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be understood at the atomic level.

o

Abstract: Metal-organic frameworks (MOFs) are constructed from metal ions or clusters and organic linkers. Typical
MOFs are rather simple, comprising just one type of joint and linker. An additional degree of structural complexity can
be introduced by using multiple different components that are assembled into the same framework In the early days of
MOF chemistry, conventional wisdom held that attempting to prepare frameworks starting from such a broad set of
components would lead to multiple different phases. However, this review highlights how this view was mistaken and
frameworks comprising multiple different components can be deliberately designed and synthesized. When coupled to
structural order and periodicity, the presence of multiple components leads to exceptional functional properties that can

~

J

1. Introduction

Synthetic materials are generally very simple being com-
posed of a limited number of constituents. In contrast,
structural complexity is a hallmark of biological materials.
Importantly, this complexity is not accompanied by chaos;
instead, there is structural order and uniformity. The
combination of complexity and order translates into exqui-
site functional behaviour and arguably life itself. This
provides inspiration for coupling complexity to order in
synthetic materials.

What might be achieved by synthesizing MOFs from
multiple components?!"! The portfolio of design blueprints
for frameworks can be expanded since the topologies of the
building blocks becomes more diverse. New perspectives on
framework architectures and pore chemistry are delivered
by knowledge regarding materials that are synthetically
accessible. Complex arrays of functional groups can be
generated with precision, order and periodicity. This under-
pins structure—activity relationships that can be understood
at the atomic level. The question of which moieties and with
which arrangement give rise to a particular property can be
addressed with certainty. Ultimately, emergent properties
that arise from cooperative interactions among individual
components may be observed.

In this review, the important distinction between multi-
component and multivariate MOFs is maintained (Figure 1).
In multicomponent MOFs, the building blocks occupy
distinct framework sites, whereas in multivariate MOFs the
building blocks occupy the same framework sites. We also
note that our review is not intended to be comprehensive,
but to highlight representative examples.
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2. What Kind of Building Blocks are Suitable for
Multicomponent MOFs?

Multicomponent MOFs fruitfully combine complexity with
order. Their complexity arises from the presence of two or
more linkers or two or more metals. Their order stems from
the precise positioning of each component with regularity
and periodicity.

The ordered complexity of multicomponent MOFs
underlies functional properties that are not possible in
simpler materials. Since the components of multicomponent
MOFs are arranged in sequence each pore is repeated
throughout the lattice with strict periodicity. Since the
framework components have well-defined spatial relation-
ships to each other, their functional properties can be
understood with precision. This is especially important
where those properties rely on an array of specific
interactions with incoming guest molecules.

Multicomponent MOFs differ from their conventional
counterparts by being built up from multiple —rather than
solitary —building blocks. In general, when complex struc-
tures are built up by the self-assembly of smaller subcompo-
nents, identical such subcomponents are used. This is
advantageous since fewer recognition, discrimination, and
error-correcting events are required during the self-assembly
process.”) If these processes are imperfect then the final
assembly may suffer from irregularities and disorder. Using
viruses as an example, the tobacco mosaic virus comprises
an RNA strand coated with 2130 identical proteins. While
the self-assembly process is intricate, its fidelity and the high
symmetry of the final structure arises from the regularity of
the protein sub-components and the noncovalent interac-
tions between them.?!

Some crystals are known to have a multiplicity of
molecular components arranged in order. This is well
illustrated by pharmaceutical cocrystals where “two or more
components form a unique crystalline structure having unique
properties”."] While solvates and clathrates are also types of
multicomponent crystals, it is more relevant to draw
parallels between multicomponent MOFs and cocrystals
comprising two or more large molecules.”! Ternary and
quaternary cocrystals have been realized by careful consid-
eration of the noncovalent interactions between the compo-
nents. The central challenge in their production is the
existence of alternative crystallisation pathways that lead to
single-component crystals. These pathways exist because the
interactions between molecules in cocrystals are weak and
they are strongly influenced by solvent and temperature. In
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Figure 1. Metal-organic frameworks with multiple components. Building blocks that are geometrically similar to one another in terms of length and
symmetry will co-assemble into multivariate (MTV) MOFs. Building blocks that are geometrically different to one another can form
multicomponent MOFs in which they each building block is located in a specific position. Metal nodes are indicated by blue spheres.

contrast, multicomponent MOFs can be designed and
realised in a more systematic way since the competing
reaction pathways appear to be better differentiated in
energetic terms and the reaction conditions can be tuned to
follow the desired pathway in a more reliable way.

The formation of multicomponent MOFs relies on three
successful processes: the (i) integration of the multiple
components into a common framework, (ii) placement of
each component in a unique framework position, and
(iii) suppression of competing phases (side-products). For
this to be achieved, the components must be sufficiently
distinct from one another to enable recognition, discrim-
ination, and error-correcting processes during self-assembly.
They must also be compatible for co-assembly into a
common framework. For example, while the bdc (1,4-
benzenedicarboxylate, Figure 2) linker is chemically distinct
from its deuterated analogue bdc-d, the differences are
subtle, and these linkers are unlikely to be differentiated.
Therefore, a multivariate framework would be generated in
which the two linkers occupy the same lattice sites at
random. On the other hand, since the bpdc (biphenyl-4,4'-
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dicarboxylate) linker is longer, bpdc and bdc cannot occupy
the same framework sites. Simultaneously, bdc and bpdc are
sufficiently compatible with one another so that they can be
integrated into the same framework (SUMOF-4 (see below).
This compatibility draws from the isoreticular principle,
which holds that structurally-related building blocks will
give rise to topologically identical, or “isoreticular”
frameworks.!”! The question of competing product phases
arises with SUMOF-4 since MOF-5 could be formed from
the bdc linker and IRMOF-9 from the bpdc linker. These
competing reaction pathways are suppressed during the
synthesis of SUMOF-4 by adjusting the H,bdc:H,bpdc ratio
and the reaction conditions.

How different do linkers need to be to enable their
differentiation during framework assembly? While this
depends on many details that are particular to a given
framework, it is possible to make some generalizations:

(i) the linkers will have different lengths, and/or
(ii) the linkers have different symmetries, and/or
(iii) the linkers will have different donor groups.
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Figure 2. The structures of a selection of ligands commonly encountered in multicomponent MOFs. Hydrogen atoms are omitted for clarity. Color

code: C, gray; O, red; N, green.

Point (i) is nicely exemplified by SUMOF-4, while
point (ii) is illustrated by a comparison of bdc and btb
(benzene-1,3,5-tribenzoate, Figure 2). Bdc is a ditopic bis-
(carboxylate) linker while btb is a tritopic tris(carboxylate)
linker, so their different symmetries and ways of connecting
metal clusters allow for their easy differentiation. We will
encounter linkers that exemplify point (iii) in the next
paragraph.

So far, our discussion has focused on organic linkers, but
similar concepts can be applied to multicomponent MOFs
built up from two or more different metal ions. The
discrimination of metal ions during framework assembly will
allow them to occupy distinct lattice sites based on the hard-
soft-acid-base (HSAB) principle. Linkers with hard and soft
donors coassembled in FDM-6, with the zinc(I) ions
engaging exclusively with the hard carboxyl groups and the
copper(I) ions coordinating to the pyrazolate nitrogen
donors. In contrast, random multivariate frameworks are
produced where the metal ions are not discriminated, for
example in [Zn,,Cu,(bdc)(dabco),s] (dabco=1,4-diazabi-
cyclo[2.2.2]octane).”

3. Multicomponent MOFs with Two Ligands

When two ligands are combined with a metal cluster to form

a metal-organic framework, in principle there are three

potential phases:

(i) linker A can produce its own MOFs,

(i) linker B can produce its own MOF, or

(iii) linkers A and B can coassemble into the same ternary
(three-component) MOF.

The principles of multicomponent MOF formation are
well illustrated by SUMOF-4, [Zn,O(bdc),(bpdc)], which is
a cubic framework built up from bdc, bpdc and Zn,O
clusters (Figure 3).®) The resemblance to MOF-5 can be
appreciated: the bdc linkers that lie along one crystallo-
graphic axis in MOF-5 have been replaced by bpdc linkers

Angew. Chem. Int. Ed. 2023, 62, €202306341 (4 of 13)

in SUMOF-4 while the cubic peu topology is maintained. In
this light, SUMOF-4 conforms to the principles of isoreticu-
lar chemistry.

The report of UMCM-1 set the scene for the field of
multicomponent MOFs.”) Notably, UMCM-1 represented
an entirely new framework type: there was no pre-existing
blueprint for the design of this MOF. It comprises btb and
bdc ligands together with Zn,O clusters with the formula
[Zn,O(btb),;(bdc)] (Figure 4). Four btb ligands and two bdc
ligands connect to each zinc(II) cluster and the framework
adopts the muo topology. A challenge in the synthesis of
UMCM-1 is the existence of competing frameworks. Under
similar conditions, the bdc linkers can form MOF-5 while
the btb linkers can produce MOF-177, [Zn,O(btb),]. Fortu-
itously, UMCM-1 can be clearly differentiated from these
competing phases by optical microscopy since its crystals
have a needle-like morphology as opposed to the prismatic
shapes of MOF-5 and MOF-177. The correct feed ratio of
the bdc and btb linkers is crucial to obtain phase-pure
UMCM-1. Specifically, the H;btb:H,bdc feed ratio used in
the synthesis must lie between 2:3 and 1:1. Notably, the
bdc:btb ratio in the product is 4:3, which lies outside of this
range of feed ratios i.e. the amount of H,bdc in the reaction
mixture has to be increased above the level found in
UMCM-1 itself. This difference between the required feed
ratio and the ratio in the framework itself is a common
observation in multicomponent MOFs. In UMCM-1, btb is
more likely to be incorporated to a framework since it has
three carboxyl groups while bdc only has two. A comple-
mentary perspective is obtained by converting the H;btb:
H,bdc ligand feed ratios (2:3 to 1:1) into a feed ratio of the
carboxyl groups themselves (three for the btb ligand; two
for the bdc ligand). This equates to a requisite feed ratio of
“btb carboxyl groups” to “bdc carboxyl groups” of 1:1 to
3:2. The ratio of btb and bdc present in UMCM-1 itself
(4:3) lies in this range.

A series of MOFs related to UMCM-1 has been
reported. These MOFs, UMCM-2-UMCM-5, comprise
Zn,0 clusters and btb linkers in combination with various

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. The assembly and structure of SUMOF-4, [Zn,O(bdc),(bpdc)], a multicomponent MOF comprising bdc and bpdc linkers and Zn,O
clusters. MOF-5 and IRMOF-9 are potential competing phases, but their formation is suppressed. Color code: Zn, blue. bdc and bpdc linkers are
shown in pink and green, respectively.

Optimum feed ratio

between BTE:BDC
too much

BDC

MOF-177
[Zn4O(BTB):]

[Zn4O(BTB)4/3(BDC)]

Figure 4. The assembly and structure of the multicomponent UMCM-1 framework, [Zn,O (btb),;(bdc)]. UMCM-1 can be formed phase-pure with
certain btb:bdc ratios. Outside of this “sweet spot” MOF-5 or MOF-177 appears as a competing phase. Color code: Zn, blue. BDC and BTB linkers
are highlighted in pink and yellow, respectively.

ditopic, linear bis(carboxylate) linkers."”! The tritopic ntb  rangements of the ligands differ substantially. As a conse-
linker (H;ntb=4,4'4"-tricarboxytriphenylamine) was also  quence, the network topologies are diverse. An exception is
used as a substitute for btb. While the formula of these = UMCMS-5, which is an analogue of UMCM-1. In this case,
materials is uniformly [Zn,O(tritopic),;(ditopic)], the ar-  the isoreticular principle is applicable since the bdc linker of
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UMCM-1 is simply replaced by the NDC (1,4-naphthalene-
dicarboxylate) linker.

Circling back to the question of how different the linkers
need to be to enable their differentiation during framework
assembly yet be mutually compatible, UMCM-1-UMCM-5
highlight the importance of the distance between their donor
groups (length). The ratio of the lengths of the ditopic and
tritopic linkers that successfully gave multicomponent MOFs
lies between 0.73 and 1.02. Outside of this range they are
incompatible with one another. As an example of an
unsuccessful combination, bpdc and btb are not known to
coassemble into a common framework with Zn,O clusters.

In terms of MOFs with different metal clusters, DUT-23
comprises btb linkers together with 4,4’-bipyridine (bipy)
and dinuclear zinc(II) paddlewheel nodes.'! The carbox-
ylate groups of the btb linkers coordinate in the equatorial
positions of the paddlewheels. This produces a neutral
underlying subnet with the pto topology. The neutral bipy
ligands can coordinate via their nitrogen donor atoms in the
axial sites of the zinc(I) paddlewheels to link adjacent
subnets into a lattice with ith-d topology.

Compatible length ratios were also key to the design of
the multicomponent quaternary MUF-32 (Figure 5).['! This
MOF comprises a [Zn,(ntb),;] subnet (pto topology) with
dinuclear zinc(II) paddlewheels that are connected by the
carboxylate groups of ntb linkers. Bipy and dabco linkers
connect adjacent nets giving the overall formula
[Zn,(ntb),;(bipy);,(dabco),,] in a network that now has ith-
d topology. These frameworks are able to sustain high levels
of ligand vacancy defects. Since the bipy and dabco linkers
are neutral, their absence has no impact on the charge
balance of the material. Their absence has a limited impact
on the structural integrity of the framework since the
underling [Zn,(ntb),;] subnet is “load bearing” whereas the
neutral ditopic linkers are largely “decorative”. The integrity

NTB

incorporation of
BIPY and DABCO

[Zn2(NTB)as3] subnet

Minireviews

DABCO

An dte

Chemie

of the material is maintained even when only 20 % of the
bipy/dabco linkers are present.

MIL-142(Fe) is a multicomponent MOF with bdc and
btb ligands and it has the formula [Fe;O(H,0),(Cl)(bdc)
(btb),;] (Figure 6)."3! Each iron(III) trimer is connected by
two bdc and four btb linkers to produce an array of
superoctahedral clusters. The power of the isoreticular
principle is evident when the bdc linker is elongated to a
longer linear ditopic carboxylate linkers while the network
structure is retained. This gives rise to a series of analogues
(MIL-142B-MIL-142E). The isoreticular principle was again
fruitfully employed to make a number of analogues of
MIL-142 using scandium(III) in place of iron(III)." These
metals share similar coordination preferences and character-
istics. In the scandium examples, the tritopic btb linker was
replaced by 4,4',4"-(1,3,5-triazine-2,4,6-triyl)tribenzoate
(tatb) and 4,4',4"-(pyridine-2,4,6-triyl)tribenzoate (ptb)
while maintaining the parent network structure. Careful
optimization of the feed ratio of ScCl;, H,bdc and Hjtatb
allowed for the synthesis of MIL-142(Sc)-tatb ([Sc;O
(H,0),(OH)(bdc)(tatb),;]) in a crystalline form with a high
surface area. It is notable that the ideal feed ratio of the
H,bdc and Hjtatb linkers is 1:1, which matches the
stoichiometry of the parent MOF. Unlike UMCM-1, this
feed ratio does not have to be adjusted for the different
number of carboxyl groups of the linkers.

The analysis of MOF networks can be used to design
multicomponent MOFs, as nicely demonstrated by sph-
MOF-1.1 The term sph refers to the topology of the
network of this MOF. It has the formula [Tbg(p;-OH)
(tia),(btcb),(H,0)¢] (tia=4H-1,2,4-triazol-4-yl)isophthalate,
btcb=4,4',4"-(benzene-1,3,5-tricarbonyl)tri(azanediyl)-
tribenzoate). The sph net can be deconstructed into two
underlying subnets: a spn net and a hxg net (Figure 7). The
sph net was realized by the solvothermal reaction of
Tb(NOs);, Hytia, and H;btcb in DMF/water. The spn subnet

BIPY

[Zn3(NTB)a/3(BIPY)1/2(DABCO)1 2]

Figure 5. The assembly and structure of the multicomponent MUF-32 framework, [Zn,(ntb),;(bipy);,(dabco); ;]. Its structure can be visualized as
a hypothetical [Zn,(NTB), ;] subnet that is linked by bipy and dabco ligands in the axial paddlewheel sites. The framework can sustain high levels of
vacancy defects when these neutral ligands are absent. Color code: Zn, blue; O, red; C, gray; N, green. bipy, dabco and ntb linkers are shown in

green, pink and violet, respectively.
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Figure 7. The structure of the multicomponent sph-MOF-1 framework, [Tbg(p;-OH)g(tia), (btcb),(H,0)¢. The sph-MOF-1 framework can be
deconstructed two underlying nets: spn (from tia and the terbium clusters) and hxg (from btcb and the terbium clusters). These conceptually
merge into the final sph net. Color code: Tbg-cluster, blue; btcb, violet; tia, green.

is generated by a combination of the tia linkers and
hexanuclear terbium(III) clusters, and it was produced
independently in Tb-spn-MOF-1, [Tby(u;-OH)g(tia),(2-fba)s
(H,0)¢] (2-fba=2-fluorobenzoic acid). In sph-MOF-1, the
btcb linkers also coordinate to the terbium clusters. Taken
alone, this combination produced a hxg subnet. The overall
sph network topology arises from merging the spn and hxg
subnets. The compatibility of the tia and btcb linkers in sph-

Angew. Chem. Int. Ed. 2023, 62, €202306341 (7 of 13)

MOF-1 was carefully assessed based on their relative lengths
and the geometric requirements of the sph network. Ligands
suitable for isoreticular analogues were identified based on
their metric parameters, and the power of this strategy was
demonstrated by the successful synthesis of MOFs sph-
MOF-2-sph-MOF-4. The deliberate design of multicompo-
nent MOFs using merged nets complements earlier exam-
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ples of topology-driven approaches with DUT-23 and MUF-
32 (vide infra).

Using kinetically labile ions to generate multicomponent
MOFs is advantageous since it permits reversible self-
assembly during framework growth. This allows the frame-
work components to assume ordered, regular positions
rather than being locked into a random orientation. Frame-
works that are well ordered are likely to lie at deep
thermodynamic minima. In contrast, the slow metal-ligand
substitution reactions of kinetically inert metal ions are
generally incompatible with the bond reversibility required
for error-correcting and healing processes. This is illustrated
by multicomponent MOFs produced from the inert metal
ion zirconium(IV) and a combination of bdc and dobdc
ligands (dobdc =2,5-dihydroxy-1,4-benzenedicarboxylate).!'’!
While both linkers are incorporated into a common frame-
work, named ZRD-DOB, 'H NMR spectroscopy indicated
the presence of ligand vacancy defects, which stem from
error correction and healing processes being outpaced by
framework growth. These defects indicate a lack of frame-
work periodicity, therefore the material constitutes a range
of different cluster and pore environments. In a related
example, linear bdc and zig-zag fumarate (fum) linkers were
combined into a multicomponent zirconium(IV) MOF,
[Zr;0,(OH),(bdc);(fum);], using a one-pot process."” Each
hexanuclear zirconium cluster is a 12-connected node
coordinated to six bdc and six fum linkers. The linkers
occupy specific positions in the framework, however
"H NMR spectroscopy showed that ligand-vacancy defects
were prevalent.

4. Multicomponent MOFs with Three Ligands

Quaternary MOFs comprise four components. Typically,
this is a set of three linkers in combination with a metal
cluster. The presence of three linkers in a synthetic “brew”
accentuates the phase problem since an even wider array of
frameworks are potential side-products. Despite these
challenges, quaternary MOFs can routinely be synthesized
in phase-pure form and free of defects and disorder.
Because the position of each linker in the lattice is
determined by its backbone structure, regularity prevails
over randomness.

In MUF-7a, the linkers bdc, bpdc, and btb are combined
with Zn,O clusters to give [Zn,O(btb),;(bdc),(bpdc),]
(Figure 8a). Despite the number of possible competing
phases, MUF-7a can be prepared in a pure form in high
yield." As observed for UMCM-1, it was found that ditopic
linkers should be present in the feed mixture in slightly
larger quantities than those required stoichiometrically.
Since the bdc, bpdc, and btb linkers are geometrically
distinct from one another, they occupy specific positions in
the MUF-7 lattice. This circumvents randomness in the
framework structure therefore there are no observable
defects or disorder.

MUPF-7a is modular and the individual components can
be replaced by substituted analogues while maintaining the
ith-d topology. Functional groups can be installed on the
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linkers to build up “programmed pores”: precisely tuned
pore spaces (Figure 8b). Since these linkers are included in
predetermined positions, these functional groups systemati-
cally vary the pore spaces and are positioned precisely with
respect to one another.

MUF-7 is somewhat sensitive to water vapor, which
means that it cannot be handled in open air without the risk
of losing crystallinity and porosity. This can complicate
applications such as catalysis and gas adsorption. MUF-77 is
a closely-related MOF that is much more stable towards
water vapour and can be conveniently handled in open air
without the risk of framework collapse.") The key differ-
ence between MUF-7 and MUF-77 is the nature of the
tritopic tris(carboxylate) linker. In MUF-7 this linker is btb
while in MUF-77 it is hmtt (5,5',10,10',15,15"-hexamethyl-
truxene-2,7,12-tricarboxylate), which has a truxene core
(Figure 9). The truxene core is much more rigid than the
phenyl ring in btb, which counteracts any ligand exchange
reactions with incoming H,O that would lead to pore
collapse. In MUF-77, bdc, bpdc, and hmtt combine with
Zn,0 clusters to yield [Zn,O(hmtt),;(bdc),,(bpdc),,]. As in
MUF-7, the framework adopts the ith-d network topology.
The hmtt linker features methyl groups that can be replaced
by other alkyl groups up to 10 carbon atoms long to
generate an isoreticular series of materials. Similarly, the
bdc and bpdc struts can be replaced by functionalised
analogues in accordance with the isoreticular principle.[*”!
These functional groups decorate the framework pores in a
preconceived way. Since three functional groups can be
introduced in total (one each on the truxene, bdc and bpdc
linkers), the framework pores can be “programmed” with
arrays of functional groups (Figure 9). Catalytic properties
can be introduced organocatalytic substituents on one of the
linkers. Groups on the other linkers can then systematically
modify the catalytic properties, such as the enantiomeric
excess of the reaction products,? the reaction rate and the
selection between multiple competing reaction channels e.g.
aldol and Henry reactions.”” Without overstating the bio-
logical relevance of these materials, it can be noted that
programmed pore environments have a degree of structural
and functional resemblance to enzymes. Such frameworks
may not mimic enzyme behaviour per se, but allow the
lessons of small molecule catalysis and supramolecular
chemistry to be applied to heterogeneous catalysts. The
ability to introduce functional elements in predetermined
positions in MUF-77 materials has also been leveraged to
tune their emission (luminescence) profiles. By taking
advantage of functional groups placed on all three ligands,
MOFs that emit white light could be designed and
synthesized.”!

UMCM-10 is a pillared layer quaternary MOF. Its 2-
dimensional layers comprise ntb and bdc coordinated to
Zn,O clusters.” The pillar is provided by 2,2,6,6-tetra-
methylbiphenyl-4,4'-dicarboxylate (tm-bpdc) giving an over-
all formula of [Zn,O(ntb)(bdc),,(tm-bpdc)]. The linear
linkers are required in greater amounts than given by the
stoichiometry of the framework, which is consistent with
their relative number of carboxyl groups. The isoreticular
principle can be gainfully employed to produce UMCM-11
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2. BTB + BPDC

(w

BTB + BDC

MUEF-7

[Zn4O(BTB)4/3(BDC)1/2(BPDC)1/2]

Figure 8. Structure of the multicomponent MUF-7 framework [Zn,O (btb),;(bdc),,(bpdc), ). (a) Linker sphere around the Zn,O SBUs and
(b) different types of pores in MUF-7 that can programmed by introducing three different functional groups to the three different linkers. Color
code: Zn, blue. Bdc linkers in pink, bpdc linkers in green, and BTB linkers in yellow.

and UMCM-12 by extending the length of the pillaring
linker with an acetylenic or phenyl ring spacer.

TPMOF-2 is a quaternary framework that is assembled
from zinc(IT) ions and tz, tdc and bdc linkers (tz=1,2,3-
triazolate; tdc=2,5-thiophenedicarboxylate), which build up
a lon network with the overall formula [(CH;),NH,],
[Zng(tz)e(tdc);(bdc);].>! By drawing on the isoreticular
principle, related materials could be made by replacing the
bdc with other linear linkers such as 2,6-ndc. The core
trigonal prismatic node was retained in related materials
with jea and xai topologies. These multicomponent MOFs
were constructed by replacing the bdc in TPMOF-2 by the
tritopic linkers ntb and btb and by the tetratopic tcpp
(tetrakis(4-carboxyphenyl)porphyrin) linker.

Angew. Chem. Int. Ed. 2023, 62, €202306341 (9 of 13)

FDM-6 is a multicomponent MOF that is constructed
from PyC (4-pyrazolecarboxylate) and bdc linkers together
with two distinct roles for the metal ions.? In one role, the
zinc(IT) forms a conventional Zn,O cluster, while the other
role involves assembly of three copper(I) centres and three
pyrazolate groups into Cus(PyC); units. This generates
FDM-6 ([Zn,O(Cus(PyC);),sbdc]), which is isoreticular to
UMCM-2. The structural relationship between FDM-6 and
UMCM-2 can be appreciated by viewing the tritopic metal-
loligands that are structurally akin to btb. The expansion of
the bdc linker to 2,6-ndc in FDM-8 is accompanied by a
switch from the umt topology to the ith-d topology (Fig-
ure 10). FDM-8 extends the structural features of FDM-6
and leverages the diversity of both the metallic and ligand
structural elements for the design of a five-component
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MUEF-77 The catalytic pocket is a tunable active site.
[2n,O(HMTT)43(BDC)1/2(BPDC)y 2]

Figure 9. The structure of the multicomponent MUF-77 framework, [Zn,O(hmtt),;(bdc),,(bpdc), ;). The pore environment is an active site that can
be deliberately programmed e.g., a catalytic group can be attached to one of the linkers and the catalysis properties tuned by functional groups
attached to the other linkers. Color code: Zn, blue; bdc, bpdc, and truxene linkers are shown in pink, green, and yellow, respectively.

[Zna0(Cu3(PyC)3)4s3BDC] [(Zna0)3(Cus(PyC)3)a(BDC)2(2,6-NDC)]

Figure 10. The assembly of FDM-6, [Zn,O(Cu;(PyC););;bdc], which has four components in order. In inclusion of 2,6-ndc leads to FDM-8,
[(Zn40)3(Cus(PyC);)4(bdc),(2,6-NDC)], which has five components in order. Both frameworks comprise the C;-summetric Cus;(pyC); metalloligand.
Color code: Zn, blue; Cu, orange; C, gray; O, red; N, green. bdc, 2,6-ndc and Cu;(PyC);-moieties are highlighted in pink, yellow, and green,
respectively.

(quinary) MOF.”! The Cu,(PyC); once again defines a In combining three linkers and two different metal
tritopic metallo-linker. This combines with Zn,O clusters  clusters, FJU-6 is another quinary MOF.®¥ It comprises two-
and bdc and 2,6-NDC to assemble the three ligands and two  dimensional sheets of trigonal Co;(OH) clusters and a
metal ions into FDM-8 with the formula [(Zn,O);(Cu; combination of bdc and ina (isonicotinate) linkers. Hexanu-
(PyC);)4(bdc),(2,6-ndc)]. Alternative reaction products are  clear cobalt(II) clusters then act as pillars between the 2D
avoided by careful optimization of the reaction conditions. layers and connect the ina with the third linker (btb). By
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using substituted analogues of each of the three ligands, a
diverse set of isoreticular MOFs could be prepared.

It is interesting to consider how multicomponent MOFs
nucleate and grow. For example, do all of their components
simultaneously assemble at the earliest stages of crystal
nucleation? Or is a precursor phase initially established,
potentially form just one or two of the linkers, which then
transforms into another phase as the crystals develop? We
have addressed these questions by synthesizing multicompo-
nent MOFs in flow and monitoring the appearance of
products over the initial stages of framework growth by
synchrotron PXRD in real time.”” Upon mixing zinc(II)
acetate, H,bdc and H;btb, the components required for
UMCM-1, MOF-5 is actually observed at the earliest stage
of crystal growth. UMCM-1 takes over as the dominant
product after an induction period. On the other hand, a
mixture of zinc(II) acetate, H,bdc, H,bpdc and H;btb leads
directly to MUF-7 at the onset of nucleation: a multi-
component MOF is formed directly without the appearance
of any other frameworks in this case.

5. The Distinction Between Multicomponent and
Multivariate MOFs

Multivariate (MTV) MOFs are built up from multiple
components that are able to assume the same positions in
the framework lattice.® For example, if MOF-5 is synthe-
sized from a mixture of bdc and a set of analogues with the
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same backbone but appended functionalities (e.g., 2-amino-
1,4-benzenedicarboxylate, bdc-NH,), the bdc and bdc-NH,
linker linkers will be incorporated more-or-less indiscrimin-
ately into the growing framework. (Figure 11a). Similarly,
MOF-74 may comprise a rich variety of metal(Il) ions
arranged randomly in the framework (Figure 11b). Multi-
variate MOFs have parallels with solid-state materials such
as minerals, zeolites, alloys, and solid solutions, which have
lattice sites that can be randomly occupied by different
species. This comes about because the differences between
the linker are too subtle to be recognized during framework
assembly (this can be viewed as the ability to evade error-
checking processes during self-assembly). In addition, en-
tropic factors favour frameworks with mixed components as
opposed to partitioning of the components into separate
framework regions or even distinct materials.

Multivariate MOFs lack uniformity in both their frame-
work and pore structures. Therefore, different parts of the
MOFs will have different functional properties. For exam-
ple, in a multivariate MOF that exhibits catalytic activity,
individual pores will have turnovers and selectivities that are
distinct from their neighbours the activity arising from one
pore regions may even counteract one another. The
observed activity will be a sum of these individual contribu-
tions. The key challenge here is to design multivariate
MOFs in which the benefits accrued from the diversity of
linkers in multivariate MOFs are not offset by pore
heterogeneity.

Multivariate MOFs find their niche where distinct
properties arise by varying the ratios of the framework

(b) MTV-MOF-74

Various metal ions (M?*)

M: Ba, Ca, Cd, Co, Fe, Mg, Mn, Ni, Sr and Zn

Figure 11. (a) Multivariate MOF-5, which is built up using a set of different linkers that have a common bdc backbone. (b) Multivariate MOF-74,
which is built up using an array of divalent metal ions linked by 2,5-dioxidoterephthalate.
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components. For example, MOF-333 ([Al(OH)(pzdc)],
pzdc=1-H-pyrazole-3,5-dicarboxylate) has a high affinity
for water vapor and the step in its adsorption isotherm
occurs at a relatively high partial pressure of water
vapour.P!! The position of this step can be moved to lower
partial pressure values in multivariate analogues of MOF-
303 in which some of the pzdc linkers are replaced by 2,4-
furandicarboxylate (fdc). Similarly, the flexibility of MUF-
15-OMe in response to gas adsorption has been tuned by
incorporating various amounts of isophthalic acid in place of
its methoxy-substituted analogue,*” and acetylene uptake
can be tuned by the ratios of substituted bdc linkers in
multivariate zinc(IT) MOFs.P?)

6. Summary and Outlook

The most important perspective on multicomponent MOFs
is also the simplest: they can be made! The “phase problem”
relating to the competing reaction pathways can be over-
come by selecting appropriate building blocks and reaction
conditions. Complexity can be achieved and—importantly —
it is not accompanied by chaos. The building blocks are
coded, and this code is translated into specific sequential
arrangements.

The coupling of complexity to order elevates the func-
tional attributes of multicomponent beyond conventional
materials since well-defined, periodic pore environments are
created. Tuning the pore environments allows for functional
properties that cannot be achieved in simpler materials.
Complementary interactions between functional groups
become possible and the structural complexity inherent to
biological materials comes within reach.

Multicomponent MOFs thus offer new perspectives on
both structural and functional properties. Motifs with
complementary features, such as chirality, catalysis, reactiv-
ity, spin, or electron donor/acceptor behaviour can be
deliberately brought into proximity in well-defined environ-
ments. Interesting catalytic, redox, optical, magnetic, and
electronic properties are thus enabled.
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