not present a safety issue. For instance,
even if all added DMSO would decompose, thereby yielding two
volatile molecules per molecule of DMSO (i.e., formaldehyde and

methyl sulfide), the pressure in the reactor would increase only by 0.6
bar and would remain in a safe regime.

Powder X-ray Diffraction. PXRD patterns were recorded with a
Malvern PANalytical Empyrean diffractometer in transmission mode
over the 3−40° 2θ range, using a PIXcel3D solid-state detector and a
Cu anode (Cu Kα1: 1.5406 Å; Cu Kα2: 1.5444 Å). Temperature-
dependent PXRD patterns were recorded on the same diffractometer
in an Anton Paar TTK 600 chamber in reflection mode on a powder
bed in air. The temperature was increased by 5 °C increments and
kept constant for 30 min during each measurement.

The capillary experiment was performed on the P02.1 beamline at
the Synchrotron DESY (Hamburg, Germany) using a PerkinElmer
XRD1621 detector with a photon energy of 60 keV at a wavelength of
0.207 Å. One-third of the 1.0 mm capillary was first filled with MgO
powder, then a thinner 0.8 mm capillary was filled with about 10 μL
of 1:1 M mixture of formic acid and DMF and placed in the thicker
capillary, which was sealed with a torch.

Grazing-Incidence X-ray Diffraction. GIXRD measurements
were performed on the XRD1 beamline at the Synchrotron Elettra,
Trieste, Italy, using a stationary Pilatus 2M detector placed at
approximately 400 mm distance from the sample. Data were collected
at a wavelength of 1.4 Å and an incident angle of approximately 0.2°.
For the VT-GIXRD measurements, the sample was heated by a
nitrogen heating gun at a rate of 5 °C min−1. To prevent radiation
damage, the sample holder was moved 0.1 mm in the y-axis direction
after every scan. To make the measured data comparable, they were
transformed into reciprocal space. All data conversion, treatment, and
analysis steps were performed with GIDVis.25

Scanning Electron Microscopy. Top-view scanning electron
microscopy (SEM) images were recorded using a Philips XL30 FEG
microscope (SE detector) operating at an accelerating voltage of 10.0
kV. The samples were cleaved and then sputter-coated with 5 nm of
Pt prior to inspection.

Atomic Force Microscopy. Samples were scanned using a
PicoSPM (5500, Agilent Technologies) under ambient conditions, in
tapping mode using Si cantilevers (AC160TS-R3). Data processing
and analysis were carried out with WSXM 5.0.26

Attenuated Total Reflectance-FTIR Spectroscopy. Infrared
spectra were recorded (128 scans, 4 cm−1 resolution) over the spectral
range 750−4000 cm−1 on a Varian 670 FTIR spectrometer attached
to a Varian 620 FTIR microscope equipped with a slide-on Ge ATR
tip.

Ellipsometry. The optical properties of the deposited layers were
measured using an M-2000x spectroscopic ellipsometer (J. A.
Woollam Co., Inc., λ = 246−1000 nm) and using appropriate
models.21

Profilometry. Contact profilometry was performed on a Bruker’s
DektakXT Stylus Profiler with a 2 μm stylus, in 6.5 μm stylus scan
range and under 5 mg stylus force.

Conductive AFM. To check for pinholes in the MgFm films,
conductive AFM was performed using a Dimension Icon system
(Bruker) on the MOF layers deposited on p-doped Si substrates.
Using a custom holder, the samples were electrically contacted with
Ag paint. With a heavily doped full diamond tip, current scans were
performed at an applied DC bias voltage of 10.0 V. In our previous
work, the threshold bias voltage for the MOF coatings was typically
∼5.0 V.21 Conductive AFM measurements were carried out in a
glovebox under an inert (Ar) atmosphere.

Thermogravimetry−Mass Spectrometry. TG analysis was
carried out in air using a Netzsch STA 449 F3 Jupiter
thermogravimetric analyzer at a heating rate of 5 °C min−1. A mass
spectrometer (Hiden, HPR-20 QICEGA) was coupled to the
exhaust line of the TG analyzer. The channels corresponding to m/z =
18, 46, and 73 were monitored.

Volumetric Porosimetry. Ar and methanol physisorption on
bulk powder was performed using a Micromeritics 3Flex 3500
instrument at −196 and 25 °C, respectively. Prior to the
measurement, the samples were activated at the temperature
mentioned in the article for 8 h.
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QCM Porosimetry. Adsorption measurements were performed in
a custom-made QCM environmental cell at 25 °C. Controlled
amounts of methanol were evaporated using a Controlled Evaporator
Mixer (Bronkhorst) in a set nitrogen carrier gas flow to obtain
methanol vapor of desired concentration. The methanol vapor
concentration was varied stepwise in the range 0−0.8 P/P0. At the
end of each 120 s step, the average frequency change measured during
the last 30 s was calculated and plotted against the corresponding
partial pressure value.
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