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/X0 X Since the first reports of metal-organic frameworks (MOFs) , this unique class of crystalline, porous materials has garnered

increasing attention in a wide variety of applications such as gas storage and separation, catalysis, enzyme immobilization,
drug delivery, water capture, and sensing. A fundamental feature of MOFs is their porosity which provides space on the
micro- and meso-scale for confining and exposing their functionalities. Therefore, designing MOFs with high porosity and
developing suitable activation methods for preserving and accessing their pore space have been a common theme in MOF
research. Reticular chemistry allows for the facile design of MOFs from highly tunable metal nodes and organic linkers in
order to realize different pore structures, topologies, and functionalities. With the hope of shedding light on future research
endeavors in MOF porosity, it is worthwhile to examine the development of MOFs, with an emphasis on their porosity and
how to properly access their pore space.. In this review, we will provide an overview of the historic evolution of porosity and
activation of MOFs, followed by a synopsis of the strategies to design and preserve permanent porosity in MOFs.

highly tunable inorganic and organic building units of MOFs
1. Introduction have opened up a new chapter in the design and applications of

The development of porous materials has been essential for porous materials. In addition to the various possible

technologies in various aspects of everyday life and industrial
applications, such as bath sponges, filters, masks, foams,
adsorbents and catalysts. One major feature of porous
materials is their low density, as they contain a large fraction of
void space, within which countless functionalities can be
designed based on the desired applications. Crystalline porous
materials, which have long-ranged ordered structures, have
been of particular interest due to the diverse and facile control
of their structures and properties.!

Even though synthetic zeolites—comprised of solely inorganic
components such as silicates and aluminates—have been
extensively studied since the 1940s, it was not until the late
1980s and early 1990s that the first crystalline porous materials
with pore sizes of larger than 1 and 2 nm were reported,
respectively.?? In 1995, a unique class of crystalline porous
materials, termed metal-organic frameworks (MOFs) by
Yaghi,*> emerged and has since distinguished itself with
permanent porosity and high surface areas, due to the strong
bonds between metal ions and charged organic ligands.® The

combinations of inorganic and organic building units with
different geometries and functionalities, MOFs offer
unparalleled adaptability in isoreticular manipulation;” while
keeping the structural design and topology invariant, a vast
number of alterations in their structures and functionalities can
be readily accessed during synthesis or via post-synthetic
modifications. The conception and development of reticular
chemistry has been monumental for the synthesis and
application of porous crystalline framework materials like
MOFs.® Over the past few decades, over 100,000 structures
have been reported in the “MOF subset”®1! of the Cambridge
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Figure 1. Number of MOF structures in the Cambridge Structural Database (CSD) and MOF reports found in Web of Science, from 1976 to 2019.
The structural data was summarized from the MOF subset of CSD as of May 2020. Numerous representative high porosity MOFs are indicated in
the plot according to the year they were reported. The first use of supercritical CO. drying for activating MOFs is indicated in yellow.

Structural Database (CSD), and the number of MOF-related
research publications has been continuously increasing (Figure
1).

One of the most notable characteristics of MOFs is their high
porosity, which has made their implementation in gas
storage,”'? small-molecule separations,’31> catalysis,1°
sensing,?%?! biomolecule encapsulation,???* drug delivery,?>2°
conductivity,?”?®  magnetism,?®*3!1 and other applications
possible. Even though the primitive concept of porosity in
metal-organic materials with extended structures was
conceived in the late 1980s and early 1990s,>3233 it was not until

the late 1990s that the first experimental gas adsorption

measurements of these inorganic—organic hybrid materials

were reported.®34 Kitagawa reported room temperature gas

adsorption isotherms at high pressures and showed that metal— 3

organic polymers were able to take up gas phase guest E 80 ¢ . e . .
molecules.3* In 1998, Yaghi reported the first MOF showing 8 eol g”° * o

permanent porosity with nitrogen adsorption/desorption § 0 : © N, Adsorption at 78K

isotherms at 77 K and low pressure (Figure 2)—a procedure that E 20 § : :Bm"so:':ﬂ:sx

has been employed before for probing permanent porosity in © €O, Desorption at 195K

other porous materials such as zeolites, porous silica, and ofe . —

porous carbon—and derived the first values of apparent surface o o2 °-4PIPQ o 8 !

area and pore volume in a MOF.® Compared to previous works Figure 2. The crystal structure (top) and the gas adsorption/desorption isotherms
where only guest exchange/remova| had been observed to for the MOF Zn(BDC) showing permanent porosity. Adapted with permission from

ref. 6. Copyright 1998, American Chemical Society.
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support the presence of porosity in MOFs, these gas adsorption
measurements of MOFs in the de-solvated state marked a
milestone in the development of porous MOFs and laid the
foundation of achieving permanent porosity in MOFs.34

The prosperity of MOFs as high surface area materials has since
blossomed. The underlying principles of reticular chemistry, as
established by Yaghi, have guided the design and development
of MOFs.354% Not only do the design and synthesis of MOFs play
an important role in achieving higher porosity and stability in
MOFs, but the development of improved activation methods is
also essential in enabling the access to their porosity.*4? For
instance, it has often been found that a MOF’s Brunauer-
Emmett-Teller (BET) area can be significantly increased with a
better developed activation method, especially for MOFs with
exceptionally high porosity where mild activation conditions

like supercritical CO, drying are required (Table 1 and Figure
3).43—45

Chemical Society Reviews

To this date, MOFs have garnered tremendous attention from
different areas of research not only for the purpose of designing
and synthesizing new materials, but also for a wide variety of
applications. Based on the foundation of reticular chemistry, an
enormous library of empirical and theoretical protocols for
designing MOFs with tailored pore structures and
functionalities has been established.®%3 The field of MOF
chemistry cannot be where it is today without all the
researchers’ continuous passion, creativity and hard work.
Therefore, it is worthwhile to examine the evolution of MOFs,
with an emphasis on their porosity and how to properly access
their porosity from a historical point of view. In this review, we
provide an overview of the development of MOF porosity and
activation, followed by a synopsis of the strategies to design and
preserve MOF permanent porosity.

Materials Year reported BET area Pore volume Topology Activation method? Ref.
(m?g?)° (em®g?)°

MOEF-5 1999, 2007 3800 1.55 pcu Thermal 43,46

MIL-101c 2005, 2008 4230 2.15 mtn-e Chemical and Thermal 4447
bio-MOF-100 2012 4300 4.3 Ics-a Supercritical CO, 48

MOF-205/DUT-6 2009, 2010 4460 2.16 ith-d thermal 43,50
MOF-177 2007 4750 1.89 gom thermal 51
MOF-200 2010 4530 3.59 qom Supercritical CO: %0
PCN-68 2010 5110 2.13 rht Thermal 52
UMCM-2 2009 5200 2.32 umt Room temperature vacuum 53
DUT-49 2012 5480 2.91 nbo Supercritical CO> 54
Al-soc-MOF-1 2015 5590 2.3 soc Thermal 55
NU-100 2010 6140 2.82 rht Supercritical CO, 56
MOF-210 2010 6240 3.60 toz Supercritical CO, 50
DUT-76 2015 6340 3.25 ftw Supercritical CO; 57
DUT-32 2014 6410 3.16 umt Supercritical CO: 58
NU-1103 2015 6550 2.91 ftw Supercritical CO, 59
NU-110 2012 7140 4.40 rht Supercritical CO; 60
NU-1501-Al° 2020 7310 2.91 acs Supercritical CO, 61
DUT-60°¢ 2018 7840 5.02 ith-d Supercritical CO: 62
NU-1501-Al¢ 2020 9140 2.91 acs Supercritical CO, 61

Table 1. A list of selected highly porous MOFs.

2 BET area and experimental pore volume are obtained from the
reported values or N, adsorption isotherm in the reported
literature. ® BET area calculated after satisfying all four BET
consistency criteria. © BET area calculated after satisfying first
two BET consistency criteria. ¢
conventionally refers to heating under dynamic vacuum above
room temperature.

Thermal activation

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. The development trend of representative highly porous MOFs according to the year they were reported and their BET area. The data is color-coded according to
their activation methods and BET area calculation criteria. The pore volumes (cm3/g) are labelled in purple on the corresponding bars.

2. Porosity and MOFs

2.1 Classification and adsorptive measurements

According to recommendations by the International Union of
Pure and Applied Chemistry (IUPAC), porous materials such as
activated carbon, zeolites and MOFs are classified into three
categories—microporous, mesoporous, and macroporous—
based on pore sizes.5*% Microporous materials have a pore
width of smaller than 2 nm, mesoporous materials have pore
sizes between 2 nm and 50 nm, and macroporous materials
contain pores greater than 50 nm. Generally, researchers
collect adsorption isotherms using probe molecules such as
nitrogen (N;) and argon (Ar) at their standard boiling points to
study the porosity of MOFs. For example, a nitrogen adsorption
isotherm is collected at 77 K while an argon isotherm is
collected at 87 K (boiling points of the adsorbates). IUPAC
recommends using Ar (87 K) adsorption for materials with polar
functionalities, since the nitrogen molecule can interact with
functional surfaces due to its quadrupole moment. However,
most research groups use N, adsorption experiments to study
the porosity of MOF materials because it is highly accessible and
inexpensive. Although IUPAC recommends avoiding carbon
dioxide (CO,) to analyze porous materials with polar surfaces
due to the even stronger quadrupole moment of CO, compared

4| J. Name., 2012, 00, 1-3

to N,, CO, adsorption is sometimes applied to access the
porosity of MOFs with small pore sizes (e.g. smaller than 0.45
nm) when N3 and Ar molecules are hard to diffuse into the pore
space of MOFs.%7

Typically, adsorption data are presented in the format of
“guantity of gas adsorbed” plotted against “relative pressure”,
and called a physisorption isotherm. IUPAC categorized®>®
physisorption isotherms into six classic types (i.e. from type | to
type VI). Most physisorption isotherms of rigid MOFs are based
on type | (microporous) and type IV (mesoporous), while many
isotherms of flexible MOFs®%74 display shapes different from the
six representative types. The structural transformation of
flexible MOFs over the course of the adsorption process makes
their isotherms very difficult to be interpreted. Therefore, there
is a pressing need to further develop novel approaches to
analyze and classify new types of physisorption isotherms
observed in flexible MOFs.”> It is worth mentioning that
adsorption of other adsorbates such as water often display
other types of isotherms and the shape of the isotherm can be
dependent on the intricate properties of the MOF
adsorbents.”67°

2.2 Surface area, pore volume and pore size distribution

After the establishment of permanent porosity in MOFs,®
collecting physisorption isotherms has become a routine

This journal is © The Royal Society of Chemistry 20xx
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method to characterize MOF materials. The interpretation of a
physisorption isotherm such as a nitrogen or argon adsorption
isotherm provides information such as surface area, pore
volume and pore size distribution.

Based on a multilayer adsorption model, the Brunauer-Emmett-
Teller (BET) method®® is commonly applied to evaluate the
surface area of porous MOFs.8182 The BET equation is applicable
for many Type Il and Type IV isotherms for porous materials
with pore width greater than 4 nm. However, it is suggested by
IUPAC to apply the BET method with high caution when
micropores are present, which is the case for most MOFs.%® It is
problematic to differentiate monolayer adsorption, multilayer
adsorption, and micropore filling in the case of MOFs containing
micropores, and this leads to the difficulty of locating a linear
range for BET calculations. To that end, “apparent BET surface
area” or “estimated BET area” is a recommended term to be
widely used. Strict criteria such as the four BET consistency
criteria proposed by Rouquerol et al.?? should be applied to
determine the linear range for calculating the estimated BET
area.

P/Po___ 1 _C 1( )
N(1—P/Po) NuC ' NuC \Po

In the equation above, the first criterion is to select a range with
N(1-P/Py) increasing monotonically with P/P,, where N denotes
the adsorbate loading and P/P, denotes relative pressure.
Second, the value of C from the linear regression needs to be
positive. Third, a relative pressure P/P, related to N, the
monolayer loading, should fall within the selected linear region.
Fourth, the P/P, related to the monolayer loading determined
based on BET theory (i.e. 1/V/C + 1) should be close to the
relative pressure calculated in the third criterion. For the last

criterion, a tolerance of 20% is recommended by Rouquerol et
a|-81,83

Practically, when it is impossible to select a region from
experimental isotherms to fulfill all four BET consistency

O Thermal activation
QO Microwave activation
O Chemical treatment, etc.

Low surface
tension

Superc_ritical Guest
fluid exchange ; ,< removal
Low boiling O Supercritical drying
point

O Freeze drying, etc.

/Solvent | (/u\

Chemical Society Reviews

criteria, the deviation from these criteria is recommended to be
minimized.®3 It is important to note that many reported values
of BET area fulfill only the first two BET consistency criteria, but
we believe the use of all four BET consistency criteria is
projected to be the trend, particularly for highly porous MOFs
with high surface areas.®%%334 Despite its limitations, BET area
provides a well-accepted comparison of surface area for MOFs
and can be used as a valuable fingerprint of MOF adsorbents.
Pore volume is another vital parameter for assessing the
porosity of MOFs. Ideally, if a MOF has minimal external surface
area and does not contain large pores such as macropores, a
virtually horizontal plateau is expected to be observed. Type |
isotherms for a microporous MOF and Type IV isotherm for a
mesoporous MOF reach the plateau of the adsorption isotherm
when it is saturated with adsorbed molecules. By applying the
Gurvich rule®>858¢ assuming that the pores of MOFs are filled
with the condensed adsorbate in the liquid state, the
experimental pore volume can be calculated from the adsorbed
capacity. Total pore volume is typically derived from uptake at
a relative pressure approaching unity. On the other hand, the
theoretical pore volume of MOFs can be calculated from a
crystal structure and serves as a good reference for the
experimental pore volume.?”

When interpreting the pore size distribution from isotherms,
both pore geometries (e.g. slit, cylinder, and spherical) and
kernels should be considered. Pore size distributions calculated
from MOF isotherms, distributing total pore volume into the
different pore widths, can vary significantly depending on the
selected shape models and kernels. Several methods such as
Horvath-Kawazoe (HK), density functional theory (DFT), and
Monte Carlo simulation (MC) have been developed over the
years for deriving pore size distribution.8-888 The DFT pore size
distribution, despite theoretical limitations
molecularly smooth surface, offers a reasonably accurate
evaluation for most porous MOFs. To this end, it is important to

assuming a

More-stable node-linker bonds
E.g., Zr-carboxylate MOFs
BET area < 3500 m?/g

Activated

" MOFs mf i"‘ %
iy o =

Less-stable node-linker bonds
E.g., Zn-carboxylate MOFs
BET area > 3500 m%g

Scheme 1. Overview of the workflow and strategies of MOF activation. As an empirical guideline, thermal, microwave and chemical activation are viable for MOFs with more-
stable node-linker bonds such as Zr-carboxylate-based MOFs, and MOFs with BET area smaller than 3500 m?/g; supercritical and freeze drying are likely needed for MOFs with
less-stable node-linker bonds such as Zn-carboxylate MOFs, or highly porous MOFs with BET area larger than 3500 m?/g.

This journal is © The Royal Society of Chemistry 20xx
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develop better pore size distribution models for MOFs,
particularly flexible MOFs.

3. Development of Strategies for the Activation
of MOFs

Understanding the intrinsic physical properties of MOFs is
critical for their applications. Due to the fact that as-synthesized
MOFs usually contain guest molecules (such as solvents,
unreacted linkers, clusters, and modulators), it is usually
necessary to remove these guest species through an activation
process to access the pore space of MOFs for their applications
(Scheme 1). Since different guest molecules interact with the
host framework with varying strength, suitable and thorough
activation methods that avoid compromising the structural
integrity of the MOFs are critical to realizing the maximum
surface area and pore volume, especially for MOFs with
relatively weak node-linker bonding or large pores. In this
section, a few common activation techniques will be
highlighted, and some remaining challenges will be discussed. It
is noted that in many cases, there is no clear-cut boundary of
the optimal activation strategies, and a combination of
activation methods may be necessary to achieve the desired
results for a particular MOF.

3.1 Thermal activation

Since the majority of MOFs are synthesized in solvent, especially
high boiling point solvent like N, N-dimethylformamide (DMF),
N, N-diethylformamide (DEF), and dimethyl sulfoxide (DMSO),
vacuum evacuation at elevated temperatures after exchanging
with low boiling point solvents, such as acetone, methanol and
dichloromethane, is a routine way to activate MOFs. This

1200 "" ***’FJI-1 activated from perfluoropentane
. FJI-1 activated from n-hexane

— 1000 .
@ <]
E so0{ *
. :
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2
> 4004

o~ .
=

2004 o
[/ e——Ceeer e = T ST ST e SE S B LR SR S

T T T T
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Figure 4. N, isotherm plots of FJI-1 activated from perfluoropentane and n-
hexane exchanged materials. Inset: structure of FJI-1. Adapted with permission
from ref. 109. Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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process has been widely utilized for traditional porous materials
such as porous carbon and zeolites and is known as “thermal
activation”, even though pre-treatment of as-synthesized MOFs
by solvent-exchange and the use of vacuum are additionally
required. While certain types of MOFs suffer from low stability
(vide infra), more and more MOFs with high thermal and
chemical stability have been reported, allowing them to be
directly activated by conventional thermal activation. For
example, Cr- and Zr-carboxylate-based MOFs such as Cr-MIL-
101 (CrgF(Hzo)zo[(OzC)-CsH4-(COz)]3)90 and UiO-66
(Zrs(0)4(OH)4(bdc)1,)°t have been well-known for their high
thermal and chemical stability due to their strong Cr-O/Zr-O
bonds. These samples can be activated by conventional thermal
activation to remove the remaining water and DMF solvents in
the pores, respectively. The surface area for these two materials
thus can reach 4100 m? g and 1100 m? g™, respectively.
Therefore, given the strong M-O bonds, one can consider this
method as a choice if not pursuing the highest BET surface area
and pore volume.®?°3 For MOFs that were synthesized with low
boiling point solvents (e.g. ethanol and acetonitrile), one can
also find this method worth attempting. However, most MOFs
are crystallized in one or a combination of multiple high boiling
point solvents including DMF, DMSO, H,0, DEF, and acid.
Without strong M-O bonds and high thermal stability, the
structure of these MOFs will collapse to some extent if activated
thermally. This can be ascribed to the high surface tension and
capillary forces, which were generated during the liquid-to-gas
phase transformation of the guest solvents during the
activation process.

Table 2. Surface tension (20 °C) and boiling points of selected
solvents.

Solvents Surface tension Buoiling point
/mN-m™? /°C
Perfluopentane 9.42 28
Perfluohexane 11.91 56
Perfluooctane 14 133
Pentane 15.48 36.1
diethyl ether 17.06 34.6
n-Hexane 18.43 69
E’uzt':r;:'memy' 18.99 80.8
Acetonitrile 19.1 82
Tert-butylchloride 19.6 51
n-Heptane 20.14 98.4
n-Octane 21.6 125.5
Ethanol 22 78.4
Methanol 22.1 64.7
Acetone 23 56.5
Tetrahydrofuran 26.4(25 °C) 66
Dichloromethane 27.8 39
Chloroform 27.1 61.2
DMF 34.4 153
DMSO 42.9 189

This journal is © The Royal Society of Chemistry 20xx
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Water 72.7 100

A modified method was then developed to lower the capillary
forces of solvent evaporation during the MOF activation.
Exchanging the high boiling point and/or high surface tension
solvents with low boiling point and/or low surface tension
solvents before the heat/vacuum treatment is nhow the most
commonly used method in MOF activation. As listed in Table 2,
common lab solvents like methanol, acetone, ethanol, diethyl
ether, and acetonitrile possess lower surface tension and
boiling points compared to DMF, DMSO, and H,O. In general,
solvent-exchange to these low boiling-point solvents should
suffice for the activation of most MOFs.?4#197 However, in some
cases where these common solvents still fail to obtain the
expected surface area and pore volume, one could consider
turning to solvents with much lower surface tension, such as
pentane and fluorocarbons to complete the solvent exchange.
For example, due to lack of thermal stability above 120 °C for
Yb-NH,-TPDC (H2-NH,-TPDC = 3,3"-diamino-1,1":4",1"-
terphenyl-4,4"-dicarboxylic acid), Rosi and coworkers reported
that by stepwise solvent exchange with dichloromethane and n-
pentane(15.48 mN-m™), the MOF could be activated under
vacuum at room temperature to achieve a BET area of 2370
m?/g.1%8 Metzger and coworkers also showed that SNU-70 and
UMCM-9 exhibited rather low surface areas if THF (26.4 mN-m"
1) and CH,Cly(27.8 mN-m™) were used as the exchanging
solvents, while much higher BET areas of 5300 and 5170 m?-g},
respectively, were achieved by exchanging with n-hexane, a
solvent with much lower surface tension.1% They also observed
that FJI-1, a Zn paddle-wheel (Zn,(CO3R)4)-based fragile MOF,
only exhibited a BET area of ~100 m2-g! when n-hexane was
used. When a lower surface tension solvent, perfluoropentane
(9.42 mN-m?), was used for the solvent exchange with
subsequent evacuation at room temperature, the activated
material then reached a high BET area of 4890 m?-g™ (Figure 4),
similar to the theoretical surface area value of 4740 m?.g1.19°
These results suggest that solvent exchange with low surface
tension solvents can facilitate the full activation of MOFs.
However, one may notice that n-hexane and diethyl ether might
be the lowest surface tension solvents commonly found, while
fluorocarbons are less commonly used and are more costly (the
price for perfluoropentane is about 200 times higher than that
of acetone). As a result, an alternative mild activation process
that is more cost-effective is desirable.

3.2 Supercritical CO, drying

Following the logic of using lower surface tension solvents for
the activation of MOFs under milder conditions, a supercritical
fluid, possessing no surface tension, was deemed desirable for
this purpose. Supercritical CO, (sc-CO;) is a safe,
flammable, and inexpensive resource that has been employed
in processes of supercritical extraction (e.g. decaffeination of
coffee) and lyophilization of delicate structures (e.g. biological
specimens and aerogels).!® Similar to the conventional
activation process, sc-CO; drying involves three general steps:
pre-exchanging the as-synthesized solvents with liquid CO,

non-

This journal is © The Royal Society of Chemistry 20xx
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compatible organic solvents, exchanging the organic solvents
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Figure 5. Top: Structure of IRMOF-16 (the bronze sphere indicates the void space in
the structure). Bottom: N, isotherms of IRMOF-16 at 77 K after sc-CO, activation
(black) and with CHCl; exchange by activation at 25 °C (red). Adapted with
permission from ref. 45. Copyright 2009 American Chemical Society.

with liquid CO,, and evaporating off CO; in its supercritical state.
Before sc-CO; activation, the solvents of an as-synthesized MOF
sample are exchanged with a solvent that can be miscible with
liquid CO; and will not cause any damage to the components in
the dryer (e.g. methanol, ethanol; note that DMF/DEF also can
be used only if the dryer components are confirmed to be stable
treated by DMF/DEF). The first step is similar to other
conventional solvent-exchange processes, while here the
organic solvents in the system are exchanged with liquid CO,
below its critical temperature (31 °C) and above its critical
pressure (73 bar). The difference is that this CO, exchange
process is usually conducted between 0-10 °C, which is milder
than conventional exchange processes conducted at room
temperature. After several cycles of CO, exchange (typically a
few hours for each cycle), the evaporation of CO; is carried out
under its supercritical state. This is performed by depressurizing
the liquid CO, above its critical temperature, which
tremendously minimizes the surface tension during the process
of liquid- to gas-phase transformation of CO, guests. As a result,
the capillary stress exerted on the MOF structure is substantially
decreased to preserve the delicate structure and its porosity.
The sample is then quickly transferred to a sorption tube and
run under dynamic vacuum with mild heat (< 50 °C) with the
purpose of removing any potentially physisorbed CO, during the
process.

Since its first demonstration for MOF activation (Figure 5), sc-
CO; has gained increasing attention, especially as a cost-
effective and mild activation alternative for MOFs with low
stability and/or high porosity, wherein the routinely used
solvent-exchange with common organic solvents is found be

J. Name., 2013, 00, 1-3 | 7
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incapable of producing the theoretical surface areas based on
their crystal structures.*>11%112 |n the past few years, numerous
studies have proved the superiority of this method. For
example, the MOFs mentioned above, SNU-70’, UMCM-9, and
FJI-1, were first activated by sc-CO; to obtain high BET areas of
5290, 4970, and 4813 m?-g%, respectively.*311> Furthermore,
full activation of NU-110, with one of the highest experimental
BET surface areas of any porous materials, was accessed by the
usage of sc-C0,.1® The Zhang group reported that they can
obtain a high BET area of 5463 m?2g?' for NPF-200 with
tetrahedral linkers via sc-CO; activation. 17 Recently, our group
applied this technique to activate a novel aluminum-based
MOF, NU-1501-Al. As a result, the MOF presented a record-high
BET area of 7310 m? g'* while satisfying all four BET consistency
criteria (9140 m2gtif considering the first two) .6 It is worth
noting that a large number of MOFs with high BET area and
large pore volume are activated through sc-CO, drying,
demonstrating the generality of this promising activation
protocol (Table 1 and Figure 3).11> Matzger and coworkers also
implemented the sc-CO; activation method into a flow system
that directly activated a variety of MOFs from a DMF-solvated
state and significantly reduced the time of the sc-CO, activation
process.!*®11% For detailed procedures of sc-CO, activation of
MOFs, the readers are directed to the literature.*>6?

3.3 Other methods

While thermal activation is the most commonly used method,
and sc-CO; activation has proven to be critical for the activation
of high surface area MOFs, there are other activation methods
that have been demonstrated in the literature as being effective
for certain types of MOFs. Despite their limitations, these
methods are worth considering with the compatible types of
MOFs. Most of these efforts are devoted to facilitating the
activation process while preserving the structural integrity of
the MOFs. For example, among all the various methods of
activating MOFs, a time-consuming solvent-exchange step is
generally required, which can be potentially facilitated by a
Soxhlet extraction and other suspension processing methods to
benefit future industrial applications.?”120

3.3.1 Freeze drying. Freeze drying has been widely utilized in
food processing, biological applications, and activation of
porous materials.’?' In this process, the sample is first
exchanged to a high-freezing-point solvent that is compatible
with the MOF (e.g. benzene with a freezing point of 5.5 °C), and
then cooled down to freeze the solvents. The frozen solvents
can be subsequently removed under vacuum below its freezing
point through sublimation, which effectively avoids surface
tension that would otherwise be present during liquid-gas
transformation. This method was first demonstrated in MOFs
by Ma and co-workers in 2009 with benzene as the solvent,
wherein a higher BET area of 1560 m?-g! (compared to 526
m2-g! via conventional vacuum-drying) of a representative
mesoporous Cu-paddlewheel MOF was reported (Figure 6a).122
While there are other successful examples of activating a
pillared Fe-MOF and chitosan/UiO-66 by using benzene freeze
drying,1?3124 some cases of structural collapse were also
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Figure 6. Crystal structure of Cu paddlewheel-based MOFs with its N, isotherms (a)
and the 2-fold interpenetrated framework of FIR-3 with its N, isotherms obtained
by different activation methods (b). Adapted with permission from ref. 122.
Copyright 2009, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Adapted with
permission from ref. 128. Copyright 2012, American Chemical Society.

observed; this was ascribed to the strong m-m interactions
between the guest benzene molecules.'?>1?7 Due to the limited
success and toxicity of benzene as the solvent, cyclohexane was
later used for freeze drying of FIR-3 by Zhang and co-workers,
wherein a much higher BET area (288 m?-g!) than the one
activated by conventional solvent-exchange was obtained (24
m2-g, Figure 6b).128 In comparison, sc-CO, activation further
preserved the porosity, resulting in the highest BET area of 544
m?-g from all three activation methods.

3.3.2 Microwave activation. Microwave heating is a useful
tool in a variety of chemical processes due to its ability to
accelerate the reaction rate through the electromagnetic
radiation. Compared to the conventional heat energy transfer
by thermal diffusion, the microwave technique allows the
energy to be directly transferred to the guest molecules in the
fashion of wave penetration. In 2017, the Blight group first
reported a microwave-assisted activation, wherein the MOFs
(UiO-66, DUT-84, MOF-808) were pre-treated under microwave
irradiation in water to remove the modulators that coordinated
on the nodes.’?® However, limitations were found for this
method as the treatment took place in water under high
temperature; thus, this method is only applicable to MOFs
which are water- and heat-stable. In addition, the authors
reported the presence of remaining modulator on the nodes
even after activation. In 2019, Jeong and coworkers reported a
microwave activation (MA) where the coordinating and pore-
filling solvents in the pristine MOFs (HKUST-1, UiO-66 and MOF-
74) were efficiently removed.'3® The MOF crystallinity was
retained while the BET area of HKUST-1 reaches 2000 m?-g?
followed by only vacuum treatment (Figure 7). Furthermore,
the time required for this activation process can be reduced to
only 4 min if a solvent-exchange with methanol was performed

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Left: schematic illustration of MOFs microwave activation; Right: N, adsorption isotherms comparison of thermally activated and microwave-activated DMF-

HKUST-1 samples. Adapted with permission from ref. 130. Copyright 2019, American Chemical Society.

prior to the MA. Thus, this is a promising method for the
efficient activation of MOFs that warrants further exploration.

3.3.3 Chemical activation. While guest solvents in the pores
can be removed by the above-mentioned activation methods,
some residual species such as modulators (i.e. benzoic acid,
acetic acid) may remain coordinated to the metal nodes of the
MOFs, preventing them from being eliminated through routine
activation processes. Therefore, an additional chemical pre-
treatment is required to unblock some pore space in order to
obtain full access to the inner pore surface and, in some cases,
release some open metal sites. Even though a few studies
showed that high temperature (i.e. 200~250 °C) with dynamic
vacuum can remove the residual bound modulators, these have
been limited to low boiling point modulators such as formic
acid, trifluoroacetic acid and acetic acid.'3%132 A more general
pre-treatment with dilute hydrochloric acid —prior to the
routine thermal activation—has proved successful for the
activation of mesoporous Zr-based MOFs such as PCN-222 and
NU-1000.133134 Mondloch et. al. revealed the role of HCl in
cleaving the coordinated benzoic acid from the nodes through
IH NMR and diffuse reflectance infrared Fourier transform
spectroscopies (DRIFTS).134 Later, this method was applied to
the activation of MOFs such as NU-901,'%> NU-1200,'3¢ NU-
1010%37 and PCN-608-OH*%’. This method is also transferable to
removal of coordinated modulators in other Zr-carboxylate-
based MOFs owing to their stability in dilute acidic conditions.

3.4 Common pitfalls in MOF activation

The complete activation of MOFs is of fundamental significance
for understanding the correlation between MOF structure and
various applications, which largely depends on being able to
access the pores of the MOFs. While more stable MOFs are
being discovered and protocols for proper activation of
different types of MOFs are continually being established,
caution should still be exercised, especially for novel MOFs, to
avoid some common pitfalls in MOF activation. In general,
incomplete activation and/or structural collapse will disguise
the intrinsic properties of the MOFs and present them with an
artificially lower BET area and pore volume than the expected
values obtained from the crystal structures. While there are no
universal protocols that will guarantee the complete activation

This journal is © The Royal Society of Chemistry 20xx

of all MOFs, it is crucial to follow some empirical guidelines
which can be customized to one’s own needs.

3.4.1 Incomplete exchange. Since most MOFs can be
effectively activated by the conventional solvent-exchange and
thermal activation strategy, an adequate solvent exchange
method is of great importance. Incomplete exchange will leave
some unwanted high boiling point/surface tension solvents
remaining in the pores, causing the structure to partially
collapse during the thermal activation process or leaving the
pores partially blocked if the conditions are not sufficient to
remove the leftover solvents. Acetone and methanol are widely
used in the literature to exchange high-boiling point solvents
like DMF. The soaking/exchanging time as well as the frequency
of exchange are important factor to ensure complete exchange,
as demonstrated by Metzger in their
investigation of MOF-5 activation by exchanging DMF with
CH,Cl,.1% It was found that DMF can be rapidly exchanged by
CH,Cl; in the first 20 min while the exchanges after 20 min are
not as significant. Regarding the frequency of exchange, it was

and coworkers

shown that the BET area can increase to 3640 m?-g'! (theoretical
value of 3527 cm3-g!) with three exchanges while only 2650
m?-g'! was obtained after a single exchange (Figure 8, top). Wu
and coworkers employed 'H NMR for real-time monitoring of
solvent exchange of DMF with benzene in MORF-1.138 The
results indicated a slow exchange rate as the 'H NMR signal of
DMF in the supernatant increased steadily in the first 10 h
(Figure 8, bottom). Therefore, it is noted that exchange
methods can differ significantly in different MOFs systems
depending on their pore stability and the
compatibility of the two exchanging solvents.

structure,

J. Name., 2013, 00, 1-3 | 9
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and 'H NMR spectroscopy monitoring the amount of exchanged DMF in
MORF-1 (Bottom). Reproduced with permission from ref. 109. Copyright
2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with
permission from ref. 138. Copyright 2018, Royal Society of Chemistry.

3.4.2 Incomplete activation. Following solvent-exchange,
thermal activation under vacuum has been the most widely
used method for MOF activation. Thermal activation is usually
carried out at a temperature higher than the solvents’ boiling
points with dynamic vacuum for a certain time depending on
the stability of the MOF and the properties of the residual
solvents. Failure to completely remove residual solvents will
result in lower BET area and pore volume than expected,
especially in cases where there are coordinated solvent
molecules on the metal nodes. For example, Dinca et. al
reported that the residual DMF molecules in Mos(BTC),) (BTC
stands for 1,3,5-benzentricarboxylate) can be more thoroughly
removed by soaking the MOF in anhydrous methanol for
prolonged time (i.e., 1 week). As a result, a more thorough
activation of the MOF was achieved after thermal activation at
150 °C as evidenced by the higher BET area than previously
reported (1689 vs 1280 m?2/g).13° To ensure complete activation,
analytical methods such as TGA, IR and NMR can be employed
to assess the complete removal of residual guest molecules in
the activated MOFs.

3.4.3 Structural collapse. A consequence of
improper activation is framework collapse. To guarantee that

common

the structure integrity is retained and the samples are fully
activated, the experimental results (surface area and pore
volume) should be compared to the simulated results based on
the single-crystal structures of other similar frameworks. A

10 | J. Name., 2012, 00, 1-3

lower-than-expected BET area and/or decreased crystallinity
after activation (as judged from PXRD) are indicative of
incomplete activation or structural collapse. It is noted that
PXRD should not be solely used as evidence for confirming the
structural integrity of MOFs, as sometimes partial structural
collapse may not be clearly visible through routine qualitative
PXRD patterns. Therefore, a combination of analytical tools
such as thermogravimetric analysis and mass spectrometry
(TGA-MS), PXRD, SEM, NMR, and IR spectroscopy can be utilized
to verify structural integrity and to detect residual solvent
molecules, decomposition products, or other impurities after
activation. Sometimes multiple trials will be needed to
determine the optimal activation conditions before further

studies.

4. General Strategies for Designing Porous MOFs

Based on the strength of metal-ligand bonds and the geometry
of metal nodes and organic linkers, MOFs with different
topologies and porosities can be achieved. Herein, a few general
approaches for the design of MOFs with different pore systems
are discussed with some representative examples highlighted.
A common analogy of designing MOFs is building tinker toys.
Despite the oversimplification of this analogy, the underlying
guidelines of reticular chemistry and the molecular building-
block approach have made MOF chemistry accessible to an
enormous number of researchers all over the world. By
matching the geometries of the metal nodes and organic
linkers, feasible topologies can be theoretically derived to aid
the rational design of MOFs. A large established library of
compatible geometries and MBBs can in turn assist with the
computational discovery of MOFs.140-142  This geometry
matching strategy has been widely used in the design of MOFs
owing to the well-defined structure and geometry of MOF
building blocks via a reciprocal combination of experimental
and computational studies.

4.1 Isoreticular expansion/contraction to control porosity

One commonly implemented method to control MOF porosity
is the isoreticular expansion and/or contraction by altering their
dimensions or chemical functionalities of the organic linker
while maintaining the same underlying MOF topology.”>%:59143
Isoreticular control of MOF synthesis has multiple benefits,
including the ability to realize higher porosity systems and to
discover optimal pore sizes targeted for different applications
such as gas storage®>>° and catalysis.14414>

While a variety of isoreticular expansion/contraction studies
have successfully achieved large pore volumes and apertures,4®
MOF-5 (also known as IRMOF-1) is a classic example where
isoreticular control has been implemented to develop different
pore sizes. MOF-5 is made up of octahedral Zn,O clusters and
1,4-benzenedicarboxylate (BDC) linkers which self-assemble
into a cubic network with CaBg topology.'*” By implementing
alternative ditopic carboxylic-acid based linkers with different
lengths and functionality, the isoreticular series of sixteen
IRMOFs was established. In this way, the pore volume of each
MOF in the series can thus be tuned to reach a maximum of
about 90% free volume (Figure 9), keeping in mind the

This journal is © The Royal Society of Chemistry 20xx
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functionalization or catenation in each MOF. MOF-5 has also
been extended to MOF-1000, MOF-1001, MOF-1001A, and
MOF-1002 by employing longer ditopic linkers with electron
rich, 34- or 36-membered crown-ether receptor rings which act
as molecular recognition sites for electron-poor substrates.*®
The isoreticular expansion of MOF-5 using these unique linkers
with docking sites not only increased the percent unoccupied
pore space from 79.2% (MOF-5/IRMOF-1) to 89% (MOF-1001),
but also fostered charge transfer interactions between crown
ether rings and paraquat molecules.
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storage tanks.>® Thus, isoreticular control of MOFs is a very
powerful technique, where even a small change can
significantly tune MOF properties for a specific application.

Numerous other unique examples of porosity modulation by
isoreticular control have also been established. For example,
Rosi et. al. developed several MOFs based on bMOF-100 which
exchange from shorter to longer ligands to generate a porosity
gradient within a single MOF.'*° Since ligand exchange occurs
from the outside to the inside of the crystal, the exchange can
be stopped at different timepoints, resulting in MOFs with

Figure 10. The structure of MOF-69A. (a). The rod-packing Zn-carboxylate SBU
columns. (b). The open channels viewed along the c axis. (c) The “impenetrable wall”
of linkers viewed along the a axis.

Figure 9. The crystal structures (left, the yellow spheres indicate the pore cavity), as well
as the crystal densities and the percentage of free volumes (right) of the IRMOF series.
Adapted with permission from ref. 147. Copyright 2002, American Association for the

porosity gradients. Isoreticular control of porosity has also

Advancement of Science.

One of the most prominent applications requiring highly porous
MOFs is the adrosption and storage of gas molecules such as H,,
CH,, CO,, and 0,.°%° In this vein, isoreticular expansion has
been widely used for achieving record-high BET area MOFs
(Table 1) from known topologies. showed exceptionally high
BET area and gas adsorption capacity. Recently, Farha reported
the isoreticular expansion of NU-1500-Al by a single phenyl ring
to NU-1501-Al with exceptionally high gravimetric and
volumetric surface areas, optimal for clean energy H, and CH,4
storage.®* NU-1500-Al is an acs-net MOF with 1.4 nm pores that
is comprised of [Al30]” nodes and a triptycene-based linker with
p-phenylene carboxyl groups attached. By extending the ligand
length by one phenyl ring, the BET area increases from 3560
m?/g in NU-1500-Al to 7310 m?/g in NU-1501-Al, the highest
reported gravimetric uptake for all porous materials after
satisfying all four BET consistency criteria. Remarkably, this
isoreticular expansion results in a much higher absolute uptake
and deliverable capacity of H, at 77K and 100 bar (NU-1500-Al:
8.2 wt%, NU-1501-Al: 14 wt%) while also maintaining nearly
identical volumetric uptake (NU-1500-Al: 44.6 g/L, NU-1501-Al:
46.2 g/L). The isoreticular expansion of MOF-177 to MOF-200
also significantly increased the pore volume while decreasing
the density of the MOFs, which is important for their use in gas

This journal is © The Royal Society of Chemistry 20xx

been extended to polymer-MOF hybrids (polyMOFs)**° such as
polyUiO-67 and polyUiO-68 derivatives, which increase in BET
area from 618 m?/g (polyUiO-67-8a-u) to 1626 m?2/g (polyUiO-
68-10a-u) as well as even lanthanide-based MOFs.*>! Matzger
and coworkers showed that the water stability of a series of
MOFs isoreticular to MOF-5 was related to the pore sizes and
linker hydrophobicity.'*? In addition, the NU-1000 to NU-1007
series of isoreticular MOFs based on Zre-cluster nodes and
tetratopic carboxylate linkers showed tunable hierarchical
pores that spans from 1.3 to 6.7 nm for the encapsulation of
enzymes.1>3

4.2 Control of catenation

While isoreticular expansion of organic linkers often generates
higher porosity MOFs, it can also result in catenated MOFs
which will result in lower porosity.}4”:148 Catenation is the
entwining of multiple identical lattices such that the only
method to separate the lattices is by breaking chemical bonds.
While catenation in MOFs can be favorable for certain
applications, it often prevent porosity gain since catenated
lattices occupy the desired pore space. Thus, a variety of
methods to control catenation and consequently retain MOF
porosity have been developed such as mathematical
construction, ligand design, reaction conditions, and novel
synthetic methodologies.

J. Name., 2013, 00, 1-3 | 11
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Catenation can be mathematically forbidden through
framework design,'*® such as the “infinite SBU” approach
developed by Yaghi and coworkers.’> The rod-packing
framework, MOF-69A, is comprised of “infinite” Zn-O-C SBUs
which are linked together by ditopic linkers. Because of this, the
distance between linkers in the [001] direction is small, forming
an “impenetrable wall” of pi-pi stacked phenyl rings (Figure 10),
while the distance between carboxylate C atoms is much larger
in the [110] direction. Through this design, long linkers can be
used to create larger pores without the risk of catenation, since
the “impenetrable” wall of linkers in the [001] directions
metrically forbids catenation.>*

Designing mathematically forbidden topologies has been the
most successful strategy to avoid catenation and to achieve
highly porous MOFs as exemplified by the rht topology.>>1>5-158
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recover the porosity.’®! Additionally, ligand length can be
screened and tuned precisely to target the longest linker that
results in a non-catenated framework.'%? Finally, linker
conformation can also be modulated through torsion angle?®3,
or single/double bonds®* to favor non-catenated MOFs. Kaskel
and coworkers reported that by designing linkers with polar
functional groups or using auxiliary  cross-linkers,
interpenetration in different MOFs was avoided to realize a
highly porous MOF, DUT-60.3%62/165

Multiple reaction conditions in hydrothermal and solvothermal
synthesis have been shown to control catenation such as
modulator,136:166,167 temperature,168-170 reactant
concentration,'#271"173 and solvent.}’4'78 For instance, NU-
1200 (also known as BUT-12'7°) is a non-catenated, 8-

connected, the topology MOF with the 4,4',4"-(2,4,6-
Separations
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Scheme 2. Schematic overview of the porosity of MOFs, wherein their stability and tunability have enabled their utilization in various applications.

For instance, the NU-109, NU-100, NU-110 reticular series of
MOFs exhibited exceptionally high BET areas and gas storage
capacity, as interpenetration was precluded by the rht topology
even when the arms of the hexatopic organic linker were
expanded up to four phenyl rings and two acetyl groups in
length.>6.60

Ligand design and modification are also efficient methods to
prevent catenation and preserve porosity. Ligands with bulkier
substituents have been seen to impede catenation by occupying
the pore space needed for catenated lattices,'>>% and some of
the bulky protecting groups on linkers which block catenation
during synthesis MOF can be removed post-synthetically to

12 | J. Name., 2012, 00, 1-3

trimethylbenzene-1,3,5-triyl)tribenzoic acid (TMTB) linker and
Zrs node.'® To synthesize NU-1200, benzoic acid is used as a
modulator. However, when the less bulky modulator formic
acid is implemented, a 2-fold catenated form of NU-1200, STA-
26, is synthesized.®® The mesoporous NU-1200 isotherm and
pore volume of 1.42 cm3/g can be compared to the microporous
STA-26 isotherm and pore volume of 0.53 cm3/g to deduce that
bulkier modulators assist in preventing catenation and
providing higher porosity. The effect of temperature and
concentration was demonstrated in the SIFSIX-14-Cu-l system
which exhibited partial 2-fold catenation of 70, 89, 93, and 99%
at different temperatures and concentrations. These increasing

This journal is © The Royal Society of Chemistry 20xx
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percentages of partial catenation also correspond to decreasing
pore volumes of 252.7, 96.6, 68.9, and 23.5 cm3/g at 77K.17? It
is surmised that non-catenation is favored by lower
concentrations since it decreases the nucleation of catenated
lattices within framework pores, and higher temperature often
produce more thermodynamically stable, catenated
frameworks.17?

Finally, porosity can be retained through novel synthetic
methodologies which prevent catenation, such as liquid phase
epitaxial MOF growth. By implementing a 2D organic substrate
that was alternatively immersed in a linker solution and a node
solution, the commonly catenated MOF-508 (Zn node, BDC
linker, and 4,4’-bipyridine pillars) with 4x4 A channels was
grown epitaxially as a non-catenated SURMOF (surface-
mounted MOF) with 11x11 A channels.'®! This functionalized
substrate method allows for the growth of one lattice while
suppressing the growth of the catenated lattice since it has no
common nucleation plane with the substrate. Further

developments in novel synthetic methodologies are desirable
to expand the techniques available for catenation control and
porosity preservation.

5. Strategies for Preserving MOF Porosity for
Targeted Applications

Figure 11. The classification of hard, soft, and intermediate
acids within the periodic table.

Since porosity is the foundation for accessing MOF
functionalities, preserving MOF porosity is vital for their
performance in diverse applications.*18218 To this end,
stability is a major concern that has been accompanying the
evolution of MOFs materials from a historical point of view %184
Compared to traditional zeolites and porous carbon materials,
MOFs exhibit much better performances towards many
applications thanks to their high porosity, but may find
limitations in applications that require high thermal, chemical,
and water stabilities,®>87 such as catalysis,®®18 enzyme
encapsulation,1®%%°1 and water capture.’®1%2 Additionally, there
are high demands of MOFs with tailorable porosity and
functionality in order to optimize their performance for
targeted applications (Scheme 2). While a few groups are at the
forefront of synthesis and design of MOFs with novel structures
and porosity, modification of known structures and topologies
has been widely conducted for the utilization of MOFs in various
applications. Herein, we will synopsize some representative
strategies for preserving and altering the porosity of MOF
materials with precise crystalline structures.

This journal is © The Royal Society of Chemistry 20xx
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5.1 Stable metal-ligand bonds
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One of the most important features that sets MOFs apart from
earlier coordination polymers based on metal-neutral ligand
bonds, is the presence of strong metal-charged ligand bonds;
these result in enhanced stability and made permanent porosity
possible in MOFs.® The metal nodes and deprotonated organic
linkers can be considered as Lewis acid-base pairs and the
strength of the coordination bonds between them can be
estimated by the hard and soft acids and bases (HSAB)
theory.®31% The coordination bonds between hard acid (metal
ions with smaller ionic radius and higher oxidation state such as
Zr** and Cr3%, Figure 11) and hard base (the oxygen atoms in
carboxylate linkers) will be much stronger than those between
hard acid and softer base (neutral pyridine linkers). This results
in Zr-MOFs and Cr-MOFs, such as Zr-UiO-66°! and Cr-MIL-101°°,
being among some of the most stable MOFs. Conversely, soft
acid metal ions with larger ionic radius and lower oxidation
states, such as Zn?* and Ni?*, they can form stable frameworks
with charged soft base linkers like azolates, such as MFU-4,1951%
MAF-X27,197,198 PCN-601,%° Co(BDP) (H,BDP = 1,4-
benzenedi(4'-pyrazolyl)),?°° and M3(BTP), (M = Ni, Cu, Zn and
Co, HsBTP = 1,3,5-tris(1H-pyrazol-4-yl)benzene)).2°! However,
pairing hard acids and soft bases, or soft acids and hard bases
usually give less stable MOFs, such as HKUST-122 and MOF-5.46
Under the guidance of the HSAB theory, the stable pairs of
metal ions and ligands can be easily to design MOF materials
that meet the stability necessitated by the targeted application.

Journal Name

In addition to de novo synthesis, some kinetically labile metal-
carboxylate coordination bonds can be strengthened by
exchanging the metal ions to a harder metal ion, which will
result in more kinetically inert metal-O bonds and thus stabilize
the frameworks.29329> For example, Zhou and coworkers
reported a post-synthetic metathesis and oxidation (PSMO)
strategy to synthesize stable MOFs from MOFs with kinetically
labile linkages such as Mg-carboxylate.?°® The original metal
ions in the parent frameworks were first exchanged with
precursors of hard metal ions bearing a lower oxidation state
such as Fe(ll) or Cr(ll) in solution under inert atmosphere. The
isostructural MOFs containing the new metal ions were then
oxidized to form the kinetically more inert Fe(lll)- or Cr(lll)-O
bonds (Figure 12). The PSMO process provides a facile and
effective way to synthesize stable Cr-MOFs, which were
otherwise challenging to be directly synthesized and crystallized

Figure 12. (a) Schematic diagram of metathesis-oxidation strategy of Ms-cluster. (b) Structures of NU-1500-Cr (left) and Cr-soc-MOF-1 (right). Color scheme: C (gray),

O (red), Fe3* (green), Cr?* (blue), and Cr3* (viridian).

14 | J. Name., 2012, 00, 1-3
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due to kinetically inert Cr(l11)-O bonds. The high water-stability
of Cr-MOFs makes them promising candidates for water
adsorption.  Cr-soc-MOF-12°6  and NU-1500-Cr?°”  were
synthesized by PSMO of the Fe parent frameworks and showed
excellent water capture capacity and stability after multiple
adsorption/desorption cycles.

5.2 Linkers with enhanced stability

Besides the metal-linker bonds, the design and modification of
linkers can also stabilize the final frameworks under certain
conditions. For example, hydrophobic ligands inside the pores
of MOFs can prevent water from coming into close proximity of
metal-linker bonds, thus equipping the MOF with water
stability. Commonly employed hydrophobic functional groups,
such as fluoride, alkyl, and aromatic groups, can be
COOH COCH COOH CQOOH COOH

p
incorporated in MOFs through isoreticular substitution, de novo i o e . o. F
design or post-synthetic modification (Figure 13). Isoreticular ©//©/ I>: Iﬁ ©/ \fr
substitution of some parent MOFs built from otherwise Loon &oon loon  toom Loon : COQHF Loon
unstable metal-linker bonds with hydrophobic linkers can coom oo

H F H F
. . s N E f F
improve their water stability compared to the parent structures \@? j\§ {?/kr W
= N—NH

built from otherwise unstable metal-linker bonds in the
COOH COOH HOOC COOH

presence of water (Figure 14). For instance, MOF-5 ([Zn,O(COO" F
)e]) is unstable under the attack of water, and its pore structures

~

HOOC COOH

will collapse under humid conditions. However, after grafting of
hydrophobic moieties such as trifluoromethoxy and methyl
groups on the BDC linker, the porosity of modified MOF-5 can
be preserved after days of exposure to ambient air.208209
Another class of MOFs that suffers from water instability is
based on metal [M2(COO)4] (M = Co?, Ni?*, Cu?*, and Zn**)
paddlewheel SBUs. The introduction of hydrophobic groups
provided a shield to protect the paddlewheel from hydrolysis
and enhance the water stability.21%-212 Through multiple cycles
of water adsorption tests, the condensation points of
methylated and fluorinated MOFs are at higher relative
humidity, confirming that the frameworks are more
hydrophobic than their parent structures.

Even if the metal-ligand bond is already stable in water, a
hydrophobic linker can further alter the hydrophobicity of
frameworks for targeted applications. For the capture of
volatile organic compounds (VOCs) in air, moisture is
unavoidable and will act as a competitor during the adsorption
process. Thus, avoiding water adsorption is important for such
applications. Cr-MIL-101 is known as a stable framework even
under harsh conditions, but it can adsorb about 70 mmol/g of
water within the relative humidity range of 40-60% at room
temperature, hindering the further capture of VOCs under such
conditions. To avoid water adsorption, 1,4-naphthalene
dicarboxylic acid, instead of H,BDC, was used to construct mtn
network MIL(Cr)-Z1, which adsorbed only about 17 mmol/g of
water up to 90% relative humidity at RT.213 As a result, MIL(Cr)-
Z1 avoided the interference of water during the capture of
VOCs, and enhanced the adsorption capacity and selectivity

simultaneously. The same strategy was used in the fcu HOOC. COOH
frameworks constructed by [Nig(OH)4(H20),Pz1,] nodes. The g O Hooc L
linear pyrazolate-based ligand was modified by introducing | Loom Loom Fom e, EL mBut, s, Oct, e )

methyl and trifluoromethyl group.?!* This resulted in a

significant increase in hydrophobicity, thus overcoming the Figure 13. The chemical structure of hydrophobic organic linkers in which the

hydrophobic groups are marked with red color.
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Figure 14. Schematic view of the construction of hydrophobic MOFs by introducing

hydrophobic groups onto organic linkers via reticular chemistry. Color scheme: metal
(green), C (gray), O (red), N (blue), and hydrophobic groups (purple).

issues associated with the capture of VOCs
competitive, moist environments.

The application of MOFs in catalysis usually involves acidic or
alkaline environment, in which case the acid and base chemical
stability is also crucial for MOFs. In the case of JUC-1000, an
organic ligand containing both acidic and basic functional

in highly

groups was designed and used to construct Cu paddle-wheel
based MOFs .?'> The ligand can act as a buffer where the phenol
group is a weak acid, with the amino and triazine groups serving
as weak bases; these then withstand both the attack of acid and
base. JUC-1000 can maintain its porosity in both acidic (pH = 1.5)
and basic (pH = 12.5) aqueous solutions. With the benefit of the
acid—base-paired ligand, JUC-1000 exhibited excellent
performance in the chemical fixation of carbon dioxide at
ambient conditions.

Post-synthetic modification (PSM) of MOF linkers is an effective
method to preserve the porosity of MOFs by either
strengthening unstable bonds or modifying hydrophobicity.
PSM can also be employed to fortify unstable organic linkers.
For example, the imine bonds in the linker of NU-401 are prone
to hydrolysis under moist conditions. To stabilize the linker, an
aza-Diels-Alder reaction was used to transform the unstable
C=N bond into a rigid and stable quinoline group.?!® The post-
synthetically modified framework NU-401-Q (Q = quinoline)
exhibited enhanced water stability after and improved oxygen
adsorption capacity compared to the parent NU-401.

6. Conclusions and Outlooks

The past few decades have witnessed the rapid growth of MOF
research both in the development of new materials and the
utilization of these highly programmable materials for a wide
range of applications. Since porosity is a fundamental
characteristic of MOFs and a foundation for the majority of MOF
applications, research into the design and control of porosity,
including how to best preserve porosity for a targeted
application, has been a central theme. Looking forward, this
theme will be continued in order to better control the
accessibility of the void space and the functionalities within the

frameworks.

16 | J. Name., 2012, 00, 1-3

One of the ongoing challenges is the design and synthesis of
highly porous MOFs that can balance both gravimetric and
volumetric surface areas; these types of adsorbents are in high
demand for on-board storage and delivery of clean fuels, such
as hydrogen and methane gases.

Additionally, the ability to make high porosity MOFs that
require minimal processing has always been appealing for their
practical applications. Simplifying the time- and energy-
consuming process of MOF activation towards a direct
activation through heat and vacuum without a solvent-
exchange pretreatment remains a challenge. Even more
appealing is the possibility of synthesizing these highly porous
MOFs with simple and cost-effective organic linkers. Generally,
the quest for more stable materials is always of high interest
over the long term due to their durability, reusability, and cost
efficiency.

The great promise of using MOFs as host materials is not limited
to small gas molecules. MOFs have already shown promise for
encapsulation of large molecules such as pharmaceuticals,
proteins, polyoxometalates and molecular magnets, and there
still remains vast unchartered land to be explored with the
compass of reticular chemistry. From a historical point of view,
the field of MOF research has been prospering and the road
ahead will be rife with challenges. Nevertheless, along with the

challenges is a bright future with plenty of opportunity.
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