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The hazardous emission of CO, in the atmosphere is a concerning topic when addressing climate change
issues. The mitigation of this greenhouse gas has attracted great attention in the realm of a sustainable
economy, especially regarding the design of novel CO, capture technologies. Metal-organic frameworks
(MOFs), a class of hybrid porous materials, stand out as efficient carbon capture and sequestration (CCS)
materials, which have a CO, capacity of similar range or superior to the standard employed adsorbents,
such as zeolite 13X and activated carbon. Taking into account the promising future of MOFs as CO,
adsorbents, it is therefore of utter importance to understand the CO, adsorption mechanisms in these
porous materials, which can contribute to further improvement of their performance. In this review, we
explore the CO, adsorption mechanisms of diverse MOFs, namely MOF-74-Mg, HKUST-1, SIFSIX-3-M (M =
Fe, Co, Ni, Cu, Zn), and ZIF-8. These materials show interesting features as open metal sites, ultra-
microporosity, and flexible framework, which are present in the majority of MOFs used for this application.
Studies regarding their preferential adsorption sites, water stability, CO,-MOF complex configuration, CO,
adsorption dynamics, bonding angle, decomposition mechanism, and swing effects were addressed in this
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Introduction

Metal-organic frameworks (MOFs) have been regarded as an
undoubtedly promising class of porous materials for a
breadth of applications. The straightforward synthesis of
these materials makes them eligible candidates for scale-up
methodologies, which in turn resulted in their ready
availability as far as one click away. Under the tradename of
Basolite, Sigma-Aldrich markets the well-known MIL-53(Al),
HKUST-1, ZIF-8, and MOF-177, among others, which is an
indicative of the global commercial demand for these
materials with a variety of specific functionalities, mainly
controlled by pore size aperture, framework flexibility, and
open metal sites. In general, MOFs can be synthesized by the
mixture of a metallic salt with an organic linker by the usual
solvothermal method, which requires an appropriate solvent
and a given reaction time. The resulting material unveils an
extended structure based on the premises of coordination
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chemistry, which can be, in some cases, modulated by
variation of the reaction parameters and/or the ratio of the
starting materials. Hence, such discrete molecules, when
placed in the same reaction vessel, can either form the
simplest or the most complex topology, and the beauty of
this chemistry relies on unravelling the reaction parameters
and characterization techniques that enables one to better
decipher the full potential of these materials.

One particular application of MOFs is CO, capture, the
latter has attracted much scientific attention due to the
current climate issues related to the hazardous CO,
emissions in the atmosphere, which have been addressed in
some comprehensive reviews.''> Hence, the mitigation of
excessive CO, emissions, using advanced -capture
technologies, is mandatory to avoid, or at least delay, the
alarming greenhouse effects. Nowadays, MOF materials have
displayed excellent results towards CO, capture, it is
therefore of paramount importance to understand the CO,
adsorption mechanisms in these porous MOFs-based
materials, which can contribute to further performance
improvements and lead to new design strategies. From this
perspective, this review focuses on the different CO,
adsorption mechanisms occurring in MOFs MOF-74-Mg,
HKUST-1, SIFSIX-3-M (M = Fe, Co, Ni, Cu, Zn) and ZIF-8.
These MOFs were chosen due to their diverse structural
architectures towards CO, capture: open metal sites, ultra-

This journal is © The Royal Society of Chemistry 2021


http://crossmark.crossref.org/dialog/?doi=10.1039/d1re00090j&domain=pdf&date_stamp=2021-06-23
http://orcid.org/0000-0002-1790-0692
http://orcid.org/0000-0001-7498-2623
http://orcid.org/0000-0003-2719-2762
https://doi.org/10.1039/d1re00090j
https://pubs.rsc.org/en/journals/journal/RE
https://pubs.rsc.org/en/journals/journal/RE?issueid=RE006007

Published on 28 April 2021. Downloaded on 9/25/2024 6:37:46 AM.

Reaction Chemistry & Engineering

microporosity, and flexible framework, features which are
present in the majority of MOFs used for this application. By
scrutinizing a relevant material of each category, this
contribution aims to summarize their particular interactions
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with CO,, e.g. bonding angle, adsorption sites, molecular
dynamics, water stability, decomposition mechanism, and
swing effects. The chosen MOFs also display distinguished
CO, uptake values, which are in the range or superior when
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comparing to well-established adsorbents, as zeolite 13X and
activated carbon materials (Table 1)."* Although the latter are
still less expensive than MOFs, the main drawback of zeolite
13X and activated carbons is the high energy requirement for
regeneration posterior to CO, capture (Table 1), driving an
obvious reason for the quest of new CO, capture materials.
Particularly, MOFs provide an overall advantage of synthesis
by design, as the judicious choice of their building blocks
can tailor the physicochemical properties of the targeted
adsorbent. Although a limited number of MOFs were studied
for regeneration processes, they bear overall lower energy
costs when compared to traditional sorbents,” elevating
MOFs to a platform worth pursuing regarding CO, capture.

MOF-74-Mg

Currently taken as the benchmark in CO, adsorption
regarding MOF  materials, MOF-74-Mg (CPO-27-Mg,
Mg2(dobdc))*® is known for its high CO, uptake in dry
conditions and its remarkable selectivity.” Extensive studies
have demonstrated that the dominant interaction
mechanism between CO, molecules and MOF-74-Mg is
through an open Mg*" site, generated upon the thermal
activation of the material under vacuum. As an overview of
this section, it will be addressed (i) the structural
configuration of the CO, molecule on the MOF-74-Mg;
(ii) the temperature-related molecular dynamic of CO,, and
(iii) the decrease of CO, uptake on humid conditions, as the
water dissociation causes hydroxyl-poisoning that impairs
CO, sorption by both high temperature and moisture
exposure. Finally, (iv) the presence of methanol/isopropanol
was shown to either accelerate/slow down the water
poisoning, since methanol can complex with the metal centre
and is small enough to still allow water molecules to
approach its vicinity, whereas isopropyl alcohol sterically
hinders this approximation and slows down water
dissociation by 40%, when compared to humid alcohol-free
conditions.

Wu et al*® employed neutron diffraction and density
functional theory (DFT) calculations to identify the primary
binding sites in MOF-74-Mg. By loading sufficiently low
amounts of CO, on the activated MOF-74-Mg to ensure a
monolayer formation, the neutron diffraction data
categorically showed that CO, molecules were preferentially
adsorbed on Mg** sites (Fig. 1a) and the adsorbed CO,
molecule possessed a ~160.5° O-C-O bond angle. Generally,
the theoretical O-C-O bond angles are in the range of 175-
179°, which are quite distant from the one found in the
neutron diffraction experiment. To better understand this
unusual bending for the linear CO, molecule, further DFT
calculations highlighted that the CO, molecule interacts with
the open metal site in an end-on orientation (one of the
oxygen atoms in the CO, is fixed, while the rest of the
molecule is orientationally free). Thus, the freedom
attributed to the “end-part” of the CO, molecule allows an
orientational disorder of a certain degree, which was
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therefore observed in the neutron diffraction data as an
apparent larger bond bending angle. Additionally, since the
bond angle from the diffraction data can be assumed as a
statistical measurement of the structural components, this
angle value can be strongly biased in terms of these disorder
features and could not be taken as an accurate bond angle
value. This study thus provided a better understanding of an
unusual bond angle of CO,, which was found with the
integrated combination of theoretical calculations and
experimental data.

Focused on the interaction angle of adsorbent-(MOF-74-
Mg), Valenzano et al.*’ investigated the adsorption of CO, N,
and CO, on MOF-74-Mg by spectroscopic and computational
studies based on the B3LYP functional. The theoretical data
showed that the CO,-framework complex is rather angular in
contrast to CO and N,, which form a complex with the Mg2+
site in a linear fashion (Fig. 1b). The carbon dioxide in the
Mg>"~(0=C=O0) complex is tilted at a 129° angle, which was
hypothesized as a lateral interaction between the CO,
molecule and the carboxylate oxygen of the
2,5-dihydroxydeteraphtalate linker, mainly due to the
quadrupole moment of the former. The standard adsorption
enthalpy of the gas molecules on MOF-74-Mg was obtained
by variable-temperature infrared (VTIR) technique, and the
CO, adsorption enthalpy was found to be —47 kJ mol ", whilst
N, and CO gave values of -21 k] mol™ and —29 kJ mol™’,
respectively. The difference in the adsorption enthalpy was
highlighted as an energetic tool to enable gas separation: the
stronger interaction between MOF-74-Mg and CO, could
facilitate a greater affinity towards CO,, and thus enhance
selectivity versus other molecules with weaker adsorbent-
framework interactions.

Focused on the end-on complexation of CO,-(MOF-74-
Mg), but aware of the importance of dynamic CO, studies in
a wide temperature range, Reimer's group”® reported an in
situ "*C NMR experiment where C-enriched CO, was
adsorbed on MOF-74-Mg in a flame-sealed glass tube, at
temperatures from 12 K up to 400 K. Physisorption could be
easily detected by the substantial decrease of the CO,
motional freedom in the *C spectra. A uniaxial rotation
angle ¢ was also observed, which was in agreement with a
CO,~(MOF-74-Mg) complex reported by Valenzano et al.,*” as
well as with an the orientationally free CO, configuration
pointed out by Wu et al’® Their simulations demonstrated
that the rotation angle # was in the range of 56-69°, which
varies within this range depending on the temperature and
CO, concentration loaded in the sample (Fig. 2). For example,
when a concentration of 0.5 CO,/Mg>* was employed, it was
observed that the rotation angle § was 56°, 59°, 61° and 63°
at 375 K, 300 K, 250 K, and 200 K, respectively. These results
are rather surprising, since one could imagine that, a priori,
the CO, motion would occupy a wider rotational cone with
increasing thermal energy subjected to the system. In a
follow-up study, Reimer's group®® was able to correlate the
decrease in the rotation angle 6 with the increase of
temperature. ~ Canonical Monte Carlo  simulations

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 a) CO, preferential binding site at magnesium cations, by real
space Fourier difference scattering length density (yellow)
superimposed on the MOF-74-Mg structure (reprinted with permission
from J. Phys. Lett. 2010, 1, 1946-1951. Copyright (2010) American
Chemical Society). b) Distances (in angstroms) and angles (in degrees)
of the adsorbent-(MOF-74-Mg) complexes for CO, Np, and CO,, from
left to right (reprinted with permission from J. Phys. Chem. C., 2010,
114, 11185-11191. Copyright (2010) American Chemical Society).

demonstrated that a motion along the z-direction was
responsible for a larger tilt of the carbon dioxide regarding
the x-y plane, resulting in a decrease in the equivalent
rotation angle #. Furthermore, the Ilatter study also
contributed to a better understanding of the CO, molecule
dynamics, which could differentiate the modes of: (i)
fluctuation of the CO, molecule near the minimum-energy
configuration (bounded to the same metal site, localized
motion) and (ii) hops of the CO, molecules between different
Mg>" sites (non-localized hopping motion). An illustrative
scheme of those modes can be visualized at the original
publication at Angew. Chem. Int. Ed. 2013, 52, 4410-4413.
Indeed, by comparing the simulated and experimental *C
NMR chemical shift anisotropy patterns, it was evident that
the localized motion is the dominant mode at 100 K,
followed by a transition behaviour at 150 K containing
localized motions with rare events of CO, hopping. Finally, at
temperatures higher than 200 K the non-localized hopping
motion becomes the major mode and the localized motion
has no relevant contribution to the system. Thus, these
studies applying in situ *C NMR to CO, adsorption on the
MOF-74-Mg provided insightful results towards the in-depth
understanding of its adsorption molecular dynamics, which
have been widely reported for other MOFs*°>* and
summarized in a perspective by Bernin & Hedin.*>

Given that the CO, capture performance of MOF-74-Mg
drastically decreases under humid conditions, efforts have

.7 uniaxial rotation

Mg,(dobdc) *

Fig. 2 Representation of the uniaxial rotation of the CO, molecule
complexed in an end-on orientation with the Mg?* open site of MOF-
74-Mg as a function of the 6 angle (reprinted with permission from J.
Am. Chem. Soc. 2012, 134, 14341-14344. Copyright (2012) American
Chemical Society).
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been devoted to understanding the moisture effect on the
adsorption capacity of the MOF-74-M (Mg, Zn, Ni and Co)
series, as reported by Zuluaga et al°® In this study, they
investigated deeper their first findings®”*® on water
dissociation (D,0 — D + OD) in MOF-74-M by infrared
spectroscopy and ab initio calculations. The materials
exhibited a significant reduction in CO, uptake after water
exposure as MOF-74-Zn > MOF-74-Mg > MOF-74-Ni > MOF-
74-Co, and particularly poor performance with increasing
temperatures from 100 °C to 200 °C. Initially, they
demonstrated that neither the water nor the temperature
was solely responsible for this behaviour, since the
exposure of MOF-74-Zn in anhydrous conditions at 300 °C
or in humid conditions at 100 °C did not induce any
change in the crystalline structure of the MOF. Only with
the combination of both factors, namely humid conditions
at 300 ©°C, the crystalline structure was completely
destroyed. These results, along with the detection of the
dissociated water (OD) peak at 970 cm™' in the infrared
spectra, revealed that those factors are intertwined.
Theoretical calculations showed that the dissociation
reaction D,0O — D + OD proceeds by (i) adsorption on the
metal centre, followed by (ii) D donation to the nearest
hydroxyl group of a linker, thus leaving the OD connected
to the metal centre. Therefore, the decrease in CO,
adsorption capacity on the series of MOF-74-M could not
be attributed to the sole presence of water per se, but
indeed to the hydroxyl poisoning effect that occurs by water
dissociation, especially at higher temperatures.

Additionally, the tendency of the metal ability towards
catalysing the water dissociation reaction was explained by a
linear relationship between the catalytic activity versus the
calculated radii of the metal atoms in the MOF-74-M
structure, which showed that a smaller M radius enabled
higher water dissociation. Thus, this correlation was
interpreted as: the smaller the M atom, the closer the D atom
of the complexed water molecule (D-OD) is to the hydroxyl
group of the linker, thus facilitating the water dissociation
due to its closer interaction with the linker. Thus, firstly, the
D---OHjinker interaction causes elongation of the M-
Ocarboxylate(linker) DONd, which leads to the water dissociation
effect, and thus finally results in the collapse of the structure.
The authors were also able to correlate the framework
stability with the electronegativity of the metal atoms, where
a higher metal electronegativity led to a less stable
framework. Consequently, MOF-74-Mg presented itself as the
most stable MOF among the studied scope, followed by MOF-
74-Zn, MOF-74-Co, and MOF-74-Ni, respectively. A decrease
in CO, adsorption capacity and loss of crystallinity upon
exposure to humid conditions at temperatures higher than
150 °C are subsequent (and different) events: first, the water
complexes with the metal site and its dissociation takes place
to poison the MOF with OD and impairs CO, adsorption
(driven by the smaller metal radius), followed by a possible
collapse of the structure (which depends highly on the
electronegativity of the metal site).

This journal is © The Royal Society of Chemistry 2021
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To further explore the water-MOF relationship, Fuentes-
Fernandez et al’® recently demonstrated that exposing
MOF-74-Zn to an alcohol/water mixture could either speed
up or reduce the water dissociation reaction, depending on
the nature of the alcohol employed. Based on the greater
affinity towards moisture, MOF-74-Zn was chosen for this
study, although a priori their results could be extrapolated
to other members of its series (MOF-74-M). The results led
to a very interesting alternative to the CO, capture field,
since this methodology could potentially slow down the
degree of -OH poisoning for this class of MOFs. It was
found that methanol speeded up the dissociation reaction
by hydrogen bonding interactions, while isopropyl alcohol
led to the opposite effect, mainly due to its steric
hindrance. The proposed mechanism for the higher rate of
dissociation induced by methanol (Fig. 3a) starts with a
preferential binding to the metal site, driving the water
molecule to bind to the oxygen atom (hydroxyl group) from
the linker. The Me-OH bond becomes weaker, especially
when a D,0 molecule (associated with the linker) is close.
This proximity favours the dissociation of water, leaving the
D bounded to the oxygen atom of the linker, and the -OD
part binds to its neighbouring alcohol molecule, resulting
in the MeOD molecule and the poisoned Myor—OH.
Additionally, the formation of water clusters was found to
diminish the energetic barrier of the water molecule
dissociation, mainly due to H-bonding. In stark contrast,
isopropyl alcohol slows down this dissociation. Its bulkier
size, when compared to methanol, prevents a favourable
approximation to the water molecule bonded to the linker
(Fig. 3b), thus preventing water cluster formation. Those
combined effects of isopropyl alcohol slowed down the
dissociation reaction of water by approximately 40% in
relation to the exposure to pure D,O. This study showed
promising results towards controlled poisoning of MOF-74-
M adsorbents and hopefully it could be further applied to
the lifetime extension of moisture-sensitive MOFs.

a) . b) ‘
' P . ') :ﬁ»: %
R N
. w\i:.: Ve
¢
R PR

Fig. 3 Schematic mechanisms of a) methanol speeding up the water
dissociation due to spatial proximity of D,O, thus enabling water
cluster formation; and b) isopropanol slowing down the same reaction
by means of steric hindrance (reprinted with permission from Fuentes-
Fernandez, E. M. A, Jensen, S., Tan, K., Zuluaga, S., Wang, H., Li, J.,
Thonhauser, T., Chabal, Y. J. App. Sci. 2018, 8, 270. Copyright 2018 by
the authors. Licensee MDPI, Basel, Switzerland, https://www.mdpi.
com/2076-3417/8/2/270).

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review
HKUST-1

As another example of a robust MOF containing open metal
sites,*® HKUST-1 (Cuz(BTC),, Cu-BTC) has been thoroughly
investigated for its CO, capture properties,'®'" either in its
pristine conditions or after chemical modifications.>** %
First described by Chui et al® as the product of the
solvothermal synthesis between cupric nitrate and trimesic
acid, HKUST-1 is composed of dimeric cupric tetracarboxylate
units, where water molecules are coordinated on the axial
positions of the paddlewheel units. Further activation of this
material, mainly by thermal treatment under vacuum,
provides available open Cu®" binding sites due to the
elimination of these water molecules, which is visually
observable by its shift in colour from turquoise to dark
blue.**®® Besides the Cu®" open site, this section also
addresses other reported adsorption sites of HKUST-1,
whether it is related to structural defects or small cages
present in this material. Furthermore, a similar rotational
motion of the MOF-complexed CO,, that was studied for
MOF-74-Mg, was also present in HKUST-1. Regarding its
moisture stability, the water presence was demonstrated by
PXRD studies and detected by the 311 plane reflection
intensity, which regulates either the degree of hydration or
the CO, loading capacity, as this plane is related to the Cu**
available binding site. The degradation of this MOF was also
evidenced by the presence of both moisture and temperature,
and ligand displacement was indicated as the degradation
mechanism, which was reported as being initiated by water
dissociation triggered by the H,O-MOF complex.

In a spectroscopic study, Bordiga et al.®® investigated the
CO, interaction with the metallic Cu** center by loading 9
mbar of CO, at 150 K in a HKUST-1 sample, and
progressively decreasing the equilibrium pressure to 0 with
an increasing temperature up to 300 K. At low coverage, the
Cu** interaction with the carbon dioxide was evidenced by
the red shift of the CO, gas phase frequency from 2349 cm™
to 2333 cm !, which differed from the bare Cu®' cation
interaction with CO, (which bears a typical blue shift).
Interestingly, the interaction with *CO, for HKUST-1 was
also detected, owing to the presence of ca. 1% of its natural
isotope. Thus, it was evidenced that there were two slightly
different Cu®" adsorption sites present in HKUST-1, mainly
attributed to (i) Cu®* present on the external surface and/or
related to structural defects and (ii) Cu®>" present in the inner
framework of the MOF. Accordingly, a XAFS study®* also
demonstrated that the CO, physisorption occurs on the CO,
molecule binding with the Cu®" centre of HKUST-1.

To further explore the CO, interaction with the HKUST-1
framework, Wu et al? executed neutron diffraction
experiments combined with theoretical calculations for
HKUST-1, via the same methodology as they had performed
for MOF-74-Mg (vide supra). Upon activation of HKUST-1 at
150 °C for 24 h, two main adsorption sites were observed
upon analysis of the Fourier difference maps (Fig. 4). As
expected, the preferential adsorption site is Cu>*, which is
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Fig. 4 Fourier difference maps of CO, adsorption on HKUST-1 and its
main adsorption sites: (left) the Cu®* site and (right) the triangular-
shaped window opening of the small octahedral cage (reprinted with
permission from J. Phys. Lett. 2010, 1, 1946-1951. Copyright (2010)
American Chemical Society).

first occupied by CO, molecules at low loadings due to the
strong electrostatic interaction between Cu®>" and the
quadrupole moment of CO, (Fig. 4, left). When the CO,
concentration was increased, a second adsorption site was
detected: the CO, molecule occupied the window opening of
the small octahedral cage (Fig. 4, right). The secondary
adsorption site was attributed to stronger van der Waals
interactions, since the small cage enables the interaction of a
single CO, molecule with multiple surfaces, generating an
enhanced adsorption potential. Those multiple adsorption
sites were also reported by Grajciar et al,®” by performing
theoretical and experimental studies on CO, adsorption over
this material.

Based on molecular simulations, Gutiérrez-Sevillano
et al.'® suggested five possible adsorption sites in HKUST-1
(Fig. 5a), described as L1, L2, L3, Tw and Lw. T1 is a small 5
A cavity that surrounds the larger central cavities L2 and L3
of 9 A, whereas only the latter bears the copper sites pointed
into the pore. TW is the triangular-shaped aperture that
connects T1 and L3, while LW represents the windows
connecting L3 and L2. Their results demonstrated that the
preferential adsorption site for CO, in HKUST-1 is T1 for all
studied loadings that varied from 4 to 192 molecules per unit
cell. The preferential attraction was also attributed to the
quadrupole moment of CO, combined with the molecular
size of CO,, which led to its preferential adsorption in the
small tetrahedral cage T1.

In 2016, an in situ PXRD study regarding CO, adsorption
on HKUST-1 was reported by Wong-Ng et al.®® by locating
CO, molecules inside the framework. Through the
investigation of the 311 reflection intensity variation upon
dehydration and further CO, adsorption, it was clear that the
removal of water from the MOF structure led to an increase
in this diffraction peak, which progressively diminished upon
CO, exposure. This indicated the emptiness of the pores/
binding sites upon dehydration (activation) were
subsequently occupied by CO, molecules. Additionally, the
lack of well-defined difference in electron-density peaks for
the “free” oxygen of adsorbed CO, (Cu**:--0O=C=O0),
assuming an end-on configuration, was attributed to a
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Fig. 5 a) The simulated adsorption sites of HKUST-1: L1, L2, L3, Tw
and Lw (reprinted with permission from J. Phys. Chem. C. 2013, 117,
11357-11366 copyright (2013) American Chemical Society). b)
Proposed rotational disorder (red arrows) of adsorbed CO, (oxygen,
blue; carbon, grey) molecules on the Cu?* sites (green) (reprinted from
Wong-Ng, W., Levin, I, Kaduk, J. A, Espinal, L, Wu, H. J. Alloys
Compd. 2016, 656, 200-205, CO, capture and positional disorder in
Cus(1,3,5-benzenetricarboxylate),: an in situ laboratory X-ray powder
diffraction study. Copyright (2016) with permission from Elsevier).

rotational motion of CO, (Fig. 5b), which was reported to
hold an interaction Cu-O-C angle of ca. 110°. A similar
Cu-O-C interaction angle and a flexible CO,-framework
interaction were also reported by Supronowicz et al®® In
their study regarding the interaction of small gases with an
unsaturated Cu®" centre of HKUST-1, the geometry of CO,
was practically linear and the interaction angle of
Cu—(O=C=0) was estimated at 120°.

The collapse of the structural integrity of HKUST-1
towards water exposure has been thoroughly studied, mainly
in order to understand its dissociation mechanism and in
view of the potential applications of this copper-based MOF.
Particularly, the interest on this topic is of great importance
for the CO, capture from flue gas stream, as a post-
combustion coal-fired power plant containing up to 5-7% of
water.”® Hence, the effect of water adsorption on the
structure of HKUST-1 was investigated by solid-state NMR
spectroscopy by Gul-E-Noor et al®® By controlling the
exposure time and water amounts, the stability of the
HKUST-1 framework remained seemingly the same when
exposed to low amounts of water (0.5 mol equivalent with
respect to the copper atom) even after 60 days, which was
evidenced by an unchanged 'H MAS spectrum profile.
However, with increasing water content (0.75, 1.0, 1.5, 2.0
and 5.0 mol equivalent), different decomposition pathways
were assumed, since there was no apparent correlation with
the water content and the change in the spectra profiles up
to 60 days of exposure. For example, when 1.0 mol equivalent
of water reacted with HKUST-1, the '"H MAS NMR spectrum
kept the same profile until 12 days of exposure, whereas the
'"H MAS NMR spectrum of the sample with exposure to 5.0
mol equivalent of water presented minimal changes over the
course of the 60 days of experiment. To further investigate
the change in the chemical environment of the framework
structure, the *C NMR spectra was acquired for the samples
with 1.0 and 2.0 mol of water adsorbed after 21 and 12 days,
respectively (see Fig. 5 at the original publication at Phys.
Chem. Chem. Phys. 2011, 13, 7783-7788). For the sample
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treated with 1.0 mol equivalent of water, an extension in
signal ranges was evidenced for both types of carbon, the
aromatic and carboxylate ones. Besides, narrow resonances
around 130-140 ppm and 180 ppm were observed, which are
typical of free ligand trimesic acid in the absence of the
paramagnetic environment of Cu®’, which considerably
affects the magnetic properties of its surroundings due to the
hyperfine interactions of the copper unpaired electron with
its neighbourhood. Apparently, for the sample with water
content of 2.0 mmol equivalent, the major carbon chemical
shifts were attributed to the diamagnetic free ligand,
indicating the absence of interaction between the linker and
paramagnetic copper atom, which clearly suggested the
decomposition of the pristine chemical structure.

The moisture stability of HKUST-1 was also investigated by
Fan's group,”’ which focused on analysing the samples after
water sorption experiments with an exposure time of 90 hours.
By comparing the PXRD patterns of the parent material and the
HKUST-1 after exposure to a relative humidity of 90% at 25 °C,
the results showed that the diffraction pattern was retained for
pristine sample, but a discrete increase of the amorphous
background could be detected. For higher humidity contents,
the crystalline structure remained at 50 °C and relative humidity
of 70%, but it totally collapsed when the humidity was
increased to 90%. In a follow-up study,”” the HKUST-1 samples,
exposed to water vapor experiments up to 90% of relative
humidity at different temperatures, were investigated by small-
angle X-ray scattering (SAXS), infrared spectroscopy, and
differential scanning calorimetry (DSC). SAXS experiments
confirmed the decrease in crystallinity for the sample exposed
to water vapor at 25 °C and a total loss of structure ordering at
50 °C. Since the thermal stability of HKUST-1 reached up to 260
°C, the authors claim that the collapse of the structure cannot
be attributed to the temperature alone, adding that the presence
of water plays a central role regarding the long-range order. By
further analysing the infrared spectra of the sample at 50 °C,
they observed the presence of free carboxylate groups by the
appearance of the C—=0 and C-O carboxylate stretching modes.
Additionally, a characteristic sharp endothermic peak around
310-340 °C was found in the DSC analysis, which was absent in
the other samples. The peak correlates with the DSC curve of
pure trimesic acid ligand, demonstrating that in a humid
environment at 50 °C the water coordinates with the metal
centre and causes the displacement of the ligands from the
framework.

To understand the loss of HKUST-1 crystalline structure
with the presence of water, Xue et al.” investigated the initial
stages of the hydrolytic mechanism of HKUST-1 by ab initio
molecular dynamics simulations and DFT calculations. The
proposed mechanism involves a three-step process, including
water adsorption, ligand displacement, and water
dissociation, which eventually leads to the collapse of the
HKUST-1 framework in the presence of water. They
demonstrated that the water dissociation occurs first at the
Cu*" center by an acid-base Lewis process whereas the water
donates its free electron pair to the metallic cation. The
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process of water adsorption was also linked to the elongation
of the Cu-Ocarboxylate bONds, especially when only one water
molecule is adsorbed on one side of the Cu-Cu dimer,
although this effect was discrete when two molecules of water
are present and are adsorbed on each side of the Cu-Cu node
cluster. For the ligand displacement step, three situations
were investigated, based on the presence of one, two, and
three or more water molecules. For the one and two water
molecules situation, the water adsorption takes place,
followed by a shortening of the Cu-OH, bond and the
subsequent breaking of the Cu-Ocarpoxyiate boONd. Although
one bond of the linker is broken, it is still not enough to
collapse the structure. The bonds of at least two ligands at
one side of the dimer would need to be broken due to the
symmetric nature of HKUST-1. The following water
dissociation while bonded to the Cu®" centre would be
difficult to occur due to the high free energy of the activation
barrier. However, when three or more molecules were placed
near the MOF, it led to two ligands fully disconnected from
the metallic centre, leading to probable destruction of the
crystalline nature of HKUST-1. This study corroborates well
with the experimental findings of water exposure and
structure collapse,®®”"”> which places this theoretical study
as a relevant contribution towards the full understanding of
this hydrolytic mechanism.

The acidic behaviour of water towards the decomposition
of the framework was evidenced by Alvarez et al.”* through
the investigation of the stability of HKUST-1 towards water
and ethanol. Exposure to both solvents separately for 9 h
showed its higher stability in ethanol, as its structure
crystallinity decreased when exposed to water, according to
PXRD diffractograms. Additionally, the morphology of the
samples was also evaluated by SEM: while the sample
exposed to ethanol preserved the double-sided pyramidal
shape of the pristine material, the one exposed to water
showed a majority of needle-shaped crystals. The theoretical
calculations demonstrated a strong stability dependence to
the acidity of the proton of the solvent, as the Brgnsted-
Lowry acidity of water is 80 times higher than the acidity of
ethanol, given the logarithmic nature of the scale. Thus,
when coordinated to the metallic centre of HKUST-1, the
water molecule is more prone than an ethanol molecule to
donate its proton to an adjacent oxygen atom of the linker.
Thus, this proton exchange facilitates the breaking of the
carboxylate(jinker)-copper bond, leading to a partial loss of
crystallinity, as observed by PXRD. Although a complete
structure degradation was not observed, the authors
proposed two possible phases for the water-degraded
framework diffractogram: (i) a one-dimensional chain of
Cu:BTC coordination polymer and (ii) a layered structure of
[Cu,OH(BTC)(H,0)].

SIFSIX-3-M (M = Fe, Co, Ni, Cu, Zn)

The series SIFSIX-3-M are a class of hybrid ultra-microporous
materials with pore size smaller than 0.7 nm. The SIFSIX
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Fig. 6 a) Top view SIFSIX-3-M framework representation and b) an
up-close view of the pore whereas the equatorial fluorine atoms point
inwards, both exemplified by the variant SIFSIX-3-Zn. Atom colors: F =
cyan, Zn = purple, Si = yellow, H = white, C = gray, N = blue (reprinted
with permission from Cryst. Growth Des. 2016, 16, 3890-3897.
Copyright (2016) American Chemical Society).

family differs from other MOFs by the employment of both
organic (pyrazine, pyz) and inorganic ligands (SiFe>") in their
structure. The combination of these two factors enhances its
high selectivity towards CO,, once the ultra-microporosity
approaches the kinetic diameter of CO, and the inorganic
ligands contribute to a stronger electrostatic interaction with
polarizable guests.”> Regarding their topology, while the
organic ligand pyrazine grants an extended 2D framework in
the x-y plane, the inorganic anions SiF>~ function as pillars,
which provide the 3D extension of the latter through bonding
of F-Si-F to the M site in the z axis (Fig. 6a and b). For the
SIFSIX-3-M family, the metal M>* has already been described
as Fe, Co, Ni, Cu, Zn, and the general formula for this MOF
can be taken as [M(pyz),SiF¢],.>

Recent advances on the insights of CO, adsorption on the
SIFSIX-3-M (Fe, Co, Ni, Cu, Zn) were experimentally and
theoretically explored by Forrest et al.>® Regarding the CO,
sorption isotherms at 298 K for the SIFSIX-3-M family, the
results found for the 0.10 atm region pointed out interesting
results. Indeed, the MOFs that presented relatively larger
pore sizes, namely SIFSIX-3-Fe and SIFSIX-3-Zn, exhibited a
lower CO, uptake, which was attributed to a non-optimal
interaction between the CO, molecule and the MOF
(Table 2).

Even though the Co and Ni homologues displayed higher
CO, uptake capacity than SIFSIX-3-Cu at 1.0 atm, the latter
exhibited particularly a greater uptake in the 0.001 atm
pressure range (Fig. 7a). This feature was attributed to its
smallest pore size within the SIFSIX-3-M family, thus
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ensuring a higher CO, affinity. This explanation was also in
agreement with the experimental isosteric heats of
adsorption, described as SIFSIX-3-Cu > SIFSIX-3-Ni > SIFSIX-
3-Co > SIFSIX-3-Zn > SIFSIX-3-Fe (Table 2). Importantly, the
heat of adsorption values were basically constant throughout
the selected interval of CO, uptake (Fig. 7b), indicating that
only one type of adsorption site is present in those materials.
Further investigations by periodic DFT calculations
employing radial distribution functions showed that the
preferential position for the CO, molecule is usually at the
centre of the pore. SIFSIX-3-Cu displayed a peculiar
behaviour, whereas the CO, molecule within this material is
much closer to the SiF¢>~ pillars than in other analogues.
This was attributed to the smaller pore size of this material,
which makes this particular F:--CO, distance inevitably
closer. Furthermore, its particular shorter a/b cell lattice
parameters and elongated c lattice were linked to the Jahn-
Teller effect, resulting in a smaller average distance between
the CO, molecule and the MOF pillars in SIFSIX-3-Cu due to
its d° open shell configuration.

SIFSIX-3-Cu was first reported by Shekhah et al.*" in 2014.
The rational reason for employing the copper cation lied
promptly on the consequences of the said Jahn-Teller effect,
as they observed the direct enhancement of CO, adsorption
by pore contraction within the SIFSIX family. As expected,
SIFSIX-3-Cu presented a smaller unit cell than its Zn
analogue and based on the higher affinity towards CO, of
SIFSIX-3-Cu at lower pressures, the authors were able to
target the direct air capture (DAC) of CO,. The DAC is a
particularly challenging but useful application, since it
requests an extremely CO,-philic material at low CO,
concentration. For the CO, adsorption experiments, the
steeper adsorption branch of the CO, isotherm of SIFSIX-3-
Cu in a series of experiments at low CO, pressures (400 ppm
- 5%) showed higher CO, affinity for this hybrid ultra-
microporous material. Compared with other adsorbents, it
adsorbed 86.2 ¢cm®(STP) cm™ of CO, at 0.01 bar, versus 55
em?(STP) cm™ and 28 ¢cm®(STP) cm™ regarding SIFSIX-3-Zn
and MOF-74-Mg, respectively. Likewise, the breakthrough
experiments for SIFSIX-3-Cu were performed using 1000 ppm
of diluted CO, in N, under dry and humid conditions
(relative humidity of 74%), whereas the latter did not
interfere with the CO, adsorption properties. The stability
towards humidity highlights an important advantage of
employing a saturated metal site-type material as an

Table 2 Textural properties of MOFs SIFSIX-3-M, their experimental CO, uptake (0.1 atm/1.0 atm) and experimental isosteric heat of adsorption (Qg)

Material Sppr (M* g™) Pore Size®*® (A) Exp. CO, uptake™ (mmol g ) Exp. Qg™ (I mol ™)
SIFSIX-3-Fe 358 (ref. 26) 3.84 2.43/2.83 (ref. 25) 42 (ref. 25)
SIFSIX-3-Zn 250 (ref. 27) 3.84 2.43/2.64 (ref. 27) 45 (ref. 27)
SIFSIX-3-Co 223 (ref. 28) 3.77 2.51/2.79 (ref. 28) 47 (ref. 28)
SIFSIX-3-Ni 368 (ref. 28) 3.55 2.68/2.88 (ref. 28) 51 (ref. 28)
SIFSIX-3-Cu 300 (ref. 31) 3.54 2.46/2.58 (ref. 31) 54 (ref. 31)

% The pore size was considered as taking the diagonal F---F distance across the channel of the crystal structure as the pore size, minus the van

der Waals radius of each F atom (Fig. 6b).
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Fig. 7 a) CO, adsorption isotherms of SIFSIX-3-M at 298 K for
pressures up to 0.1 atm and b) isosteric heat of adsorption for SIFSIX-
3-M (reprinted with permission from Cryst. Growth Des. 2019, 19,
3732-3743. Copyright (2019) American Chemical Society).

adsorbent, once it is not deactivated by complexation of the
water molecule on the open metal site, as observed in MOF-
74-Mg and HKUST-1. Remarkably, the CO, selectivity under
breakthrough conditions induced a 50% enhancement for
SIFSIX-3-Cu with respect to SIFSIX-3-Zn. This extreme CO,-
philic behaviour of the copper homologue was attributed to a
higher charge density due to smaller pores in SIFSIX-3-Cu,
whereas the fluorine atoms can interact in a closer fashion
with the guest molecule. Besides, the adsorption kinetics
favoured a rapid CO, adsorption compared with the N,
molecule. Finally, the substitution of Zn by Cu in the SIFSIX
structure also resulted in an increase of 20% in the isosteric
heat of adsorption, from 45 k] mol™ to 54 k] mol™* (Table 2),
which did not interfere with the full regeneration of the
adsorbent up to 4 cycles after evacuation or under a N, flow.
Regarding the effect of pore size and chemical
composition upon CO, adsorption on SIFSIX-3-M, Ziaee
et al.” employed classical grand canonical Monte Carlo
(GCMC), classical molecular dynamics (MD) and DFT to
investigate those features on SIFSIX-3-Cu, SIFSIX-3-Ni and
SIFSIX-3-Zn. Firstly, from a structural point of view, they
studied the specific position of the equatorial fluorine atoms.
By employing DFT-2D optimization, they concluded that
fluorine atoms form a # = 45° angle with respect to the a
lattice in all studied materials (Fig. 6b). This angle remains
unchanged even when the pore is loaded with CO, molecules,
in which the authors attributed this orientation to the
highest degree of interaction between the electronegative
fluorine and the electropositive carbon from carbon dioxide.
Accordingly, they also found that the smaller pore size, ruled
ultimately by the cell parameter dimensions, granted higher
CO, affinity. Thus, the pore size hierarchy SIFSIX-3-Zn >
SIFSIX-3-Ni > SIFSIX-3-Cu dictates both, (i) the distance
between the fluorine atoms and the carbon of CO, and (ii)
the CO, affinity, which was also confirmed by the same trend
of the isosteric heat of adsorption. The effect of pore size was
also explored by Eddaoudi and co-workers,”® which correlated
the latter (related to the F--'F distance, Fig. 6b) with the
strength of CO, adsorption: SIFSIX-3-Zn (Qs = 45 kJ mol*,
F---F dist. = 6.784 A), SIFSIX-3-Ni (Qy = 47 k] mol*, F---F dist.
= 6.694 A) and SIFSIX-3-Cu (Qy = 54 kJ mol ™", F---F dist. =
6.483 A). Notably, Ziaee et al.”® attributed two main forces to
the CO,-SIFSIX-3M complex, (i) an electrostatic attraction
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between the electronegative equatorial fluorine of SiF>~ and
the electropositive carbon of CO, and (ii) the repulsion
between the fluorine atoms and the electronegative oxygen
atoms of CO,. Thus, the optimized CO, position was
evidenced by its presence in the centre of the pore (Fig. 8),
whereas the attraction and repulsion interactions are
maximized and minimized, respectively, leading to the most
stable host-guest structure. Additionally, the CO, orientation
within the material is calculated when this molecule lies
vertically at the pore centre, with the carbon atom
equidistant to the four equatorial fluorine atoms. It is worth
mentioning that this interaction is notably stronger for
SIFSIX-3-Cu, which holds the smallest a and b cell
parameters. Furthermore, simulated CO, isotherms also
showed excellent uptake at lower pressures for SIFSIX-3-Cu,
SIFSIX-3-Ni and SIFSIX-3-Zn, highlighting this family as
promising candidates towards DAC applications, which were
experimentally investigated by other groups.>*>”>%31

In 2015, SIFSIX-3-Co and SIFSIX-3-Ni materials were
reported for the first time by Elsaidi et al.,*® which exhibited
high CO, affinity for both dry and wet flue gas, taking
advantage of the water-resistant feature of those saturated
metal sites MOFs. The CO, uptakes for SIFSIX-3-Co and
SIFSIX-3-Ni were 62.6 cm® g and 64.5 cm® g™ at 298 K and
at 1 atm, respectively, with their isosteric heat of adsorption
summarized in Table 2. Their N, uptakes were remarkably
low, exhibiting values of ca. 5 cm® g™ for the copper and the
nickel variants. The higher selectivity towards CO, was
mainly attributed, especially in this case, to the pore size of
the MOFs. Since they possess pore sizes slightly above the
kinetic diameter of CO, (3.3 A'?) and comparable to the
kinetic diameter of N, (3.64 A'?), their relatively higher CO,
uptake over N, was correlated with the pore size tuning
derived from the metal centre substitution in the SIFSIX-3-M,
indicating that even slightly structural changes can impact
their  adsorption  properties.  Furthermore, column
breakthrough experiments for SIFSIX-3-M (Ni, Co, Zn, Cu)
were performed under a 15:85 CO,/N, flow, as it represents
the usual flue gas composition. As expected, a superior
affinity of both materials towards CO, rather than N, was
observed, given the much shorter breakthrough time of the

Fig. 8 Optimized position of the CO, molecule at the centre of the
pore of the SIFSIX-3-M structure (reprinted with permission from Cryst.
Growth Des. 2016, 16, 3890-3897. Copyright (2016) American
Chemical Society).
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latter. Importantly, when a humid gas stream was employed
(50% humidity) instead of the dry one, the breakthrough
times  were basically  unchanged, demonstrating
experimentally the remarkable water stability of these SIFSIX-
3-M homologues. Their metal saturated nature renders them
an advantage of inert property to moisture, when comparing
to the open metal site MOFs that can be easily coordinated
by water, eg MOF-74-Mg and HKUST-1. To further
understand the CO, adsorption mechanism in the
frameworks of SIFSIX-Co and Ni, in situ PXRD results
suggested that the CO, molecule was located at the centre of
the squared-channels, as later evidenced for other SIFSIX-3-M
homologues.>”* Additionally, modelling studies in SIFSIX-3-
M (Zn, Cu, Ni, Co) showed that there is a correlation between
the strength of interaction of SiFs> +--CO, and the lattice
parameters a and b, whereas the shorter the lattices @ and b,
the stronger the SiF¢>"---CO, interaction.

A recent contribution from Desveaux et al.”’ investigated
the CO, adsorption process at a molecular level for SIFSIX-3-
Zn with the combination of single-crystal XRD and solid-state
NMR studies. They reported the crystal structure of the CO,-
loaded SIFSIX-3-Zn for the first time, in which the pore size
was 3.72 A, slightly smaller than the guest-free homologue
(3.84 A?®). solid-state NMR was employed to explore the
mobility of adsorbed CO, on the MOF, since the SCXRD
measurement at 110 K may underestimate the CO, dynamic
behavior due to the low-temperature influence on the guest
motion. Thus, the NMR measurements performed at 223 K
and 293 K were applied to describe the short-range structure
changes of CO, on SIFSIX-3-Zn, and spectral line-shapes
could be simulated concerning the anisotropic surroundings
of host-guest interactions. The spectra of the as-made
SIFSIX-3-Zn (Fig. 9a) is broader than the activated one,
evidenced by the greater coupling constant of 16.0 MHz, in
comparison with 13.5 MHz. This was attributed to an
enhancement of the local spherical symmetry around the Zn
nucleus, due to the removal of the methanol used to
synthesize SIFSIX-3-Zn. Additionally, the alike coupling
constants of the activated and CO,-loaded material indicated
that the Zn local structure remains unchanged upon
adsorption. To directly investigate the interaction between
CO, and the MOF, a "F — >C CP-MAS experiment was
performed (Fig. 9b). Since the CO, peak at 124 ppm was only
observable at longer contact times >4 ms (the peak at 146
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Activated  « Activated 4ms A
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Fig. 9 a) Experimental and simulated ®’Zn solid-state NMR spectra of
SIFSIX-3-Zn; b) F — 13C CP/MAS ssNMR spectra of the CO, loaded
SIFSIX-3-Zn (reprinted with permission from J. Phys. Chem. C. 2019,
123, 17798-17807. Copyright (2019) American Chemical Society).
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ppm is attributed to the pyr ligands of the SIFSIX-3-Zn), the
CO, molecule is relatively far from the fluorine atoms, which
is compatible with single-crystal XRD obtained for this CO,
loaded MOF. Furthermore, the rotational-echo double-
resonance “C{'H} REDOR was employed to verify the
interaction between the protons of the pyr linker and the CO,
molecule. The analysis showed that the pyr protons also
contributed to CO, adsorption, for a relatively strong
interaction between '*C-'H was detected due to the closer
proximity of the protons to the carbon atom of CO,.

ZIF-8

Besides the hybrid ultra-microporous materials, another MOF
subgroup of relevance is the zeolitic-imidazolate frameworks
(ZIFs). By taking advantage of the zeolite topology, this
emerging class is designed by replacing the T-atoms of the
aluminosilicate with transition metals and the oxygen atoms
with imidazolate linkers to fabricate the so-called ZIFs.”®
Formed by reaction between ZnNO;-6H,O and
2-methylimidazole in either DMF, methanol, or water, ZIF-8
bears its zinc atoms bridging the imidazolate likers to form a
sodalite structure (isostructural to ZIF-94”° and SIM-1%°) that
has windows of 3.4 A diameter, which interconnects cages of
11.6 A? Particularly, ZIF-8 is a flexible MOF, as it was
demonstrated to bear a “swing effect” or “window opening”
upon a continuous adsorption-induced deformation of N, and
other guests. This results in a high-pressure phase (HP) which
differs from the ambient pressure one (AP).*'"* In particular,
ZIF-8 is one of the most studied materials from the ZIF class,
mainly due to its commercial availability, high BET surface
areas (1300-1800 m” g™ "), thermal stability up to ca. 670 K, and
its high resistance towards water, alkaline solutions, and
organic solvents.** Regarding the CO, interaction features, this
material takes advantage of its small pores comparable to the
kinetic diameter of carbon dioxide and its hydrophobic
framework, whereas the methyl groups in the imidazolate
fragment offer a high ratio for the CO,/water selectivity.

Liu et al® reported CO, adsorption on ZIF-8 and its
amino-functionalized analogues, ZIF-8-NH, and ZIF-8-(NH,),
via grand canonical Monte Carlo simulations and DFT
calculations. By calculating the CO, adsorption isotherms in
the range of 0 to 30 bar at 298 K, they found that at low
pressures (below 12 bar), the CO, capacity follows the trend:
ZIF-8-(NH,), > ZIF-8-NH, > ZIF-8, which could be attributed
to the basicity of the NH, groups and a higher quadrupole-n
electron interaction in the amino-functionalized ZIFs. By
bearing NH, groups in their structure, the ZIF-8-NH, and
ZIF-8-(NH,), exhibit an enhanced interaction with the CO,
molecule due to their basic feature, favouring a stronger
Lewis acid-base interaction. As an additional effect, the
electron donor characteristic of the NH, groups increased the
electronic density of the =n electrons in the imidazolate
scaffold. This effect enhanced the quadrupole interaction
between the CO, molecule and the imidazolate ring, thus
resulting in a higher quadrupole-n electron interaction for
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the amino-decorated ZIFs. To explore the framework integrity
upon CO, adsorption in the bare scaffold of ZIF-8, Du et al.**
carried out adsorption-desorption CO, isotherms at 298 K
and 103 kPa, exhibiting a CO, uptake of 10.4 cm® g™ for ZIF-
8. The XANES analysis showed that the oxidation state of the
zinc atom did not change during the process of CO,
adsorption, revealing the redox stability of the Zn**-based
framework. Additionally, EXAFS experiments were performed
to determine its structural parameters. The results showed
no changes in the coordination number of ZIF-8, indicating
that there is no change in the short-range local structure
around the zinc atoms in this material during the CO,
adsorption.

In an in-depth molecular approach, Hu et al®
investigated CO, adsorption on ZIF-8 scaffold at high
pressures via in situ FTIR spectroscopy. By means of tracking
the CO, insertion within the pores through analysing the
CO, overtone/combination bands,*® the authors suggested
the existence of two different CO, species upon adsorption,
one that stays outside of the framework and another that is
inserted in ZIF-8. Additionally, a pressure-regulated
mechanism was found to be responsible for a cyclic CO,
loading-unloading process. Initially, the spectrum of CO, on
ZIF-8 at 0.47 GPa (Fig. 10a, bottom) is similar to the profile
of pure CO, spectrum. When the CO, pressure is increased
(Fig. 10a), a new peak at a higher wavenumber appears,
associated with the CO, trapped inside the pores. For the
reverse process of decompression, it is possible to observe
that this doublet merges back into a singlet at the pressure
of 0.47 GPa, indicating that the carbon dioxide molecules
located inside are removed from the ZIF-8 structure. This
process was reported to endure several cycles reversibly, and
always presented the peak splitting at 0.4-0.8 GPa.
Furthermore, by analysing the absorption intensity, it was
possible to estimate that approximately 68% of loaded CO,
was adsorbed by the ZIF-8 upon compression, whilst a
minimum of 45% still remained trapped in the framework
upon decompression. Regarding the mobility of CO,
molecules, Chmelik’® investigated the diffusion of small

Compression

Decompression

(b)
265GPs

Absorbance
Absorbance

T T T T T
3550 3600 3650 3700 3750 3800 3550 3600 3650 3700 3750 3800

Wavenumber (cm™) Wavenumber (cm )

Fig. 10 IR spectra of CO, adsorption on ZIF-8 at room temperature
for the a) compression and b) decompression modes (reprinted with
permission from J. Am. Chem. Soc. 2013, 135, 9287-9290. Copyright
(2013) American Chemical Society).
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probe molecules in ZIF-8 by IR micro-imaging. It was found
that an enhanced diffusivity in ZIF-8 was associated with
loadings of 3 molecules of carbon dioxide per cage, with
saturation loadings reaching up to 16-18 molecules per cage
at 198 K. This surprising mobility of CO, molecules was
associated with a phenomenon that acts upon systems with
large cages and small windows, resulting in an increase of
molecular mobility. This behaviour was suggested to occur
due to the intermolecular repulsive forces among the guests
due to the narrow windows, pushing these molecules into
the next and further cavity. Typically, these repulsion forces
lower the energy barrier for this “push” to another cavity,
thus facilitating this process even at lower loadings for
certain guests.

Tian et al.*” studied the CO, adsorption on ZIF-8 films by
employing temperature-programmed desorption (TPD). By
using both surface and a bulk-responsive technique, it was
possible to differentiate the adsorption behaviour that occurs
specifically at the surface and in the totality of the film,
respectively. As shown in Fig. 11c, three different
temperatures were observed related to specific events, 3, (105
K), a4 (116 K), and a, (ca. 175 K). The B; peak was assigned
to the desorption of CO, multilayer, since further saturation
of this peak was not possible in their experiments. The a4
and the o, peaks were attributed to CO, molecules within the
pores of ZIF-8 and the ones caught in diffusion traps of the
ZIF film. These diffusion traps among the nanoparticles
would hinder the CO, mobility into and out of the film,
whereas the CO, molecules located at the pores move quite
easily due to an open channel system between connected
cages. Hence, one would expect a lower temperature for the
latter, and it is suggested that o, > o4, where o is the
temperature for the occurrence of these events. To confirm
their hypothesis, the authors attempted to diminish the
diffusion traps by heating up the as-prepared film (Fig. 11a)
at 500 K, which caused particles agglomeration and led to a
more uniform film (Fig. 11b). After this procedure, the

c)
m/z=44

Molecules

— 24E17
— 1.5E17
— 1.0E17
— 5.3E16
—— 2.8E16
1.7E16
5.8E15
2.1E15

Intensity [a.u.]

T W T T T

100 150 200 250 300
Temperature [K]

Fig. 11 SEM micrographs of ZIF-8 film a) as-prepared and b) after

annealing at 500 K for 30 min and c) TPD spectra of CO, desorption

(reprinted with permission from J. Phys. Chem. C. 2015, 119, 15248-

15253. Copyright (2015) American Chemical Society).
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Fig. 12 Permanent collapse of ZIF-8 structure upon CO, adsorption
in aqueous media (reprinted with permission from J. Phys. Chem. C.
2016, 120, 13287-13294. Copyright (2016) American Chemical Society).

improved film was submitted to the same TPD experiment.
The o, peak greatly diminished and the peak o; was
sharpened, confirming the aforementioned attributions for
those a peaks.

Regarding CO, separations in humid conditions, ZIF-8
presents a hydrophobic behaviour due to its methyl groups
that hinder the diffusion of water in its pores,*® which has
been widely investigated towards the enhancement of methane
adsorption under hydrate formation conditions.®® For instance,
Liu et al”® investigated the use of ZIF-8 for CO, adsorption
under humid conditions of 30 wt% and 77 wt%. They reported
an increase of CO, adsorption in the aqueous ZIF-8 system,
reaching up 39% of CO, adsorption enhancement for 77 wt%
humidity conditions. However, such feature was related to an
irreversible collapse of the structure of ZIF-8, caused by a
combination of both water and acidic media. The change in
the structure was attributed to the chemical reaction between
carbonate ions, formed upon CO, interaction with water, and
the metal node of ZIF-8 to form a stable zinc carbonate and
2-methylimidazole ligand (Fig. 12). The irreversible nature of
this transformation was attributed to the poor solubility of the
zinc carbonate in water, thus impairing an equilibrium
reaction and leading to a permanent collapse of ZIF-8
framework. The formation of these species was confirmed by
spectroscopic techniques, such as FT-IR and Raman. It was
clear that the characteristic bands related to the ZIF-8 in the
infrared spectrum were replaced by the zinc carbonate ones,
and the -NH stretching modes appeared as the imidazolate
linkers were protonated in the process of structure
dissociation. Likewise, this -NH band could be assessed by
Raman, which showed the typical peak at 3169 cm™* for the
water exposed samples. Additionally, the PXRD patterns of
pristine and humid samples were compared to confirm a
complete destruction of ZIF-8 structure after contact with water
at longer exposure times. This change was also followed by
SEM analysis, indicating the formation of bigger aggregates
that differed from ZIF-8 pristine morphology. By performing
these CO, adsorption studies in glycol instead of water, no
structure collapse could be observed, thus suggesting that the
combination of water and CO, unravelled the undesired
reaction that led to ZIF-8 permanent structure decomposition
and, subsequently, loss of porosity.

Cryogenic temperature studies of CO, adsorption were
studied by Russell et al.,” in which they investigated the CO,
adsorption from 133 K to 237 K. The CO, isotherms
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Fig. 13 a) CO, adsorption isotherms on ZIF-8 at a range of cryogenic
temperatures and b) the isosteric heat of adsorption as a function of
the surface coverage (reprinted from Russel, B. A, Migone, A. D.
Microporous Mesoporous Mat. 2017, 246, 178-185. Low-temperature
adsorption study of CO, in ZIF-8, copyright (2017), with permission
from Elsevier).

(Fig. 13a) showed two steps: one at lower specific loadings
(from ca. 2 mmol g to 10 mmol g') related to the gas
adsorption, and a saturation step starting at approximately
12 mmol g~', corresponding to the saturated vapor pressure
for CO, at the measured temperature. On the contrary to
other systems, the sub-step related to the phase transition
was not present in those isotherms. As reported in other
studies, ZIF-8 exhibits additional substeps related to the HP
— AP phase transition when exposed to Ar,”*> 0,,” N,,”* CO
(ref. 94) and Xe.”® However, the absence of this step is not a
confirmation that there is no phase transition upon CO,
adsorption, as theoretical simulations have shown that, for
this guest, such transitions could occur around room
temperature and high pressures.®” Additionally, it was also
shown that the phase transition steps regarding Xe
adsorption on ZIF-8 disappeared at temperatures below 145
K.”> The isosteric heat of adsorption (Fig. 13b) shows a
coverage dependence, whereas it has a value of 24.2 k] mol™
up to 9 mmol g, reaching a maximum value of 28.8 kJ
mol™" when the coverage is 11.5 mmol g'. This distinct
isosteric heat maximum coincided with the reported value of
the latent heat of CO, sublimation that occurs when CO,
saturation takes place. For coverages measured after vapor
pressure saturation, the isosteric heat returns to a value of
ca. 26 k] mol™. This coverage-dependence of the adsorption
heat was comparable to exfoliated graphite, whereas the
isosteric heat of adsorption increases towards the bulk heat
of transition as the pressure increases and the saturated
vapor pressure is reached.*®®”

Conclusions

In summary, four types of MOFs were reviewed in this study,
as their preferential adsorption sites, water stability, CO,-
MOF complex configuration, CO, adsorption dynamics, and
swing effects were described by experimental and theoretical
data (diffraction studies, spectroscopic techniques, theoretical
calculations, solid-state NMR, and water vapor experiments).
The high CO, uptake of MOF-74-Mg and HKUST-1 is granted
by their CO,-OMS interaction, which can be disturbed by the
presence of water molecules, which compete for the metal
node interaction. The flexible ZIF-8, however, is stable to the
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sole presence of water, but the combination of water + CO,
destroys the structure by the formation of a stable zinc
carbonate, also impairing its use for practical adsorption
conditions under a humid CO, flow. Preparation of MOFs that
are water stable is of utter importance, as, realistically, drying
of the CO, flow would be impractical and expensive. The
SIFSIX-3 series represent a set of materials that are stable to
humid conditions, and even though they do not possess the
highest CO, adsorption uptakes, its moisture stability grants
them recyclability potential and the possibility to enhance
drastically these uptake values by their recuperation and reuse
in several cycles. Finally, it is expected that this review may
encourage further studies devoted to CO, adsorption
mechanisms applied to other classes of MOFs and porous
solids in general, aiming to better comprehend their
particularities, and to further fine-tune the design of high
capacity and water stable CO, capture materials.
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