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Increasing the stability of Mg,(dobpdc)
metal—organic framework in air through
solvent removalf

Jenny G. Vitillo* and Silvia Bordiga

Mg, (dopbdc) (Hs-dobpdc = 4,4’-dihydroxy-(1,1'-biphenyl)-3,3’-dicarboxylic acid) is an important MOF
for its astonishing properties in gas separation and storage, in particular for applications related to CO,
separation. Its technological relevance is limited by its reputation for fast decomposition in air. In this
article, this reputation is denied by showing that, if fully desolvated, the MOF is stable in air for 24 h
(25 °C and 28-35 RH%), a time sufficiently long to allow its processing in a non-inert environment and
its use as a CO, scrubber in a wet post-combustion flow. In contrast, the material solvated with
methanol showed a 93% decrease in surface area under the same conditions. Material activation is
proposed here as a simple way to increase the stability of Mg,(dobpdc) in air, by the removal of
preadsorbed polar molecules that can act as seeds for water condensation. This work allows us to make
some important general considerations which can be taken into account in studies on material sensitivity
to air. The importance of quantifing the aging time and testing the materials at different relative humidity
is stressed. These parameters are important to determine, when possible, the conditions of use and
storage, suitable for large scale processing and applications. Among the adopted characterization
techniques (XRD, IR spectroscopy, N, and CO, volumetry), N, volumetry at 77 K turned out to be the
most suitable to evidence small variations in the structure due to decomposition. In contrast, CO, uptake
at RT and 1 bar was not a reliable quantity to evaluate MOF stability, because of the significant change in
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Metal organic frameworks are a class of materials that have
been successfully proposed for applications in quite different
fields, from catalysis to gas separation™” and photovoltaics.>™
At the basis of the interest in these materials, there is the
possibility of tailoring their structure to target applications by
appropriately changing their structural building blocks (organic
ligands and metal nodes). With respect to applications, a strong
obstacle is represented by their well-earned reputation as air and
moisture sensitive materials.®® The iconic and most famous
MOF, MOF-5, decomposes after exposure to air for less than
10 min.®*° Several MOFs have been reported since then,”***? which
have moisture stabilities going from fair (HKUST-1)"* to exceptional
(e.g. ZIF-8, MIL-101 and UiO-66).">** Particularly sensitive to
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the (apparent) MOF affinity toward CO, upon damaging.

moisture are MOF structures held on by metal-oxygen bonds,
constituting the largest class of MOFs synthetized since then. In
this case,” the degradation in air has a common mechanism,
starting with water adsorption followed by the hydrolysis of those
bonds, which results in the formation of metal-OH species and the
contemporaneous protonation of the linker.'>"® Only in the second
step, when the number of broken bonds is larger than the critical
value, does the structure collapse. It is therefore evident that
any factor delaying water adsorption in MOFs would increase their
air stability. Synthesis optimization,'* ligand functionalization'” or
metal exchange'® are among the most common strategies adopted
to increase their stability. Besides a few exceptions,'® MOFs based
on s-block metals are characterized by very poor air stability.® This
is related to the higher ionic character of the metal-ligand bonds,
with respect to those based on transition metal cations,” making
them more reactive towards atmospheric water. Nevertheless, the
high abundance on Earth of some of these elements makes them
more affordable from an economic point of view, and allows
widespread application of these MOFs, with respect to those based
on transition metal elements.*° Moreover, the large polarity of their
metal-ligand bonds has been proven to be beneficial to the affinity
of MOFs towards adsorbates such as CH,>° and CO,.%*!

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Among the MOFs proposed for CO, separation and storage,
MOF-74-Mg or Mg,(dobdc) (H,dobdc = 2,5-dihydroxytereftalic
acid; also known as IRMOF-74-1-Mg, Mg/DOBDC or CPO-27-Mg)
has been reported to possess an exceptional CO, capacity of
8.0 mol kg™" at 298 K and 1 bar.?” It is also characterized by a
very high CO,/N, selectivity.”® The honeycomb-like structure of
MOF-74-Mg is reported in Fig. S1 (ESIT), where each vertex of the
hexagonal channels is occupied by a filar of Mg-O units linked
between them by dobdc” ™ units. After thermal treatment, solvent
molecules are removed leaving one coordinative unsaturation on
the Mg>" sites. These open metal sites constitute the main
adsorption sites for incoming adsorbates. In particular it has
been demonstrated that the high polarity of the Mg-linker bond
is on the basis of the larger affinity of MOF-74-Mg for CO, with
respect to MOFs based on other metals.>?" Unfortunately,
this MOF is known to be water unstable, retaining less than
10-20% of its surface area after exposure to water (95% relative
humidity, RH%)."*'®?* To overcome this problem, Mg substitu-
tion with Ni or Co has been proposed,*®?® although this strategy
is detrimental to the CO, loadings. At this point, it is worth
noticing that the stability studies reported in the literature
are in general performed at 0 or at >80 RH%, whereas
intermediate moisture values are less commonly considered.”*>®
Nevertheless, intermediate values of relative humidity are more
commonly verified in working environments and then they are
more interesting to determine the conditions for an easy handling
and processing of the materials. For those concerning MOF-74-Mg,
the studies conducted at intermediate RH% are contradictory.
Britt et al.>” reported that this MOF would be stable in air for at
least 2 days but the temperature and RH% were not reported
and no details on sample preparation were given. Moreover, the
sample stability was checked only by measuring the CO, uptake
before and after exposure to air. Tan et al.*® showed that water
adsorption in MOF-74-Mg was fully reversible for RH < 40% at
RT for a very short time (20 min). All the other studies indicate a
strong modification of the MOFs also at 9 RH%.>*?8

Even more interesting than MOF-74-Mg is the isomorphous
Mg,(dopbdc) (H,-dobpde = 4,4’-dihydroxy-(1,1'-biphenyl)-3,3'-
dicarboxylic acid) (see Fig. S1, ESIt). This MOF is identical
to MOF-74-Mg, besides having a biphenyl linker instead of a
monophenyl one. It possesses almost the same adsorption
properties of MOF-74-Mg towards CO,, with open Mg>" sites
also being the main CO, adsorption sites for Mg,(dopbdc)
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(see also Section S8.2, ESIt).® Moreover, when used as a support
for N,N’-dimethylethylenediamine (mmen-Mg,(dobpdc)),*
it showed a significant improvement in its performances and
in its moisture resistance, representing one of the most pro-
mising materials for carbon capture and sequestration (CCS)
applications.”*' Unfortunately, the amine-grafting procedures®>*°
are complicated by precautionary measures aimed at avoiding
the contact of the support with air, mainly due to the reputation
of Mg,(dobpdc) as an air sensitive material. In fact, the MOF
quickly assumes a blue coloration when extracted from a
methanol solution and left exposed to the air. Moisture stability
studies analogous to MOF-74-Mg have not been reported for
Mg,(dobpdc). Although a similar decomposition process can be
expected for the two MOFs, at least in the first, crucial step,
different kinetics cannot be excluded because of the higher
hydrophobicity of the dobpdc linker.

In this work, a new strategy to increase the stability of
Mg,(dobpdc) in air has been tested, consisting of the complete
removal of polar solvent molecules preadsorbed in the pores. It
has been previously reported that the kinetics of water adsorp-
tion in MOFs can be strongly enhanced by the presence of
preadsorbed polar molecules.'” Nevertheless, their removal has
never been tested as an easy strategy to increase MOF stability
in air. Methanol has been considered as a polar solvent because
it is not only a solvent commonly used in MOF synthesis but
also in routine solvent exchange procedures. We have tested the
air stability of Mg,(dobpdc) by using different aging conditions.
The MOF was aged in air for different (i) relative humidities
and (ii) in the presence (or absence) of precoordinated solvent
molecules in the pores. To evaluate this last point, two samples
were preactivated at 180 °C for 15 h in a vacuum, to remove all
traces of the solvent (act) before the degradation test. The
complete removal of the solvent was tested by means of IR
spectroscopy (see Fig. S11a, ESIt). Two additional samples, on
the contrary, were just extracted from the mother solution (sol).
Two different RH% conditions were adopted: 25-50 RH%
(indoor, that is the average RH% range in our laboratory) and
>86 RH% (humid, see the ESIt). The aging temperature was in
all cases close to room temperature (22-25 °C). A list of all the
samples considered is reported in Table 1, with the corresponding
aging conditions. After aging, the possible structure loss was
evaluated by means of X-ray powder diffraction (XRPD). Moreover,
after reactivation, the samples were characterized for their

Table 1 Surface area (S angmuir [Sgetl). Langmuir surface area loss, pore volume (Vjores) and CO; loading (at 1 bar and 25 °C) of Mg,(dobpdc) samples
exposed to different temperature (T) and moisture (RH%) conditions. The sample color at the end of aging, before and after activation at 180 °C, is

also reported

SLangmuir [SBET] Vporesa Coz@l bar COIOI'

T (°C) RH% Time (h) (m*g™) (em® g™ (mol kg™ SA%]loss (before/after activation)
act/sol 22 0 — 3895 [2941] 1.47 6.4 — White/white
act-indoor® 22-23 28-35 24 3814 [2883] 1.42 6.3 2 White/white
act-humid 22-23 > 86 24 680 [513] 0.29 4.8 83 White’/green
sol-indoor 22-23 28-35 24 291 [214] 0.25 4.4 93 Dark blue/green
sol-humid 22-23 > 86 24 532 [398] 0.24 4.1 86 White’/green

@ Vpores €valuated at p/p, = 0.95. 5 1t turns to dark blue if left for at least one hour at RH < 60%. ¢ The material has also been prepared at 42-49%

RH, not showing any significant difference.
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Fig. 1 Ex situ XRD patterns of act and sol samples after exposure to air at
22-25 °C and 29-40 RH% (act-indoor, light violet line; sol-indoor, light blue
line) or >86 RH% (act-humid, violet line; sol-humid, dark blue line) for 24 h.
The patterns of the pristine act (red line) and sol (grey line) samples are also
reported. The patterns have been normalised with respect to the peak at 4.7°.

surface area and CO, capacity. The degradation for the indoor
samples was also monitored over time for 20 h using an in situ
XRPD study (see Fig. S3-S6, ESIT).

In Fig. 1, the patterns obtained for the starting materials
(act, red line; sol, grey line) are reported and compared with
those collected after 24 h in air at 29-40 RH% (act-indoor, light
violet; sol-indoor, blue) and at >86 RH% (act-humid, violet;
sol-humid, dark blue). All the patterns are dominated by the
peaks at 4.7° and 8.2°, associated with the (010) and (110)
reflections. The changes were quite small for all the samples.
Besides sol-humid, which has a pattern essentially identical to
the sol one, in the other cases the most important changes in
time were observed by the increase of the relative intensity of
the peaks at 4.7 and 8.2° with respect to those at 9.4° and 12.5°,
associated with the reflections of the planes having index (020)
and (210), respectively. This would suggest a decrease in the
order along the (010) and (100) directions, due to solvation or to
damaging of the material. A phenomenological description of
the changes observed in the pattern is reported in Section S5 of
the ESL.{ A Pawley refinement of the patterns indicate a slight
decrease in cell volume of about 5% with respect to the act
volume in all the tested conditions after 24 h (see Table S1
and Section S5 (ESIT) for further details) besides sol-humid
decreasing of only 1%. This can be imputed (as with all the
other changes in the patterns) to a different degree of solvation
or to a partial structure loss.**

A completely different scenario was described using N,
volumetry. The small differences in the XRD patterns did not
portend the >80% decrease in the surface area of all the
samples (see Table 1 and Fig. 2), with the only exception of
act-indoor. It is interesting to notice that after activation the
material was almost unaffected by exposure to the atmosphere
for 24 h for RH < 40%, at difference of sol sample (sol indoor).
If a higher RH% is considered (humid samples), a strong
decrease in porosity was observed (>80%) for both the sol
(dark blue line in Fig. 2) and act (violet line) samples.
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Fig. 2 N, isotherms obtained at 77 K for act (circles, red), act-indoor
(circles, light violet), act-humid (circles, violet), sol-indoor (triangles, light
blue) and sol-humid (triangles, dark blue). Filled and empty scatters refer to
adsorption and desorption points, respectively.

Nevertheless, also in this case the preactivated sample still
showed a higher stability (see Table 1). It is surprising that
a lower structure loss was observed for sol-humid than for
sol-indoor. This can be explained by its lower tendency to
evaporate the solvent filling in the pores in the presence of a
water saturated atmosphere, allowing slightly less damage of
the sample to occur at high RH%. Material damaging was
accompanied by a change in color of the material, as reported
in Fig. S2 (ESIt) and in Table 1. The difference in the results
of XRD and N, volumetry suggests a lower sensitivity of XRD
to evidencing structure degradation. This confirms what was
recognized in the MOF literature, that surface area measure-
ments are more effective than diffraction in evaluating the
material integrity."* The capping of the metal sites by solvent
can cause a decrease of up to 40% in the surface area (see
Section S7, ESIT). XRD inadequacy essentially originates in the
disordered structure of the defects and their random distribu-
tion in the MOF, making the defects undetectable by means of
diffraction and significantly hindering their identification
using this technique. The general mechanism on the basis of
MOF decomposition has a local character, especially in the first
steps, followed only in a second step by structure collapse.'
The decomposition mechanism of the isomorph MOF-74-Mg
has been recently studied by Tan et al.,'® showing that this MOF
is not an exception from this point of view. In the first step of
the process, a water molecule is adsorbed on Mg”" through its
oxygen atom. Water splitting then happens with proton transfer
to the alcoholate group of the linker and the formation of a
-OH species capping the metal site (Mg-OH).'® Because of
the local nature of the process and the disordered location of
these defects, the initial structure modifications would not be
visible in the XRD patterns, but it will affect N, volumetry results.
XRD inadequacy can be also related to the rigid structure
of Mg,(dobpdc) that would require a large number of missing
Mg-0 bonds before an extensive structure collapse (verified for
Mg,(dobpdc) after only 48 h of exposure to air, see Fig. S6,
ESIT). It can be hypothesised that in an intermediate step of the
process, the missing of some Mg-O bonds would result in a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Fig. 3 Dependence on S angmuir Of the CO, uptake at 1 bar and 298 K for

the Mg,(dobpdc) samples. Color coding as in Fig. 2. The blue and the yellow
ellipses surround the damaged and undamaged samples, respectively.

partial fragmentation of the MOF crystals resulting in channel
mismatch and/or pore blocking (see Fig. S13, ESIt). Such
a process would be hardly detectable using XRD and IR (see
Fig. S11b and Sections S8 and S9 in the ESIT), whereas it would
significantly affect the surface area of the material and it would
explain the observed decrease in the area, which is definitely
larger than 40%.

CO, capacity at 25 °C and 1 bar did not present the trend
expected on the basis of the surface area measurements (see
Table 1 and Fig. S9, ESIt). The damaged materials present a
CO, capacity significantly larger than expected, retaining more
than 60% of the initial uptake, instead of the 10% predicted
from the surface area values. This can be appreciated in Fig. 3,
where the CO, capacity is reported as a function of the Langmuir
surface area. It is therefore evident that CO, capacity at a
pressure lower than saturation cannot be used as a parameter
to correctly evaluate the stability of MOFs. The reason for this
discrepancy was investigated by means of IR spectroscopy (see
Fig. S12a, ESI).>* At RT for pressures up to 1 bar the main
adsorption sites for CO, are represented by open Mg>" in the
undamaged Mg,(dobpdc). IR spectroscopy evidenced that
they also remain as the main adsorption sites after damaging
(see Fig. S12, ESIt). In particular, IR suggests a decrease of only
30% of the Mg”* population, in agreement with CO, volumetry.
The reactivation of the material, performed before volumetry,
would allow the removal of adsorbed water molecules and the
condensation of hydroxyls where possible, with a partial restora-
tion of open Mg>" sites. A discussion on the possible nature of
the defects created by damaging in Mg,(dobpdc) is reported in
the ESIt (see Sections S8 and §9).**

In conclusion, this study has evidenced that the resistance to
atmospheric water of Mg,(dopbdc), a highly moisture sensitive
MOF, can be significantly enhanced by careful preactivation. If
preactivated, the MOF was stable in air at 25 °C and <50 RH%
for up to 1 day, which is a sufficient amount of time to allow for
easy processing of the material in a non-inert atmosphere.
Moreover, relative humidity values in post-combustion flue gases
from a coal-fired plant are in the 5-7% range," which is in a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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RH% range that would not affect the MOF structure (if carefully
activated after each cycle). In this sense, the stability of the MOF
was also checked by exposing it to 15 mbar of water at 30 °C for
1 h in a microbalance three times, fully reactivating it after each
cycle (results not reported). These findings are in agreement with
the results reported by Britt et al.>” for MOF-74-Mg. The material
fully solvated with methanol showed a surface area loss of 93%
under the same conditions. This difference can be explained by
the enhanced hydrophilicity of the MOF if residual methanol
molecules are present in its pores."” Solvent molecules would
facilitate water condensation in the MOF pores, accelerating the
degradation process. Similar mechanisms have been previously
described for water adsorption in MOFs.** Moreover, methanol
coordinated to Mg>* ions is expected to be more easily displaced
by water than other solvents as dimethylformamide, not further
protecting the MOF against degradation. Differences with pre-
vious studies® can be related to the different operating condi-
tions but also to a lower defectivity of the present material.>*"*>
The absence of hydroxyls in the synthesized material was in fact
verified using IR spectroscopy (Fig. S8, ESIt). An analogous
mechanism to that described for precoordinated solvent mole-
cules would work if defects are present in the materials, in
general bearing -OH functionalities. These sites would increase
the degradation kinetics acting as nucleation centers for water
condensation. From this study it is evident that the moisture
sensitivity of a MOF has to be retested if the synthesis conditions
are modified."* Similar results are expected also by applying
other activation procedures, as for example supercritical CO,
drying.*® Nevertheless, the simplicity of thermal treatment
would make this method more advantageous and it has been
chosen to test this methodology in the present study.
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