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In the design of new metal—-organic frameworks, the constant challenges of framework stability and
structural predictability continue to influence ligand choice in favour of well-studied dicarboxylates and
similar ligands. However, a small subset of known MOF ligands contains suitable functionality for coordi-
nation sphere hydrogen bonding which can provide new opportunities in ligand design. Such interactions
may serve to support and rigidity the coordination geometry of mononuclear coordination spheres, as
well as providing extra thermodynamic and kinetic stabilisation to meet the challenge of hydrolytic stabi-
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lity in these materials. In this perspective, a collection of pyrazole, amine, amide and carboxylic acid con-
taining species are examined through the lens of (primarily) inner-sphere hydrogen bonding. The
influence of these interactions is then related to the overall structure, stability and function of these
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Introduction

As the study of coordination polymers and metal-organic
frameworks continues to progress, focus has begun to shift
from understanding their preparation and fundamental pro-
perties towards their use in real-world applications." Many
such applications have been suggested for such materials;
although gas adsorption and separation is the most widely dis-
cussed,” other applications including liquid-phase separ-
ations,® nonlinear optics, anomalous thermal expansion,’
proton conduction,® and molecular magnetism’ have been
proposed and successfully demonstrated. For most proposed
applications of coordination polymer materials, two funda-
mental challenges still remain to be overcome. Firstly and
perhaps most importantly, the chemical stability of framework
materials has been a source of difficulty for many years,® par-
ticularly in the case of water stability in polycarboxylate cluster
systems.’ Secondly, an element of design and predictability
within coordination polymer structures is highly desirable,
and can still prove elusive for some systems.'® Although sub-
stantial progress has been made to this end, especially in the
case of carboxylate cluster systems and rigid linker mole-
cules,'! further examples of structure prediction in non-tra-
ditional or highly flexible systems continue to prove
challenging.

Several approaches have been applied to the problem of
hydrolytic stability in coordination polymer systems. Broad
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materials, to provide starting points for harnessing these interactions in future materials design.

chemical stability can be introduced with the use of zirco-
nium-carboxylate nodes or other hard cations,'> where the
inert zirconium-oxygen bond can effectively prevent hydro-
lysis. Similarly, metal ions such as chromium(m) show excel-
lent resistance to hydrolysis, which can be related to a combi-
nation of the chemical inertness of the ion itself and the high
strength of the M-O bonds in the parent oxides."> Where
softer or more labile metal ions are desired, azolate-based
ligands, particularly imidazolate, in combination with tetra-
hedral metal ions form notably stable frameworks with zeolitic
topologies.” In both cases, however, the high strength and
corresponding low reversibility of the individual metal-ligand
bonds can prove a hindrance to control in the material syn-
thesis, which relies on a reversible self-assembly process.
Mixed-ligand approaches, in which neutral and anionic brid-
ging ligands are combined, have also been shown to improve
the chemical stability of coordination polymer materials.'®
Such systems tend to favour mononuclear metal nodes consist-
ing of both charge-balancing anionic ligands and neutral co-
ligands. This arrangement satisfies both the charge and
coordination number requirements of transition metal ions
without the need for hydrolytically vulnerable carboxylate
bridges between metal ions, or reactive highly solvated metal
nodes. Systems with mixed ligands, including the widely
studied pillared-layer type MOFs, also provide multiple
avenues for structural tuning across both ligand types to
improve stability."®

Hydrogen bonding, particularly within the coordination
sphere, is another strategy which may lead to enhancement in
the chemical stability at the nodes, and therefor of the frame-
work materials themselves. These interactions are well known
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to play key roles in controlling the geometry and reactivity of
the coordination sphere within metalloenzymes,"” and have
been widely and successfully employed in synthetic catalysts
and biological models,'® not only as proton sources but as sta-
bilising forces to favour specific active site geometries.'® In
MOF chemistry, while the importance of hydrogen bonding at
the coordination sphere has been demonstrated in terms of
providing sites for preferential guest adsorption,®® and a key
handle for proton conduction,*' the role of static hydrogen
bonding as a structure directing element has received less
attention.?” This is especially true given the typical nature of
the most widely used MOF ligands; while hydrogen bond
acceptor ligands such as carboxylates are ubiquitous,> few
common MOF ligands offer hydrogen bond donors proximal to
the metal binding sites. As a consequence, inner-sphere hydro-
gen bonding is not the norm in coordination polymers or
MOFs unless ligands capable of this function have been expli-
citly selected. Notable exceptions are the small-molecule O-H
donor hydroxido, aqua or alcohol ligands. While these are
often found bound to the coordination sphere, either originat-
ing from the reaction solvent or acting as a structural element
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within polynuclear cluster nodes, these groups are excluded
from the present discussion. Firstly, while there are some
examples of organic bridging ligands containing alcohol func-
tional groups within MOFs,** the majority of coordinated
methanol, ethanol or water molecules tend to be removed
during activation of the resulting frameworks. Secondly, these
species do not tend to contribute to the overall topology of the
frameworks, making them less useful to consider from a
ligand design perspective.

In this perspective article, coordination sphere hydrogen
bonding as a structure-directing force and a possible strategy
for improving the stability of MOFs will be outlined. Key
results in the structural chemistry of coordination polymers
and MOFs derived from ligands containing hydrogen bond
donors in close proximity to the metal binding functionality
will be examined. The ligands of interest are presented in
Fig. 1. These species are considered from the perspective of
stable, reproducible and widely applicable building units for
the design of new functional materials, and the role that incor-
porating hydrogen bonding as an element of ligand design
may play in this task. The standard graph set nomenclature
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Fig. 1 Ligands of interest to this review. Naming schemes are derived from the fully protonated neutral forms of the ligands (based on the most

acidic protons and typical coordination modes).
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used to categorise hydrogen bonding in crystal structures will
be used throughout,* particularly those described by the ring
designator R,*(2). This nomenclature conveniently classifies a
motif by the number of hydrogen bond acceptors, donors and
the ring size (x, y and z, respectively).

Hydrogen bonding in MOFs: general
considerations

When considering the total stabilisation energy associated
with a coordinatively saturated d block ion, the additional
stabilisation provided by a moderate strength intramolecular
hydrogen bond (e.g. a neutral N-H donor and carboxylate
acceptor) of ca. 10-20 k] mol™" is small.*® However, it has
already been shown that such interactions can be synergic
with other elements of the bonding involved, leading to out-
sized influences in rigidifying and stabilising the coordination
sphere.”” The extra stabilisation energies are also very similar
to the energetic tuning which can be achieved through other
aspects of ligand design. Fris¢i¢ and co-workers have recently
shown that wholesale changes in ligand electronics, visualised
as changes in the Hammett o-parameter of substituted imid-
azoles from —0.3 to +0.7 in the formation of sodalite ZIFs,
result in a total variation in enthalpy of formation of ca. 30 kJ
mol~".%® This is comparable to that accessible through installa-
tion of coordination sphere hydrogen bonding, with the
demonstrated potential to influence reaction outcomes.

Still, the addition of one or two hydrogen bonds within the
coordination sphere is unlikely to convincingly shift the
overall energy balance of hydrolysis and ligand dissociation in
a hydrolytically labile MOF. Kinetic contributions in the stabil-
isation of the coordination sphere itself (both physically block-
ing access to the metal site and raising the energetic barrier to
the first hydrolysis step), however, play an important role in
stability.”® For MOFs formed from comparably labile metal
ions such as zinc(un) and copper(u), in the few cases of high
water stability this is frequently a kinetic influence.** The
stability of such systems in the presence of excess water is
derived from the magnitude of the energy barrier towards
ligand displacement, not necessarily the total energy of the
intact coordination sphere. As such, even small stabilising
influences such as hydrogen bonding may impact the lifetimes
of these species in aqueous environments. Another aspect to
consider when seeking to engineer these species is the
complex energetic landscape on which MOFs exist. There are
many structural permutations which may lie close together on
complex potential energy surfaces in these species,’ hence
allowing weak interactions and subtle directing forces to play a
more substantial role.

Hydrogen bonding has recently been explicitly shown as a
kinetic stabilisation strategy for restricting ligand rotations
within MOFs. In 2020, She and co-workers reported significant
stability enhancement in UiO-67 derivatives in the pH range
2-12 by installation of hydrogen-bonding amine groups
arranged ortho to the coordinating carboxylate groups in L1.3>

6036 | Dalton Trans., 2021, 50, 6034-6049
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This was calculated to raise the rotational energy barrier by ca.
20 kJ mol ™" in the free ligand, and by as much as 60 k] mol™*
in the MOF. Rather than purely altering the strength of the Zr-
O bonding, this modification also acts to increase the rate of
framework repair following ligand displacement by hydrolysis,
by forcing the carboxylate group to remain in close proximity
to the metal cluster node and thereby retaining the reverse
hydrolysis reaction as a viable reaction pathway. Indeed, MOFs
containing ortho-amino carboxylates have tended to show
good stability in some systems,*® and generally ligand rigidifi-
cation strategies have tended to improve stability in other
materials. Zhou and co-workers have shown a strategy of
ligand rigidification can be used to obtain improved water
stability characteristics in zirconium MOFs.** In that case, the
authors employed covalent bonding or steric influences as the
source of rigidification of the ligand core. Backbone hydrogen
bonding influences on stability were also reported by Banerjee
in a porphyrinic covalent-organic framework.>® Extending this
hypothesis to the vulnerable metal ion itself, there is a plaus-
ible case to be made that hydrogen bonding within the coordi-
nation sphere may play a role in stabilising MOF architectures
towards hydrolysis.

Owing to the donor-acceptor nature of hydrogen bonding,
it also follows that such interactions are most favoured in het-
erotopic, mixed-ligand coordination spheres. The mixed-
ligand approach to the design of MOFs and related materials
has gathered popularity in recent years, being achieved either
through the use of two different homoleptic ligands within a
reaction mixture (commonly a bis-heterocycle and a dicarboxy-
late),>® or the use of bridging ligands containing more than
one type of functional group. A significant drawback to the use
of multiple homotopic ligands, however, is the increase in
complexity of the reaction mixture. Treating the concentration
or stoichiometry of each ligand as a variable, as well as the
accompanying effects on pH, makes the full exploration of the
reaction space an increasingly burdensome task. The potential
also exists in these systems for the formation of mixtures with
homoleptic side products, or co-crystals of the ligands or other
reaction components.?” As such, the approach of incorporating
both N-heterocycle and carboxylic acid groups within the same
molecule (to achieve the benefits of a mixed coordination
sphere with only a single organic component within the reac-
tion mixture) can be beneficial.*®

Solvent and/or pH choice can also play important roles in
the successful crystallisation of such species. Many of the
examples discussed below were crystallised from water or
water-containing mixtures with acetonitrile or alcohols. The
success of these protic solvents at the expense of the more
commonly used (aprotic) amide solvents such as DMF or DMA
is most likely a consequence of the pK, of the typical hydrogen
bond donor ligands; for example, coordination to a metal ion
decreases the pK, of imidazole by up to 5.>° As a result, reac-
tions carried out at high pH or in the presence of excess base
(such as that generated from the hydrolysis of amide solvents)
may show a tendency to deprotonate N-H hydrogen bond
donors and reduce the capacity for hydrogen bond formation.

This journal is © The Royal Society of Chemistry 2021
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Hydrogen bond donor ligands in MOF
chemistry

Pyrazole

Pyrazole has gained significant popularity in MOF chemistry
especially over the last 10 years,*® and bears the unique feature
of a pyrrole-like N-H group directly adjacent to the coordinat-
ing pyridine-like nitrogen atom. While the neutral forms of the
common 1,2,4-triazole and tetrazole rings can also conceivably
include this functionality,"’ those more acidic species are
rarely encountered coordinating in their protonated forms. In
pyrazoles, however, this functionality is ubiquitous. While pyr-
azoles can be deprotonated to form a highly stable bridging
pyrazolate species, more relevant to the current discussion are
the protonated forms which provide stabilising and structure-
directing hydrogen bonding interactions in the vicinity of the
metal site. The use of (poly)pyrazole ligands in homoleptic
coordination polymer materials has been reviewed else-
where,*” and will not be discussed in depth here. When used
in combination with anionic carboxylate co-ligands, however,
neutral 1H-pyrazole is a powerful, versatile and predictable
structural tecton.

The key hydrogen-bonding synthon of interest in pyrazole-
carboxylate co-ligand complexes is the R,'(7) intramolecular
hydrogen bond between a neutral monodentate pyrazole
ligand and an anionic monodentate carboxylate. Either one or
two of such rings are regularly observed in tetrahedral metal
ions such as cobalt(n) or zinc(u) with N,O, coordination
spheres, an example of which is shown in Fig. 2. The seven-
membered ring motif is commonly observed in organic intra-
molecular hydrogen bonded systems with rings of this size
expected to represent an optimum stability.**> A related but less
commonly observed species (due to the energetically dis-
favoured 5-membered ring) is the R,'(5) motif involving the
coordinating oxygen atom, or when the carboxylate ligand is
coordinated in a chelating kO,0" coordination mode. These

Fig. 2 Two commonly-encountered pyrazole-carboxylate coordination
modes involving inter-ligand hydrogen bonding: (a) the Ry%(7) motif and
(b) the R.Y(5) motif. In the former case, the typical D---A distances fall in
the range 2.7-2.8 A with D—H-.-A angles >150°, while in the latter case
these values are more commonly 2.8-2.9 A and 140-150°, respectively.

This journal is © The Royal Society of Chemistry 2021
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synthons have now been widely observed in several dozen
studies involving mixed pyrazole-carboxylate systems which
are further described below.

Symmetric polypyrazoles

Many common polypyrazoles are prepared as 3,5-disubstituted
species due to the easy access to the p-diketone precursors. As
such, one of the most popular and earliest examples of a diver-
gent polypyrazole linker in coordination polymer chemistry
was 3,3',5,5-tetramethyl-4,4"-bipyrazole H,L2. While this
species had seen prior use as a bridging ligand in discrete
polynuclear species,** its use as a linker in coordination poly-
mers was first reported by Domasevitch and co-workers in two
papers in 2001.** In those works, the extensive coordination
sphere hydrogen bonding which occurred in mixed pyrazole-
carboxylate nodes was recognised, while hydrogen bonding
with nitrate anions or solvent molecules as acceptors was also
observed where carboxylate co-ligands were not present. While
examples of the intramolecular R;'(7) pyrazole-carboxylate
synthon had been observed in discrete polynuclear systems or
with monofunctional pyrazoles previously,’® the report by
Boldog et al.**” was the first reported instance of this synthon
in a polypyrazole-polycarboxylate mixed-ligand coordination
polymer. As shown in Fig. 3, this example also included a che-
lating pair of two-donor one-acceptor R;'(7) synthons around
an octahedral cobalt(ir) metal ion, giving four hydrogen bonds
around a single metal ion.

Since then, the rigid linear H,L2 ligand has seen wide-
spread use as a linker in both mixed-ligand and homoleptic
coordination polymer systems, although often coordinating in
the latter case as the deprotonated bis(pyrazolate) dianion
L2°~.% While there are examples of permanently porous
systems incorporating the dianionic form L2>7,*““ which
tend to exhibit high stability as would be expected from the
nature of the metal-azolate bonds, permanent porosity is less
common in frameworks of the protonated form. One example
is the chiral framework reported by Lu and co-workers in

Fig. 3 The chelating two-donor one-acceptor R,(7) rings observed by
Boldog and co-workers in an N4O, coordination sphere with H,L2.45?
The D-A distances are 2.78 and 2.83 A with D—H---A angles of 168 and
172°.
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2012,*® where a cadmium complex of H,L2 with an oxalyl
dipeptide co-ligand formed a microporous framework in an
ethanol : water mixture. This material could be directly ther-
mally activated without solvent exchange, and showed a mod-
erate adsorption capacity for CO, and H,. Another notable
example is a recent report from Zaworotko and co-workers*’
re-examining previously reported®® microporous copper(i)
halide (Cl, Br, I) complexes of H,L2 for their potential in CO,/
C,H, separations. These structures exhibit diamondoid topolo-
gies and tetrahedral coordination spheres containing p,-halido
ligands and monodentate pyrazoles. Both show intramolecular
R,"(5) synthons with halide acceptors. Remarkably, despite the
presence of coordinatively unsaturated metal ions and brid-
ging halide ligands, after 2 months of accelerated stability
testing at 75% relative humidity these materials showed no
loss of crystallinity or adsorption performance.

The related flexible ditopic linker 4,4'-methylenebis(3,5-
dimethyl-1H-pyrazole) H,L3 has also become a common
choice of ditopic bridging pyrazole ligand in the formation of
network solids. At the time of writing, over 50 coordination
compounds have been structurally characterised containing
transition metal ions coordinated by H,L3 and carboxylate co-
ligands. Additionally, many other instances are also known of
homoleptic complexes of H,L3 and the singly or doubly depro-
tonated forms.”" In 2008, Mondal and co-workers reported the
first instance of coordination polymers containing H,L3 with
aromatic polycarboxylates, using zinc(i).>> Hydrogen bonding
interactions were observed to varying extents in these struc-
tures depending on the nature of the carboxylate co-ligands, as
exemplified in Fig. 4. The combination of H,L3 with 1,4-benze-
nedicarboxylic acid gave a 3-dimensional diamondoid network
in which each zinc node bore two of the expected intra-
molecular R,'(7) motifs (Fig. 2). Where 1,3-benzenedicarboxy-
late was employed, however, a one-dimensional chain structure
resulted where the hydrogen bonding interactions were a com-
bination of intra- and intermolecular hydrogen bonding, che-
lating to a single non-coordinated oxygen atom. In this case
and as has been observed subsequently,”® steric hindrance
from one or both ligands can lead to distortions in the local
hydrogen bonding environment where the R;"(7) motif is dis-
favoured compared with another interaction mode. This was
also observed in a co-ligand complex with benzene-1,3,5-tricar-
boxylic acid,”® where a protonated carboxylic acid interrupted
the coordination sphere hydrogen bonding. In subsequent
reports,> Mondal and others have shown the resilience of the
hydrogen bonded [M(HPz),(COO),] tetrahedral coordination
sphere for M = Co>* or Zn*" in the absence of strongly compet-
ing hydrogen bonding interactions or steric influences. The
conformational flexibility of the V-shaped H,L3 ligand can give
rise to intriguing structural features,”**” and is often observed
imparting a helical character onto the resulting networks. The
propensity for H,L3 to form helical assemblies is also observed
in the salts of the compound itself,”> and has also been
exploited in the synthesis of discrete helical complexes from a
2-pyridyl appended L3 derivative.’® However, given the difficul-
ties with preparing permanently porous frameworks contain-
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Fig. 4 Examples of hydrogen bonding modes of the H,L3 ligand with
linear or angular dicarboxylates,>® showing (a) a combination of R,(7)
modes and inter-framework bonding with the angular linker, and (b) sat-
uration of the R11(7) motif with the linear linker. The D—A distances for
both cases fall in the range 2.70-2.82 A, and all D—H---A angles are in
the range 148-167°.

ing flexible backbones, and the relatively large steric bulk of
the H,L3 ligand, to date no permanently porous frameworks
containing this ligand in its protonated form have been
reported.

The 3,5-unsubstituted species 4,4-methylenebis-1H-pyra-
zole H,L4 has also been explored in the synthesis of similar
mixed-ligand frameworks.>” This ligand displays many pro-
perties similar to the tetramethyl analogue H,L3, including a
propensity to undergo hydrogen bonding interactions with
coordinating carboxylate oxygen atoms. Mondal and co-
workers reported in 2013 the preparation of a series of H,L4-
dicarboxylate coordination polymers containing a recurring
{M,-H,L4,} loop motif,”® which is presumably disfavoured on
steric grounds in the equivalent H,L3 materials. In those struc-
tures, H,L4 also shows a much greater tendency to form
species of coordination number 5 or 6, compared to the
common tetrahedrally-coordinated Co>" or Zn>" species
formed with H,L3. The donor-acceptor mismatch in these
systems, which mostly adopt N,0, or N,O, coordination
spheres, leads to a range of both intra- and inter-molecular
hydrogen bonding modes being observed, although no perma-
nently porous materials have yet been prepared from H,L4.

This journal is © The Royal Society of Chemistry 2021
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Larger polypyrazolyl ligands containing longer aromatic
spacers have also been prepared and examined in similar
coordination environments. As was the case with H,L2, most
instances in which pyrazole groups have been linked with rigid
spacers have been employed for coordination of the anionic
pyrazolate species in a p,-kN:kN’ coordination mode. A notable
example is the 1,4-phenylenebispyrazole H,L5 employed by
Long and co-workers in the synthesis of a remarkably robust
porous coordination polymer material with Co®>" ions.>® The
authors have rationalised this observation on the grounds of
the high pK, of pyrazole systems compared with the notably
unstable bridging carboxylate motifs more commonly seen in
coordination polymer systems. The argument of higher pK, in
depronated azolates lending greater stability also tends to hold
true across pyrazolates, imidazolates and other azolate
species.®® Xylylene-bridged bispyrazole systems have seen
some use in coordination polymers,®" including in 2014 a
report from Mondal detailing mixed pyrazole-carboxylate
coordination polymers from p-xylylenebis(4-(3,5-dimethyl-1H-
pyrazole)) H,L6.°® The same ligand was used by Tibacaru et al.
as the dianion L6~ to generate zinc and cobalt MOFs which
showed gate-opening porosity based on their framework flexi-
bility.®®> Although a number of elegant discrete coordination
complexes are known from the equivalent meta-substituted
compound and the tripodal tris-pyrazole analogue,®* to date
no carboxylate-containing coordination polymer species have
been reported from these isomers.

Heterotopic pyrazoles and indazoles

In cases where heterocyclic carboxylates with N-H donor func-
tionality are employed, coordination sphere hydrogen bonding
tends to be observed mirroring that present in the two-com-
ponent mixed ligand systems. The most widely used example in
pyrazole ligands is the chelating ligand pyrazole-3,5-dicarboxylic
acid HzL7 which has been widely used in the synthesis of a
range of coordination polymers and MOFs.*® In this case,
however, the thermodynamic drive to N,O-chelation tends to
dominate the resulting coordination architectures from the L7%~
chelate, with N-H hydrogen bonding playing a smaller role.

The quintessential example of a non-chelating carboxyphe-
nyl-substituted pyrazole, 3,5-dimethyl-4-(4-carboxyphenyl)-1H-
pyrazole H,L8, was first reported in the crystalline phase as the
trifluoroacetate salt by Elguero and co-workers in 1996.°°
Subsequently, this compound has seen use as a divergent
ligand in several reports.®” In many of these cases, the use of
cluster-based secondary building units has been crucial; the
ability of pyrazolate groups to adopt similar p, bridging modes
to carboxylates has been exploited, similarly to the approach
adopted with the 4-carboxypyrazoles. Both Zhou and Janiak
have observed mixed-valence Cu(i)/(n) frameworks containing
two well-known homoleptic cluster SBUs, the tetracarboxylate
‘paddlewheel’ and the well-known triangular Cus(pz); cluster,
using the L8>~ dianion.®’® This result mirrors the outcomes
seen with pyrazole 4-carboxylic acid and its derivatives, as the
coordination chemistry of the two species are closely related.®®
However, coordination has also been observed from the mono-
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anion HL8'~ in which the pyrazole group remains protonated,
and can undergo additional supramolecular interactions.
Several of these frameworks include the [M(Hpz),(COO),] (M =
Co, Zn) node with associated intramolecular hydrogen
bonding interactions, shown in Fig. 5, and equivalent to that
observed in the mixed-ligand frameworks described above. A
complex of HL8'~ was also presented containing both a
copper paddlewheel cluster and a metal site containing a coor-
dinating sulfate anion, complete with N-H:--O-SO; hydrogen
bonding interactions on the periphery of the coordination
sphere.®”¢

More recently, Janiak and co-workers have presented several
reports into the chemistry of H,L8, in which the N-H hydrogen
bonding led to interesting structural consequences, shown in
Fig. 6.°% Further examination of the copper coordination
polymer with (3-dimensional) Ivt topology reported by
Richardson revealed that switching the synthesis solvent from
methanol to acetonitrile or DMF gave a 2-dimensional sql
square lattice network. In the sql case, intermolecular N-H::-O
hydrogen bonds to the carboxylate oxygen atoms of an adja-
cent coordination sphere were observed (Fig. 6A). Two such
interactions support each pair of square planar Cu®" ions into
linear columns, leaving large and unobstructed rectangular
solvent channels. In the Ivt species, the pyrazole N-H group
donates hydrogen bonds to lattice solvent molecules (Fig. 6B).
The sql material showed greater uptake of both CO, and N, at
low partial pressures. In H,O and EtOH vapour adsorption
experiments, however, the sql material showed very low
adsorption below P/P, = 0.5, indicative of a hydrophobic pore
environment. This is consistent with a structure in which all
hydrogen bond donors were accounted for in intermolecular
framework-framework interactions. This strongly contrasted to
the Ivt case, containing free hydrogen bond donors, which

Fig. 5 Example of the hydrogen bonding motif in a cobalt(i) coordi-
nation polymer of HL8 reported by Richardson,®” in which the R%(7)
hydrogen bonding modes are equivalent to those seen in mixed-ligand
pyrazole-carboxylate systems. The D—A distances are 2.73 and 2.67 A,
and the D—H---A angles are 165 and 166° respectively.
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Fig. 6 The two modes of hydrogen bonding observed in the isomeric
sql (a) and lvt (b) MOFs reported by Janiak, and (c) representations of
the sql (left) and lvt (right) topologies. In the sql case, the intermolecular
hydrogen bonding is retained following evacuation, while the lvt case
rapidly re-adsorbs lattice water molecules following evacuation to
address the vacant N—H donor sites.®’? The hydrogen bonds in the sql
case are marginally shorter at 2.65 and 2.70 A (D—-A distance) compared
to 2.81 A for the vt case.

showed steep uptake of both vapours below P/P, = 0.1 presum-
ably by regeneration of the ligand-solvent hydrogen bonds.
Analogous ligands can also be prepared incorporating flex-
ible linkages, or by introducing further backbone functional-
ities. One example is the flexible ditopic pyrazole-carboxylate
ligand 3,5-dimethyl-4-(4-carboxyphenylmethylene)-1H-pyrazole
H,L9.%° On coordination with Co®>" or Cu®*, only one-dimen-
sional polymeric materials could be generated, where the
reproducible formation of M,L, loops was thought to be
favoured on thermodynamic grounds. In both cases, however,
the hydrogen bonding behaviour of the pyrazole N-H group
mirrored that observed by Mondal for the sterically con-
strained mixed-ligand assemblies of H,L3, forming only one
intramolecular hydrogen bond while the other pyrazole N-H
group participated in hydrogen bonding interactions with the
solvent molecules or adjacent coordination spheres. A stable
microporous cadmium(u) framework was subsequently pre-
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pared from this ligand by Li and co-workers,”® although coor-
dinating in its L9>~ dianionic form.

Ring fusion of pyrazole into indazole gives further possibili-
ties for derivatization into heterotopic ligands. The reaction of
indazole-5-carboxylic acid H,L10 with Cu®*" under hydro-
thermal conditions gave a porous, 3-dimensional coordination
polymer with twofold-interpenetrated nbo (niobium oxide)
topology.”! This material proved stable to evacuation, exposure
to air and immersion in hot water without loss of crystallinity
despite the presence of a coordinatively unsaturated copper(u)
node. The excellent water stability in this material was attribu-
ted to the inter-framework hydrogen bonding environment
adjacent to the metal site, as shown in Fig. 7. These inter-
actions both served to rigidify the square planar coordination
sphere and shield the axial metal sites by locking both interpe-
netrating networks together at each metal node through inter-
network N-H---O interactions. This behaviour also served to
maximise the available pore space within the material, and is
similar to that observed in the sql system reported by Janiak
(Fig. 6b), although with a different extended topology.

Subsequently, copper(n) coordination polymers were pre-
pared from the isomeric indazole-3-carboxylic acid H,L11 and
indazole-6-carboxylic acid H,L12.”> As with H;L7, the L11*~
dianion coordinates in a p;-kN:kN’,0:kO’ mode, forming a
3-dimensional network identical to that observed with pyra-
zole-3-carboxylate. The divergent ligand H,L12, on the other
hand, formed a two-dimensional polymeric framework as the
HL12'~ anion, with copper(n) carboxylate paddlewheel and
octahedral [Cu(Hin),(ONO,),] metal environments. Although
the latter species contained a protonated N-H hydrogen bond
donor adjacent to the coordinating nitrogen atom, hydrogen
bonding from this site exclusively involves the lattice solvent
molecules rather than the carboxylate co-ligands. In stark con-
trast to the 5-carboxylic acid isomer H,L10, these crystals
showed poor stability to drying and exposure to atmospheric
moisture and no permanent porosity was observed.

Fig. 7 The inter-framework hydrogen bonds between interpenetrated
nbo networks in the water-stable copper(i) MOF of HL10.”* The D-A
distance for the N-H-.-O hydrogen bonds is 2.72 A and the D—H---A
angle is 143°.

This journal is © The Royal Society of Chemistry 2021
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Further studies into the indazole-carboxylate system as a
building block in coordination polymers and MOFs has been
ongoing with several additional reports emerging within the
last year. The group of Morzyk-Ociepa and co-workers reported
the crystal structures of polymeric alkali metal complexes of
HL11.”% In those structures, a uniform chelating p,-kN,0:kO’
coordination mode was displayed by the ligand which coordi-
nates in a monoanionic coordination mode, leaving the inda-
zole N-H group free to participate in intramolecular hydrogen
bonding to support the rod-shaped building units. Meanwhile,
Garcia-Valdivia et al. have recently explored H,L10 and H,L13
as linkers.” While in those studies only the fully deprotonated
L10>~ was observed, and therefore no hydrogen bonding was
evident, HL13"~ coordinated exclusively as the monoanion in
Ni, Co, Cu, Zn and Cd complexes. With the exception of the
cadmium species, the other complexes each exhibited inter-
molecular R,*(7) hydrogen bonded motifs involving the inda-
zole and carboxylate groups of one coordination sphere and
the aqua ligand of an adjacent metal site. While no porosity
was observed in these systems, the authors credit this close
association of metal ions to a spin-canted effect observed in
magnetic susceptibility measurements of the copper species.

Aryl and heterocyclic amines

Amines represent another important class of coordination
sphere hydrogen bond donors, with studies into hydrogen
bond mediated assembly of metal-bound ammine ligands
dating from the seminal work of Werner in the early 1900s.”
In terms of coordination polymer and MOF chemistry, amines
are widely employed to enhance the enthalpy of adsorption of
CO,, taking advantage of the well-studied affinity of carbon
dioxide for basic nitrogen atoms and/or hydrogen bonding
with N-H groups.”® The chemistry of these species, and their
hydrogen bonding behaviour specifically, can be separated
into two categories. While arylamines such as aminoterephtha-
lic acid are readily available and widely used in amine-functio-
nalised derivatives of common MOFs,”” the conjugated nature
of these species leads to planarization of the substituent
atoms and reduced basicity of the lone pair. Nonetheless,
when positioned nearby to a coordinating atom, arylamines
can engage in a range of stabilising hydrogen bonding inter-
actions. This is exemplified by the 2,6-diaminotriazine deriva-
tive L14 employed by Zhang and co-workers in a zinc coordi-
nation polymer with a 4,4™-oxybis(benzoic acid) co-ligand.”® In
this system, partially shown in Fig. 8, zinc carboxylate paddle-
wheel nodes are partially capped by a diaminotriazine ligand
in the axial site, forming two N-H:--O hydrogen bonds per
cluster where the opposite site is capped by the pyridine
group.

As arylamines tend to feature the N-H donor groups
oriented in-plane with the parent aromatic ring, these func-
tional groups are also known to form stabilising intra-
molecular hydrogen bonds within the ligand backbones. This
influence has been explored by Xiang and co-workers,”® who
found in a series of isoreticular zinc 1,2,4-triazole/tere-
phthalate co-ligand MOFs that the aminoterephthalate deriva-
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Fig. 8 The heterocycle-capped copper paddlewheel nodes in the MOF
of L14 reported by Zhang, showing the hydrogen bonding between the
diaminotriazine group and two coordinating carboxylates.”® The D-A
distances are 2.88 and 2.93 A, and the D—H---A angles are 150 and 138°
respectively.

tive, FJU-40-NH,, was the only derivative of the series to show
stability on exposure to air and immersion in water. This
material was able to adsorb CO, from humid air with
sufficient enthalpy of adsorption and lattice ordering to be
detected crystallographically, alongside adsorbed water mole-
cules. The authors attribute the stability of this system to an
intramolecular R;'(6) motif which enhances the rotational
barrier in this system, similar to that later observed by She in
amine-functionalised Ui0-67.%

Arylamines are also powerful hydrogen bonding tectons in
combination with nitrogen heterocycles, with obvious parallels
drawn to DNA bases and synthetic analogues in their hydrogen
bond donor-acceptor capabilities.®* A well-known example is
bio-MOF-1, a zinc-adeninate framework with a BPDC co-ligand
reported by the Rosi group in 2009,*" and appearing in several
subsequent studies.®” This species has shown excellent stabi-
lity under aqueous conditions, despite the presence of coordi-
natively unsaturated zinc(u) ions within the structure. Perhaps
most remarkably, bio-MOF-1 shows retention of crystallinity
for a period of weeks even in the presence of strongly-coordi-
nating aqueous PBS buffer, an important attribute for drug
delivery studies and other applications requiring biological
media. While part of the stability of bio-MOF-1 undoubtedly
relates to the strongly coordinating L15"~ anion, two key R,'(7)
hydrogen bonding motifs are also present between the non-
coordinating amine group and two coordinating oxygen atoms
of the 4,4"-biphenyldicarboxylate co-ligand, as shown in Fig. 9.
The geometry and rigidity of the heterocyclic ligand makes for
favourable pre-organization of this site for hydrogen bonding,
and both interactions exhibit N---O distances below 2.9 A.

Nitrogen-rich azole and azolate species with amine substi-
tuents also widely exhibit coordination sphere hydrogen
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Fig. 9 The hydrogen bonding between the amino group of adenine
and coordinated carboxylate groups in the structure of BioMOF-1.82 The
D-A distances are 2.84 and 2.87 A and the D—H---A angles are 145 and
170° respectively.

bonding in conjunction with carboxylate co-ligands. Two
widely explored examples have been 3-amino-1,2,4-triazole,
and 5-aminotetrazole HL16.** Both ligands possess an amine
group directly adjacent to two coordinating nitrogen atoms,
and so are capable of contributing hydrogen bonds to two
adjacent coordination spheres, as shown in Fig. 10. While
edge-sharing R;'(6) or R;'(8) rings are common in such
systems, the presence of amine functionality adjacent to the
coordination sphere can also provide additional chemical
functionality to these systems. Sun and co-workers recently
implicated the amine group in L16'” as a hydrogen bond
donor in the metal-catalysed conversion of epoxides to cyclic
carbonates.® Intramolecular amine-amine hydrogen bonding
involving the amine substituents of a diaminobipyrazole

Fig. 10 A representative example of the edge-sharing R;%(8) rings
formed in a 5-aminotetrazole carboxylate co-ligand MOF. Typical D—-A
distances are 2.8—3.0 A with D—H---A angles >160°.
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ligand H,L17 was also suggested as a plausible mechanism to
explain the reactivity trends of a zinc(i1) pyrazolate MOF in epi-
halohydrin conversion to cyclic carbonates by Galli and Rossin
and co-workers.*®

Alkylamines

Unlike arylamines, substantially more Lewis basic non-conju-
gated alkylamines are typically found coordinated to the metal
nodes in MOF syntheses.*® This can frustrate attempts to
incorporate free alkylamines into open framework materials
for CO, capture unless larger steric bulk is employed.?” In the
case of primary or secondary amines, further opportunities for
coordination sphere hydrogen bonding are presented by the
increased N-H acidity of metal-bound amines. Generally
observed in mixed-ligand or heterotopic systems containing
carboxylate groups and either linear or macrocyclic amines,®®
the intramolecular R,'(6) synthon between a coordinated sec-
ondary amine and the non-coordinating oxygen atom of a
monodentate carboxylate is regularly observed as a stabilising
force in these systems.

Alkylamines such as divergent ethylenediamine-derived
ligands also offer wide possibilities for structural engineering
through hydrogen bonding, where the (R,R)/(S,S) and (R,S) con-
formers are related by a small energy barrier but with pro-
found influence on their hydrogen bonding behaviour. Batten
and co-workers reported a bis-(carboxybenzyl) derivative of
ethylenediamine H,L18 which formed two closely related
2-dimensional coordination polymers with copper(n) ions,
shown in Fig. 11.%° Depending on reaction conditions, either
the trans-(R,R)/(S,S) or cis-(R,S) orientation of the ethylenedia-
mine core could be selectively obtained. The permanently
porous cis conformer, where both hydrogen bonding N-H
groups were oriented in the same direction (Fig. 11B), formed
a tight dimer between metal sites on adjacent sheets, with four
hydrogen bonds enforcing a short distance of 4.213(2) A
between adjacent copper ions. In contrast the trans conformer
contained both an intramolecular R,'(6) synthon with the
adjacent carboxylate group and a hydrogen bond to a lattice
solvent molecule (Fig. 11A). Neither interaction contributing to
the extended structure of the material, which was a non-
porous twofold interpenetrated structure. The authors credit
the hydrogen bonding in the cis conformer with rigidifying the
material to allow evacuation and gas adsorption with retention
of crystallinity, relatively unusual for a two-dimensional frame-
work made from flexible ligands.

Amides and related species

MOFs derived from ligands containing amide linkages, usually
derived from amino acids, have been a widely used choice for
the development of chiral framework materials for asymmetric
catalysis and chemical sensing properties.”® In many such
systems, amide linkages in the ligand backbone can make
strong contributions to the overall structure of the material in
ways that mirror the importance of these groups in defining
the secondary structure of proteins.”’ Protein-like secondary
structures have been induced in MOFs containing synthetic
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Fig. 11 The coordination modes of the L182~ ligand in the (a) trans, and
(b) cis conformations, showing the disparity in hydrogen bonding modes
between the two. Permanent porosity was observed in the cis case
only.®% In the trans case, the D—A distance for the amine-carboxylate
interaction was 2.83 A with D—H---A angle 143°, while in the cis case the
bonds were marginally longer at 2.85 and 3.03 A, with D—H---A angles
149 and 147° respectively.

peptide foldamers by the Gopi group recently.”” In that
example, the structured peptide helix prevalent in the free
peptide is reproduced in a silver(r) MOF, showing a clear domi-
nance of the backbone hydrogen bonding as a structure-
directing motif. The Rosseinsky group have reported several
fascinating MOFs from di and tri-peptide ligands H,L19 and
H,L20 where hydrogen bonding plays a key role in defining
the extended structure as well as the overall stability of the
materials. The L19°"-based MOF was reported in 2013 which
exhibits good stability to desolvation and exposure to water. A
hydrated form ZnL19-H,O is related to the pristine material by
structural rearrangement and extensive hydrogen bonding
involving the peptide backbone.”® A flexible zinc MOF contain-
ing L20°~ was reported by the same group in 2019 where
peptide hydrogen bonds also play a key role in defining nine
unique structural minima, relating to the conformation of the
flexible ligand backbone and accessible through guest
uptake.”* Amide-amide hydrogen bonding can also feature as
a structural element in coordination polymers derived from
the popular 1,3,5-benzenetricarboxamide core, a widely used
structural unit in soft materials chemistry due to its reliable
formation of columnar superstructures.®”

This journal is © The Royal Society of Chemistry 2021
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Although not widely encountered in MOF chemistry, amide-
like hydrogen bonding species bearing heavier main-group
elements such as phosphoramides and thioureas also show
great potential for coordination sphere stabilisation through
hydrogen bonding, due to the ability of these species to
enhance N-H hydrogen bond acidity.”® This is well-known
from the anion binding literature, where the relatively higher
acidity of the N-H donor groups of thiourea compared to urea
allows for control of anion receptor capabilities between the
two species.’”

Boomishankar and co-workers reported a fascinating example
of a diamidophosphate-based ligand HL21 which was derived
from a partial in situ hydrolysis of the parent phosphoric tetra-
mide in the presence of zinc nitrate in DMF.”® The resulting MOF,
a 2-dimensional (6,3) network, contains tetrahedrally coordinated
zinc ions bound by two pyridine groups, a monodentate formate
ligand, and one oxygen atom of the diamidophosphate core. Two
distinct modes of hydrogen bonding are observed in this struc-
ture, shown in Fig. 12. Firstly, each diamidophosphonate core par-
ticipates in a dimeric R,*(8) interaction with a ligand from an
adjacent network, which serves to closely align adjacent networks
without blocking pore space. The second N-H donor from each
ligand core forms an (intramolecular) R;'(8) hydrogen bonding
motif with a terminal monodentate formate ligand from each

(b)

Fig. 12
sphate ligand L21%~ in a zinc(i) MOF reported by Boomishanker.
Adjacent metal sites were linked by an R,%(8) interaction (a), and further
supported by an inner-sphere R,%(8) motif (b). The D—A distances are
2.80 and 2.83 A for formate and diamidophosphate acceptors, respect-
ively, with D—H---A angles of 159 and 172°.

The hydrogen bonding modes exhibited by the diamidopho-
98
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zinc site. The resulting permanently porous network shows
remarkable hydrolytic stability for a 2D MOF containing coordina-
tively unsaturated zinc(u) nodes, and is stable to desolvation and
re-solvation with water or methanol without loss of crystallinity.

Carboxylic acids

Given the ubiquitous use of carboxylates as ligands in MOF
chemistry it is unsurprising that a vast array of coordination
modes have been observed from polycarboxylates in MOFs and
CPs. One coordination mode which is occasionally observed is
coordination from protonated carboxylic acids through the
ketonic oxygen atom, while the O-H proton is shared with an
oxygen acceptor from an adjacent carboxylate group. This
coordination mode is particularly prevalent in oxygen-rich
coordination spheres of alkali and alkali earth metals and
lanthanide elements.”® While neutral carboxylic acid coordi-
nation in isolation would be expected to show a relatively low
stabilisation energy and be unlikely to prevail in isolation in
the strongly competitive media of typical MOF syntheses, the
coordination of the “[(RCOO),H]™” unit as a chelate seems sur-
prisingly resilient. The resulting R,'(8) motif tends to enforce
small angles between the terminal C-C bond vectors of each
carboxylate group, typically either being parallel or folded
about the M---H vector as represented in Fig. 13.

An interesting example of this was reported by Parise and
co-workers,'®® who reported a calcium(n) MOF with H,L22
which coordinates as the triply deprotonated species HL22".
In this structure, six-coordinate regular octahedral calcium
sites are coordinated by four bridging carboxylates and two
carboxylic acids, where hydrogen bonding helps to support a
one-dimensional polymeric chain of calcium ions parallel to
the axis of the solvent channels. This structure (Fig. 13a and b)
was used for Xe/Kr separations, where the authors ascribe the
low density of the framework to the presence of the carboxylate
protons which provide a low molecular weight positive charge
balance.

A similar mode of carboxylate coordination was observed in
a calcium species of an oxalyldiamide ligand H,L23 reported
by Margariti et al,'®" where isolated CaO, octahedra are co-
ordinated by two DMA solvent molecules, two deprotonated
carboxylates and two protonated carboxylic acids. Two R;(8)
rings are present supporting each coordination sphere, as
shown in Fig. 13(b). Surprisingly, this species proved highly
stable to water, exchanging only the axial solvent molecules.
More remarkable, however, this material showed rapid metal
exchange with copper(n) in water, exchanging almost all
calcium sites within 24 hours, such that the material proved
effective at removal of copper(n) from water samples.

Outlook

Coordination sphere hydrogen bonding, with a relatively small
set of recurring motifs, is a consistent structural feature in
MOFs and coordination polymers with ligand sets containing
hydrogen bond donor functionality adjacent to metal binding

6044 | Dalton Trans., 2021, 50, 6034-6049

View Article Online

Dalton Transactions

Fig. 13 Examples of the "[[RCOO),H]™" chelating tecton in calcium(i)
carboxylate MOFs, showing (a) the polymeric calcium-carboxylate/car-
boxylic acid chains and (b) the extended structure of the HL223~ con-
taining MOF reported by Parise,'®® and (c) the structure of the highly
water-stable calcium(i) carboxylate MOF reported by Margariti (co-
ordinated solvent molecules are omitted for clarity).°! In both cases the
D-A distances were particularly short (in the range 2.51-2.58 A), with
D-H---A angles in the range 156-171°.

sites. These interactions, if not always directly causal, certainly
appear to favour specific outcomes where multiple energeti-
cally-similar structures are available. Less clear is the quanti-
tative effect of these interactions on stability in these systems.
While inferences can be drawn from the above examples that,
anecdotally, there are instances of seemingly abnormally
stable MOFs containing such interactions, hypothesis-driven
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studies on the subject are rare. This is especially the case given
the role of serendipity in many studies involving new ligand
design in MOFs."*?

Quantifying the impact of coordination sphere hydrogen
bonding in the solid state, in the absence of the spectroscopic
toolkit available to probe such equilibria in the solution
state,'® is a challenging endeavour. Indeed, with the tendency
of new MOF synthesis to show abundant sensitivity to slight
changes in reaction conditions, control experiments of hydro-
gen-bonded versus non-hydrogen bonded versions of otherwise
equivalent structures are conceptually challenging. Here post-
synthetic ligand exchange may play a role,""* in generating
directly related species in the presence and absence of hydro-
gen bonding for comparison. Deuteration studies have been
successfully employed to probe similar interactions in solution
measurements,'®> and may also show similar usefulness here
as a mechanism to address the strength of the hydrogen
bonds themselves.

From the examples above, several key ligand design and
synthesis strategies can be suggested to encourage the for-
mation of coordination sphere hydrogen bonding in MOFs.

« For fully intramolecular hydrogen bonds, seven and
eight-membered hydrogen bonded rings strike a good balance
between avoiding ring strain and maintaining tight binding
around the metal site. For carboxylate acceptors, this necessi-
tates a hydrogen bond donor no more than two atoms
removed from the coordinating atom.

« Complete saturation of all donors and acceptors in the
coordination sphere is mostly readily achieved where the
donor and acceptor numbers of the ligand systems are well
matched, and where intramolecular hydrogen bonding is not
disfavoured by backbone geometry.

» Where intramolecular ring motifs are disfavoured by geo-
metry (such as in square planar coordination spheres or
rigidly angled ligands), intermolecular hydrogen bonding may
instead act to rigidify the extended structure of low-dimen-
sional or interpenetrated nets.

» The choice of reaction solvent and synthesis conditions
should take into account the need to avoid deprotonation of
the hydrogen bond donor, with the expectation that multiple
structurally distinct solvates may occupy similar positions on
the energetic landscape.

Conclusions

The tendency of hydrogen bond donor-containing ligands to
form supporting interactions around the coordination sphere
in mixed-ligand MOFs is a potentially powerful structural tool
for the design of these materials. Ligands including pyrazoles
and indazoles, primary or secondary amines, amides and ami-
dophosphates, and carboxylic acids have all shown coordi-
nation modes with persistent hydrogen bond donors proximal
to metal binding groups. In the presence of hydrogen bond
acceptors (typically carboxylate oxygens), cyclic hydrogen
bonding synthons can be expected, with influences on the
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framework geometry, the pore chemistry, and potentially the
overall stability of these systems. Such synthons may be con-
sidered as further handles alongside ligand and metal selec-
tion to influence the structural outcomes in MOF synthesis.
With further quantitative study to understand the impact on
stability in these systems, coordination sphere hydrogen
boding may play a role in addressing the hydrolysis issues in
many such materials.
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