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ABSTRACT: The rational design principles established for metal−organic frameworks (MOFs) allow clear structure−property
relationships, fueling expansive growth for energy storage and conversion, catalysis, and beyond. However, these design principles are
based on the assumption of compositional and structural rigidity, as measured crystallographically. Such idealization of MOF
structures overlooks subtle chemical aspects that can lead to departures from structure-based chemical intuition. In this Perspective,
we identify unexpected behavior of MOFs through literature examples. Based on this analysis, we conclude that departures from
ideality are not uncommon. Whereas linker topology and metal coordination geometry are useful starting points for understanding
MOF properties, we anticipate that deviations from the idealized crystal representation will be necessary to explain important and
unexpected behaviors. Although this realization reinforces the notion that MOFs are highly complex materials, it should also
stimulate a broader reexamination of the literature to identify corollaries to existing design rules and reveal new structure−property
relationships.

1. INTRODUCTION
Metal−organic frameworks (MOFs) have captured the
imagination and inspired the creativity of countless scientists
because they are generally thought to adhere to a series of
rational design principles that allow structures with specific
properties to be designed and synthesized.1 The appeal ofMOFs
stems in part from what appear to be rigid structures well-
described by crystallography. One powerful consequence is that
isoreticular series can be created, i.e., frameworks sharing the
same geometric topology and connectivity, but with different
linkers and/ormetal ions.2 In principle this modularity simplifies
the design process and enables systematic investigation to
uncover structure−property relationships. Consequently, the
picture of MOFs as invariant, essentially rigid structures has
been enormously successful for understanding many of their
properties over the past 20 years.
The archetypal MOF image is often presented as an idealized,

high-symmetry crystal with well-defined pores (Figure 1).
However, the refined structures obtained from crystallography
have limitations due to large void spaces that often feature
poorly resolved guest molecules within the pores, as well as other
familiar crystallographic challenges such as disorder and crystal
twinning.3 As a result, subtleties can sometimes be overlooked.
We ourselves only recently appreciated the different pore
environments and derivative chemistry of MOF-5, for example
(Figure 2A).4,5 In addition to challenges in pristine structure
determination, all MOFs likely contain intrinsic defects in low
concentrations and/or possess structural flexibility and dynam-
ics that may evade standard X-ray techniques.
Hidden in the cavities of pores and at the microscopic

interfaces between the metal ions and organic linkers lies
chemical complexity that explains some of the most important
MOF properties. For instance, subtle differences in the

electrostatics of pore surfaces can explain large differences in
gas uptake selectivity.6,7 Large structural perturbations were
recognized early on (e.g., “breathing” phase changes).8−11 Later,
vacancy defects were characterized, adding further complexity to
these materials.12 Finally, both disordered and amorphous
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Figure 1. Pore structure of the archetypal MOF, Cu3(btc)2 (or
HKUST-1), showing three distinct pore topologies. Facial is relative to
the π-face of the ligand. C, O, and Cu atoms are shown in black, red, and
blue, respectively. Reproduced with permission from ref 34. Copyright
2014 American Chemical Society.
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MOFs have been reported,13−15 reaching beyond the ideal
crystallographic picture (e.g., Cu3(btc)2 shown in Figure 1). In
many such cases, the local chemical connectivity is maintained,
while long-range order is disrupted.16

In this Perspective, we discuss a diverse collection of literature
describing the tendency of MOFs to deviate from the behavior
expected from their crystallographic representation. Our intent
is not to provide a comprehensive review but rather to highlight
the prevalence of these effects. In section 2 we give definitions to
frame the discussion. Sections 3−6 discuss examples from most
of the major MOF application fields, including gas storage,17−21

separations,20,22−24 catalysis and reactivity,25 and conduct-
ing,26,27 stimuli-responsive,28 and luminescent29−33 frameworks.
We conclude that (1) even very subtle departures from
crystallographic ideality can have strikingly large implications
for MOF properties and (2) the prevalence of these effects
extends far beyond more well-studied phenomena such as non-
porous-to-porous phase changes or defects. Finally, in section 7,
we summarize key opportunities stimulated by our expanded
awareness of these intriguing MOF features.

2. CONCEPTS AND DEFINITIONS
In the most general sense, we use “misbehavior” and
“incongruity” to refer to properties and phenomena exhibited
by MOFs that do not conform to expectations based purely on a
crystal structure or by extrapolating an invariant topology (e.g.,
within an isoreticular series). In this section we describe three
basic assumptions (shown schematically in Figure 2) that lead to
unexpected phenomena or properties: (1) crystallographic/
structural misbehaviors resulting from an assumption of a static
structure (i.e., the “idealized, rigid structure” assumption).
These include both crystallographic polymorphism and
amorphism (Figure 2B). (2) Local bonding misbehaviors at
the metal−ligand interface, arising from the assumption that the
structure is invariant regardless of whether the pores are empty
or filled with solvent molecules (i.e., the “solvent-independence”
assumption, Figure 2C). (3) Composition and oxidation state
incongruities relative to expectations for a largely unreactive
structure (i.e., the “static electronic structure” assumption,
Figure 2D). These can arise when transmetalation or ligand
substitution leads to a redox-active metal, ligand, or both.
2.1. Structural and Crystallographic Misbehaviors.

There is often more than meets the eye when considering a
crystal structure. From an experimental viewpoint, crystal
structures are typically obtained at cryogenic temperatures,
which reduce phonons’ contributions to the electronic structure.
We tend to favor high-symmetry crystal settings, even if it
increases disorder of functional groups and/or guests within the
pores. However, even within these approximations, subtle
differences are still revealed, most fundamentally demonstrated
by differences between neighboring pores. For example, the
archetypal MOF UiO-66, Figure 3, features a Freundlich type I
gas sorption isotherm when measured with a non-polar guest
(we present CH4, but a similar isotherm is observed with
essentially all non-polar probe molecules) but a Sigmoid-type V
isotherm when probed with water.35 Although one proposed
explanation is that this difference is due to dehydroxylation of
the MOF node (which itself is a misbehavior),36 another is that
the capillary condensation of water in the small pore is not
captured with non-interacting gases. This example hence
demonstrates that even within one of the most well-studied
MOFs to date, there exist subtleties that may be overlooked by
conventional characterization methods.

2.1.1. Pore Structure. Beyond the examples of UiO-66 and
MOF-5, many otherMOFs feature subtle differences in similarly
sized pores. For example, the pores of Cu3(btc)2, which shares
the same Fm3̅m symmetry as MOF-5, feature a more dramatic
departure from a first impression of the structure. The original
report37 states that this MOF has “1-nm channels with four-fold
symmetry”, leading to a 3D porous network. The well-known
Cu(II) open metal sites (OMSs) within the framework are
described as being “directed from the copper atoms to the
interior of the nanopores”. One infers from this that Cu3(btc)2
consists of a cubic lattice of identical pores. On the contrary,
careful inspection of the crystal structure shows that this MOF

Figure 2. (A) Pristine MOF depictions can occlude three categories of
misbehaviors, based on the assumptions that (B) MOF structures are
rigid, (C) the transition metal inner coordination sphere is static, and
(D) the electronic structure is static.

Figure 3. The archetypal MOF, UiO-66, features two distinct pores
revealed upon filling with water. The same Type V feature is not seen
when the pores are filled with methane, because of the reduced surface
tension of methane.
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has three distinct pore types (pore sizes computed using the Zeo
++ code38): one large pore (∼1.3 nm) with 12 unsaturated Cu-
ions pointing into the pore volume; a second somewhat smaller
pore (∼1.1 nm) with the axis of the copper paddlewheels
pointing tangential to the pore volume; and a third, much
smaller pore (∼0.55 nm) with noOMSs (see Figure 1).39,40 This
is important, because we often invoke the high-density of OMSs
in MOFs as an argument for their use in catalysis, whereas in
reality not all pores may feature OMS active sites.
2.1.2. Hindered Linker Internal Rotation and Distortion.

The coaxial rings of some polyphenyl linkers (e.g., linkers used in
the NOTT series;41,42 bold lines in Figure 4a) can rotate about

the linker axis. Linker sterics can be used to prevent ring
rotation, as in PCN-14.43 The true misbehavior, however,
manifests in the impact of hindered linker rotation upon the
morphology of thin films of these MOFs: a microscopic
chemical interaction that dictates the macroscopic morpho-
logical properties of thematerial. This has been demonstrated by
depositing several NOTT MOFs using layer-by-layer meth-
ods,44 including NOTT-100, NOTT-101,45 and Cu3(btc)2

46

(example structures are shown in Figure 4b). Films of these on
oxide substrates are oriented, dense, and very smooth, with root-
mean-squared roughness ∼6−20 nm (Figure 4c). In contrast,
layer-by-layer growth of PCN-14 is too slow, instead requiring a
high-temperature solvothermal approach. The resulting films are

polycrystalline with random orientation and a morphology
similar to that of Styrofoam but with a much higher roughness
than the other two MOFs. Thus, while the MOFs themselves
may have similar properties, the synthetic considerations
dramatically alter the bulk properties of the materials.

2.1.3. Disorder in MOFs. Structural disorder in MOFs arises
primarily during synthesis, where many similar energy
configurations compete. Beyond thermodynamic wells, kinetic
traps may exist. Additionally, solvent and guest molecules in the
pores contribute to the overall Bragg diffraction, but can cause
loss (“washing-out”) of high-resolution reflections at 2θ.3,51−53

Other contributing factors include poorly diffracting single
crystals and localized disorder or amorphous phases.51 Reactant
mixtures of organic linkers,47,48 metal ions,49,50 and secondary
building units (SBUs)51,52 also can lead to disorder, posing
significant challenges for structure solution and determining
accurate atomic positions. Post-synthetic modification (PSM)
and solvent-assisted linker exchange (SALE) used to function-
alize MOFs54,55 are other sources of disorder,56,57 due to
incomplete ligand or metal exchange.58,59 Finally, single crystals
are often not available, requiring structure determinations using
powder data60,61 and first-principles calculations.62,63

For MOFs without disorder, structure determination is
straightforward. However, if disordered groups are present,
identifying a realistic crystallographic model can be challeng-
ing.3,52,64 Probability ellipsoids can give a general idea of the
atomic positions and often these can provide information
concerning crystal quality and data collection.3 For example, the
originally reported MOF-5 structure determination included
data for two crystals, one fully solvated that gave a structure
solution with an R-factor of 11%, the other desolvated that gave
an R-factor of 2.3%.53

Typically, atomic motion is described by harmonic oscillation
around the coordinates attributed to an atom. In this
“independent atom model”,54 electrons are assumed to be
spherically distributed, and the only deformations are those
caused by thermal motion. Whereas the atomic oscillations
nominally have a circular path, the electron density of the
vibrating atom has non-linear harmonic motion. In MOFs, this
parameter is usually sensitive to temperature, and therefore such
effects can be decreased by reducing the temperature for data
collection. However, there are exceptions to this guideline; for
example, Yaghi and co-workers recently reported high-quality
crystal structures for MOF-1004 and MOF-1005 at 290 K.55

Incongruously, the quality of the MOF-1004 diffraction data is
higher at room temperature than at 100 K (Figure 5). MOF-177

Figure 4. (a) The linkers used to form the majority of the NOTT series
are isostructural with the linker in PCN-14. Rings in bold can rotate. (b)
Both NOTT-101 and PCN-14 are isostructural, but only the former
features room-temperature ring rotation. (c) Macroscopically, the
structures made with the less sterically hindered ligand tend to form
smoother films, attributed to slow adhesion of the anthracene-
containing linker forming bonds with the substrate. Reprinted in part
with permission from ref 45. Copyright 2016 John Wiley and Sons.

Figure 5. Room-temperature versus 100 K SCXRD in MOF-1004.
Reproduced with permission from ref 55. Copyright 2018 American
Chemical Society.
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and UiO-67 also behave counterintuitively. Guest−framework
interactions are ordered at room temperature but severely
disordered at low temperature. Weaker guest−framework
interactions at high temperatures reduce disorder, yielding
high-resolution diffraction data sufficient for structure determi-
nation.55

Functional groups of similar size and binding properties can
occupy equivalent places in a MOF structure, causing substitu-
tional disorder. Accurate knowledge of MOF composition is
extremely important to understand the partial occupancies and
to refine such disorder. In practice, the bond lengths can vary
upon substitution, resulting in a diffuse coordination environ-
ment and unreasonable displacement parameters.56 The
limitations of single-crystal X-ray diffraction (SCXRD) are
particularly evident in multivariate MOFs, where multiple
organic functionalities57 and/or metal ions58 are incorporated
into a MOF backbone. Using SCXRD, the identity and ratio of
the variate units can be quantified, but determining their spatial
arrangement is extremely challenging.59 Other spatially resolved
probes must therefore be used. For example, 10 different
divalent metals (Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Zn, and Cd) can
be used to form the MOF-74 topology and all 10 can be
simultaneously incorporated within the structure.58 Using
energy-dispersive X-ray spectroscopy applied to crystalline
powders, it was determined that the metal ion distribution is
not uniform. More recently, Yaghi and co-workers determined
the metal sequencing by atom probe tomography (APT) for
MOF-74 single crystals containing combinations of cobalt,
cadmium, lead, and manganese ions. They found that
heterogeneities and sequences can either be random or have
long- or short-range ordering, depending on the proportion of
metals and synthesis conditions (Figure 6).60

In summary, structural disorder and heterogeneities are key
features of MOFs. Although SCXRD continues to play a pivotal
role in the development of MOFs, this class of materials has
revealed important limitations of the technique, particularly over
the past few years. For example, SCXRD often fails to describe
MOF nanoparticles with various surface termination and
complex disordered or semi-crystalline materials.3,61,62 Other
analytical techniques are being introduced to complement XRD
and are showing tremendous promise, such as pair distribution

function (PDF),63 extended X-ray absorption fine structure
(EXAFS),64 APT,60 and electron imaging65 and diffraction.66

2.1.4. MOF Polymorphism. A cornerstone of targeted MOF
synthesis is the predictable geometric connectivity enabled by a
design paradigm based on minimal edge-transitive nets. This
allows the entire chemical space to be readily described by
combining all possible shapes and connections. However, a
shortcoming of this approach is the potential for polymorphs
that formally share the same transitive net but feature different
terminal connectivity. In practice, examples of polymorphism
are rare; whereas the number of reported crystal structures and
compositions continues to increase, very few publications
examine the phase space for a given composition. Nevertheless,
multiple structures are routinely isolated from a given reaction
mixture, but these typically have different stoichiometries. A true
misbehavior is observed whenmaterials with nominally the same
stoichiometry feature either different chemical connectivity or
diminished long-range order, i.e., metastable and non-
equilibrium isomers that co-exist within a given compositional
phase space. These polymorphs can be isolated from the same
reaction mixture and can be targeted by both thermodynamic
and kinetic crystal growth.67,68

In general, polymorphism is enabled by linker flexibility and
dynamic metal-linker bonding. It is becoming increasingly
common to observe linker distortions in molecules thought to
be rigid.69 Two recent studies embody these principles. Lee et al.
recently demonstrated a single crystal-to-single crystal transition
between kinetically isolated EHU-10 and thermodynamically
preferable UiO-66.70 This is a particularly compelling example
because the linker is estimated to be 3 kcal/mol less stable in the
former yet can be selectively synthesized under certain
temperature regimes. In another study, Frisčǐc ́ and colleagues
showed that phase transitions occur in zeolitic imidazolate
frameworks (ZIFs);71,72 these can even be pushed to complete
amorphization.73 Yet, there are no reports of polymorphism
enabled by MOFs with identical stoichiometry but dissimilar
inorganic SBU connectivity, beyond the multiple accessible
proton topologies found at the surfaces of hydrated
[Zr6O4(OH)4]

12+ clusters.74 For example, we are unaware of a
UiO-66 polymorph containing two [Zr3O2(OH)2]

6+ nodes,
rather than the typical [Zr6O4(OH)4]

12+ cluster. Crystal

Figure 6.A single crystal of Co,Cd-MOF-74 (A) attached to a nanomanipulator, (B) aligned vertically, (C) welded to a Si microtip, (D) detached from
the nanomanipulator, and (D, inset) sharpened into a tip shape. Selected-area electron diffraction patterns obtained from the APT tip are then indexed
within theMOF-74 space group. Scale bars, 2 μm (bottom left inset of D, 2 nm). (E−H) The mass spectra of mixed-metal MOF-74 samples identified
(E) 59Co+, (F) 55 Mn+, (G) Cd+, and (H) Pb+ isotopes. (I) 3D atom probe tomography reconstruction shows 56 605 detected metal atoms from a
single crystal of Co,Cd-MOF-74. Reprinted in part with permission from ref 60. Copyright 2020 The American Association for the Advancement of
Science.
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engineering to access MOF polymorphs is thus ripe for
exploration because dissimilar chemical connectivity creates
dissimilar electronic and physical properties (e.g., heat and
electrical transport), thereby broadening the potential uses of
MOFs.
2.2. Bonding Misbehaviors. 2.2.1. Metal-Centered

Structural Transformations. 2.2.1.1. Dynamic Binding of
Guest Molecules to Metal Sites.Metal site geometries depicted
in MOF single-crystal structures can disguise the true
coordination environments of guest-filled pores. For example,
although MOF-5 has served as the prototypical MOF for nearly
two decades, its structure was assumed until recently to be static
with idealized Fm3̅m space group symmetry, even in the
presence of coordinating guest molecules. A combined
experimental and ab initio molecular dynamics (AIMD) study
showed that after soaking MOF-5 in N,N-dimethylformamide
(DMF), one pseudo-tetrahedral Zn2+ ion within each Zn4O

6+

cluster can bind two DMF molecules, yielding a pseudo-
octahedral geometry with a cluster composition of
(DMF)2Zn4O

6+ (Figure 7).75 Interestingly, 67Zn solid-state
NMR spectra of DMF-soaked MOF-5 crystals indicated the
DMF interaction was random and dynamic, explaining why the
crystals do not diffract until heated above the DMF boiling
point. These insights provide a mechanistic rationale for

phenomena such as solvent-assisted cation exchange (see
below). This new MOF-5 cluster composition is also consistent
with crystal structures of certain members of the IRMOF series,
as well as molecular Zn4O(O2CR)6 clusters that bind two
solvent molecules per Zn2+ center. Variable-temperature 57Fe
Mössbauer spectroscopy of Fe2+-doped MOF-5 later showed
that temperature-dependent line broadening is observed only in
the presence of N2 but not under vacuum or Ar. This is best
explained by dynamic geometrical distortions about the Fe2+

center76 and shows that the MOF-5 metal centers are so
susceptible to guest-induced distortions that such effects can be
induced by molecules as benign as N2.

2.2.1.2. Solvent-Induced Topological Rearrangements.
Removing solvent molecules that act as placeholders in OMS
coordination spheres can induce surprising structural rearrange-
ments that imply high degrees of metal−linker dynamics. Lo et
al. reported a topological reordering that occurred during a
routine MOF activation procedure.77 The as-synthesized
square-lattice net is comprised of infinite Al3+-carboxylate
chains with DMF or other coordinating solvents serving as
additional bridging linkers. Soaking in non-coordinating toluene
initiates a structural reordering, affording, upon heating under
vacuum, a new kagome net with much higher surface area.
Inspection of this new structure revealed that its topology could
only have arisen by migration of carboxylate linkers, triggered by
a simple metal-centered distortion caused by displacement of
bound solvent by non-coordinating toluene.

2.2.2. Post-synthetic Exchange. 2.2.2.1. Solvent-Assisted
Cation Exchange. The crystalline lattices depicted by MOF X-
ray structures appear rigid, but soaking manyMOFs in solutions
of different metal ions induces cation exchange in single crystal-
to-single crystal transformations. In addition to hiding the
structural flexibility, the key role of solvent in mediating metal-
ion substitution is disguised. Ample evidence demonstrates the
importance of solvent−metal interactions. By plotting the cation
exchange rates of MOF-5 and MFU-41 versus various solvent
parameters, Brozek et al. observed strong correlations with
parameters that measure metal-solvent interactions, such as
Gutmann donor numbers, ligand field parameter Dq, and
metal−solvent binding enthalpies calculated by density func-
tional theory (DFT). These correlations point to rate-limiting
steps involving either solvent attack on framework metal ions, as
in MFU-4l, or solvent dissociation from incoming cations, as in
MOF-5.78

Equilibrium constants for cation exchange within a MOF are
dependent on solvent. In all cases ΔS is positive and nearly
solvent-independent, whereas ΔH depends on the stability of
the solvated metal ions. These results meet the expectation that
energetic differences among solvent-assisted mechanisms are
due to differences in metal−solvent binding strength. Alter-
natively, entropy changes should be similar because coordinat-
ing solvents should associate and dissociate in similar
proportions.79 More generally, the crucial role of metal−solvent
interactions in cation exchange was noted. For nearly all MOFs
capable of cation exchange, the metal ions either are capable of
higher coordination numbers to accommodate solvent attack or
have solvent molecules bound to a potential OMS.80

2.2.2.2. Solvent-Assisted Linker Exchange. The Zr4+-
carboxylate bonds of UiO-66 (Figure 3) make this one of the
most thermally stable MOFs. It is thus surprising that the first
reports of post-synthetic linker exchange implicated them in
solvent-induced cleavage of metal−linker bonds.81 Using
complementary synthetic routes, Kim et al. demonstrated that

Figure 7.AIMD simulation ofMOF-5 in the presence of DMF. (a) The
unique Zn atoms considered in the simulation with corresponding
labels. (b) Coordination number and average number of bound DMF
molecules as a function of time for all eight unique Zn atoms
throughout the simulation. (c) Structural representations of Zn centers
taken at three representative time points.
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UiO-66 linkers could be replaced by linkers in solution or, even
more surprisingly, by linkers from other UiO-66 particles. UiO-
66 derivatives with 1,4-dicarboxylates functionalized at the 2
positions were used to probe linker exchange. For example,
MOFs prepared from 2-bromo-1,4-benzenedicarboxylate were
mixed with analogs built instead from 2-amino-1,4-benzenedi-
carboxylate. Physical mixing in the absence of solvent failed to
induce linker exchange, whereas physical mixing with coordinat-
ing solvent resulted in significant exchange. Heating the bromo
derivative of UiO-66 in the presence of 2-amino-1,4-
benzenedicarboxylate yielded similar results. Mechanistic
investigations by Marreiros et al. highlighted the role of
methanol as a coordinating solvent that stabilizes defective
“dangling” linkers, which exchange fastest, through H-bonding
and by dynamically cleaving metal−linker bonds.82 Such
behaviors are not evident from the UiO-66 XRD structure,
which obscures defects, Zr4+−linker bond lability, and nuanced
solvent interactions.
2.2.3. Thermal Expansion and Energy Transfer. The unit

cell parameters of dense crystalline materials typically elongate
with increasing temperature, but the opposite is true for MOFs.
Thermal expansion coefficients α quantify the change in
structural parameters, such as volumes or cell lengths. The
sign of α is positive when unit cell dimensions increase with
temperature, but for several well-known MOFs α is negative
(negative thermal expansion, NTE). Both MOF-583 and
Cu3(btc)2

84 display unusually large and negative α values, on
the order of −10−5 K−1. Low-energy “soft-mode” metal−linker
vibrations and distortions of the metal−linker−metal vector are
thought to push the structures into lower symmetry distortions.
These relax into contracted framework arrangements that
become magnified by increased thermal energy. Given the static
picture offered by MOF X-ray structures, this behavior is
surprising, as it involves a large degree of structural dynamics
and flexibility.
NTE is complicated further by guest molecules. Schneider et

al. demonstrated that loading pores of Cu3(btc)2 with 7,7,8,8-
tetracyanoquinodimethane (TCNQ) shifted α from−16× 10−6

K−1 with no TCNQ to −8 × 10−6 K−1 with one TCNQ per
formula unit.85 Enhancing framework stiffness by interlocking
MOF clusters with bridging TCNQwas proposed to explain this
trend. Similarly, Lock et al. observed that the contraction of
MOF-5 cell parameters is far greater at 1.7 bar than at pressures
between 5 and 150 bar, decreasing α from −15 × 10−6 to −4 ×
10−6 K−1.86 Interestingly, computational models suggest that
sufficiently high loadings of guest molecules can reverse the sign
of α to become positive for MOFs with high guest loading levels,
with the magnitude of α and its sensitivity to guest loading
dependent on the particular guest molecule.87

Heat transport by MOFs is also influenced by guest
molecules. MOF thermal conductivities are generally quite
low because vacuum and porous cavities interrupt thermal
energy transmitted by atomic vibrations.88 Guest molecules
would therefore be expected to enhance MOF thermal
conductivity. Counterintuitively, computational modeling by
Babaei et al. suggests that guest molecules in cubic frameworks
with pores <1.7 nm would further reduce thermal conductivity
by scattering rather than transmitting phonons.89 Although
these calculations confirm that large-pore MOFs exhibit lower
thermal conductivities, the guest-induced effect is absent in
larger pores due to diminished frequencies of guest collisions.

2.2.4. Guest-Induced Structural Change. Another unex-
pected aspect of some MOFs is their reactivity with various
electron-donating molecules. Meilikhov et al. were the first to
report aMOF infiltrated with a reducing agent, creating amixed-
valence charge-transfer compound, cobaltocene@MIL-47(V).
This produced a surprising 12% reduction of the unit cell
volume, a rare example of guest-induced formation of a mixed-
valence framework.90 An even more dramatic transformation
occurs when TCNQ is adsorbed by Cu3(btc)2 in the presence of
a reducing solvent such as methanol.91 Careful experiments
using a solvent-free vapor infiltration demonstrated that TCNQ
bridges between two paddlewheels (Figure 8),26 the mechanism
originally proposed for the increased conductivity.27 However,
XRD and electron microscopy reveal an apparent cooperative
effect, in which TCNQ reacts at the surface of Cu3(btc)2,
nucleating nanowires of Cu(I)TCNQ (Figure 8). In methanolic
TCNQ solution, Cu3(btc)2 thin films (<60 nm) can be fully
converted to non-porous Cu(I)TCNQ,91 an electrically
conducting coordination polymer that exhibits bistable switch-
ing.92 Subsequent work showed that intrinsic Cu(I) defects react
quantitatively with TCNQ, converting them to Cu(II) and
forming TCNQ radical anions.93 This could modify the
conductivity by introducing additional charge carriers into the
system.

2.3. Electronic Structure Misbehaviors. 2.3.1. Mixed-
Valence MOFs. Mixed-valence MOFs (MV-MOFs) are likely
candidates for electronic structure-related misbehaviors.94 The
number of MV-MOFs is growing rapidly; the topic was recently
reviewed.95 The oxidation state of the metal ions and/or linkers
in MV-MOFs is not always clear, and unlike molecular
complexes, a MOF crystal can have a distribution of oxidation
states, as partial oxidation or reduction of the framework can
occur. Here, we focus onMV-MOFs in which redox-active metal
ions are the source of incongruous behavior, illustrated using the
copper paddlewheel Cu3(btc)2 and Fe(1,2,3-triazolate)2(BF4)x.
These examples show that misbehaviors arising in MV-MOFs
require characterization beyond XRD to determine structure−
property relationships,95 including XANES and EXAFS,96−98

Figure 8. Left: Schematic illustration indicating TCNQ bridging two paddlewheels in Cu3(btc)2. Right: Nanowires of Cu(TCNQ) formed on the
surface of Cu3(btc)2 crystals. Reproduced with permission from ref 26. Published 2018 open access by The Royal Society of Chemistry under a
Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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electron paramagnetic resonance,98 and chemical probe
molecules in conjunction with vibrational spectrosco-
py.93,96,99,100

The primary features of Cu3(btc)2 (and copper paddlewheel
MOFs in general) contributing to these misbehaviors are easily
reduced CuII ions, their kinetic lability, and the propensity for
missing-linker defects. Water in the pores may also play a role. It
is now well established that CuI sites can form as a result of
various treatments, including redox-active solvents such as
methanol, heating,101 vacuum, and soft X-rays. Some of these are
either established synthetic methods or standard procedures for
activating the material.96,101−104 Even the most defect-free
Cu3(btc)2 films have at least 4% reduced sites,102 although it
appears that additional washing steps during film growth can
reduce their number.105 Charge balancing requires a Cu−linker
bond to be broken (in the absence of cations in the pores),
creating missing-linker defects.93 Their formation may be
facilitated by the different preferred coordination geometries
of CuII (square pyramidal) and CuI (tetrahedral). The mixed-
valence behaviors exhibited by Cu3(btc)2 are likely found in
other copper paddlewheel MOFs, but the only one reported is a
structure assembled from thiophene(bis-triazole)dibenzoate
linkers.106

In contrast to Cu3(btc)2, Fe(1,2,3-triazolate)2(BF4)x (0≤ x≤
0.33) is a 3D MV-MOF that exhibits an intervalence charge-
transfer band in the IR (5000−10000 cm−1) that is diagnostic
for partial oxidation (Figure 9).107 A continuous range of
oxidation states is accessible, and the material is highly sensitive
to post-synthetic oxidation, which was not initially suspected.
The basic structure is maintained upon oxidation, although the
unit cell contracts slightly. However, extremely large variations
in the electrical conductivity occur (Figure 9). Initially, a
conductivity of 7.7 × 10−5 S/cm was reported for the fully
reduced state.108 Subsequently, a much lower value (7× 10−9 S/
cm) was reported following rigorous exclusion of air from the
sample.107 In contrast, chemical oxidation of the fully reduced
material to a mixed-valent FeII/FeIII structure increases the
conductivity by a factor of 108 and is accompanied by a decrease
in surface area with increasing MV character due to charge-
balancing anions in the pores. The results emphasize that special
cautionmust be exercised in studies of the CT properties ofMV-
MOFs, as even small valence impurities can have a dramatic
effect on the conductivity.

2.3.2. Stacking Disorder in 2D MOFs. In contrast to 3D-
connected MOFs, the forces holding together the layers of 2D
MOFs are rather weak, allowing a large number of stacking

Figure 9. Fe(1,2,3-triazolate)2 structure, spectra, and conductivity. Left: sub-lattice structure (top) and SBU (below), with Fe (orange), C (gray), and
N (blue). Middle: Effect of oxidation on the UV−vis−IR diffuse reflectance spectrum. Right: Ohmic I−V curves at room temperature. Reproduced
with permission from ref 107. Copyright 2018 American Chemical Society.

Figure 10. Electronic structure and energies of Ni3(HITP)2. (a) Map of total energy as a function of interlayer displacement. (b) Band structure plots
for different stacking arrangements. (c) Map of the predicted bandgap as a function of displacement along the a and b directions. Reproduced with
permission from ref 113. Copyright 2018 American Chemical Society.
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arrangements to have similar energies. This makes it difficult to
obtain single crystals suitable for XRD.109−111 It also produces
misbehaviors in the form of disagreements between predicted
and measured electronic structure properties. A noteworthy
example is Ni3(HITP)2 (HITP = 2,3,6,7,10,11-hexaiminotri-
phenylene),112 which consists of π-stacked layers of Ni2+ ions
coordinated to amine groups to form sheets with the same
topology as graphene. Eclipsed and slipped-parallel structures
cannot be distinguished by powder XRD. Although DFT
calculations predict that the slipped-parallel structure is themost
stable,112 structures displaced by as much as 3 Å along either the
a or b unit cell direction have essentially the same energy (Figure
10a).113 It is likely, therefore, that the bulk material is comprised
of layers displaced from each other in the xy plane randomly by
varying amounts. This affects the band structure (Figure 10b)
and bandgap (Figure 10c), transforming a material expected by
theory to be metallic (AB stacked) to a narrow bandgap
semiconductor (one or more layers shifted; Figure 10b).

3. GAS STORAGE

3.1. Adsorbate Adaptive Pore Spaces. Whereas the
effects of MOF framework flexibility on gas storage properties
have been well established over the past two decades,10

computational assessment of porous materials has relied on
the rigid structure approximation. This is likely due to the
complexity and cost associated with atomistic simulations that
rigorously couple unrestricted framework dynamics with
adsorption in an open system.114 MOFs with dynamic linear
chains provide opportunities to observe how a framework
responds to adsorbates,115 which in turn affects gas storage
properties. For example, Witman et al. rigorously coupled
framework dynamics and adsorption to show a significant
increase in methane deliverable capacity (∼20%) in thioether-
functionalized MOF-5116 compared with a simulation with
frozen side chains.21 Subtle reorganization of the side chains
cooperatively reduces the accessible pore volume, and thus
uptake, at low chemical potentials. These insights suggest that
functionalizing MOFs to produce adaptive pore sizes is an
alternative to seeking rigid MOFs with very small pores for
weakly interacting gases such as H2 and CH4.

18,117

3.2. Open Metal Site Distortion for Enhanced H2
Binding. Whereas the original MOF-74 was synthesized with
formula unit M2(dobdc) (M = Mg, Mn, Fe, Co, Ni; dobdc4− =
2,5-dioxido-1,4-benzenedicarboxylate), a structural isomer can
be synthesized with the regioisomeric m-dobdc (m-dobdc4− =
4,6-dioxido-1,3-benzenedicarboxylate) linker. The two isomers
both exhibit a honeycomb lattice with nearly identical geometric
pore properties. The octahedral OMSs, formed from 1D-rod
metal oxide SBUs, are at first glance also identical. Surprisingly,
the hydrogen storage properties of M2(m-dobdc) are signifi-
cantly better than those of M2(dobdc), with an H2 binding
enthalpy increased by 0.4−1.5 kJ/mol for variousM.118 Detailed
characterization showed that the binding distance between the
exposed M2+ OMS and H2 is shorter in M2(m-dobdc), a
consequence of higher charge density on the M2+ cation
produced by a subtle distortion of its octahedral coordination
environment.19 Thus, coordination environment modification
represents a second strategy for improving uptake of weakly
interacting gases. For example, anion exchange of bridging
ligands in an OMS-MOF significantly improved O2 affinity,
despite the metal center, coordination geometry, and framework
topology remaining unchanged.119

3.3. Adsorbate-Induced Symmetry Breaking. The
iconic and easily recognized hexagonal honeycomb lattice of
CPO-Mg-27 (more commonly referred to as MOF-74 or
IRMOF-74) is one of the best-studied MOFs. The material can
be expanded in an isoreticular series with pores as large as 98
Å.120 Ar adsorption at 87 K by IRMOF-74-V-hex exhibits an
unusual small-angle X-ray scattering (SAXS) pattern that
suggested the formation of extra Ar domains in the
mesopores.121 Jawahery et al. formulated an alternative
explanation for the SAXS pattern and, using molecular
simulations, demonstrated an adsorbate-induced symmetry
breaking of the honeycomb lattice over multiple unit cells
(Figure 11).17 This phenomenon is observed outside the MOF-

74 system as well, including Cu3(btc)2.
26 Such complex

deformation patterns have significant implications for MOF-
74 applications beyond gas storage, as discussed later in this
Perspective.

3.4. Reduced Mechanical Stability from Pre-distorted
Linkers. High MOF mechanical stability is critical for practical
applications in gas storage systems in which the charging
pressures necessitated by technical storage targets can reach 65
or 100 bar for methane and hydrogen, respectively.122 Redfern
et al. recently correlated the bulk modulus of MOFs with
quantities such as void fraction and linker length,123 finding in
several cases that measurements deviated significantly from the
correlations. It was discovered that the crystal structure of the
anomalies contained “pre-distorted” linkers in the absence of
external pressure. This was sufficient to reduce the rigidity of the
framework compared with other structures with similar void
fraction and linker length (Figure 12). This insight provides a
leading indicator of reduced mechanical stability and thus
reduced suitability for practical gas storage applications.

4. CHEMICAL SEPARATIONS
4.1. Dynamic Pore Size Distribution Broadening. Even

in the absence of obviously flexible moieties within a MOF, the
pore size distribution (PSD) described by the idealized crystal
structure (i.e., DFT-minimized or experimentally resolved
single-crystal structures) may not be representative of the actual
PSD. The PSD broadens and its mean can shift at finite

Figure 11. Experimentally observed SAXS profiles in the 87 K, Ar-
loaded IRMOF-74-V-hexagonal structure can be explained by
symmetry breaking of the idealized honeycomb lattice. Reproduced
with permission from ref 17. Copyright 2017, The Author(s), published
open access by SpringerNature licensed under the terms of the Creative
Commons CC BY license.
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temperatures, despite a constant unit cell volume. Even if small
in magnitude, this has significant implications for chemical
separations. For example, rigid simulations of Xe/Kr separation
by SBMOF-1, which holds the record selectivity, overestimate
this behavior,124 in part because finite temperatures decrease the
mean PSD by ∼0.5 Å.20 This result is a general one that
systematically affects the Xe/Kr Henry regime selectivity across
hundreds of MOF materials. Although not a design strategy as
such, awareness of this should improve the accuracy of high-
throughput screening studies aimed at identifying optimal
materials for shape-selective separations such as CH4/CO2.
4.2. Xylene Separation Enhancement. Similar to the

IRMOF-74-V-hex example above, M2(dobdc) can also undergo
a deformation in response to adsorption that breaks the
symmetry of its honeycomb lattice. Interestingly, this
deformation pattern only occurs with M = Co and o-xylene or
ethylbenzene as the adsorbate.22 Whereas the undistorted
channels can only adsorb three o-xylene molecules per six
OMSs, adsorption-induced distortion in three out of four

channels allows four o-xylene molecules to adsorb per six OMSs.
This unusual selectivity results from the ability of some xylene
isomers to interact with two adjacent OMSs (Figure 13),
revealing an unexpected design strategy for shape-selective
adsorption and separation.

4.3. Modulating the Step for Cooperative CO2
Adsorption. MOFs have attracted significant attention for
their potential to separate CO2 from flue gas; thus, it was a
significant breakthrough when it was demonstrated that CO2
could cooperatively insert into the diamine-appended mmen-
M2(dobpdc) (mmen = N,N′-dimethylethylenediamine,
dobpdc4− = 4,4′-dioxidobiphenyl-3,3′-dicarboxylate) frame-
work (Figure 14).125 The practical utility of the material for

Figure 12. Schematic illustrating the effect of linker distortion onMOF
mechanical stability. Reproduced with permission from ref 123.
Copyright 2019 American Chemical Society.

Figure 13. Bond distances of xylene isomers in Co2(dobdc). Reproduced with permission from ref 22. Copyright 2018 American Chemical Society.

Figure 14.Diamine insertion at the open metal site in expanded MOF-
74 analogs (inset) permits cooperative CO2 adsorption and step-
shaped isotherms. Substitution of R with bulkier alkyl groups results in
undesired double-stepped isotherms in the M2(dobpdc) framework,
but not M2(pc-dobpdc), because linker buckling reduces the honey-
comb lattice symmetry. This in turn forces adjacent diamine chains into
closer proximity in the ab plane and increases their steric hindrance.
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real-world applications depends on where and how the resulting
step-shaped CO2 isotherm occurs. Diamine attachment at the
OMS is shown schematically in the Figure 14 inset. Varying the
diamine R group affects the CO2 adsorption thermodynamics.24

Appending a single methyl group results in an undesired and
performance-limiting double step in the CO2 adsorption
isotherm of M2(dobpdc) but not that of the M2(pc-dobpdc)
analog (pc-dobpdc4− = 3,3′-dioxidobiphenyl-4,4′-dicarboxylate,
pc = para-carboxylate). This occurs because steric hindrance
between adjacent diamine chains in the ab plane is amplified
when linker buckling disrupts the hexagonal lattice of
M2(dobpdc), forcing adjacent diamine chains into close
proximity. This buckling is absent in M2(pc-dobpdc), however,
ensuring that diamine chains remain equidistant in the ab plane
and bulkier R group substitutions do not induce a double step in
the CO2 isotherm. Once again, a subtle symmetry breaking of
the idealized honeycomb lattice is required to rationalize and
predict complex gas adsorption behavior.

5. CATALYSIS AND REACTIVITY

5.1. Increased Reactivity from OMS Distortion. The
recognition that the archetypal honeycomb lattice of MOF-74
can distort, albeit slightly, also has implications for catalytic
reactivity. For example, Stavila et al. demonstrated that the
IRMOF-74-n(Mg) (n = I− IV) series catalyzes the hydro-
genolysis of aryl ether bonds.25 The non-monotonic catalytic
activity trend was surprising (Figure 15a) and was rationalized
by DFT modeling. This showed that, unique among the four
MOFs, the Mg(II) OMS of IRMOF-74(III) is displaced toward
the pore interior. Apparently, this is caused by rotation of the
middle ring of the IRMOF-74(III) linker (Figure 15b) to
minimize steric hindrance between methyl groups added to
increase linker solubility. The resulting higher substrate binding
energy compared to IRMOF-74-II caused by this subtle
chemical change represents a misbehavior relative to that
expected from an invariant isoreticular topology. Although
unexpected, this raises a possible new design strategy, whereby
the catalytic properties of an OMS center can be enhanced by
tuning internal rotation through linker functionalization.
5.2. Catalysis Enabled by Disguised OMS. Heteroge-

neous catalysis involving bond formation and charge transfer
with substrates requires metal centers with accessible coordina-
tion sites, as in the limited classes of MOFs with OMS. Examples

include the M-MOF-74 and M-BTT (BTT= 1,3,5-benzene-
tristetrazolate) MOF families, whose single-crystal structures
exhibit coordinated but removable solvent molecules. However,
some MOFs have “disguised”OMSs that allow them to catalyze
such reactions even though they apparently lack OMS. For
example, although the single-crystal structure of MIL-47
indicates that the vanadyl centers are coordinatively saturated,
this MOF catalyzes selective epoxidation of cyclohexene.126

Mechanistic investigations indicate that, whereas water, a
coordinating solvent, leaches vanadium ions that could account
for a portion of the observed catalytic activity, decane, a non-
coordinating solvent, enhances catalytic selectivity and recycla-
bility. These experiments and modeling support mechanistic
pathways that invoke dynamic dissociation of terephthalate
linkers from the vanadyl coordination sphere, allowing substrate
to bind.127 Recent studies have shown that linkers dynamically
dissociate from metal centers in carboxylate-based MOFs in
general. The general lability of metal−carboxylate bonds
therefore suggests that MOFs without OMSs may well be
attractive for heterogeneous catalysts.
Another form of disguised OMS can occur at metal centers

that can achieve higher coordination numbers than depicted in
the single-crystal structure. Just as the nominally four-coordinate
metal centers of the IRMOF series can achieve five- or six-
coordinate geometries, the metal centers in the M-MFU-
4l128,129 and related M-CFA-1130,131 families shuttle through
high-coordinate species, even though their single-crystal
structures show pseudo-tetrahedral geometries. For example,
following nucleophilic attack of CO2, the originally four-
coordinate Zn-OH species of Zn-CFA-1 adopts a five-
coordinate geometry with bound carbonate.130 Similarly, the
pseudo-tetrahedral Ni-Cl centers of Ni-MFU-4l and Ni-CFA-1
pass through five-coordinate intermediates of a Cossee−
Arlman-type mechanism while catalyzing the selective dimeriza-
tion of ethylene to form 1-butene.128,131 The apparent ability of
MFU-4l to accommodate metal sites with higher coordination
numbers than as depicted in the original single-crystal structures
inspired their use in polymerization catalysis by employing
variants with five-coordinate TiCl2 and CrCl2 and pseudo-
octahedral VCl3 metal centers.132,133 These examples demon-
strate that all possible coordination numbers of MOFmetal sites
should be considered when selecting potential catalysts,

Figure 15. (a) Hydrogenolysis conversion of three aryl ethers by IRMOF-74-n. (b) Preferred orientation of MOF linker and diphenyl ether substrate
with respect to the Mg2+ OMS in IRMOF-74(II) and IRMOF-74(III) as predicted by DFT. Reproduced with permission from ref 25. Published open
access by The Royal Society of Chemistry under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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especially MOF families that include pseudo-tetrahedral Zn2+,
which readily assumes high coordination.

6. ELECTRONIC STRUCTURE PROPERTIES

6.1. Intrinsically ConductingMOFs.MostMOFs are poor
electrical conductors, and the mechanisms behind their charge
transport are not well understood, although a high-level
categorization into hopping versus band transport has been
suggested.134,135 MOF nanoporosity is seemingly in opposition
to high electrical conductivity, as this isolates the structural
elements, in particular the organic linkers that could provide a
pathway for charge transport. For example, porous MOFs based
on the TCNQ linker have been reported but are not known to be
conducting.136 However, dense CPs Cu(TCNQ)92 and Tl-
(TCNQ)137 are conducting. In general, electrical conductivity
depends on the sign of the charge carrier, the concentration of
charge carriers, and their mobility. Data of this nature for MOFs
are sparse, which inhibits understanding needed to design
conducting frameworks. For example, charge carrier mobilities
have been reported for only a handful of MOFs.135

Narrow band gaps are another signature of electrical
conductivity, as these affect the Boltzmann population of charge
carriers. Although the wide band gaps typical of MOFs can be
readily tuned,34,138 the highly localized nature of the charge
carriers is considerably more difficult to overcome. Moreover,
the supramolecular and structurally flexible nature of MOFs
contributes to unexpected bandgap behaviors. For example, the
band gap of MIL-53-type MOFs can change by >1 eV as a result
of breathing modes induced by guest-molecule uptake.139 More
subtly, SBUs that are nominally presumed to be electronically
isolated, as in Cu3(btc)2, exhibit communication between units
that must be invoked to explain excitation spectra.140 Rational
design of conductive MOFs would thus benefit from a
microscopic understanding of the charge transport mechanisms,
but such insight has been elusive in many prominent conductive
MOFs. These examples demonstrate that the electronic
structure of a given MOF cannot be assumed to remain stable.

Consequently, misbehaviors in charge transport properties
should be expected if conventional organic and inorganic
conductors define the baseline for comparison.

6.2. Guest-Modulated Electrical Conductivity. Intro-
ducing guest molecules within MOF pores can lead to
unexpected charge transport behaviors compared with activated
material. A primary example is guest-induced modulation of
electrical conductivity. This was first discovered in Cu3(btc)2
infiltrated with redox-active TCNQ (Figure 8), converting this
MOF from a dielectric material to an electrical conductor
(conductivity increased by at least a factor of 108) without any
change to the crystal structure.27 Water adsorption by Cu3(btc)2
provides a second example, demonstrating that non-redox-active
molecules binding to the OMS can modify the bandgap and
potentially the charge transport properties. A long-standing
mystery is the origin of the color change in Cu3(btc)2 induced by
adsorption of water by the activated MOF. One hypothesis is
that partial reduction creates (CuII−CuI) dimers with a missing
linker. The consequent removal of the center of symmetry
eliminates the Laporte selection rule, making the forbidden d-d
transitions fully allowed.105 This “retrofitting” strategy40,85,93,141

has great potential for conductivity tuning/enhancement, but
the range of guest molecules employed is still limited.135 For
example, we recently pointed out that guest-loadedMOFs could
be used as memristors.142 Guest loading, redox potential, and
ion diffusivity can all be used to modulate the resistivity of the
conducting channel.
A major motivation for constructing electrically conductive

MOFs is their application to create high-surface-area recog-
nition chemistries for sensing. There are numerous examples of
chemiresistive sensors employing changes in charge transport to
detect analytes.142 However, charge transport depends on
several physical parameters, the effects of which on the
electronic conductivity can be unpredictable. For example, a
2D conducting MOF analogous to the Ni3(HITP)2 scaffold
features a turn-off response in the presence of CO2; i.e., the
conductivity decreased with increasing CO2.

143 Spectroscopy

Figure 16. Luminescent PCN-94: (a) (Ethene-1,1,2,2-tetrayl)tetrakis([1,1′-biphenyl]-3-carboxylate) (ETTC) linker. Orange brackets indicate the
luminescent tetraphenylethylene core. (b) PCN-94 framework. (c) Solid-state absorption and emission spectra. (d) PCN-94 and H4ETTC shown
under ambient (left) and UV (right) light. Reproduced with permission from ref 150. Copyright 2014 American Chemical Society.
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and band structure calculations suggest this apparent
misbehavior results from free carrier absorption by CO2, a
surprising behavior considering CO2 is neither a dopant nor
redox active.
6.3. Stimuli-Responsive Luminescent Frameworks.

Turn-on and turn-off luminescence in response to chemisorp-
tion is a difficult MOF property to predict. Luminescence
stimulated by ionizing radiation is a related example.144 A
misbehavior arises when the photophysical properties of a
fluorophore are not observed once it is incorporated into the
scaffold. Luminescence quenching by guest adsorption (i.e., a
turn-off response) is observed for many natively emissive
MOFs145 and is readily explained by alignment of guest
unoccupied orbitals with the MOFs conduction band. For
example, highly electron-deficient aromatics can act as electron
traps for fluorescent linkers.146,147 However, incongruities exist.
For example, a series of MOF-74 analogues with 4,4′-bipyridine
linkers exhibits both linker-centered and ligand-to-metal charge-
transfer luminescence. Both quenching and enhancement are
observed in the presence of dissimilarly functionalized aromatic
guests.148 It is unclear whether close alignment of the linker
unoccupied orbitals with theMOF conduction band governs the
response or something more subtle. The guest−MOF band
alignment mechanism can be applied to non-aromatic molecules
with an accessible LUMO (e.g., CS2), but internal electron
transfer is a limited strategy for designing a turn-off response.149

Turn-on luminescence is particularly intriguing because the
MOF structure suppresses or enhances a property otherwise
active in its free molecular constituents. The structure−property
relationships are difficult to discern but are influenced by MOF
structure at all levels.144 The response stems from competition
between the favorable crystal cohesion energy and the
chromophore distortion energetic penalty. For example, a
MOF lattice can rigidify a luminescent ligand (Figure 16)29,150

or constrain a guest,151 increasing the quantum yield to virtually
100%.150 MOFs that stabilize a fluorophore in a dark geometry
can become luminescent when external stimuli induce a
structural transition (non-obvious from the crystal structure),
enhance interlinker π-overlap,152,153 or enable bond-forming
reactions with the linkers. These can be used to tune the
selectivity of the turn-on response.154−156 Such complex
interrelationships point to the necessity for computational
modeling to understand alignment between MOF bands and
guest molecular orbitals and the effects on fluorophore rigidity
and vibrational modes due to incorporation in the MOF crystal.
However, with so few examples of novel turn-on and turn-off
incongruities, there is also a need for further fundamental
synthetic endeavors to guide theory.

7. SUMMARY AND OUTLOOK
The foregoing discussion shows that unexpected behaviors can
result from even very subtle factors that invalidate the
assumptions described in section 2. What is particularly
remarkable is that examples of unexpected behavior are still
being uncovered in some of the most intensely investigated
MOFs, such as MOF-5, Cu3(btc)2, and MOF-74, decades after
their initial discovery.
In brief, we identified several MOF structural elements that

signal the possibility of unexpected behaviors. Foremost among
these are structural and kinetic aspects related to the linkers.
Linker kinetic lability can allow more than one coordination
geometry to be present or accessible for the same metal
oxidation state. Linkers that rotate or distort upon incorporation

within the framework (sections 2.1, 3.3, and 3.4), have flexible
side chains (section 3.1), or undergo dynamic dissociation
(section 5.2) can lead to non-monotonic property variation
within the series. This can alter OMS reactivity (section 5.1) and
separation selectivity (sections 4.1 and 4.2). Pore sizes close to
adsorbate dimensions can induce non-intuitive gas uptake and
separation behaviors (sections 3.1 and 4.1). Metal ions also
produce unexpected behaviors due to redox-active nodes
(section 2.3.1), distortion of the OMS environment (section
5.1), and expandable coordination shells (section 5.2). At the
supramolecular level, difficult-to-predict weak interactions, such
as inter-layer forces (section 2.3), can lead to materials with
dramatically different electronic properties (sections 2.3.2 and
6.1). Finally, phenomena induced by external stimuli (section
6.3), such as pressure, electric fields, and guest molecules
(sections 6.2 and 6.3), are among the most difficult to anticipate.
These are the most prominent examples we are aware of, but
there are aspects of MOFs that are currently so poorly
understood that it is impossible to say what is misbehavior
and what is not.
These observations by no means invalidate the fundamental

concepts that give rise to MOFs and lead to rational design
principles. On the contrary, the exceptional degree of structural
control possible in MOFs creates the possibility that the
misbehaviors and incongruities discussed here can be harnessed
to address some of the many challenges facing the field.
Consequently, the outlook is bright for developing new
strategies in several major application spaces. In addition to
the possibilities highlighted above, we see key opportunities in
these areas:

(1) Gas storage and separations. Solving the difficult problem
of storing weakly interacting gases such as hydrogen and
methane under ambient conditions may require going
beyond the search for structures with a high volumetric
density of OMS. An alternative strategy is to seek
structures having very small poreson the order of the
molecular kinetic diameterto boost the isosteric heat of
adsorption. However, even a nominally non-porous
structure may undergo a non-porous-to-porous transition
(at constant unit cell volume) driven by high adsorbate
binding energies, making it exceedingly difficult to
identify this unexpected feature.20,157 The enormous
number of MOF structures provides a basis for optimism,
as these can enable high-throughput screening158 and
machine learning159 to identify subtle structure−property
relationships. However, the success of high-throughput
screening depends on the availability of accurate
potentials for OMS and other strong-binding sites.
Moreover, flexible structures can only be identified if
both framework dynamics and adsorption are included
capabilities beyond virtually all available high-throughput
methods. Analytical models have shown promising signs
that such materials could exist, but this remains to be
shown experimentally.20,21

(2) Catalysis and reactivity. An important finding here is that
seemingly very similar structures can exhibit reactivity
patterns that differ in significant but unexpected ways,
such as discussed above for IRMOF-74(n).25 One of the
most interesting challenges therefore (and greatest
opportunities) in MOF catalysis is to predict how these
subtle structural modifications affect reactivity. The effect
on the OMS coordination environment (and hence,
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reactivity) of groups that solubilize linkers has been
largely overlooked. Recently it was shown that MOF-5’s
thermal stability is reduced by methyl functionaliza-
tion.160 A reexamination of existingMOFs is warranted to
identify other examples in which a structural modification
made far from the active site changes the catalytic activity.
This must be coupled with a concerted synthetic effort to
determine structure−property relationships, which could
provide the basis for new isoreticular series to modulate
reactivity. Novel solubilization strategies could also result,
such as the linker salt approach,161 to avoid unanticipated
effects due to linker functionalization.

(3) Charge transport. Although the MOFs with the highest
electronic conductivity are 2D layered structures that
suffer from intralayer disorder, new understanding gained
from conductivity measurements on single crystals,109,110

data on charge mobility (although still very limited),135

and high-level theoretical approaches are defining
strategies for controlling this disorder.162,163 Moreover,
recently reported lanthanide-based MOFs demonstrate
that high conductivity can be achieved by using interlayer
spacers to create ordered 3D structures exhibiting one-
dimensional charge transport.111 Remarkably, it appears
that substantial improvements in the charge transport
properties of nominally insulating MOFs are feasible.164

As the vast majority of MOFs are 3D structures but are
expected to be insulating, this represents a promising new
research direction with the potential to create a much
larger class of porous conducting MOFs. An added
incentive is that 3D structures are typically more
crystalline than the highly conducting but disordered
2D layered structures, suggesting that the conductivity of
3D materials will be less affected by defects. As the
properties of MOF films used in electronic devices play
such an important role in device behavior, the revelation
that linker sterics (e.g., the hindered rotation in PCN-
1445) can affect film microstructure suggests this as a
novel strategy to control a property for which few
structure−property relationships exist.

(4) Mechanical properties. Compared with other MOF
properties, their counterintuitive NTE has received
relatively little attention. Recent work is revealing the
underlying mechanisms of this behavior,165 and general
strategies are emerging,85,166−168 including the effects of
rotatable linker groups169 and solvent molecules.168 Two
promising opportunities are the use of strain-based
microcantilever sensors and gas storage. Chemical
detection using MCL has been demonstrated,170 but
optimizing mechanical properties to increase adsorbate-
induced strain should improve sensitivity.171 To increase
the deliverable capacity of MOF-based sorbents, an
intriguing possibility is to couple NTEwith a non-porous-
to-porous transition in a pressure−temperature swing
adsorption cycle.

(5) Stimuli-responsive MOFs. Turn-on luminescence is of
considerable interest, given the large number of potential
applications.152 Although mechanistic understanding is
limited, the growing research effort and numerous
luminescent MOFs will likely lead to structure−function
relationships. In contrast, MOFs that respond to stimuli
other than photons are much rarer. Intrinsically electro-
luminescent MOFs are of great interest for white light
LEDs, but only a few are known.172−177 Pyroelectricity is

also a little-explored effect,178−180 although there are
many ferroelectric MOFs.181 Pressure can produce some
highly non-intuitive responses, including negative gas
adsorption,69 for which structure−property relationships
only recently emerged.182,183 The very limited under-
standing of these phenomena highlights the difficulty of
classifying them as misbehaviors, although their very
rarity suggests that chemists have not yet learned how to
engineer these properties into MOFs.

In conclusion, we believe that, far from diminishing the appeal
ofMOFs as a class of materials, these “exceptions to the rules” do
just the opposite. Development of fundamental understanding
and structure−property relationships eventually will make these
less mysterious. Our hope is that highlighting them here will
stimulate unorthodox viewpoints, leading to both deeper
fundamental understanding and exciting newMOF applications.
Keeping in mind that “What you see is not always what you get”
will certainly be essential to fully understand these materials and
maximize their potential.
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Technischen Universitaẗ München, 2019. https://mediatum.ub.tum.
de/doc/1516469/1516469.pdf.
(40) Schneider, C.; Bodesheim, D.; Keupp, J.; Schmid, R.; Kieslich, G.
Retrofitting metal-organic frameworks. Nat. Commun. 2019, 10, 4921.
(41) Lin, X.; Telepeni, I.; Blake, A. J.; Dailly, A.; Brown, C. M.;
Simmons, J. M.; Zoppi, M.; Walker, G. S.; Thomas, K. M.; Mays, T. J.;
Hubberstey, P.; Champness, N. R.; Schroder, M. High Capacity
Hydrogen Adsorption in Cu(II) Tetracarboxylate Framework Materi-
als: the Role of Pore Size, Ligand Functionalization, and ExposedMetal
Sites. J. Am. Chem. Soc. 2009, 131, 2159−2171.
(42) Yan, Y.; Yang, S.; Blake, A. J.; Schröder, M. Studies on Metal−
Organic Frameworks of Cu(II) with Isophthalate Linkers for Hydrogen
Storage. Acc. Chem. Res. 2014, 47, 296−307.
(43)Ma, S. Q.; Sun, D. F.; Simmons, J. M.; Collier, C. D.; Yuan, D. Q.;
Zhou, H. C.Metal-Organic Framework fromAn Anthracene Derivative
Containing Nanoscopic Cages Exhibiting HighMethane Uptake. J. Am.
Chem. Soc. 2008, 130, 1012−1016.
(44) Heinke, L.; Wöll, C. Surface-Mounted Metal−Organic Frame-
works: Crystalline and Porous Molecular Assemblies for Fundamental
Insights and Advanced Applications. Adv. Mater. 2019, 31, 1806324.
(45) Stavila, V.; Schneider, C.; Mowry, C.; Zeitler, T. R.; Greathouse,
J. A.; Robinson, A. L.; Denning, J. M.; Volponi, J.; Leong, K.; Quan, W.;
Tu, M.; Fischer, R. A.; Allendorf, M. D. Thin Film Growth of nbo
MOFs and Their Integration with Electroacoustic Devices. Adv. Funct.
Mater. 2016, 26, 1699−1707.
(46) Stavila, V.; Volponi, J.; Katzenmeyer, A. M.; Dixon, M. C.;
Allendorf, M. D. Kinetics andMechanism ofMetal-Organic Framework
Thin Film Growth: Systematic Investigation of HKUST-1 Deposition
on QCM Electrodes. Chem. Sci. 2012, 3, 1531−1540.
(47) Li, J.; Yu, X.; Xu, M.; Liu, W.; Sandraz, E.; Lan, H.; Wang, J.;
Cohen, S. M. Metal−Organic Frameworks as Micromotors with
Tunable Engines and Brakes. J. Am. Chem. Soc. 2017, 139, 611−614.
(48) Li, T.; Kozlowski, M. T.; Doud, E. A.; Blakely, M. N.; Rosi, N. L.
Stepwise Ligand Exchange for the Preparation of a Family of
Mesoporous MOFs. J. Am. Chem. Soc. 2013, 135, 11688−11691.
(49) Brozek, C. K.; Dinca,̆ M. Ti3+-, V2+/3+-, Cr2+/3+-, Mn2+-, and Fe2+-
Substituted MOF-5 and Redox Reactivity in Cr- and Fe-MOF-5. J. Am.
Chem. Soc. 2013, 135, 12886−12891.
(50) Dolgopolova, E. A.; Brandt, A. J.; Ejegbavwo, O. A.; Duke, A. S.;
Maddumapatabandi, T. D.; Galhenage, R. P.; Larson, B. W.; Reid, O.
G.; Ammal, S. C.; Heyden, A.; Chandrashekhar, M.; Stavila, V.; Chen,
D. A.; Shustova, N. B. Electronic Properties of Bimetallic Metal−
Organic Frameworks (MOFs): Tailoring the Density of Electronic
States through MOF Modularity. J. Am. Chem. Soc. 2017, 139, 5201−
5209.
(51) Kalmutzki, M. J.; Hanikel, N.; Yaghi, O. M. Secondary Building
Units As the Turning Point in the Development of the Reticular
Chemistry of MOFs. Sci. Adv. 2018, 4, No. eaat9180.
(52) Yuan, S.; Qin, J.-S.; Zou, L.; Chen, Y.-P.; Wang, X.; Zhang, Q.;
Zhou, H.-C. Thermodynamically Guided Synthesis of Mixed-Linker
Zr-MOFs with Enhanced Tunability. J. Am. Chem. Soc. 2016, 138,
6636−6642.
(53) Cheetham, A. K.; Bennett, T. D.; Coudert, F.-X.; Goodwin, A. L.
Defects and Disorder in Metal Organic Frameworks. Dalton Trans.
2016, 45, 4113−4126.

(54) Gruza, B.; Chodkiewicz, M. L.; Krzeszczakowska, J.; Dominiak,
P. M. Refinement of Organic Crystal Structures With Multipolar
Electron Scattering Factors. Acta Crystallogr., Sect. A: Found. Adv. 2020,
76, 92−109.
(55) Lee, S.; Bürgi, H.-B.; Alshmimri, S. A.; Yaghi, O. M. Impact of
Disordered Guest−Framework Interactions on the Crystallography of
Metal−Organic Frameworks. J. Am. Chem. Soc. 2018, 140, 8958−8964.
(56) Appelhans, L. N.; Kosa, M.; Radha, A. V.; Simoncic, P.;
Navrotsky, A.; Parrinello, M.; Cheetham, A. K. Phase Selection and
Energetics in Chiral Alkaline Earth Tartrates and Their Racemic and
Meso Analogues: Synthetic, Structural, Computational, and Calori-
metric Studies. J. Am. Chem. Soc. 2009, 131, 15375−15386.
(57) Deng, H.; Doonan, C. J.; Furukawa, H.; Ferreira, R. B.; Towne, J.;
Knobler, C. B.; Wang, B.; Yaghi, O. M. Multiple Functional Groups of
Varying Ratios in Metal-Organic Frameworks. Science 2010, 327, 846.
(58)Wang, L. J.; Deng, H.; Furukawa, H.; Gándara, F.; Cordova, K. E.;
Peri, D.; Yaghi, O. M. Synthesis and Characterization of Metal−
Organic Framework-74 Containing 2, 4, 6, 8, and 10 Different Metals.
Inorg. Chem. 2014, 53, 5881−5883.
(59) Furukawa, H.; Müller, U.; Yaghi, O. M. Heterogeneity within
Order” inMetal−Organic Frameworks.Angew. Chem., Int. Ed. 2015, 54,
3417−3430.
(60) Ji, Z.; Li, T.; Yaghi, O. M. Sequencing of Metals in Multivariate
Metal-Organic Frameworks. Science 2020, 369, 674.
(61) Griffin, S. L.; Champness, N. R. A Periodic Table of Metal-
Organic Frameworks. Coord. Chem. Rev. 2020, 414, 213295.
(62) Halder, A.; Ghoshal, D. Structure and Properties of Dynamic
Metal-Organic Frameworks: a Brief Accounts of Crystalline-To-
Crystalline and Crystalline-To-Amorphous Transformations. CrystEng-
Comm 2018, 20, 1322−1345.
(63) Castillo-Blas, C.; Moreno, J. M.; Romero-Muñiz, I.; Platero-
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