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From Molecules to Frameworks to Superframework

Crystals

Zhe Ji, Ralph Freund, Christian S. Diercks, Patrick Hirschle, Omar M. Yaghi,*

and Stefan Wuttke*

Building chemical structures of complexity and functionality approaching

the level of biological systems is an ongoing challenge. A general synthetic
strategy is proposed by which progressive levels of complexity are achieved
through the building block approach whereby molecularly defined constructs
at one level serve as constituent units of the next level, all being linked
through strong bonds—"augmented reticular chemistry”. Specifically, current
knowledge of linking metal complexes and organic molecules into reticular
frameworks is applied here to linking the crystals of these frameworks into
supercrystals (superframeworks). This strategy allows for the molecular con-
trol exercised on the molecular regime to be translated into higher augmenta-
tion levels to produce systems capable of dynamics and complex functionality

This has given credence to the notion that
the golden era of discovery in chemical
synthesis has passed and that, moving
forward, the future of innovation in chem-
istry is limited to the application of its syn-
thetic prowess to neighboring sciences.
This thinking bears a striking resem-
blance to the confidence of physicists at
the end of the 19th century who stated
that “there are only two small clouds that
obscure the sky of physics”. In due time
these two small clouds, the physics of
objects at extremely small and extremely
large sizes, culminated in the develop-

far exceeding current materials.

1. A Strategy for Synthesis of Supercrystals

Chemists have mastered the manipulation of matter on the
molecular scale to the point that any molecule that can be con-
ceived can be synthesized given sufficient resources and time.
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ment of quantum mechanics and relativity

theory, the two pillars of modern physics.

Encouraged by this paradigm shift, we
envision that plenty of opportunities exist at the length scales
that we are not used to. Chemical synthesis has long focused on
the manipulation of atoms, molecules, and solids in the (sub-)
nanometer regime; the macroscopic level, the other extreme
of the size spectrum, remains a largely undeveloped chemical
space. Macroscopic structures built with atomic precision could
be one of the answers to the search of new synthetic frontiers,
renewing the prospect of chemical synthesis as a pivotal driving
force of scientific progress.

Reticular chemistry has enabled chemists to link discrete
molecular building blocks into designed structures such as
metal-organic frameworks (MOFs) and covalent organic frame-
works (COFs).'>l A target topology is first envisioned, and
its nodes are matched by molecular units amenable to being
linked together by strong bonds, as illustrated in Scheme 1.
This process, termed augmentation, yields frameworks whose
metrics can be precisely tailored by the size of the constituent
building units so chosen. While, at its current stage, this chem-
istry is employed for linking discrete molecular building units,
the next logical progression is to extend the principle of aug-
mentation to chemistries governing larger size regimes. We
envision that frameworks constructed at one level are to serve
as building units for the next level toward achieving more
complex architectures of progressively larger size scales. In
other words, molecules are linked together to make crystals
(Scheme 1a) and then these crystals are linked further into
supercrystals (Scheme 1b). We refer to this process of making
chemical structures as “augmented reticular chemistry” and the
resulting supercrystals as “superframeworks” (Scheme 1c). The
advantage of such augmentation strategy is that superframe-
works preserve the flexibility and precision with which the orig-
inal molecular frameworks are made and modified. We seek
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Scheme 1. Schematic illustration of augmented reticular chemistry realized by designing progressively increasing size and complexity. a)
ZrgO,4(OH)4(—CO,)y; cluster is connected by 1,4-benzenedicarboxylate linker bearing variable functionalities (R;, R, and Rs, represented in green, light
orange, and yellow spheres) into an extended framework, UiO-66 (UiO = University of Oslo),/®l which crystallized into an octahedral shaped crystal. b)
These crystals are further linked to each other in a vertex-to-vertex manner. c) A superframework is made of framework crystals of various functionali-

ties. Color code for atomic illustration: Zr: blue; C: grey; O: red.

to show that such superframeworks are potentially capable of
functions not too dissimilar in concept from those carried out
by biological systems.[®7]

2. Augmentation with Molecular Precision

A direct consequence of increasing the dimensions of frame-
work building units is the concomitant increase in guest-
accessible void space while the fundamental connectivity of the
lattice (i.e., structure type) is retained. This concept, referred
to as augmentation, was key in the development of reticular
chemistry and it is illustrated in Figure 1 for the closest
packing of spheres in the face-centered-cubic lattice (fcu). It
is widely known that the fcu arrangement is adopted by many
dense inorganic solids where atoms or ions are packed to mini-
mize the amount of empty space (Figure 1). Each atom or ion
in an fcu lattice has 12 nearest neighbors leaving no room for
additional chemical species (=0.1 nm voids for Cu). In contrast
Ui0-66 (UiO = University of Oslo), the MOF constructed from
12-connected ZrgO,(OH)4(—CO,);, clusters linked by linear
ditopic terephthalate linkers, is also based on the fcu, yet, in
stark contrast, it is now a highly porous structure (=0.6 nm
voids, Figure 1).®l This is due to the fact that the dimensions
of the building units have been increased by an order of mag-
nitude and the vertices of the lattice have been spaced apart
by the organic linkers. Based on this kind of augmentation,
frameworks of many structure types have been designed and,
owing to their accessible internal pores, have found wide-
spread applications. Pores of frameworks serve to encompass
space on the nanoscale suitable for the functionalization with
organic moieties and for the interaction with incoming guest
molecules.!

Herein, we explore the question of whether this augmenta-
tion approach can be further applied to control the formation
of structures within the macroscopic regime. Recent efforts at
least on the molecular scale showed that instead of using the
discrete ZrgO,(OH)4(—CO,);, clusters of UiO-66 one can also
link much larger 12-connected building units. In the case of
linking intrinsically porous truncated metal-organic octahedra
(Figure 1), this increases the porosity of the resulting DUT-49
(DUT = Dresden University of Technology) structure even
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further and endows it with a complex hierarchical pore system
(largest pore of =2.6 nm).1%12 Nonetheless, a more drastic
increase in the size of constituents is needed to approach the
goal of controlling the design of matter on the macroscopic
length scale. We believe that frameworks need to be constructed
from more sizable units, such as crystals, such that structures
can encompass superordinate mesopores and accommodate
larger guests such as macromolecules, nanoparticles, and
aggregates thereof.
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Figure 1. The augmentation strategy applied to face-centered-cubic lat-
tice (fcu). In metallic Cu, atoms pack closely into the fcu lattice. This is
viewed along the (111) direction to show the stacking of layers (yellow,
light orange, and green). The octahedral pore, as represented by the
pink sphere, is enclosed by six atoms from two neighboring layers (light
orange and green). Augmentation of this topology yields the structure of
UiO-66,8 where the atom in Cu is now replaced by a ZrgO4(OH)4(—CO,)1,
cluster. Further progression in augmentation is exemplified by the struc-
ture of DUT-49 (DUT = Dresden University of Technology),? where a
truncated metal-organic octahedron cage serves as the 12-connected
node. Color code: O, red; C, grey; N, green; Cu, blue.
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The principle of augmentation from molecules to frame-
work crystals, and further to supercrystals, lies in the fact that
the most appealing way to link objects is by targeting periodic
arrangements. Here, the simple combination of vectors and
repeating units is determinant of the way how matter and voids
are allocated in space. In contrast to random packing, the peri-
odic construction of framework backbones is both a conceptual
and practical way to design highly functional structures with a
defined chemical environment at every single position. In this
context, a structure as complex as superframeworks can be
described entirely by its overall topology, as well as the under-
lying topologies of the constituent molecular frameworks.

To achieve high precision in constructing large objects, this
augmentation strategy relies on the use of atomically defined
framework structures as building units in themselves. The
definitiveness of structure on the atomic level is indispensable
as it prevents the accumulation of defects between objects upon
augmentation and thus increases the complexity of the final
objects without falling into chaos.

Another feature of frameworks as building units that is vital
to the augmentation approach is their ability to be post-synthet-
ically modified.3! The reticulation of molecular building units
preserves their chemical identities such that the entire frame-
work can be chemically transformed in the same way as dis-
crete molecules. Indeed, the corresponding superframeworks
can also be subject to precise modification of their constituents
and therefore functionalization of the void space. This poten-
tially imparts a high level of complexity and functionality to
these structures, which distinguishes them from assemblies
of dense inorganic nanoparticles.l A prerequisite to achieve
such functionalization of frameworks is a robust backbone
constructed by covalent bonds. Here, strong linkages ensure
architectural, mechanical, and chemical stability, and thus pre-
vent structural collapse when subjected to chemical reactions or
physical stress.

An outcome of this strategy is the evolution of dynamics with
each stage of augmentation. Molecules capable of dynamics in
solution lack a rigid backbone which could serve as a platform
for their precise alignment in space.'>l Reticular chemistry at
the crystal stage enables large amplitude motion with full reten-
tion of robustness and definitiveness of structure.”-"% The aug-
mentation into superframeworks creates superordinate pores
and further extends such dynamics to a larger length scale.

3. Tailored Chemistry of Frameworks

3.1. Backbone Construction

Two general strategies are being practiced in the construction
of framework backbones. In topology-guided reticular syn-
thesis, a target structure type is identified as the blueprint, then
deconstructed into its underlying geometric units, and finally
specified in chemical details.l'?% This strategy is useful when
targeting known structure types, or unprecedented yet simple,
highly symmetrical topologies (topologies of minimal transi-
tivity). In contrast, another emphasis in reticular synthesis is
on piecing together judiciously chosen molecular precursors
to deliberately explore unknown topological outcomes, instead
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of targeting a specific topology at the outset. With the knowl-
edge of how geometrical, chemical, and compositional features
of molecular building units direct their linking, this approach
is particularly helpful in discovering new structure types and
extending the landscape and scope of framework materials.?!
The product obtained from practicing these two strategies
are crystals of framework structures. To use these crystals as
building blocks for the next-level augmentation, a control over
their size and shape is critical, and significant progress has
been made.[22-2%]

3.2. Surface Functionalization

The periodic extension of a framework backbone terminates
when it reaches the crystal surface, which is capped by specific
functional groups. The functionalization of framework surfaces
can be deliberately controlled to modulate the chemophysical
behavior of framework crystals required for their augmentation
into the next level (Figure 2a). Such functional groups can be
installed through conjugation reactions with pendent organic
linkers on the crystal surface (Figure 2b). Excess carboxylate
groups, for example, exposed on the surface of the MOF are
activated and coupled with amine-containing polymers?® and
proteins.”’! Alternatively, metal ions on the framework surfaces
are amenable to functionalization through ligand substitution
reactions (Figure 2c). This can be achieved by using foreign ter-
minal ligands to replace either pendent linkers or the coordi-
nating solvents on linker-depleted framework surfaces, leading
to crystals functionalized with molecular monolayers,?® syn-
thetic polymers, 12239 lipids,’*! and nucleic acids.’?l One feature
that distinguishes MOFs from inorganic crystals is the pres-
ence of organic building units, which provide a unique way
to functionalize MOF crystal surfaces (Figure 2d).13*3* Reac-
tive moieties on the linker can be varied and post-synthetically
modified without compromising the integrity of the framework
backbone. Functionalizing reagents larger than the pore aper-
ture, such as nucleic acids, confines their click reaction to the
crystal surface without accessing the interior.1*?!

4. Framework Crystals as Building Blocks
to Superframeworks

When moving toward superframeworks, the framework crystals
themselves now become building units. The linking of these
crystals can be done through their pre-programmed surface
functional moieties, which facilitates interparticle interactions
for building the final superframework structures. The funda-
mental fact that the framework backbone and the post-synthet-
ically functionalized surface can be independently tuned allows
for reticular control to be exerted in a hierarchical manner.
Molecules, polymers, and DNA strands (Figure 2e-h) that are
attached to framework crystal surfaces can serve to enable the
assembly and connection of large objects through interactions
of various strength (Figure 2i-1).

Self-assembly of reticular crystals often results in dense
packing when the radius of the framework core far exceeds
the thickness of its functional corona, driven by the entropy
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Figure 2. Surface functionalization of frameworks and linking of frameworks into superframeworks. a) Schematic illustration of octahedral UiO-66
crystals (blue) which are connected with each other through functionalities (red) appending from the sites (yellow) on their surface. b-d) Three
strategies have been developed to attach functionalities on the surface of framework crystals: b) the exchange of pendent linker, c) replacement of
ligand on surface metal sites, and d) covalent modification on surface linker. e-h) The functionalities on crystal surface used for augmentation can be:
e) polymers, f) DNA, g) organic linkers, and h) sticky surfaces. i-I) Linkages between crystals can be based on the interactions of increasing strength:
) electrostatics, j) hydrogen, k) coordination, and |) covalent bonds. m—p) Examples of superframeworks constructed by ZIF-8 (ZIF = zeolitic imi-
dazolate framework) crystals (m,n) and UiO-66 crystals (o,p). Scale bars are 1 um (m), 2 um (n), 200 nm (o), and 100 nm (p). m) Reproduced with
permission.138 Copyright 2019, American Chemical Society. n) Reproduced with permission.i*%l Copyright 2019, iley-VCH. o,p) Reproduced under the
terms of CC-BY Creative Commons Attribution International license (https://creativeommons.org/licenses/by/4.0).14 Copyright 2020, The Authors,

published by Springer Nature.

maximization principle.™ This has been observed in the
superstructures of soc-MOFs (soc = square—octahedral),’*”]
Ui0-66,1¢%7l and ZIF-8 (ZIF = zeolitic imidazolate framework)
(Figure 2m,n),B3¢3840 where cubic, octahedral, thombic dodeca-
hedral, and truncated rhombic dodecahedral crystals are closely
packed into their superlattices. The alignment of nanoparticles
to form dense arrangements has been extensively studied for
semiconductors, metals, and metal oxides.[**42

Deviation from closest packing was demonstrated in the
assembly of truncated rhombic dodecahedral soc-MOF crystals,
which did not pack into the dense rhombohedral lattice but
instead into a cubic one.* Such cubic arrangement preserves
void space in the size of hundreds of nanometers between crys-
tals, and this is sufficient for the inclusion of large macromol-
ecules. Here, the periodic alignment of crystals introduces a
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new interface in the superordinate pore: the external surface of
nano-sized crystals now becomes the internal surface of super-
frameworks. Inherent defects on this interface, such as partially
coordinated linkers and undercoordinated metal sites, will bring
about new types of covalent and coordinative functionalization,
respectively. The non-close-packing configuration results from
the free energy contribution of interparticle interactions, com-
monly dominant in assemblies of small spheres tethered with
long hydrocarbon chains."*#-#! Condensing such spheres gen-
erates elastic repulsion of ligand chains, leading to internal sur-
face minimization and hence non-close packing configurations.

New assembly chemistry can arise from framework mate-
rials, where polymer chains are tethered on spatially separated
metal clusters on the surface with a low density, possibly ren-
dering less elastic repulsion and more efficient van der Waals
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packing of hydrocarbon chains in an overlapping corona.
In addition, an open framework can allow the penetration of
polymer chains dangling from the neighboring crystal surface
into its interconnected pores, where internal functional groups
appended on the reticular backbone recognize polymer moie-
ties and thus facilitate core—shell cross-interactions between
crystals.

Stronger than van der Waals packing are Coulombic attrac-
tions between oppositely charged crystals resulting in the for-
mation of ionic supercrystals.*l Net charges accumulate on
MOF crystals when either undercoordinated metal sites or
organic linkers are excessively populated on the surface. This
can also be achieved by using polyelectrolyte chains to cap
crystal surfaces.?” In addition, guest ionizable groups residing
in the frameworks’ pores endow extra charges if their oppo-
sitely charged counterions are too bulky to pass through the
pore apertures but form counterion clouds surrounding the
crystal.

A fundamentally different approach to assembling crys-
tals involves highly specific, orthogonal interactions between
nucleic acids attached on their surfaces.¥’l The hybridization
of complementary sequences guided by hydrogen bonding and
entropic factors drives inter-crystal bond formation. Such weak
binding coupled with the polyvalent cooperative interaction
allows the system to self-correct defects and achieve ordered
arrangements. To take advantage of the programmable interac-
tion of nucleic acids, the assembly behavior of MOF nanocrys-
tals has been studied by attaching phosphate-modified oligonu-
cleotides on UiO-66 nanoparticles.3* Specifically, such particles
were assembled around Au nanoparticles of varying sizes and
stoichiometries that are functionalized with the complementary
DNA strands, forming 11 distinct MOF—inorganic core-satellite
clusters.?2

In another example, UiO-66 and Au nanoparticles in a 1:1
stoichiometric ratio were joined by surface-attached comple-
mentary nucleic acids into binary superlattices (Figure 20).18l
The hybrid crystals formed in a rhombic dodecahedral shape,
which is the Wulff polyhedron for a CsCl-type lattice. Other
than spherical MOF nanoparticles, octahedral crystals of
UiO-66 with self-complementary DNA sticky ends crystallized
into body-centered-cubic (bcc) lattices, a configuration that
maximizes DNA bonding interactions between the neighboring
anisotropic crystals (Figure 2p).[

Strong chemical bonds have been used for constructing
supercrystals. Covalent crosslinking between functional groups
dangling from nanoparticle surface allows the formed super-
crystal of Au nanoparticle maintain structural integrity in oth-
erwise destructive organic solvents.*’ Covalently linked iron
oxide nanoparticle supercrystals exhibited exceptional isotropic
mechanical properties.’” Other than linking into close-packed
supercrystals, directional linkage between entities as large as
proteins has been achieved. The octahedral ferritin was engi-
neered in its C; symmetric positions with tripodal Zn coordi-
nation sites.l’!l The coordination of Zn to these sites followed
by further connection with an organic ditopic linker built a bec
crystal, where each ferritin connects to eight neighbors through
the histidine-Zn-hydroxamate coordination bond. Covalent
linkages have also been employed in the crystallization of
extended protein assemblies. A single-point mutant of the C,
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symmetric protein RhuA exemplifies this strategy, where the
proteins are connected to one another by disulfide bonds into a
2D square grid lattice.”? Such covalent chemistry has yet to be
explored in the construction of superframeworks. However, we
envision that a robust superframework requires strong, direc-
tional bonding to connect its constituents, when reactive func-
tional groups on their external surface are chemically linked. To
avoid the formation of close packing, it is necessary to spatially
confine such reactive groups to specific positions on the frame-
work nanocrystals.’>>* Such site selective modification allows
for the control over the connectivity and geometry of frame-
work crystals for the augmentation into superframeworks of
target structure types.

An even stronger connection between crystals can be
afforded when a direct contact is established between the crys-
talline cores, where multiple crystals are fused into a single con-
tinuous one. Particularly, desorption of surface ligands resulted
in oriented attachment of PbSe nanocrystals through their
{100} and {110} facets, producing single-crystalline buckled
honeycomb superstructures.® In another example, PbS
nanocrystals are merged into 2D single-crystal sheets through
oriented attachment of the {110} facets. The facets of MOF crys-
tals that are depleted with surfactants, but rich in either dan-
gling organic linkers or undercoordinated metal ions, can serve
as “sticky surfaces” for aligning and merging with other ones
bearing complementary surface species.®

We encourage the use of strong linkage in building super-
frameworks to produce materials, which are robust in a wide
range of usage conditions. Reluctance in embracing covalent
chemistry often originates from the fear that covalent linking of
nanocrystals usually leads to undesired, disordered precipitate.
The success of MOFs and COFs (augmentation of molecules
into frameworks) has proven that the crystallization problem
can be overcome by using reversible covalent bonds to allow for
self-correction of defects and avoid the formation of amorphous
product.’”] When covalent bonds are used to connect crystals,
the obtained superframework are built with strong linkage
across all length scales, from atom to molecule, crystal, and
monolith. Such structures are expected to be very strong and
resistant against chemical and mechanical damages. On the
contrary, the assemblies of crystals by weak interactions cannot
take full advantage of reticular chemistry and typically lack the
stability required in many applications.

5. Porous Photonic Crystals

Superframeworks provide a structural basis for making porous
photonic crystals. Photonic crystals display opalescence visible
to the naked eye when the lattice period is comparable to visible
wavelength.’® The augmentation of frameworks on the super-
crystal stage offers a unique opportunity to endow photonic
crystals with high porosity, showing great promise in sensing
applications. Millimeter-sized MOF supercrystals constructed
by =200 nm ZIF-8 crystals were found to behave as periodic
dielectrics and show angle-dependent opalescence.’®! Such
long-range ordered superstructures feature a photonic bandgap
that can be tuned by controlling the size of the constituent
ZIF-8 crystals. The optical reflection shifted linearly toward
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shorter wavelengths at small crystal sizes, spanning from red
to blue color. In order to develop photonic sensors, solvent in
the micropores of ZIF-8 as well as the intercrystal superordi-
nate pores can be fully evacuated without structural collapse,
allowing for the entry of guest molecules. Upon the adsorption
of analyte substances, the photonic bandgap varied according
to the change of refractive index. The measured bandgap shift
can be used to distinguish vapors of different alcohols which
the superframeworks are exposed to. Photonic properties of
superframeworks can be further modulated by the orientation
of the ZIF-8 crystal units.*] By adjusting the amount of sur-
factants used for superframework construction, ZIF-8 crystals
formed (111)-, (110)-, and (100)-oriented fcu superlattices, with
pronounced change in color.

6. Dynamic Superframeworks

The internal voids within frameworks enable large amplitude
motion of their constituents in the solid state. This motion can
be either dependent or independent of the backbone.”! Spe-
cifically, dynamics of the backbone (global dynamics) cause
an overall contraction or expansion and thus an increase or
decrease in the structure metrics and pore volume of the
framework. Such structures cooperatively switch between two

www.advmat.de

or more distinct states with full retention of long-range order,
a phenomenon commonly referred to as ‘breathing’ for struc-
tures whose expansion or contraction is not uniform along
all coordinates, or ‘swelling’ for those expand or contract uni-
formly (Figure 3a).°01 Breathing MOFs are exemplified by
MIL-53 (MIL = Materials Institute Lavoisier) (Figure 3b), which
is able to change its cell volume by around 50% in a reversible
manner.®”) The variation of the hinge angle between neigh-
boring linkers enables extensive elongation and shrinkage of the
rhombus channel along two orthogonal directions, respectively.
The swelling dynamics, on the other hand, are characteristic of
another MOF, MIL-88, which exhibits cell volume expansion up
to 230%, without changing the shape of the pore (Figure 3c).%!
Other than global dynamics, in dynamics that are independent
of the backbone (local dynamics) the overall structure metrics of
the framework remain unaltered, but the pore environment can
be modulated through an external stimulus. Such dynamics can
be achieved by appending for instance photo-switchable moie-
ties onto the backbone of the framework.[®’]

6.1. Local Dynamics in Superordinate Pores

Large cavity sizes combined with multivariate functionalities
endow superframeworks with the ability to manipulate the
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Figure 3. Dynamics in frameworks and superframeworks. a) lllustration of dynamics at the framework level: the breathing and swelling mode. b) The
breathing of MIL-53 (MIL = Materials Institute Lavoisier). c) The swelling of MIL-88. d) Illustration of dynamics at the superframework level: swelling of
a superframework enabled by swelling or breathing of constituent frameworks; breathing of a superframework enabled by partial swelling of constituent
frameworks or by rotation of their linkages. e) Swelling of a supercrystal of gold Au nanoparticles connected by flexible DNA shells. f) Breathing of
a protein lattice enabled by its flexible linkage.’? b) Reproduced with permission.l¥ Copyright 2004, Wiley-VCH. c) Reproduced with permission.®2
Copyright 2011, American Chemical Society. e) Reproduced with permission.%> Copyright 2019, American Chemical Society.
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dynamics of guest objects. The functional groups appended
onto a framework backbone can interact with protein moieties
to alter their energy landscapes, thus stabilizing one specific
conformation over others. The encapsulation of cytochrome ¢
in the Th-mesoMOF exemplifies this concept.®¥ Cytochrome
c exceeds the size of Tb-mesoMOF’s pore aperture and has to
undergo a conformational change during its translocation into
the framework cavity. In the encapsulated non-native conforma-
tion, certain hydrophobic residues, such as Trp59, previously
hidden inside the protein now become more distant from the
heme center and more exposed to the hydrophobic framework
backbone. Superframeworks, encompassing mesoscale cavities
can be further exploited to regulate the structure and function
of large protein complexes with a high level of kinetic control,
analogous to protein chaperones.

6.2. Amplified Global Dynamics

The dynamics of superframework backbones can arise from the
inherent flexibility of the constituent frameworks (Figure 3d).
When these dynamic frameworks are connected by rigid linkages,
their breathing and swelling results in the corresponding size
change of enclosed superordinate pores and consequently induce
a swelling behavior at the supercrystal stage. In this process, the
original pore dynamics of molecular frameworks are manifested
in alteration of crystal metrics, and finally amplified into the pore
expansion or contraction of superframeworks. A pronounced
change in the superlattice parameters was observed in the case
of supercrystals of Au nanoparticles, where their DNA shell was
covalently crosslinked (Figure 3e).l! Upon exposure to organic
solvents of different polarity, the DNA shell exhibited flexibility
that was transformed to a shrinkage on the superlattice level.

Other than swelling, a breathing mode can be introduced
at the supercrystal stage when flexible linkages are employed
for connecting crystals (Figure 3d), which allows for the dis-
tortion of the superordinate pore in response to stimuli at a
larger length scale, such as the inclusion of protein complexes.
Breathing can also occur in a single supercrystal constructed
from multiple different frameworks, when a stimulus trig-
gers the swelling of only one type of such units, leading to the
elongation of the superordinate pore along specific orienta-
tions. When frameworks and their linkages are both flexible,
the resulting global dynamics in superframeworks can be fur-
ther controlled such that the swelling or the breathing of the
superordinate pores can be independently effected by two
orthogonal stimuli. This dynamic behavior can lead to photonic
materials responsive to external stimuli, such as light, chem-
ical stress, and pressure or temperature changes. Although
transference of dynamics from the crystal level to higher levels
has not been demonstrated, frameworks made from proteins
(large size regime) have been reported to exhibit breathing
dynamics (Figure 3f).P2l A 2D lattice made by connecting pro-
teins through disulfide bond exhibited coherent lattice motion
between fully open and fully closed states, afforded by a remark-
able extent of hinging about the flexible disulfide linkages. The
compression of the interprotein hinge angle from >80° to 17°
was accompanied by an anisotropic shrinkage of the pore from
a square shape to an elongated one.
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7. Integrated Reaction Systems

The linking of framework building units can integrate multiple
reaction pathways into a network, where each molecular frame-
work processes one reaction step, thus serving as a node of the
reaction network. Two reaction nodes are topologically con-
nected in the network when the product of one node is the pre-
cursor of the other. Reaction nodes can also be associated due
to their regulatory roles—the product of one node antagonisti-
cally quenches the reaction in another node by competing with
its reaction intermediate. Although using superframeworks for
systems chemistry remains preliminary, below, we present the
design principles for achieving this goal, including those for
connecting reaction nodes and separating those that work in
parallel to avoid undesired crosstalk.

7.1. Separated Reaction Nodes Operating in Parallel

One advantage of integrating multiple reactive units into a
single monolith is to confine otherwise incompatible chemical
processes in compartmentalized locations. This effect was dem-
onstrated in an early example of two different star polymers,
one encapsulating in its core an acid catalyst and the other a
base catalyst.[® The site isolation of these catalysts suppressed
their mutual deactivation, allowing for a one-pot reaction cas-
cade. In another example, amphiphilic triblock copolymers
were functionalized with two metal catalysts in different
domains of the micelle, which catalyzed alkyne hydration in the
hydrophobic core and the asymmetric transfer hydrogenation of
the intermediate ketone in the hydrophilic shell, respectively.[®’
Well-defined metal-organic cages have also been used for this
purpose. MLy, type (M stands for metal and L for linker)
molecular capsules encapsulated separately a (2,2,6,6-tetra-
methylpiperidin-1-yl)oxyl catalytic moiety for an oxidation reac-
tion and a MacMillan’s catalyst for Diels—Alder chemistry in a
two-step cascade; the latter catalyst can be promptly oxidized by
the former without site isolation.®® An M,L, tetrahedral cage
enabled the combination of enzymatic and transition metal
catalysis in tandem reactions, where organometallic catalysts,
such as Au(I) and Ru(Il) complexes, were segregated from
enzymes including esterases, lipases, and alcohol dehydroge-
nases in solution.®”) The encapsulation of the organometallic
complexes prevented their diffusion into bulk media and con-
sequently deactivation by binding to amino acid residues on the
proteins, making it possible to carry out classic organic reac-
tions in the presence of biocatalysts. Given the independence
between compartmentalized chemical reactions, we envision
that superframeworks have great potential in housing complex
chemical networks without undesired crosstalk between uncon-
nected compartments.

7.2. Apportionment of Cooperative Reaction Nodes
When two reaction nodes are topologically connected in the
reaction network, their spatial distance and arrangement

have to be carefully considered in order to achieve optimal
mass transfer and production. Nature has evolved with highly

© 2021 Wiley-VCH GmbH
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coordinated metabolons (i.e., multienzyme complexes), where
co-operating active sites are brought into close proximity such
that an intermediate can be accurately channeled without dilu-
tion into the bulk media of the cell.” Such co-localization
optimizes the concentration of substrates and intermediates,
matches reaction kinetics along the same cascade, and con-
trols metabolic crosstalk between different pathways. Inspired
by nature, the development of engineered metabolic path-
ways has emphasized the increase in the effective concentra-
tion of pathway components thus alleviating flux imbalance.
Synthetic protein scaffolds were built to spatially recruit
metabolic enzymes in a designable manner, which achieved
77-fold improvement in product titer.”!] Kinetic studies cou-
pled with simulations of scaffolded multienzyme systems
provided design rules for promoting substrate channeling.l’?!
Specifically, the probability that the product of the first reac-
tion channels to the second active site drops quickly when
the interenzyme distance increases in the range from 1 to 10
nm, according to Brownian dynamics. At a given interenzyme
distance, direct alignment of the active sites is highly favored.
When the distance exceeds 1 nm between active sites, signifi-
cant channeling occurs only if diffusion of the intermediate
is bound through interactions with the surface or scaffold
between active sites. Therefore, the spatial arrangement of
framework units in a superframework becomes a key element
in the design of a sophisticate reaction network; framework
units should be apportioned according to their association in
the reaction network.

7.3. Nonreactive Framework Units for Substrate Channeling

Reaction nodes of the network can be connected by frame-
work components responsible for mass transport and mol-
ecule separation. Millimeter-sized MOF-5 single crystals have
been demonstrated to separate mixtures of organic molecules
over distances of only a few hundred micrometers, serving
as miniature chromatography columns.’?! The efficiency of
separation within crystals derives from an interplay between
the diffusive transport and fleeting noncovalent interactions
between the migrating molecules and the MOF scaffold. Such
transport units in the integrated reaction network can feed
reaction centers selectively and channel products into desired
compartments.

7.4. An Integrated Reaction Network for CO, Transformation

It is expected that superframeworks can function in an analo-
gous way to biological systems by integrating multiple compo-
nents, each designed for a specific function. This is illustrated
by analogy to the photosynthetic reaction center (Figure 4),
where CO, is captured and transformed into various chemicals
and fuels driven by solar energy. A wide variety of photoauto-
trophic organisms possess a CO, concentrating mechanism
to compensate for the relatively low affinity of ribulose-1,5-bi-
sphosphate carboxylase-oxygenase (RuBisCO) for CO,." Typi-
cally, this is achieved through the generation of HCO;™ from
atmospheric CO, and the conversion of the accumulated
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HCO;™ back to CO, in the proximity of RuBisCO, both cata-
lyzed by carbonic anhydrase. A similar process can be accom-
plished in MOFs where open metal sites”>””) or alkylamine
functionalities”37°] are covalently tethered to the organic linker
to facilitate CO, capture and release with a low cost of energy.
The connection of these components to additional catalytic
building units allows the photosynthetic reaction to be car-
ried out at a high CO, level (reduction, Figure 4). In the Calvin
cycle, the subsequent transformation of CO, to organic com-
pounds is catalyzed by RuBisCO and many other enzymes,
with the consumption of the energy and electrons generated
in the light reaction.®¥ The fundamental fact that chemical
and structural features of reticular structures can be rationally
designed with atomic precision can afford not only the activity
and selectivity of CO, reduction found in nature, but also
desired optoelectronic properties outperforming natural effi-
ciencies (light harvesting, Figure 4).882 The reduced carbon
species can further be catalytically converted into a variety of
value-added chemical compounds through oxidative function-
alization,®3-#8] which can be sorted and processed in parallel
within a single superframework (oxidation, Figure 4). As such,
the augmentation at the supercrystal stage allows for the inte-
gration of multiple framework components into compartmen-
talized functional domains in a single highly sophisticated
miniature factory system.

8. Outlook

The building-up of MOF supercrystals outlined in this article
in essence presents a moonshot for chemists where new and
useful macrostructures can be designed with the same cel-
ebrated precision of molecular chemistry. Thus, going from
molecules to frameworks of molecules and to supercrystals,
while maintaining precision of design and molecular defini-
tion, represents a fantastic scientific challenge for chemists. It
is not an unlikely target as it is a natural extension of molecular
chemistry and its values.

Compared with nature, augmented reticular chemistry occu-
pies a distinctive design space that can be accessed by human’s
creativity. It was pointed out that nature follows the path of least
resistance, often using the most common materials to accom-
plish a task.®% While the chemical compositions for living sys-
tems are strictly limited to a few chemical elements, building
units amenable to reticular synthesis can be derived from a vast
number of building units that is constantly being expanded by
synthetic chemists. Another factor that contributes to the intrigue
of augmented reticular chemistry is the range of functions
that can be pursued, for utilizing energy and mass in a desired
manner, not necessarily relevant to an organism’s survival. Even
for those having counterparts in nature, synthetic efforts can
target superior efficiency, which is not constrained by the energy
requirement of survival. Augmented reticular chemistry pro-
vides a platform to explore proactively with clear blueprints and
dedicated purposes. When moving to complex systems as we
envisioned here, developing strategies like natural selection into
laboratory settings becomes critical. High-throughput screening
offers a practical methodology to accelerate the discovery of
reticular structures.® This can be combined with deep-learning
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1. Charge Separation

H,O
2. Electron Transport

8. Water
Oxidation

Light
Harvesting

3. Hydrogen Storage

MeOH / EtOH

4. CO, Hydrogenation

m 9. Prot

Transport
- Oxidation Reduction

7. Assymetric
Epoxydation

/' Transport CO,

it
CO/ Formate

T 10. Mass

5. CO, Capture

Figure 4. The flow of charge and reactants in an integrated reaction system. Electrons and holes separated from light harvesting are injected into the
reaction network. CO, captured from atmosphere is reduced into chemicals and fuels through the consumption of these electrons or their intermediate
carrier, H,, which is derived from water and stored for later use in dark conditions. On the other side, H,0,, the oxidation product of water transforms
the chemicals and fuels, the product of reduction cycle, into rich and functional chemicals on demand, by, for instance, asymmetric epoxidation. Each
of these reaction sites (molecular framework) is compartmentalized within the whole system (superframework), with reactants, products, protons,
and charge carriers channeled in between. Examples of reticular structures capable of carrying out these processes include PCN-415(NH,) (PCN =
porous coordination network)[®! for charge separation, Nis(2,3,6,7,10,11-hexaiminotriphenylene),® for electron transport, MOF-747] for CO, capture,
and CMOF-2 (CMOF = chiral MOF)®3 for asymmetric epoxidation.
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