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CONSPECTUS: Metal−organic frameworks (MOFs) are
periodic, hybrid, atomically well-defined porous materials
that typically form by self-assembly and consist of inorganic
nodes (metal ions or clusters) and multitopic organic linkers.
MOFs as a whole offer many intriguing properties, including
ultrahigh porosity, tunable chemical functionality, and low
density. These properties point to numerous potential
applications, including gas storage, chemical separations,
catalysis, light harvesting, and chemical sensing, to name a
few. Reticular chemistry, or the linking of molecular building
blocks into predetermined network structures, has been
employed to synthesize thousands of MOFs. Given the vast
library of candidate nodes and linkers, the number of potentially synthetically accessible MOFs is enormous. Nevertheless, a
powerful complementary approach to obtain specific structures with desired chemical functionality is to modify known MOFs
after synthesis. This approach is particularly useful when incorporation of particular chemical functionalities via direct synthesis is
challenging or impossible. The challenges may stem from limited stability or solubility of precursors, unwanted secondary
reactivity of precursors, or incompatibility of functional groups with the conditions needed for direct synthesis. MOFs can be
postsynthetically modified by replacing the metal nodes and/or organic linkers or via functionalization of the metal nodes and/or
organic linkers.
Here we describe some of our efforts toward the development and application of postsynthetic strategies for imparting desired
chemical functionalities in MOFs of known topology. The techniques include methods for functionalizing MOF nodes, i.e.,
solvent-assisted ligand incorporation (SALI) and atomic layer deposition in MOFs (AIM) as well as a method to replace
structural linkers, termed solvent-assisted linker exchange (SALE), also known as postsynthethic exchange (PSE). For each
functionalization strategy, we first describe its chemical basis along with the requirements for its successful implementation. We
then present a small number of examples, with an emphasis on those that (a) convey the underlying concepts and/or (b) lead to
functional structures (e.g., catalysts) that would be difficult or impossible to access via direct routes. The examples, however, are
only illustrative, and a significant body of work exists from both our lab and others, especially for the SALE/PSE strategy. We
refer readers to the papers cited and to the references therein. More exciting, in our view, will be new examples and new
applications of the functionalization strategiesespecially applications made possible by creatively combining the strategies.
Underexplored (again, in our view) are implementations that impart electrical conductivity, enable increasingly selective chemical
sensing, or facilitate cascade catalysis. It will be interesting to see where these strategies and others take this compelling field over
the next few years.

■ INTRODUCTION

MOFs constitute one of the most widely studied classes of
materials in contemporary chemistry.1−3 Their modular
structure and extraordinarily broad chemical and toplogical
variety can be translated into property tunability. This in turn
has motivated their investigation as materials for numerous
potential applications, including gas storage and separation,4

catalysis,5 light-harvesting/solar-energy-conversion,6,7 and
chemical sensing.8 With suitable attention to linker design
and node composition, direct approaches to MOF synthesis
most notably, solvothermal methodsare effective for
predictively modulating internal surface areas and cavity/pore

sizes and often also for incorporating desired chemical
functionality.9−12 Installing desired functionalities directly,
however, is not always possible. To this end, postsynthetic
modification (PSM) of MOFs has been instrumental in
obtaining frameworks that feature desired functionalities.13

Our focus here is on three PSM strategies that are potentially
transformational: (i) solvent-assisted ligand incorporation
(SALI), which involves replacing labile, nonstructural inorganic
ligands with functional organic ligands; (ii) atomic layer
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deposition in MOFs (AIM), which is effective for installing
single metal complexes or metal-containing clusters on nodes as
supports; and (iii) solvent-assisted linker exchange (SALE),
which involves replacing structural ligands (linkers) with
alternative linkers.
Our discussion of SALI and AIM revolves around the

mesoporous Zr-based MOF NU-100014 as a platform but could
in principle be based on related MOFs. NU-1000 is composed
of Zr6(μ3-O)4(μ3-OH)4(H2O)4(OH)4 nodes15 and tetratopic
1,3,6,8-tetrakis(p-benzoate)pyrene (TBAPy4−) linkers16 (Fig-
ure 1). Like other hexazirconium(IV) MOFs, NU-1000 is
characterized by excellent chemical, thermal, and hydrothermal
stability.17 It presents large hexagonal channels (∼31 Å in
diameter) surrounded by ∼12 Å triangular channels. The MOF
node uses eight of 12 available sites to bind carboxylate-
terminated linkers (and thus is termed “eight-connected”). This
configuration leaves room on the node for eight singly
coordinated nonstructural ligands (four aqua and four hydroxo
ligands). These moieties are available for substitution (SALI) or
for reaction with volatile organometallic complexes (AIM).
Thus, these are node-centric PSM techniques, while SALE is
linker-centric.

■ SOLVENT-ASSISTED LIGAND INCORPORATION
(SALI)

Reversible incorporation of chemical functionality can be
achieved through dative bonding of nonstructural ligands to
unsaturated metal centers.18,19 More tenacious ligand attach-
ment can be achievable, however, by turning to chelation and
ionic bonding. SALI capitalizes on both. Briefly, each node-
based aqua/hydroxo pair can be displaced by a new ligand
featuring a charge-compensating carboxylate, phosphonate, or
similar group; thus, up to four new ligands can be installed on
each node (Figure 2).20 Notably, the conditions required for
SALI are much milder than those for the synthesis of NU-1000,
implying that even delicate functionalities can be incorporated.
Scheme 1 shows the ligands successfully SALI-ed to date.

They include ligands presenting catechol, amine, hydroxyl,
pyridine, and aromatic halide functionalities.21 The ample width
of NU-1000’s hexagonal channels, together with the material’s
high chemical stability, allows for secondary PSM. Thus, ligands
incorporated via SALI can be elaborated via condensation,
quaternization, metalation, azide “click”, and catalyst activation

reactions (Scheme 1). Secondary functionalization is one way
to access functionalities that are incompatible with free oxyacid
groups.
Scheme 1 includes four phosphonate-terminated ligands

(shown in acid form).22 We reasoned that the known higher
affinity of phosphonates (vs carboxylates) for zirconia could be
replicated in Zr-MOFs to strengthen ligand binding and boost
chemical stability. Indeed, we found that SALI-installed
phosphonates (but not carboxylates) are retained when the
modified MOF is soaked, for example, in a 1:24 (v/v) mixture
of 8 M HCl and DMF. Ligand persistence in aqueous base is
also enhanced. Below we highlight a few lab-scale SALI-enabled
MOF applications.
Carbon Dioxide Capture

MOFs have been extensively studied as candidate solid
adsorbents for CO2 capture, especially from flue gas (mainly
N2, CO2, and H2O) or dried flue gas.23 Because of the
hydrophobicity of perfluorinated organics and the known
affinity of supercritical CO2 for perfluoroalkanes, the notion of
fluorinated linkers as building blocks for hydrophobic and CO2-
philic MOF pores has attracted significant experimental
attention.24,25 A complementary idea is the introduction of
nonstructural perfluoroalkanes within MOF channels.26 We
found that carboxylate-terminated perfluoroalkanes of varying
length can be installed via SALI. The modified materials
displayed increased isosteric heats of adsorption for CO2 (up to
double).
Also observed was enhanced stability toward repetitive filling

and evacuation of pores with water.27 NU-1000 and related
MOFs are resistant to chemical degradation by water (i.e.,
hydrolysis). They are susceptible, however, to physical

Figure 1. Schematic representation of AIM, AIM with metal exchange (AIM-ME), SALI, and secondary-functionalization-after-SALI processes in
NU-1000. Color code (throughout): carbon (gray), oxygen (red), nitrogen (blue), zirconium (green), and zinc (yellow). For clarity, hydrogen atoms
have been omitted.

Figure 2. Molecular representation of an NU-1000 node after SALI.
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degradation via capillary forces, as these forces must be
overcome when solvent molecules (especially water) are
removed from pores. Degradation is manifested as pore
collapse, together with physical fracturing of linker−node
bonds. With water, the forces are greatest when the MOF
channels have a chemical affinity for water and when the water
clusters residing in the MOF channels are large. The wide
channels of NU-1000, together with its hydrogen-bonding-
capable nodes, make it subject to stronger capillary forces than
many MOFs. Fluoroalkane installation diminishes these forces
both by eliminating hydrogen-bonding sites and by decreasing
the water-accessible pore volume and therefore the water
cluster size. Finally, installation also increases the hydro-
phobicity of the MOF with respect to liquid water, as evidenced
by contact-angle measurements.
Another intriguing approach for capturing CO2 from gas

mixtures is to decorate MOF pores with molecules that present
charge distributions that are complementary to those of
quadrupolar OCO. We observed that SALI-ing appropri-
ately designed di- and tripeptides indeed does enhance the CO2
capturing ability of NU-1000.28 We suggest that this molecular-
recognition-type strategy can be productively extended to other
targets.

Catalysis

SALI can also be used to install molecular catalysts in MOFs.
Beyond the obvious advantage of facilitating catalyst reuse (by
rendering it a recoverable solid), the potential benefits are (i)
catalyst isolation (thereby preventing, e.g., inactivation by
dimerization) and (ii) facilitation of catalyst application to gas-
phase chemical transformations.
Representative of what is possible is the catalytic perform-

ance of a pincer complex of iridium (Scheme 1) for condensed-
phase hydrogenation of alkenes.29 Relative to the solution-
phase version of the catalyst, the SALI-immobilized version
shows enhanced activity (up to 70-fold) and is longer-lived.
Both outcomes are likely attributable to isolation of catalysts

from each other in the MOF environment. Often immobiliza-
tion of molecular catalysts on solids is accompanied by
decreases in catalytic activityeffects that can arise from
decreased accessibility to the catalyst by molecular reactants or
from unfavorable interactions between the catalyst and support
material. That inactivation does not occur here may be a
reflection of the ultrahigh porosity and low density of the
MOF; if so, then preservation of molecular catalytic activity
may prove to be a general finding.
A second example is the phosphonate-enabled immobiliza-

tion of 2,2′-bipyridine followed by coordination of nickel(II).
For ethylene dimerization (in inert solvent), this catalyst is
about 10-fold more active than the homogeneous catalyst.30

Notably, both SALI-ed complexes can also catalyze gas-phase
reactions.
A third example is ferrocenecarboxylate. Its installation

renders electrode-supported films of NU-1000 redox-con-
ductive.31

■ ATOMIC LAYER DEPOSITION IN METAL−ORGANIC
FRAMEWORKS (AIM)

Atomic layer deposition is a vapor-phase synthesis technique
that has been widely used to fabricate ultrathin, pinhole-free
films of metal oxides, sulfides, carbides, and nitrides from (i)
volatile organometallic or inorganic complexes, (ii) reactive
sources of main-group elements, such as steam, H2S, and
ammonia, and (iii) an initially hydroxylated substrate.32

Conventional ALD is based on sequential surface reactions of
two precursors, to which the substrate is exposed in successive
steps. The precursors react with the evolving surface in a self-
limiting fashion, viz., they react exclusively with complementary
chemical species on the substrate and not with themselves.
Repeating the steps leads to further film growth. One important
consequence is that inorganic films can be grown with close to
angstrom-level precision with respect to film thickness. A

Scheme 1. (a) Carboxylic and Phosphonic Acid-Terminated Ligands Incorporated via SALI within NU-1000; (b) Secondary
Functionalization Reactions Involving SALI Derivatives of NU-1000: (i) “Click”, (ii) Imine Condensation, (iii) Methylation,
(iv) Metalation, and (v) Catalyst Activation
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second is that films can be grown in conformal fashion, even on
high-area, high-porosity substrates.
The nodes of NU-1000 can be viewed as tiny pieces of

hydroxylated zirconia, and therefore, they should be susceptible
to reaction with ALD precursors (Figure 3). Instead of a

continuous film, however, the product should be an array of
uniformly sized and uniformly spaced node-supported clusters.
The cluster size can be controlled on the basis of the number of
AIM growth cycles.
More generally, a MOF will likely be suitable for elaboration

via AIM if it (i) presents suitably reactive grafting sites, such as
aqua or hydroxo ligands, (ii) has good thermal and chemical
stability (ALD is typically done at 100 °C or higher), and (iii)
features large enough pores and apertures to permit precursors
to permeate the MOF quickly and completely.
Metal−Oxide AIM

For proof-of-concept AIM experiments, we chose highly
reactive metal−alkyl complexes of Zn(II) and Al(III) (Figure
4).14,33 Stepwise exposure of NU-1000 to either compound in

vapor form, followed by exposure to steam, yields the
anticipated clusters. Initial studies further revealed that (i) the
synthesis chemistry (AIM) is self-limiting, (ii) mixed-metal
oxide/hydroxide clusters can be obtained by changing the
identity of the ALD precursor in a second AIM cycle, (iii) the
crystallinity and porosity of the MOF are retained, and (iv)
apart from defect zones, the distribution of clusters is uniform.
Metal nuclearities for single-AIM-cycle clusters range from ∼4
for Zn(II) to ∼8 for Al(III). The chemical basis for the
differences is not yet understood.
A more detailed study with In(CH3)3 as an AIM precursor

showed that six In(III) ions were installed for each node.

Evidence that metal precursor binding is via reaction with aqua
and hydroxo ligands is provided in part by the disappearance of
node-based O−H stretches in the infrared spectrum and by X-
ray pair distribution function measurements showing In−O
bond lengths of 2.12 Å and In···Zr separations of 3.33 Å,
distances that are consistent with DFT calculations.33

For many kinds of reactions, catalysts containing open-d-
shell transition metals are desirable. We have discovered that
bis(amidinate) complexes34 are especially well suited for AIM
of first-row transition metals. Using the precursors shown in
Figure 4, tetranuclear cobalt(II)−oxo,hydroxo and nickel(II)−
oxo,hydroxo clusters were installed in NU-1000. Because the
MOF’s crystallinity is preserved, differential electron density
maps can be extracted from X-ray diffraction data collected
before and after AIM.15 To our surprise, the maps show that
clusters are sited between pairs of nodes aligned along the c
direction (the channel direction) of NU-1000, i.e., in pores
within the walls of the MOF rather than within its channels.
This intriguing observation extends to other cluster composi-
tions.
The nickel-containing clusters show good catalytic activity

for gas-phase hydrogenation of ethylene and for alkene
oligomerization, e.g., turnover frequencies matching those of
atomically dispersed nickel(II) on zirconia, a conventional
support.35 Notably, the AIM catalyst displays little loss of
catalytic activity, even after 2 weeks of continuous use. In
contrast, the conventionally supported catalyst deactivates
completely within 6 h, likely because of sintering (active-site
agglomeration). Postcatalysis characterization of the MOF-
supported catalyst showed no detectable sinteringbehavior
that can be attributed to isolation of the nodes by the linkers
and to the difficulty of transporting node-anchored clusters
across linkers. The absence of appreciable sintering for Ni-AIM
and related catalysts should greatly facilitate both mechanistic
understanding and hypothesis-driven development of new
catalysts.
An intriguing second example is the use of Co-AIM NU-

1000, in electrode-supported form, for the four-electron
conversion of aqueous OH− to O2, i.e., the oxidative half of a
water-splitting cycle.36 While the kinetic overpotential was
greater than anticipated (∼450 mV at 10 mA cm−2) and
difficulties were encountered in electrochemically addressing
the full complement of clusters, the initial findings offer a
starting point for the development of new electrocatalytic
clusters in the limit of single-metal-atom control of
composition.

Metal−Sulfide AIM

Transition-metal/sulfur clusters are ubiquitous as cofactors for
enzymes that catalyze reduction reactions (e.g., hydrogenases
and nitrogenases). With this in mind, we first developed a
vapor-phase route to node-supported cobalt(II) sulfide. Briefly,
the synthesis relies upon AIM of bis(amidinate)cobalt(II)
followed by H2S at 130 °Cconditions that would destroy
many MOFs37 but leave the hexazirconium MOF undam-
aged.38 As an initial test, we looked at the condensed-phase
conversion of m-nitrophenol to m-aminophenol and found
CoS-AIM to be catalytically competent.
Using similar principles, we installed clusters of nickel

sulfide.39 In the presence of a light-absorbing molecular dye, the
clusters proved to be photocatalytic for the reduction of water
to H2, i.e., the other half of a water-splitting cycle.

Figure 3. Simplified representation of an NU-1000 node after AIM.

Figure 4. Chemical strutures of some ALD precursors.
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■ SOLVENT-ASSISTED LINKER EXCHANGE (SALE)
While SALI and AIM involve chemical modification of MOF
metal nodes, SALE entails substitution of structural ligands, i.e.,
linkers.40 SALE can be used to (i) synthesize new MOFs or
introduce new chemical functionalities in MOFs (which may
not be accessible de novo), (ii) control pore size/shape, (iii)
control catenation, and (iv) access topologies that are unknown

for a particular linker/node combination. SALE is initiated by
exposing a parent MOF to a concentrated solution of a new
linker. The resulting daughter framework can contain the new
linker at a concentration of anywhere from 1% to 100%.
Importantly, the daughter MOF generally retains the topology
of the parent framework. The first reported examples of SALE
on 3D MOFs came from Burnett et al.41 They focused on

Figure 5. (a) Representative SBU for pillared-paddlewheel MOFs. (b) Organic linkers discussed in connection with SALE.

Figure 6. Increasing pore sizes in an isoreticular series of pillared-paddlewheel MOFs synthesized via SALE. The value in angstroms is the length of
the dipyridyl linker used for SALE on the parent MOF SALEM-5.
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pillared-paddlewheel MOFs (Figure 5a shows a typical pillared-
paddlewheel secondary building unit (SBU)) and showed that a
previously unobtainable MOF could be formed.
The SALE concept was soon extended to other classes of

MOFs, including zeolitic imidazolate frameworks (ZIFs)42 and,
remarkably, high-stability Zr-based MOFs.43 ZIFs, by definition,
feature zeolite topologies. They consist of divalent single-metal-
atom nodes tetrahedrally connected to imidazolates.44−46 The
first reported examples of ZIF-based SALE involved replace-
ment of the ethylimidazolate linkers of CdIF-4 with 2-
nitroimidazolate or 2-methylimidazolate to yield, respectively,
CdIF-9 (known) or SALEM-1 (new).47 In both cases, the rho
topology of the parent MOF was retained. For the mixed-linker
compound ZIF-69, SALE can be accomplished selectively: 5-
(trifluoromethyl)benzimidazolate completely replaces the
chlorobenzimidazolate linkers of ZIF-69 while leaving its
nitroimidazolate linkers untouched.48

Tuning the Porosity and Aperture Size

The ability to tune the porosity and aperture size of a MOF
using SALE without changing the parent topology of the
framework is very useful. The pillar ligands of SALEM-5 (L1, 9
Å) can be selectively exchanged with L3, L4, and L5 (11, 14,
and 17 Å, respectively; Figure 6) to tune the pore size.49 In the
same study, we reported that linker basicity can be used as a
proxy for relative dative bond strength and thus as a predictor
of whether a given SALE reaction will occur. Briefly, linkers of
higher basicity readily displace those of lower basicity, but not
vice versa. As with most SALE reactions, the above-mentioned
reactions take place via single-crystal-to-single-crystal trans-
formation (see Figure 7) rather than by crystal dissolution and
reprecipitation.

Finally, SALE can be applied to ZIF-8 to make SALEM-2, the
imidazolate (im) analogue (Figure 8). ZIF-8 is an extraordi-
narily stable ZIF with the sod topology composed of 2-
methylimidazolate linkers that yield apertures with a width of
∼3.8 Å. SALEM-2, which is not attainable de novo, presents
apertures with a width of ∼6 Å.42 Solvent permeation studies

revealed that SALEM-2 can admit guests that ZIF-8 size-
excludes, such as cyclohexane and toluene.

Catalysis

Robust porphyrinic MOFs (RPMs) consist of tetratopic
tetrakis(4-carboxyphenyl)porphyrin linkers, ditopic dipyridyl-
porphyrin pillars, and dinuclear transition-metal-ion nodes.
Because they can present two different porphyrin-coordinating
metal ions in a single framework, RPMs are potentially
attractive for two-stage catalysis.50 While a large number of
metal−metal (M1 M2) combinations can be obtained directly,
some cannot. Moreover, attempts to incorporate free-base
porphyrins have been unsuccessful (because of spontaneous
metalation of the free base by ions needed for nodes). Free-
base porphyrin linkers can, however, be incorporated via SALE
and then metalated to give M1 M2 combinations that are not
otherwise accessible.51 One example is ZnAl-RPM, a SALE-
derived MOF that proved to be the most effective of a series of
RPMs screened as Lewis acid catalysts for epoxide ring
opening. Finally, returning to ZIF-8/SALEM-2, we found that
replacing the 2-methylimidazolate linkers with imidazolate
renders the material susceptible to reversible activation for
Brønsted base-like catalysis.42

Catenation Control

Although catenated frameworks are of interest for a few
applications (e.g., selective guest capture), noncatenated
frameworks offer higher surface areas and porosities. While
methods exist for obtaining noncatenated MOFs, such as
modulation of the synthesis conditions,52 the use of templating
agents,53 and density separation of mixtures, they are not
universally applicable.54 SALE offers a promising alternative
approach. Two early examples of its successful application are
the synthesis of the noncatenated pillared-paddlewheel frame-
works SALEM-3 and SALEM-4 (Figure 9). Neither is
obtainable de novo, but both can be accessed by SALE-ing a
noncatenated parent framework, DO-MOF.55

Catalytic Composite Materials

The ability to obtain frameworks with the same topology and
pore size but different aperture sizes is of interest for regio- and
size-selective catalysis. An illustrative example is SALE of the
composite material Pt@ZIF-8 (Pt nanoparticles encapsulated in
ZIF-8) to give Pt@SALEM-2.56 Both can catalyze n-hexene
hydrogenation; however, for the larger-kinetic-diameter sub-
strate cis-cyclohexene, only the expanded-aperture composite
(Pt@SALEM-2) works.

■ CONCLUSIONS AND OUTLOOK
The three strategies discussed all aim to introduce function-
alities into MOFs, but they differ in important ways. For
example, SALI and AIM take advantage of nonbridging,
reactive, and labile ligands on MOF nodes. SALI allows for
decoration of MOF pores with organic ligands and/or site-
isolated complex catalysts. AIM enables the synthesis of metal
oxide or sulfide clusters of well-defined nuclearity. SALE
involves exchanging structural ligands, often for linkers that are
incompatible with de novo synthetic techniques. SALE allows
the physical and chemical properties of a framework to be
altered without changing its topology.
SALI, AIM, and SALE have potential well beyond the

applications outlined above. For example, SALI can be used to
engender chemical sensing capabilities,57 to boost light
harvesting,58 or even to create arrays of molecular machines.59

Figure 7. (a) A crystal of SALEM-5 and (b) the same crystal
transformed to SALEM-6 after undergoing SALE with L3. Reproduced
from ref 49. Copyright 2013 American Chemical Society.

Figure 8. Aperture expansion in ZIF-8 via SALE.
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In view of the fact that automated AIM is a “keyboard-driven
synthesis” with a breadth of ALD precursors available, this
methodology offers many avenues for postsynthetic modifica-
tion. Additionally, metal exchange can be performed following
AIM (AIM-ME), which allows for the incorporation of metals
that are challenging to install by AIM.60 Yet to be significantly
explored are synergetic mash-ups of AIM with SALI or SALE.
Finally, in addition to the bulk MOF materials discussed, SALE
can be performed on MOF thin films61,62 or membranes63 for
practical future applications. We believe that all three
techniques are important for the advancement of MOF
chemistry in terms of both fundamental study and application
of these captivating materials.
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