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ABSTRACT: Many metal—organic frameworks (MOFs) incorporate nodes that are small y ‘ ‘
metal oxide clusters. Some of these MOFs are stable at high temperatures, offering good ( u"mppmw#s (
prospects as catalysts—prospects that focus attention on their defect sites and reactivities— - I ‘”’”"";%I.‘Zé’f "'}"‘“ /
all part of a broader subject: the surface chemistry of metal oxide clusters, illustrated here for \ £ neggs:::r:ace / C“‘“"’“
MOF nodes and for polyoxocations and polyoxoanions. Ligands on MOF defect sites form “"’;’:":““"‘“ge’ B/ mes
during synthesis and are central to the understanding and control of MOF reactivity. L Me,a,
Reactions of alcohols are illustrative probes of ZrsOg node defects in UiO-66, characterized U W }c,‘:,’;’fﬁs p— A
by the interconversions of formate, methoxy, hydroxy, and linker carboxylate ligands and by Aq“ 1 "péﬁg‘
catalysis of alcohol dehydration reactions. We posit that new reactivities of MOF nodes will AN b \ - L3
emerge from incorporation of a wide range of groups on their surfaces and from targeted
substitutions of metals within them. <
@

1. METAL OXIDE CLUSTERS IN METAL—ORGANIC metal oxide clusters, such as M(OH) chains (M = Al, Cr, Fe,

FRAMEWORKS Ga, In), M,O (M = Zn), M50 (M = A], Fe, Cr), M;O,(OH),

(M = Zr, Hf, Ce), MO 8(OH)4 (M = Ti) (Figure 1), and
M,(OH), (M = Ni, Co).”* """ These clusters are essentially
molecular, and so they tempt researchers to find links to
nature’s catalysts that incorporate molecular clusters, exempli-
fied by Mn4Ca05 in photosystem II for water splitting to
release O,. ' Heterogeneous catalysis scientists naturally
compare metal oxide clusters in MOFs with bulk metal oxides,
which find wide industrial application as catalysts and catalyst
supports.

Metal—organic frameworks (MOFs) are regular open matrices
consisting of inorganic nodes linked by organic struts. > With
their often stunning structures, these materials command wide
attention in the chemical community today. MOF discovery
has been thought of as a search to expand the coordination
structures of metal complexes into space by adding repeat units
to the structures.” Building from the early examples of 3D
MOFs with permanent porosity reported in 1999—HKUST-
1—by Williams’ group” and the high-surface-area MOF-5—by
Yaghi’s group (Figure 1)—researchers have now created more 2. SURFACE CHEMISTRY OF MOF METAL OXIDE
than 80 000 MOFs,” with new ones reported almost daily and CLUSTER NODES

colossal opportunities for discovery of still more, with chemical ) ) .
In some defect-free MOF structures, open sites are identified

as isolated regular structural vacancies, illustrated by those on
the M;0 nodes of MIL-101 (Figure 1). Other node sites not
occupied by linkers are defects (illustrated for UiO-66 in
Figure 2). In any MOF, there are imperfections—defects—
where linkers (and/or nodes) are missing. Defects and the
related crlystal disorder are a significant branch of MOF
science.'”"* The ideal (defect-free) structures of NU-1000 and
of MOEF-808, for example, have 4 and 6 of the 12 sites on each

functionalities positioned precisely in structures havin
thousands of square meters per gram of internal surface area.’

Early reports of MOFs were dominated by images of
fascinating reticular structures (e.g, MIL-S3, MIL-101, MIL-
125, and UiO-66; Figure 1). As MOF science matured beyond
the search for new structures, researchers increasingly sought
MOFs with exploitable properties, such as for selective gas
separations and for catalysis. Catalysis is especially challenging
because it requires materials with functionality optimized for
transport, chemisorption, reaction, and desorption, whereas
separations require only optimized transport and adsorption/
desorption. Catalytic sites can be built onto MOF nodes and
linkers for controlled spacing of complementary groups.

In the search for useful catalysts, researchers have been
drawn to MOFs that are stable for use at high temperatures—
in the MOF, MIL, and UiO families. These have nodes that are

Received: June 18, 2020
Published: August 6, 2020

© 2020 American Chemical Society https://dx.doi.org/10.1021/acscentsci.0c00803

W ACS Publications 1523 ACS Cent. Sci. 2020, 6, 15231533


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melike+Babucci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+H.+Casey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bruce+C.+Gates"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscentsci.0c00803&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00803?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00803?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00803?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00803?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acscii/6/9?ref=pdf
https://pubs.acs.org/toc/acscii/6/9?ref=pdf
https://pubs.acs.org/toc/acscii/6/9?ref=pdf
https://pubs.acs.org/toc/acscii/6/9?ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c00803?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Central Science

http://pubs.acs.org/journal/acscii

a) b) c) d) e) ™y
/0N “A} /‘} ’{J‘ ‘})
g ¢ o Yo A e ,
NN {g Q *r
M(OH) M,0 M,0 MgO4(OH), MgOg(OH),
M =Al, Cr, Fe, Ga,In M =Al Fe, Cr M =2Zn M = Zr, Hf, Ce =Ti
B oL - 4 | JQEED W 3 Ke, — R4 O
o 2 = o ol ol D e b
& . \ ¢ y &t SO L S L)
A &% 2 Y 4t
[§ p ¢ = /; 4\” | N £43 kl‘\ . ) ¢ 7\’# .‘7'/ B 4
K & ii"$v ' .‘,A "A’\h — >A)h Al — QD J
MIL-53 ht MIL-101 MOF-5 Uio-66 MIL-125

Figure 1. Illustrations of metal oxide node structures and crystal structures of five MOFs that incorporate benzene-1,4-dicarboxylate (BDC>")
linkers: (a) MIL-53 ht, (b) MIL-101, (c) MOF-S, (d) UiO-66, and (e) MIL-125. Color code: metal atoms and metal—oxygen polyhedra (light

blue), oxygen (red), carbon (gray).

Figure 2. (a) Structure of UiO-66 emphasizing, at left, locations of
individual atoms and missing linker defects where formate ligands are
bonded, each to two Zr sites (BDC?™ linkers are truncated for
simplicity). (b) Illustration of missing linker defects of UiO-66. (c)
Ilustration of missing node defects of UiO-66. Color code: Zr atoms
and ZrOg octahedra (light blue), oxygen (red), carbon (gray),
hydrogen (white), formate ligands (purple) in parts b and c. Adapted
and reprinted with permission from ref 19. Copyright 2016 American
Chemical Society.

ZrsOg node, respectively, open, not occupied by linkers, and
these structural vacancies have identities/ligands similar to
those of defect sites. The defect sites in our examples are
paired sites where bidentate carboxylate linkers typically bond.
In reactions involving gas-phase reactants and MOF nodes, the
distinctions in reactivity between node structural vacancies and
defects are not clear. In contrast to the MOF nodes in the
presence of gas-phase reactants, metal oxide clusters in water
are generally coordinatively saturated (more about this below).

Our main focus is on the reactivities of node defect sites, and
we see this as part of a broader subject: the surface chemistry of
metal oxide clusters, illustrated here for MOF nodes and also for
polyoxometalates (POMs), which have long been designed to
have targeted defects. We posit that an understanding of POM
chemistry may help elucidate MOF chemistry.

MOFs in the family we emphasize are synthesized as (1)
metal oxide clusters form from metal salts in solution and then
(2) self-assemble into matrices by combining with linkers that
have carboxylate groups at multiple ends. Each carboxylate
group can bond with a pair of neighboring metal sites on a
node. Various linker structures combine with the nodes to give
various reticular structures (Figure 1).

In some representations (e.g., Figure 1) , the structural
vacancies are shown as open sites, but during synthesis they
usually become occupied by ligands from the synthesis
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solution, typically remaining in place in the final crystalline
structure (Figure 2).

What are these native nonlinker ligands? Debates about
them are ongoing, because they are not always easy to
identify—they may be few in number and irregularly placed, so
that information about them does not emerge from X-ray
diffraction (XRD) crystallography. Many researchers have
suggested that these ligands include hydroxy and aqua from the
aqueous synthesis mixtures; specific suggestions include
hydro%en—bonded pairs of OH/OH, groups;'>'® OH/OH,/
OH,;"” and carboxylates other than linkers.'®"”

The identities of these original ligands on the nodes depend
on the compositions of the synthesis solutions, which often
include modulators—components added to facilitate the slow,
regular formation of high-quality MOF crystals. The
modulators also influence the number of defect sites per
node. Typical modulators in UiO-66 synthesis are mono-
carboxylic acids (e.g., formic acid, acetic acid) and HCL***!
The former leave carboxylate ligands on the nodes;'” formate
ligands also form from decomposition of dimethylformamide
(DMEF) used in the synthesis solutions,'” and these account for
the majority of nonlinker ligands on the nodes when HCI is
used as a modulator.”

Understanding the chemistry of these ligands and the node
sites where they bond is central to understanding MOF
catalysis. The original ligands can be replaced by others, and in
catalysis, there will be a dynamic competition for the node
surface sites where catalysis occurs. An understanding of node
surface chemistry is emerging for some MOFs (Figure 3).
There is broad flexibility in the chemistry of ligand
replacement on the nodes, with either liquid-phase or vapor-
phase reactants. For example, solvent-assisted ligand incorpo-
ration leads to switching of carboxylate or phosphonate ligands
on ZrsO4 nodes of UiO-66 and NU-1000.>**" Reaction with
methanol converts carboxylate ligands on the node defects via
esterification, with ester desorbed as a product and OH ligands
remaining on the nodes and reacting further with methanol to
form (monodentate) methoxy ligands (Scheme 1).****?° The
methoxy groups can be reversibly replaced by terminal OH
groups by reaction with water vapor, with methanol desorbed
as a product (Scheme 1). Methoxy and hydroxy ligands tend to
be more reactive than carboxylate ligands, and so reactant
molecules can displace them to initiate catalysis (Scheme 1).

https://dx.doi.org/10.1021/acscentsci.0c00803
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Figure 3. Timeline of advances in the understanding of open sites, defects, ligands, and reactivities on MOF node surfaces illustrated for UiO-66.
The key role of MOF defects for catalysis was proposed in 2008, as Farasseng’s group investigated alkylation of biphenyl with t-butyl chloride
catalyzed by MOE-5;*” this work appeared nine years after the first synthesis of that MOF.® The group synthesized MOFs by fast precipitation and
used dummy linkers to create node defect sites, confirming that these are catalytic sites for toluene benzylation.”® In 2016, they summarized
progress in understanding MOF defects as catalytic sites.”” UiO-66 has Zr;Og nodes, each bonded in the defect-free MOF to 12 BDC?" linkers, as
reported by Lillerud’s group.® That work underlies the emergence of a family of MOFs made with various linkers.>® The highly tunable defect
structures are central to catalysis by these MOFs. In 2011, benzoic acid and acetic acid were first used as modulators in UiO-66 synthesis.”” Two
years later, Zhou’s group®' found that the synthesis modulated by acetic acid provided opportunities to tune missing linker defects, with the
number correlated with MOF BET surface areas. In 2014, the group of Goodwin®> found high concentrations of missing node defects with reo
topologies in Hf-UiO-66 synthesized with formic acid modulator, made evident by XRD patterns. Then, two types of defects had been identified,
missing linker and missing node defects. Lillerud’s group in 2016 reported'® the tuning of defects in UiO-66 by addition of modulators with
different pKa values, and they quantified the number of defects by applying thermal gravimetric analysis, '"H NMR spectroscopy of dissolved MOFs,
BET surface area measurements, and XRD crystallography. At an early stage, it was concluded that MOF defect sites are the Lewis acid catalytic
sites for several acid-catalyzed reactions, for example, in MOE-5>® and in UiO-66."° Activating the nodes as catalysts may be as simple as removal of
the ligands.'® Lillerud’s group'® in 2016 showed by IR spectroscopy of MOFs and 'H NMR s;)ectroscopy of digested MOFs that the original
ligands include both carboxylates from modulators and formate from decomposed DMF solvent.”>**** Alcohols were used as 6probe molecules to
investigate the catalytic properties of sites on Cr;O nodes of MIL-100,>* and methanol was used to probe sites in UiO-66.”

Scheme 1. Schematic Representation of Node Chemistry breaking of node—linker bonds (or the accidental adjacency of
during Reaction of As-Synthesized UiO-66 (Formate) with open node sites) allowing catalytically fruitful bonding of two
Methanol Demonstrating Conversion of Carboxylate reactant species to neighboring node sites, facilitating an Sy2
Ligands into Terminal OH Groups via Esterification mechanism.”” The Zr Lewis acid sites also catalyze hydrolysis

(Further Reaction with Methanol Forms Monodentate of nerve gas simulants,®® among other reactions.””**
Methoxy Ligands) A complementary catalytic probe reaction is the dehydration
H of t-butyl alcohol (TBA) present in the vapor phase, which
(l: H CHy gives isobutylene, but no ether: Thi§ reaction is. catalyzed by
?/g\? CH;OH HCOOCH; O g CH;OH H,0 cl) lc-l) gH group: ondZ%g% no;les1 in U10};66 T}lldtlr(lli\dgp-s-osi
-0~ NG LN N -~ 0~ eriments an calculations show tha ermina
2o 200 °C o T o nzjge OH groups form as formate and/or acetate ligands

CH;OH H,0 L .
present initially on the nodes react with TBA to form esters;
200°c (2) these OH groups act as Bronsted base sites for TBA
dehydration, facilitating the reaction via a carbocationic
Esterification reactions are crucial for these ligand exchanges, intermediate in an E1 mechanism (Figure 4).”’

and experiments have shown that carboxylate ligands are quite The understanding of the node chemistry of MOFs such as
stable in the presence of water vapor. UiO-66 is pointing the way to predicting the reactivities of
The understanding of node surface chemistry paves the way MOFs that have nodes with various structures. For example,
to the understanding of mechanisms of catalytic reactions on hcp UiO-66 incorporates double layered ZrsOg nodes bridged
the nodes, and density functional theory (DFT) is essential for by 6 y1,—OH groups (Zr;,0,,).*” These nodes lend themselves
elucidating details and predicting reactivities.” For example, to tuning: when hcp UiO-66 is synthesized with nodes
ethoxy ligands, formed from vapor-phase ethanol and observed incorporating acetate ligands where linkers are missing,
spectroscopically, were found by DFT to be bonded to Lewis catalysis is inhibited, but when the acetate is removed by
acid defect sites on UiO-66 and to be intermediates in the reaction with methanol to split out methyl acetate and form
catalytic dehydration to make diethyl ether. A key step is the methoxy ligands on the nodes, catalysis of epoxide ring

1525 https://dx.doi.org/10.1021/acscentsci.0c00803
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Figure 4. Free energy reaction profile for the esterification reaction between formate and t-butyl alcohol (TBA) on UiO-66 nodes, followed by
catalysis of TBA dehydration.”> (A) UiO-66 having formate bonded to zirconium sites. (B) One zirconium bonding site opened for binding with
one TBA molecule. (C) TBA interacting with a zirconium site. (D) OR group (R: t-butyl) acting as a nucleophile and attacking the C atom of the
formate. (E) Second TBA molecule binding to the zirconium site. (F) OH group removed, forming water and t-butyl formate (TBF). (G) TBF
removed, water bonding to the zirconium site. (H) TBA and a terminal OH group (formed after esterification) bonding to zirconium atoms. The
alcohol molecules bonded to zirconium and the OH group formed after esterification are highlighted in red.”> Adapted with permission from ref 25.

Copyright 2020 American Chemical Society.

opening with alcohols starts up. The defects on Zr),0,, nodes
are several times more active per site than those on ZrsOg
nodes, a result that suggests that the bridging OH groups
increase the catalytic activity of the neighboring sites.

The hydroxy, formate, and methoxy species that are
important in this MOF node chemistry also exist on bulk
metal oxides (Scheme 2), and they are important for

Scheme 2. Formate, Methoxy, and Hydroxy Groups
Identified Spectroscopically on Surfaces of Bulk Metal
Oxides

Formate H
(!: O\C/H I;I
7™ | 7R
R
M M w7
H
Hydroxyl I (l) (I)
| VRN 21N
M V] M M M
Methoxy CH, CH,
| |
o

| /o\
M M M

understanding the surface chemistry of those materials*’—
however, they are usually present in mixtures,*' ~* in contrast
to the individual species made in high purity on MOF node
defect sites.””*

The structures of the species bonded to the nodes are
dictated by the essentially molecular structures of the nodes—

1526

influenced, for example, by the sizes of the node metal atoms
and the distances between them. The uniformity of MOF
metal oxide nodes facilitates the precise determination of how
the ligands are bonded, forming a strong foundation for
understanding how catalysis occurs. Examples of catalysis on
MOF nodes may emerge as some of the best understood of
any in heterogeneous catalysis.

We foresee rich opportunities to extend the chemistry of
MOFs having metal oxide cluster nodes, and there are already
numerous examples. Thus, the nodes have been used as
platforms for various catalytic groups, such as sulfates with
nearby aqua ligands that function as strong Bronsted acids.**
Transition metal complexes have been anchored to the
nodes;*>*® rhodium gem-dicarbonyls and iridium gem-
dicarbonyls are subtle probes of the node surfaces, their v¢q
infrared spectra demonstrating that the node surface sites are
less uniform than was first expected”’ ™" and thus providing
early hints of subtlety of node surface chemistry.

The node surface chemistry can be tuned by varying the
compositions of the linkers. For example, NH, groups added
to the BDC linkers of UiO-66 increase the catalytic activity of
the MOF for the hydrolysis of warfare agent simulants.”">

MOF nodes comprising mixtures of metals also offer
intriguing prospects. We may view these as nodes with defects.
Research with MOFs having mixed-metal nodes is potentially
important for catalysis because it suggests ways to tune the
properties of the nodes to mimic nature (consider the
Mn,CaO; clusters in photosystem II or the effect of
heterometals in POMs, mentioned below).’*** Various
methods (e.g, modified syntheses or postsynthesis ion
exchange) have been reported for the synthesis of MOFs
with combinations of metals in the nodes,” " exemplified by
dimeric iron in the linear AI(OH) node of MIL-53 for the
challenging methane to methanol conversion.’” However,
MOFs with mixed metal nodes are not simple to make, with

https://dx.doi.org/10.1021/acscentsci.0c00803
ACS Cent. Sci. 2020, 6, 1523—1533
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syntheses often Ieading to mixtures of amorphous metal oxides
along with MOFs.”' * Successful syntheses require an optimal
balance between hydrolysis chemistry influencing cluster
formation and coordination chemistry involving nodes and

ligands that provide sufficient rigidity.

3. STEPS TOWARD MIMICKING ENZYME METAL
OXIDE CLUSTER CHEMISTRY IN MOFS

Attempts to find links between metal oxide clusters in enzymes
and those in MOFs are at an early stage. The aforementioned
Mn,CaOjs has triggered work on cubane complexes with the
core structure of M,0, (M = Co, Ni, Co/Ni, or Co/Mn).5*™%"
These have been incorporated into MOFs as nodes and have
been shown to have activity for oxygen evolution.'"*® The
mechanism is not yet understood, but it has been suggested
that hydroxy groups play a role in the catalytic process, being
converted reversibly to oxo sites via two-electron reac-
tions.”” "

This is lively research that is rich in opportunity. The natural
oxide structure of divalent metals undergoing hydrolysis is that
of the brucite layer structure made of linked cubane moieties.
Linked cubane structures also form from tetravalent metals
such as Mn(IV), and, then, they resemble defective birnessite
(MnO,). Sandwich polyoxometalates and cubane synthesis
strategies produce these layered fragments, and dynamics of
the layer may be essential to catalytic cycles.”

4. SURFACE CHEMISTRY OF AQUEOUS METAL
OXIDE CLUSTERS

Some MOFs with metal oxide cluster nodes are formed
directly in aqueous solution. For example, the long-rod
Al(OH) nodes of MIL-53,”* among others, are formed in
DMF, but only in the presence of water; another example is
the ZrsOg nodes of UiO-66.”° However, water can also damage
MOF structures—some MOFs (e.g, MIL-125) with metal
oxide nodes are unstable in aqueous media.”* Here, the
extensive work on water-oxidation catalysis by mineral-like
cubanes is relevant,®® showing that the choice of ligands is
essential for catalyst stability, whether t_heéy are organic, as for
cubanes, or inorganic, as for POMs.5%7>7¢ A challenge in this
work is to ligate metals so that the cluster maintains integrity
during repeated redox cycles.”***”*

Investigations of oxo-site reactivities in unbound Zr(IV)
clusters, such as [Zr,(OH)s(OH,) 4]** tetramers in aqueous
solution,”” have provided evidence of sites similar to those on
ZrgOs MOF nodes.”* The comparisons are imperfect because
the unbound clusters are not structurally the same as these
nodes, but the comparisons are good enough to be useful for
understanding ligand exchanges and assigning Brensted
acidities.

Better models of metal oxide clusters are molecules for
which the structures in aqueous solution are known with
confidence. Extensive work has been done on the poly-
oxoanions of Group S and Group 6 oxides and the
polyoxocations incorporating trivalent metals (e.g, AI(III),
Fe(III), Ga(III)). The clusters are typically ~1 nm in diameter
and incorporate a few dozen to a few hundred atoms. The
POMs as a class, usually of Group 6 metals, are acid-,
oxidative-, photo-, and electrocatalysts78 and are targets for
photoenergy production.””* Wide ranges of defect (e.g,
lacunary) and sandwich structures of these have been
synthesized, and their catalytic chemistry is well reviewed.®'
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The cationic clusters of Group 13 metals provide a link to
the aqueous surface chemistry of common soil minerals, such
as the layered minerals mentioned above, because they are
often structurally related (Figure S). The oxide minerals in

Bayerite
B-Al(OH),

MAI,,"(aq)
(M = Al, Ga, Ge)

Kaolinite
Al,(OH),Si,0,

/=~ N-OH, OH,

Figure S. Aluminum polyoxocation structures shown in polyhedral
representation along with a common aluminum hydroxide mineral
and the clay mineral kaolinite. The aqueous Keggin
[MO,Al,(OH),,(OH,);,]”/%" ion is in the center, with the purple
tetrahedron indicating the inert M(O), site. Gray tetrahedra are
[Si0,]*7; yellow octahedra are [AI(O)4]°".

water are often layer minerals that are characterized by pH-
dependent surface charges, by the formation of coordination
complexes with ligands and with other metals, and by catalytic
properties attributed to defect sites.

To address subtle effects in the chemistry, researchers have
modified the clusters by single-metal-atom substitutions (and,
separately, some ligand substitutions) and determined how
they affect reactions on the surfaces.*” Examples are cationic
clusters of the &-Keggin class, including
[MO,Al,(OH),,(OH,),,]”/** (abbreviated MAl,, with M =
Al(II), Ga(111), Ge(IV)),”®*! because they are similar to some
aluminum-(hydr)oxide minerals and because details of their
surface chemistry link them to MOF nodes.*” The use of metal
substitutions to modify structures and acid—base and
electronic properties of POMs is a well-developed field.** In
some cases, second-shell interactions are essential to stabilize
the POMs (e.g,, certain isomers) either via co-ion coordination
to the cluster or by ligation.*> ™’

The clusters incorporating trivalent metals are amphoteric in
water and have a rich Brensted acid—base chemistry, in
contrast to the Group S and 6 Keggin anion clusters, which are
the conjugate bases of stronger acids. The Group 13 Keggin
polyoxocations have surface y,—OH groups and reactivities for
isotope exchange that are highly sensitive to small changes in
structure and composition. These exchanges proceed by
transient formation of metastable open structures;™> these
cations are comparable to the defective MOF nodes. Metals
are usually coordinatively saturated in a mobile solvent like
water. Structural oxygens in the lattice, however, exhibit a
range of coordination numbers. The oxygen coordination
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numbers typically become smaller as a stable cluster partly
opens to form a defect.

In contrast to the y,—OH groups, terminal aqua ligands (17—
OH,) in MAl,, undergo ligand exchange at rates that are only
slightly insensitive to small changes in the cluster struc-
ture.”’"" The rates also change with charge on the cation
cluster, and rates of reactions, particular at bridges, can be
modified by fluoride-for-oxygen substitution” in the lattice or
at terminal sites. Investigations of Group 5 polyoxoanions
largely confirm the view that equilibria with partly open
defective forms of the stable condensed clusters control the
rates of oxygen-isotope exchanges.”*”> The rates of steady
oxygen-isotope exchange of the structural oxo sites, which
include two sets of =0, three sets of y,—O, one set of y;—
O, and one inert set of ys—O, vary by >10*fold. Ti(IV) for
Nb(V) substitution changed the pH dependencies of the
molecule, leading to broad amphoteric behavior, but all oxygen
sites exhibited a broadly similar pH dependence as though the
formation of a partly detached defect structure controlled the
rates for all oxygens.

Comparing the surface chemistries of these polyoxoanions
and polyoxocations with those of the MOF nodes, we see
similarities in the reactions of hydroxy and aqua ligands, but
the comparisons are lacking in detail, in large part because
some of the most insightful POM data involve reactions in
aqueous media. Such chemistry is not the most relevant to the
reactions of MOFs with vapor-phase reactants and when open
coordination sites can be maintained on the metals. However,
recent work is providing some closer links; for example, by
reacting trivacant lacunary Keggin-type POMs in organic
solvents with methanol, six methoxy groups were introduced
into the vacant sites of each.”

5. METAL OXIDE CLUSTERS WITHIN LARGER
CLUSTERS, DISPERSED ON SUPPORTS, AND
LINKED IN FRAMEWORKS

One might also ask whether data characterizing POMs isolated
in dispersed form in solid phases might provide better
comparisons with MOF nodes than those stated above. The
literature of clusters of POMs (clusters of clusters) illustrates a
wide variety of open structures made from POM building
blocks—and some comparisons with MOFs.*” There is also a
substantial literature of POMs on supports,”” of interest to the
heterogeneous catalysis community’® because they are
catalysts for acid—base” """ and redox reactions.”®'>'%
The reactivities are essentially as one would expect on the basis
of what we have summarized here, but the data lack the detail
to provide close links to MOF node chemistry.*” Part of the
challenge in elucidating the chemistry of supported POM:s lies
in the complexity of their structures—they are typically
aggregated and structurally ill-defined.®>"**'%°

Better comparisons might be with MOFs that contain POMs
as nodes; these are called POM-—organic frameworks
(POMOFs).*>199197 Well-established examples incorporate
e-Keggin POM {e-PMo"sMo"",0,_,(OH),M,} (abbreviated
as &-M,PMo,,, M = Zn or La), in which the four M atoms at
corners of POM clusters are connected with BDC or benzene-
1,3,5-tricarboxylic acid (BTC) linkers.'”*'%” However, these
samples are not stable; the La-containing POMOF gradually
collapses at room temperature, and the Zn-containin%
POMOF survives only at temperatures up to 180 °C."%*™"!
Some POMOFs are more stable; for example, that with a
[Nig(u3—OH);(H,0)4(L);(B-a-PW,05,)] node (abbreviated
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as NigPW,, L = en/enMe) and BTC linkers can survive at
temperatures up to 320 °C.M! However, these POMOFs are
still much less stable than the most stable MOFs. For example,
Ui0-66(Zr) and MIL-53(Al) are stable at 400 and 500 °C,
respectively,”"'* because (1) only few metal atoms (not all of
them) in POMs are coordinated with linkers, (2) the metal—
linker bonds in POMOFs are less strong than those in these
MOFs, and (3) anionic POM nodes need large organic cations
to balance the charges, and these take up space in the pores
and weaken the linkage bonds.

Only a few POMs have been successfully applied as
POMOF nodes. Progress is limited by discovery and
understanding of the chemistry of bonding of POMs with
organic ligands and how to control the chemistry of linking
POM:s into POMOFs in solution.

As on POMs, oxo and hydroxy groups are common on the
nodes of POMOFs; however, their reactivities are almost
unexplored. This field is still in an early stage and developing
rapidly, and we foresee opportunities for applying these
materials as catalysts.

6. COMMON THREADS OF METAL OXIDE CLUSTER
SURFACE CHEMISTRY

To summarize a few points, MOFs are linked metal complexes
that have many catalytic properties in common with molecular
catalysts in solution, and node surfaces are often crucial. The
metal oxide clusters in solution that most resemble MOF node
clusters are POMs, and investigations of these emphasize that
transient defect structures are often important.

A common characteristic links metal oxide clusters in MOFs
and POMs in solution: both are protected to limit cluster
aggregation—the former by linkers and the latter by ionization
and polar, aqueous surroundings. Both kinds of clusters tend to
aggregate when these protective surroundings are removed.

A common characteristic links
metal oxide clusters in MOFs and
POMs in solution: both are
protected to limit cluster aggre-
gation—the former by linkers
and the latter by ionization and
polar, aqueous surroundings.

Rates of ligand exchanges in POMs are sensitive to both the
metal in the clusters and the ligands, and the same is true for
MOF nodes.'"? Thus, MOFs incorporating high-valent metal
ions form strong coordination bonds with linkers for good
MOF stability,"* and MOFs having nodes that incorporate
metals with variable oxidation states, like POMs, are active for
catalytic redox reactions,'’> offering rich opportunities for
discovery.'**''® Heterometal or anion substitution into Keggin
ions profoundly affects stabilities and reactivities, particularly
when those substitutions are into sites that strongly influence
the metastable equilibria with defective forms. The addition of
a more highly charged heterometal atom to a Keggin ion (e.g.,
P(V) for Si(IV) in tungstate Keggin ions) can stabilize
different isomers and lacunary forms and make stronger
acids.®¥''”!'® Extension of these effects to MOF nodes,
however, has limitations: the MOF nodes with high-valent
metal ions are typically much less stable than comparable
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nodes incorporating metals in nonvariable oxidation states that

. . .11
undergo reductive dissociation. 7

Rates of ligand exchanges in
POMs are sensitive to both the
metal in the clusters and the
ligands, and the same is true for
MOF nodes.

Like bulk metal oxides, metal oxide clusters in MOFs and
POMs are able to bond with numerous ligands, exemplified by
methoxy and hydroxy. These ligands on metal oxide clusters
may play charge-balancing roles—or just fill the vacancies;
they may be bonded in various forms (Figure S), and dynamic
simulations indicate that ligand substitutions sometimes do not
have a simple effect on reactivity.”> Much remains to be
learned about the chemistry of ligands and the surfaces of
metal oxide clusters.

7. OUTLOOK/PERSPECTIVE

As MOF chemistry expands, there are emerging opportunities
to understand and control reactivities of MOFs having metal
oxide cluster nodes and to take advantage of known chemistry
of metal oxide clusters such as POMs. Ligands, such as
formate, methoxy, and hydroxy, are common to bulk metal
oxides, metal oxide clusters in MOFs, and POMs, and
understanding of the chemistry of these and other ligands on
the surfaces of these materials may be expected to play a
central role in unraveling the adsorption and catalytic
properties of all of them. There is much to learn about what
determines the bonding of ligands to metal oxide clusters and
how it influences reactivities. Thus, we suggest that there are
rich opportunities to better understand the chemistry of MOFs
and to design metal oxide cluster nodes for reactivity, catalysis,
and even selective adsorption using DFT and some of the tools
derived from POM chemistry. And, although this is highly
challenging, there is also a wide horizon for discovery of new
MOFs with nodes including clusters of oxides with various
metals, and other clusters such as sulfides as nodes.

Understanding of the surface
chemistry of ligands, such as
carboxylate, alkoxy, and hydroxy,
on metal oxide clusters in MOFs
and POMs plays a central role in
unraveling the adsorption and
catalytic properties of these ma-
terials.
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