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Although chemists in general are concerned with the art and science of constructing
molecules and understanding their behavior, for a long time the idea that such molecules
can be linked together by strong bonds to make infinite, extended structures was fraught
with failure. The notion of using molecular building blocks to make such structures
invariably led to chaotic, ill-defined materials and therefore not only defying the chemists’
need to exert their will on the design of matter but also preventing them from deciphering
the atomic arrangement of such products. The field remained undeveloped for most of the
twentieth century, and it was taken as an article of faith that linking molecules by strong
bonds to make extended structures is a “waste of time” because “it doesn’'t work.”

ALTHOUGH CHEMISTS IN
general are concerned with the art
and science of constructing molecules
and understanding their behavior, for
a long time the idea that such mole-
cules can be linked together by strong
bonds to make infinite, extended
structures was fraught with failure.
The notion of using molecular build-
ing blocks to make such structures
invariably led to chaotic, ill-defined
materials and therefore not only defy-
ing the chemists’ need to exert their
will on the design of matter but also
preventing them from deciphering the
atomic arrangement of such products.
The field remained undeveloped for

most of the twentieth century, and it
was taken as an article of faith that
linking molecules by strong bonds to
make extended structures is a “waste
of time” because “it doesn’t work.”
This state of affairs was changed
when a little known contribution was
published 1994, where it was shown
that negatively charged germanium
sulfide clusters can be linked by pos-
itively charged manganese ions to
make an extended structure (Figure
1).! This was the first successful
demonstration of linking molecu-
lar building blocks by strong bonds
to make solid-state materials. The
fact that the product was made in

crystalline form and that the original
clusters were translated into the crys-
tal had two immediate ramifications:
The crystallinity led to atomic level
identification of the resulting structure
while the preservation of the cluster
geometry meant that in future the abil-
ity to predict accurately the outcome
of such syntheses might become
real especially since the cluster units
are directional. There were additional
advantages which became central to
this emerging field. For example, the
cluster constituents and their linkage
(strong metal-sulfide bonds) provided
the potential for making robust struc-
tures, and in the present case these
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encompassed space filled with the
organic counterions — space that is
ensured by the large size of the cluster
building units.

The success here was driven by a
bold guess not very much unlike that
spoken of by Newton. The guess was
that it should be possible to balance
the thermodynamics of making the
necessary bonds with the kinetics of
making and breaking these bonds
to control crystallization of the result-
ing extended structure. Intuitively, the
guess emerged from the recognition
that nature is so rich and our knowl-
edge of this richness is so primitive
that it made sense to actually run the
building block reaction stated above
and see whether nature would give
a crystalline product. This “faith’ in
nature’s ability to reveal itself and guide
those who are of the prepared mind
awaiting her offerings is paramount
to arriving at a discovery imagined by
those who dare to have a bold guess.
This original contribution involving
the manganese germanium sulfide
framework put the seeds in place
for the development of what we now
know as reticular chemistry whose
definition includes the three important
fundamental advances illustrated by
the successful synthesis of this very
framework. It is defined as the linking
of molecular building blocks by strong

No great discovery
was ever made
without a
bold guess.”—
Isaac Newton

bonds to make crystalline extended
structures.?® In this article, we share
with the readers how based on the
thinking provided by that first contri-
bution, large classes of metal-organic
frameworks (MOFs) and covalent
organic frameworks (COFs) have been
developed, members of which have
the property of harvesting water from
desert air and the potential to solve the
world’s water stress challenge.

All the advantages imparted by the
use of clusters as building units did
not at this point include the ability to
functionalize what eventually would
be open pores in such frameworks.
Accordingly, attention was focused on
the incorporation of organic molecules
as building units and these would pref-
erably be charged in order to enhance
the bonding strength with metal ions.
However, first it was useful to demon-
strate that crystalline materials can be
made by combining transition metal
ions with charged organic linkers.
Indeed, in a 1995 report,* carboxy-
late organic molecules (1,3,5-ben-
zenetricarboxylate) were linked by

cobalt ions to make a layered MOF
where the unique synthetic condi-
tion developed led to its attainment in
crystalline form (Figure 2). This report
was immediately followed by several
additional examples showing that the
carboxylate linkage forms multi-metal-
lic clusters, termed secondary building
units (SBUs), ® which were directional,
robust, and rigid, and therefore excel-
lent objects to combine with organic
linkers and make porous MOFs.

An important illustration of the
SBU approach came in 1998 when
1,4-benzenedicarboxylate was
linked by zinc ions to make what is
known as MOF-2 (Figure 3) whose
structure is composed of di-nu-
clear metal nodes linked into a lay-
ered structure with pores filled with
N,N-dimethylformamide molecules.®
The assessment of MOF-2 porosity
was done by evacuating the pores
and measuring nitrogen adsorption
isotherms at low pressure and tem-
perature: The conditions that are rec-
ommended by the IUPAC and used
as the gold standard for evaluating
porosity in materials. From these iso-
therms the pore volume and inter-
nal surface area were derived for the
material. The isotherms for MOF-2
were the first measurements made
on any metal-organic porous material
and proved its permanent porosity.
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Figure 1: Crystalline
inorganic extended
structure from
molecular building
blocks.

Figure 2: Metal
ions joined by
charged organic
linkers to make
metal-organic
frameworks (MOFs)
in crystalline form.

Figure 3: The
carboxylate linkers
form di-metallic
units (secondary
building units,
SBUs), to make
architecturally
robust, porous
MOFs.
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This demonstrates that the SBU approach for
making MOFs leads to architecturally robust
structures that can sustain their porosity in
the absence of any molecular ‘guests’ in the
pores. In 1999, the same SBU approach was
used to link the basic zinc acetate cluster
with 1,4-benzenedicarboxylate and give a
crystalline solid whose structure is referred to
as MOF-5 (Figure 4, labelled as IRMOF-1)." Its
three dimensional porous structure exhibited
ultrahigh porosity exceeding all previous values
obtained for the traditional porous solids be
they crystalline or amorphous.

At this juncture, it is useful to mention that
the SBU approach, the strong metal ion-
charged linker bonds, the gas adsorption
measurements to prove permanent porosity,
and the ultrahigh porosity of these early MOFs
became the preferred methods and strategies
for the further development of MOF chemistry.
Today, nearly all MOFs reported use (a) the
same or similar synthesis and crystallization
conditions to those used for these early MOFs,
(b) the SBU approach outlined above, and (c)
the same gas adsorption measurements to
evaluate and study their porosity. On a foun-
dational level, the success of the building block
approach was extended from the very early
examples of all inorganic metal-sulfide frame-
works to metal-organic frameworks where

the latter combined two fields of chemistry
inorganic and organic into one, and extended
molecular metal-organic chemistry into infinite
2D and 3D structures.®

The power of reticular chemistry was illus-
trated in 2002 by the synthesis of MOF-5
derivatives whose pores can be functionalized
and expanded without changing their underly-
ing connectivity (termed isoreticular MOFs or
MOFs having the same topology, Figure 4).°
Crystal structures of MOF-5 dosed with argon
and nitrogen revealed the adsorptive sites
within the pores and also explained the ultra-
high porosity of MOFs.'® The more exposed
edges and faces of the linkers, the higher the
number of adsorptive sites and therefore the
higher the internal surface area. This discov-
ery was followed with many reports of MOFs
whose structures were replete with adsorptive
sites and accordingly their surface areas far
exceeded earlier examples."* One gram of
these new MOFs has the surface area of sev-
eral football fields!

Anyone can find the
‘switch’ after the lights
are on.”— Confucius

With these developments in place the stage
was set for expansion of reticular chemistry
with the original contributions serving as pil-
lars for the work reported from 2002 to 2010.
The community elaborated the use of the
SBU approach in making MOFs based on
variously shaped building units, studied their
gas adsorptive properties, and aimed for appli-
cations based on putting to use the ultrahigh
surface area of MOFs."*%°|n this period, at least
two major discoveries were made which later
were used to vastly enrich reticular chemistry:
First, the mixing of functionalities and metal ions
in a specific MOF structure to make multivar-
iate MOFs expanded the scope of the chem-
istry and its applications.?®?” The multivariate
MOFs were found to exhibit gas adsorptive
properties that significantly exceeded the sum
of the corresponding MOFs having unmixed
functionality or metals. Second, post-synthetic
maodification of MOFs brought to the forefront
the idea of using frameworks as molecules, in
that a framework can be modified by carryout
organic reactions on its linkers or exchange
of the metals in the SBU without loss of its
crystallinity or backbone structure.?®?° These
two developments dominated the chemistry of
MOF for the next decade (2010-2020) and had
the impact of not only bringing the precision of
molecular chemistry to the solid-state but also
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Figure 4: MOF-5 (labelled as IRMOF-1) and its isoreticular functionalized and

expanded MOFs.

Figure 5: Covalent organic framework-1 composed entirely of light atoms
linked by covalent bonds to make a 2D frameworks.

Figure 6: 3D covalent organic framework whose structure is the lightest of all

solid compounds.
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adding to chemistry the concept of multi-var-
iation as means of storing unique chemical
information in the pores of MOFs in the form
of organic functionality domains and metal ion
sequences.®3!

Don’t Sleep Through the
Revolution.” — Martin
Luther King, Jr.

These developments were taking place
alongside another revolution which was launch-
ing in the organic chemistry front. Specifically,
the first covalent organic frameworks (COFs)
were successfully synthesized and crystallized
in 2005 and 2007 (Figure 5 and 6).%22% Unlike
MOFs, COFs were entirely composed of light
elements such as boron, carbon, oxygen, and
nitrogen being linked by covalent bonds. From
2005-2010, robust synthetic conditions for the
crystallization of COFs were developed, their
porosity was measured, and their use in gas
adsorption and storage were examined.34-3¢
Studies showing how COFs can be placed
on surfaces and electronic devices can be
constructed from these new materials were
reported from the period of 2010-2020.%" This
decade witnessed an exponential growth of
COF chemistry. The key milestones dealt with
extending the chemistry originally developed
for the early COFs using boroxine and bor-
onate ester linkages to imines, hydrazones,
imide, phenazines, dioxane, urea, esters, and
ethylene.®®“* For linkages that were more diffi-
cult to crystallize such as amides, amines, and
oxazoles, post-synthetic linkage conversion of
the imine to these new linkages were success-
ful.-4° Today, research into COFs is increasing
at an exponential rate and the revolution being
experienced with MOFs is currently rivaled only
by that of COFs.

| don’t just paint
something I have in mind.
I paint to find out what |
have in mind.” — Enrique
Martinez Celaya

There was a period where MOFs and COFs
were being made just to find out what exactly
is possible and what these products might
teach us about reticular chemistry. If indeed
we can predict every structure we can think
of, chemistry would be very boring and not a
worthwhile endeavor.

Thus exploration for the sake of discovery
and letting nature reveal to us what might not
have been in our mind is at the heart of reticu-
lar chemistry. This approach was increasingly
being practiced in the study and discovery of
new properties for MOFs and COFs. Indeed, it
is this very approach that has led us to uncover
the unique water uptake behavior of MOFs.
Prior to this point the fact that MOFs and
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Figure 7: Nearly one-third of the world population lives in water stressed regions (red
in the middle and bottom). MOFs are capable of harvesting water from the arid air of
these regions and delivering clean water. Unlike other materials and technologies,
MOFs are the only materials known to work anytime, anywhere.

COFs have been shown to be architecturally,
chemically, and thermally robust, coupled
with their ultrahigh surface area, meant that
gas adsorption was a sound direction for
exploitation of these properties. Considering
that hydrogen, methane, carbon dioxide, and
water are some of the smallest molecules
known, they impact our energy, environment,
sustainability, and water outlook. The storage
of the first three in MOFs and COFs were heav-
ily studied and showed quite promising results
for commercialization.>°

If | have seen further
than others, it is by
Standing upon the

shoulders of giants.” —
Isaac Newton

Today reticular chemistry is one of the fastest
growing fields of science, it is being researched
in over one-hundred countries with a plethora
of applications advancing to commercial-
ization. This emerging field has at its core
inorganic and organic chemistry but it also
adds the new chemistry of using the strong
metal-ion-based bonds and covalent bonds
to link molecules into extended structures,
features unattainable prior to reticular chem-
istry. Thus, it is useful to make a distinction
between reticular chemistry and supramolec-
ular chemistry, where the earlier is concerned
with linking molecules into extended structures
by strong and covalent bonds, while the latter
has been defined to be concerned with linking
molecules by weak intermolecular forces such
as hydrogen bonds.%" Clearly each chemistry
requires different reactions and skills in the lab-
oratory and each chemistry is distinct in terms
of the objects it leads to and the uses thereof.
Indeed, the water harvesting from desert air
application was only made possible by the fact
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that the MOFs are based on strong linkages
and therefore robust structures that can be
architecturally stable to maintain their poros-
ity, chemically stable to maintain their uptake
and release of water, and thermally stable
to maintain their function under the elevated
temperatures in the desert for many years of
deployment. We emphasize that our preoc-
cupation with developing the chemistry of the
strong bond in the solid state and therefore in
materials is not just an intellectual obsession
but it is a worthwhile endeavor, which is lead-
ing to forefront solutions to some of the most
pressing problems facing our planet in areas
such as carbon capture and water.

Droplets of life

Water harvesting from air is an idea that
has been pursued since time immemorial. In
humid areas of the world where air contains
over 10 g of water per cubic meter, there are
many approaches known to harvesting water.
Fog collecting and methods relying on direct
cooling of air to condense water are still being
practiced today. However, at lower humidity
(<10 g of water per cubic meter) no viable
materials existed prior to reticular materials.
It is useful to outline the criteria a material
must meet in order to be capable of efficiently
harvesting water from air. First, it has to be
able to capture water at low humidity where
almost one-third of the world population lives
and experience water stress most of the year,
another one-third of the world population lives
in areas where they experience water stress
for at three to six months of the year (Figure 7).
Second, it should operate with fast kinetics,
where water uptake and release occurs rap-
idly to allow sufficient water to be produced.
Third, it should have high capacity in order to
avoid excessive number of cycles and addi-
tional energy cost for cycling. At present, the
materials being tested are broadly represented
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by zeolites, porous polymers, and inorganic
salts — all fail in meeting one or more of these
criteria. A viable material must meet all three
criteria.®

In the study of carbon dioxide capture from
flue gas, the separation of carbon dioxide from
water is a key step in the success of the pro-
cess. In 2014, while studying a zirconium (IV)
MOF (MOF-841) for its carbon dioxide capture
properties, it was intriguing to find that it took
up significant amounts of water from gas mix-
tures.® This observation in itself was unexcep-
tional as many MOFs and other materials take
up water; however, up to that point none were

—~ » A

exhibiting the properties of this MOF. MOF-
841 took up water in voluminous amounts at
relative humidity (R.H.) down to almost 25%,
and where binding water into its pores by
what appears to be a cooperative mechanism,
giving a ‘knee’ shaped water uptake isotherm.
The other remarkable observation from this
study was the fact that the adsorbed water
can be removed at relatively low temperature
(45°C). Taken together these findings indicated
that MOF-841 could be exposed to desert air
at night to take up water, which would then be
harvested by removing it from the pores during
the day when the temperature is higher and

Figure 8: Second generation MOF water harvester tested in the Arizona desert. Box-
in-a-box design capable of harvesting water from air with no energy input aside from

ambient sunlight.

Figure 9: Third generation MOF water harvester tested in Mojave desert. It is powered
by a solar panel to allow multiple cycles of water uptake from air and collection of
water.
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thereby providing access to drinking water. In
essence the action of the MOF was to provide
means of taking water from low humidity air
and concentrating it so that when the MOF
is heated in a closed system, high humidity
is generated and condensation of water can
easily take place by the temperature gradient
existing between the ambient and that inside
of the box.

The MOF is constructed on the molecular
level from metal-oxide units linked by organic
linkers, each programmed to fit together as
in a 3D Jigsaw puzzle and to yield an infinite
arrangement encompassing space within
which water can be adsorbed. There are
several unique properties exhibited by water
harvesting MOFs discovered since MOF-841:
First, they have built into their pores specific
adsorptive sites to which water can freely bind.
These sites are hydrophilic (water ‘loving’) and
therefore can attract water from low humidity
air where its concentration is preciously low.
Second, we know that the very first water
molecules to get into the pores and reside on
those binding sites attract other water mole-
cules to form small water aggregated seeds
unto which progressively increasing amounts
of water bind through making hydrogen bonds
and ultimately filling the pores. This is another
way of saying the water binding follows a
cooperative mechanism where the more water
molecules are on the binding sites, the more
water gets attracted into the pores from the
atmosphere. Third, the fact that the MOF
composed of hydrophilic (metal-oxide units)
and hydrophobic (segments of the organic
linkers) regions makes its vast pore system ide-
ally suited for accumulating water through the
cooperative mechanism without holding onto
water too tightly. This means relatively mild
temperature is applied to remove water from
the pores for harvesting. These three unique
properties have a direct impact on the water
harvesting capacity, kinetics of uptake and
release, and the energy required to harvest
water using MOFs.

To show the viability of MOFs as practical
water harvesting materials, a box within a box
construct was built and charged with one
kilogram of another MOF (MOF-801) (Figure
8).54 This MOF was shown in the laboratory to
take up water from even lower humidity (R.H.
of 10%) than MOF-841 and therefore was an
ideal candidate to be tested in the desert. The
inner box is kept open at night to allow water
in the atmosphere to enter the MOF. It’s then
shut during the day and exposed to sunlight.
As the interior of the box heats up, water is
released and condensed on the walls of the
box. This box device was tested in the Arizona
desert and found to deliver 200-300 mL of
water per kilogram of MOF per day at 5-40%
R.H. and 20-40 °C. The success in harvest-
ing water from this simple box within a box
construct was truly transformational since it
is the first time in history for water from desert
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air was harvested in this manner. It is all the
more remarkable that this was done using an
uncomplicated setup of two plexiglass boxes
and with only energy input from ambient
sunlight.

The Arizona field test was extremely helpful
in the development of what later was termed
the MOF water harvester. It demonstrated
that: (1) the MOF is thermally and chemically
stable under real world conditions, and there-
fore potentially, as illustrated in later versions,
it can be cycled multiple times to harvest more
water, (2) the water harvested was tested for
impurities and found to be ultrapure with no
metal or organic contaminants detected; an
aspect that is also supported by the fact that
the MOF is a molecular filter only allowing
water into its pores and rejecting any undesir-
able species that might be in the air, and (3)
since the MOF works at such a low humidity,
it meant that it can be deployed at any other
higher humidity; thus making it possible to
envision the use of MOFs for harvesting water
anytime of the year, anywhere in the world.

The attention was directed at building a MOF
water harvester capable of multiple cycles and
this naturally would require some power input
such as from a solar panel. For this gener-
ation of water harvesters, a new MOF was
discovered, MOF-303 Al(OH)(1H-pyrazole-
3,5-dicarboxylate). It has a porous, crystalline
structure, composed of rod metal-oxide units
linked by pyrazole units leading to an overall
3D structure with 1D pores. Initial experiments
in the laboratory showed that MOF-303 was
capable of extracting water at very low humid-
ity (<7% R.H.) and significantly it can take up
water and release with great facility. These
observations meant that several cycles can
be carried out for the adsorption-desorption
of water within an order of minutes at 85 °C. In
this way, significantly higher amounts of water
per kilogram of MOF can be harvested.*®
Accordingly, a multi-stage device composed
of a number of MOF cartridges was designed
and constructed, then charged with a total of
one kilogram of MOF-303. It was tested in the
Mojave Desert under extreme humidity 10%
RH and 27 °C. It delivered 0.7-1.0 L water per
kilogram of MOF per day (Figure 9), which is
an order of magnitude more than the passive
box within a box harvester.

With these developments at hand, efforts
are underway to build a precommercial water
harvester (Figure 10). Preliminary results along
these lines show that it is possible design and
construct a table top device capable of more
than 200 cycles per day, requiring minimal
energy, and delivering up to 40 L per kilogram
of MOF per day. This is less than half of the
intrinsic capacity of a typical water harvesting
MOF, thus it is just a matter of time and engi-
neering before we are able to approach nearly
100 liters per kilogram of MOF per day. There
are also plans to build larger devices capable
of delivering 250 L and 20,000 L per day.
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Animportant exercise was carried out using
the water production parameters and opera-
tion conditions of MOF-303 to derive the water
productivity of the latest MOF water harvester
for cities around the world (Table 1). It turns out
that cities in tropical savanna climate (Chennai
and Dhaka) would have daily rates as high as
90 L of water per kilogram of MOF. It is quite
remarkable that 7-20 L of water per kilogram
of MOF is achievable in the driest deserts of
the world (Mojave and Atacama). For cities
with hot desert climate (Baghdad, Riyadh),
even though the R.H. is low (14% for Riyadh in
August) during the hot summer, the expected
daily rates are 30 L water per kilogram of MOF
per day.%®

These laboratory to desert experiments
proved very convincingly the MOF capability
in harvesting and delivering ultrapure water
from desert climate where humidity and the
concentration of water in air are low. No other
material can perform with the same efficiency
and under these extreme conditions. These
findings potentially make available to society
another source of clean water that is recy-
clable and sustainable. The MOF material is
also recyclable and it has sustainable method
of making it with zero discharge. Since the
lifetime of the MOF is that of the device (antic-
ipated to be 6-10 years), the MOF can remain
in the device without having to be replaced. At
the end of the device life and the MOF peak
performance, the MOF can be dissociated

into its constituent building blocks and remade
into its original form in water and with no waste.

It is not anticipated that the MOF water har-
vester will replace the current cheap sources
of water but at least in terms of overall costs to
consumer, water obtained from the MOF water
harvester costs only a fraction of that currently
marketed as bottled water. Water Harvesting
Inc., a startup pursuing the commercializa-
tion of the MOF water harvester, has already
made viable business plans to provide water
as a service to communities where it is most
needed. With all costs taken into account the
cost of drinking water for a family of four will not
exceed one dollar per day. This is a significant
step in the right direction for making clean
water accessible to everyone on our planet.
The vision is to create water independence
for citizens of the world and make water a
human right.

The best way to predict
the future is to create it.”
— Abraham Lincoln

To appreciate the current state of reticular
chemistry, it is helpful to step back and con-
sider the materials serving humanity thus far.
Many would agree that steel, aluminum, silicon,
cement, glass, wood, polymers, pharmaceuti-
cals, petroleum, paper, and fabrics, represent
prominent examples where ecosystems were

Figure 10: A table top MOF water harvester (fourth generation) delivering 4 L per day in

desert climate and using 100 g of MOF.
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Table 1: Minimum and maximum amounts (depending on time of year) of water the MOF is
expected to deliver in various cities around the world.

Chennai 77 93
Cape Town 48 67
Dhaka 49 96
Perth 39 53
Delhi 43 94
Baghdad 38 46
Rome 36 72
Granada 34 51
London 34 57
Riyadh 30 44
Los Angeles 34 56
Stockholm 24 68
New York 19 66
Kabul 19 47
Calama 7 42
Beatty 16 34
Lanzhou 13 60

developed around each one of them. As we
entered the twenty-first century, many issues
facing our planet have dealt with energy effi-
ciency and renewable, clean environment and
air, sustainability and conservation, and access
to clean water. Clearly these materials can
not address the new challenges facing us in
those areas. New kind of chemistry is needed
to create new materials which ultimately can
effectively solve the new problems. As all
these problems are best understood first on
the atomic and molecular level, it is natural to
believe that viable solutions would likely be
found by enhancing our capability to design
and precisely control matter on the minute
level. The foregoing discussion in this article
of how reticular chemistry has led to the har-
vesting water from desert air and to the suc-
cessful laboratory to desert trials underlines
the power and the unparalleled precision of

this new chemistry and its impact on crafting
useful materials. What else will be needed to,
dare one say, advance MOFs and COFs as the
twenty-first century materials?

There is a vast possible structure space
resulting from linking building blocks together
into new materials and vast possible ways of
functionalizing each one of those materials,
and therefore in this context reticular chemis-
try is infinite. Indeed, infinite chemistry, infinite
materials, and infinite applications. How do we
tame this infiniteness? And bring it to profitable
utility in advancing knowledge and industry. It
will be essential to digitize reticular chemistry.
This can be done by coupling robotics with
machine learning and in turn joining the labo-
ratory discovery cycle with the digital discovery
cycle as outlined in a recent publication.®”
The purpose of this initiative will be to explore
the vast structure space and uncover new

useful ones, identify structures which could
solve specific problems, and develop the
new tools of digital reticular chemistry to be
routine instruments of learning and discovery
along the path spanning the laboratory to
commercialization.

Another question being articulated in retic-
ular chemistry today is: How can we build
into these highly crystalline and ‘repetitive’
structures unique sequences of information
without falling into chaos? The answer can be
gleaned by contrasting on a conceptual level
the reticular structure with that of DNA. Both
have repetitive backbones onto which molec-
ular entities can be bound covalently. As multi-
ple different kind of these entities are attached
to the backbone, their spatial arrangements
are described in terms of sequences. For
DNA, enzymes can sequence and identify
the spatial arrangements of nucleotides but
the equivalent of this elegant process does
not exist for MOFs or COFs into which mul-
tiple functionalities can be pinned onto their
backbone to make the so-called multivariate
MOFs and COFs. Preliminary evidence points
to the presence of sequences in these sys-
tems. It should be possible to characterize
these sequences by studying their properties
and working the sequences from how the
properties are influenced by their composi-
tion. In this regard, the artificial intelligence
tools mentioned above will be indispensable.
The dream is to make structures into which
sequences are designed to code for specific
properties. This is not far from reality as it
was already shown that multivariate MOFs
exhibit properties that go beyond the sum of
their parts.

Twenty-five years ago, the experiment was
tried because of a bold guess and this has led
to infinite possibilities which, as exemplified by
the case of water harvesting from air, made all
the difference in creating a path for address-
ing vexing societal problems. Above all else, it
is useful to remark that it was originally based
on answering an intellectual challenge and the
result has been exciting new chemistry and
impactful applications. It is apparent that we
have only scratched the surface, with much
more of reticular chemistry is yet to come. @
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