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Reticular chemistry, linking molecular building blocks together by strong bonds to make porous

frameworks, is a rapidly expanding field of research, engaging laboratories worldwide. However, as with

any emerging field, there exist ‘folklores’ permeating through the scientific discourse. These folklores do
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In this special issue, we wish to share our views about the
current state and future direction of reticular chemistry, which
is the chemistry of linking molecular building blocks by strong
bonds into crystalline extended structures, such as metal-
organic frameworks (MOFs) and covalent organic frameworks
(COFs)"™ Since the measurement of the first gas adsorption
isotherm for MOFs,” the scope of their chemistry and applica-
tions has expanded to the point that this field has become one
of the most actively researched in the chemical and materials
sciences.® Whether it is constructing the MOF/COF backbone
or functionalizing the pores, reticular chemistry is practically
becoming ‘covalent chemistry beyond molecules’.”® We use the
term ‘folklore’ as it largely refers to the passing of traditional
knowledge and practices primarily through oral communica-
tions among people who belong to the same community, tribe,
or culture. Folklore is a common feature of art, literature,
philosophy, religion, and mythology, yet it is, at least on the
surface, avoided in science. This is understandable as science is
based on observations and experiments to uncover the facts.
However, in a sense, the field of reticular chemistry is not very
much unlike other expanding fields of science in that folklore
has found its way into the larger scientific discourse of the
field. We must point out the fact that the main purpose of
folklore is for entertainment as opposed to advancing scientific
thought. Our concern is when folklore, even if it is in small
part, affects reality and, therefore, the course of our experi-
ments and scientific pursuits. This concern is the reason we
choose to discuss the subject of folklore and reality in reticular
chemistry. Many practitioners of this chemistry are bringing
out its reality in their contributions, in spectacular ways not the
least of which by combining the beauty of reticular structures
with their substance and significance. This makes it all the
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little in the way of advancing the field and, in no uncertain terms, negatively color our scientific pursuits.
It is within this context that we seek to bring the folklores out into the open to provide the true realities

more important to discuss the folklore and reality, such that
emerging scholars in the field receive the message accurately
and engage in productive scientific activities. There is a lot at
stake for us to get it right!

Herein, we provide and detail three folklores that emerging
scholars may encounter about MOFs/COFs, especially in insti-
tutions where MOF/COF chemistry is nascent. Although these
folklores are beginning to subside (thankfully), we still believe
it is useful to bring them out into the open and address them
with the true reality. The importance of this discussion will
allow students and researchers from around the world to have
the freedom to imagine and create without the unnecessary
distractions and corrosive indulgence in folklore.’

Folklore #1: “Applications are
necessary for publishing MOF
structures”

We know that for many scientific innovations, the applications
were realized through adopting a basic science-approach towards
understanding materials’ fundamental properties. Basic science
and applications are central for making a meaningful contribu-
tion and building a field of research, as well as for turning that
field into a scholarly discipline of teaching and learning. Without
basic science, the engine of innovations will come to a halt
bringing thriving technologies and knowledge-based economies
to stagnation.

When a new MOF structure is made, it is incumbent upon
the researcher to think deeply about what it is that he/she just
made: examine the structure in detail, describe its chemical
make-up and connectivity, and study it as if it were a new species.
The beauty is in unveiling what the structure is ‘trying to tell us’.
In other words, nature has revealed itself to us through that
structure and provided us with the opportunity to recognize

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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B. Elusive Polybenzene Structure in pbz-MOF-1

Fig. 1 Reticular chemistry is based on a deep understanding of the unique characteristics of a new MOF structure, thus dispelling the folklore that
“applications are needed to publish.” (A) Crystal structure of CAU-17 with one of the most complicated nets ever reported for a MOF structure.!! (B) The
polybenzene or “cubic graphite” structure was proposed over 70 years ago, but only with the synthesis of pbz-MOF-1 was it realized.* Atom colors: C,
grey; O, red; Bi, red polyhedra; and Zr, blue polyhedra. H atoms are omitted for clarity and the yellow ball in pbz-MOF-1 represents the free space.

new facts about chemistry. If our thorough analysis and com-
prehensive understanding of the structure is performed in a
setting absent of the confines of placing it within the current
trend of applications, the likelihood of uncovering something
unique is remarkably high (Fig. 1). This is the reality of reticular
chemistry and, at present, remains a source of great inspiration
in the literature.'®>* Furthermore, it is an aspect that leads
us to understand our molecular creations more deeply, which
inevitably moves us towards applications rather than away from
them. Let us not forget that one of our most important products
is to use research as a tool to elevate the minds of students and
to teach them how to solve challenging problems and, in the
meantime, discover the subtleties of how failure and success
are intertwined.

It goes without saying that each MOF/COF we discover is
important. This is because by combining organic and inorganic
units to make MOF crystals, we have combined into one field,
two fields of study, organic and inorganic, which for many years
were considered and taught as separate disciplines. Now, with
MOFs/COFs, the chemistries of both fields are exploited with
exceptional results. In the case of COFs, organic materials
can be readily made as 2D and 3D crystalline, covalent frame-
works, thereby extending organic chemistry beyond simple
molecules and polymers.”> The resulting new MOF/COF
materials have structures and properties unmatched by their
constituent molecular building blocks. Thus, when we synthe-
size a new structure, we must develop its chemistry just like
when an inorganic or organic chemist makes a new metal
complex or molecule.

A final point to consider is that reticular chemistry as a disci-
pline provides the intellectual framework for making completely
new materials, such as MOFs, COFs, ZIFs (zeolitic imidazolate
frameworks),>*?” CATs (metal-catecholate frameworks),>® woven
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frameworks,>® among others, and we expect many more to come.
Researchers working on these materials seamlessly cross
between molecular organic and inorganic, solid-state, topology,
geometry and, more recently, engineering and biology disciplines.
This is unprecedented in chemistry! Presently, one still finds that
mainstream inorganic or organic textbooks taught in classrooms
have very little (if any) solid-state chemistry and rarely discuss the
molecular aspects of materials chemistry. Reticular chemistry
offers a whole new world of beauty, relevance and impact, where
the precision of molecular chemistry is the thread connecting
basic science, properties, and applications of these new materials.
Therefore, at this stage in the development of the field, the basic
science is so intellectually rich that it can stand alone, and in
many cases, it is so important that it does lead to desirable
materials’ properties and applications.

Folklore #2: “MOFs are unstable,
expensive, cannot be scaled to large
quantities, and are yet to find
commercialization”

This is the general view of reticular chemistry, to be fair, which
is mostly held by scientists outside of the field. In reality, this
view could not be farther from the truth. However, we think
we understand why, despite the evidence to the contrary, that
this folklore persists. Let us consider, for example, how our
publications appear to others outside our field. They see regular
reports detailing flexible MOFs and what do they think? Materials
that are unstable, not robust, and prone to dynamic change. Of
course, the reality is that these frameworks exhibit interesting gate-
opening effects previously unseen in any other class of materials.****

Mater. Chem. Front., 2017, 1, 1304-1309 | 1305
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They also see thermal gravimetric traces very clearly showing
the decomposition of our materials, beyond 300 °C, to their
primary oxides and they argue that after all: “MOFs are >90%
organic, meaning that they cannot be stable”” or “Since COFs
are 100% organic, they stand no chance of having high thermal
stability whatsoever.” They are also quick to point out that
MOFs/COFs are made on milligram scales and believe that this
is the maximum possible production scale. Furthermore, they
see complicated organic linkers and, in some cases, exotic
solvents of various kinds used in our syntheses, and when they
pull up the prices for purchase, they can only conclude that
MOFs/COFs are prohibitively expensive.

Because this is a folklore supported by what appears to be
concrete evidence, its impact cuts deep and, thus, requires a
direct response. The first thing to learn about MOFs/COFs is
that no two materials are created equal in terms of their
structure and properties. Therefore, it has been widely shown
that they can be made with varying degrees of thermal and
chemical stability. When considering stability (architectural,
mechanical, thermal, or chemical), it is important to first
determine what kind of use one is targeting for a specific
reticular material. For example, uses in gas capture and release
require much lower stability than high temperature catalysis.
Nevertheless, significant advancements have been made in all
aspects of framework stability, especially with respect to some
Zr(v)-based MOFs, amide COFs, and hydrophobic ZIFs.>*3*

Many MOFs are now fabricated and properly shaped in ton
quantities by BASF (Ludwigshafen) and have been deployed in
various methane-fuelled automobile pilot programs as well as
for other technologies.**** Their end price obviously depends
on the types of organic linkers and metal ions employed, but
the cost issue is heavily dependent on many other factors
dealing with production scale, market value, and the specific
application in question. It is a matter of fact that commercia-
lization has less to do with the science we carry out in our
laboratories and more to do with societal and economic factors.
In the spirit of the foregoing discussion, let us pose this
question: do other important scientific innovations, such as
fullerene, graphene, or carbon nanotubes stand to the test
of ton scale production and widespread commercialization?
One can name many other fields of prominence in this context
as well. The fact is that these discoveries and areas of research
have first and foremost significantly enriched chemistry by
opening our minds and providing new opportunities for
research and development. Similarly, reticular chemistry has
changed the way we approach making new materials and it has
served to widen the scope of possible structures that we can
imagine and make. The reality of reticular chemistry is that the
number of MOF papers has exponentially grown since 1998.% In
fact, a recent study on the number of MOF structures deposited
in the Cambridge Structural Database revealed the fact that
over 69000 MOFs have been reported.*® Similar trends are
found when looking at the total number of patents awarded
since 2005, which includes discoveries made by small companies
and research programs at large chemical and automobile
corporations. All of this bodes well for the establishment of
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Fig. 2 Using reticular chemistry, MOFs are being fabricated on the ton
scale by BASF (Ludwigshafen) and several start-up companies, along with
BASF, are beginning to commercialize these materials for various applica-
tions. Pictured above: Prof. Omar M. Yaghi in a pilot automobile with a
MOF-filled natural gas tank.

an ever-increasing range of applications and ensures commer-
cialization of MOFs as we are beginning to see with several
start-up companies and BASF (Fig. 2).***

Folklore #3: “All the low-hanging fruits
in this field have been picked”

Nineteen years have passed since the first adsorption isotherm
and proof of architectural stability and porosity,” and the
consequent emergence of MOFs as a new class of porous
materials. Since then and with every major discovery, there
are informal discussions that all of the interesting and ‘easy’
things have been accomplished in the field. In reality, this is
not even remotely true and it is simply not the correct thinking!

We, as scientists, are not in the business of carrying out
research on low hanging fruit. We must always choose scientific
problems because they are challenging and intellectually stimulat-
ing. Are the problems we chose twenty years ago less or more
difficult than those facing the field now? We believe that the
problems are different and may very well be just as challenging.
For example, the problem of establishing porosity and architec-
tural robustness in extended structures was as difficult a challenge
in the 1990s as any that we face now.

It is worth noting that in those early days, almost every
aspiring scientist who was interested in developing new materials
focused their attention towards creating research programs in the
areas of nanoscience and nanotechnology. In the face of this, we
sought something new and different by focusing our efforts on
discovering and developing the building block approach for
making new materials; this was a research approach that many
considered to be a difficult, if not impossible, problem to solve.
However, for those undeterred by this difficulty, it was rewarding
to pursue and the field ultimately emerged as a strong attractor to
graduate students, faculty positions, grants, industry involvement,
and the like. The field rapidly continues to expand because the
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emphasis has always been placed on uncovering the basics of how
to build structures from molecular building blocks - a zeitgeist, if
you will, which is a result of the flexibility that materials can be
tailor-made. Notwithstanding is the current state of being able to
imagine a structure and to actually find a way to make it,
characterize it, study its properties, and potential uses; all as part
of one project.

Looking forward, let us consider the following: we have
largely focused on carboxylate-based MOFs, but what about devel-
oping other linkages to the level of maturity that carboxylate-based
MOFs have achieved? Would these new linkages provide new
chemistries? What about building structures of extreme metrics
for biological applications?***® What about constructing
frameworks of varied composition (the so-called multivariate,
MTV-MOFs)**~>* and finding ways of characterizing them? Can
we build MOFs, in which the backbone is ordered and the
functionalities are varied (i.e. achieve ‘heterogeneity (or diversity)
within order’)?°* At a minimum, if we succeed in addressing the
last question, we would have transferred a concept from biology
and have created boundless opportunities to extend the realm of
properties for truly achieving ‘sequence dependent materials’
(Fig. 3).>® If such aims are realized, a path is opened for: (a)
designing materials with compartments that are open and
connected to one another, yet function independently; (b) realizing
materials that allow substrates to diffuse with definitive
directionality and circuitry within the pores; and (c) constructing
systems that can count, sort, and code chemical information in a
similar fashion as to what we find in nature. All of these areas are
within the realm of reticular chemistry and, indeed, various
aspects of them are achievable objectives. Just these ideas alone

Metal-organic frameworks
Molecular crystals

Polymers

Sequence
Dependent
Materials

Disordered
Frameworks

Heterogeneous
Components

Alloys Glasses

Nanocrystals
Proteins

Fig. 3 Studying the basics of how to construct extended frameworks from
molecular building blocks is the reality of reticular chemistry. What happens
when we increase the number of building blocks and introduce complexity
previously only seen in nature? The future of this field is only limited by
imagination and by pursuing challenging problems, such as realizing
‘sequence dependent materials',>® as opposed to ‘low hanging fruit'.
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fall within unchartered territory and, perhaps, are able to keep
chemists busy for a while longer. Are these ideas easier or more
difficult to accomplish than the original ideas pursued in the
field 20 years ago? All of these questions and ideas are signs of a
field with a lot of vigour and with much left to be explored. How
the field of reticular chemistry grows and how the field is shaped
in the future depends on the questions we ask and the creative
way we go about answering them. Ultimately, the future depends
on whether we set out to achieve high objectives or target the
so-called low hanging fruit.

Conclusions

We wish to conclude this contribution by remarking that this
past year, 2016, marked the 100 year anniversary of Gilbert N.
Lewis’ landmark paper on the nature of bonding in molecules.*®
Since this original report, ‘The Atom and the Molecule’, chemists
have built organic molecules with increasing complexity and
precision, by what is referred to as total synthesis. The question
of how molecules interact was not addressed until supramolecular
chemistry. However, it was not until the advent of reticular
chemistry that the interactions between molecules were perfected
to make strongly bonded frameworks, which can withstand multi-
ple organic reactions. It was only a result of reticular chemistry
that we could begin to think of the framework as a molecule. In
fact, the molecule fixes the atom in a specific geometry and spatial
arrangement, and likewise, the framework fixes the molecule in a
specific geometry and spatial arrangement. However, the excep-
tionality of the framework is that its chemistry is abundantly
richer than its constituent molecules because it encompasses
space into which matter can be further manipulated and con-
trolled. The proven outcome of this has been architecturally and
chemically robust frameworks. The fact that the framework is
made from strong covalent bonds, and that organic and inorganic
chemistry can be carried out on that framework without loss of
order nor crystallinity, means that the framework is the logical
progression of the molecule. What the field of reticular chemistry
has accomplished and continues to do is develop the covalent
chemistry of the framework. Is it not logical to conclude that we
are writing the next chapter of chemistry? If we dare to think so,
we most appropriately refer to this new chapter as ‘The atom, the
molecule, and the framework’.” Luckily, this is the reality and not
the folklore of the reticular chemistry field!
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