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Modifying the outer surfaces of metal-organic frameworks (MOFs) has received considerably less atten-

tion than functionalization of the bulk, despite the range of physical and chemical properties that can be
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Introduction

Metal-organic frameworks (MOFs), network materials consist-
ing of organic ligands connected by metal ions or clusters into
multi-dimensional frameworks containing potential porosity,*
have become one of the most studied classes of materials of
the last twenty years.> Applications abound, including gas
storage and separations,® catalysis,®® sensing,'®™* and drug
delivery,"*"” primarily as MOFs exhibit exceptional chemical
versatility. Desired functionality can be directly installed
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tuned by controlling MOF surface chemistry. In this Frontier article, we summarise developments over the
last five years in both functionalizing and visualizing the outer surfaces of MOFs, with particular focus on
their application as surface-modified nanoparticles for drug delivery and in the enhanced self-assembly

through the use of bespoke organic linkers or specific metal
clusters,'® while postsynthetic modification offers a range of
possible “upgrades” to basic MOF architectures.'*>* Typically,
the applications of MOFs rely on chemistry occurring within
the pores of the material, and so desired functionality is intro-
duced throughout the bulk of the MOF. In contrast, there is a
burgeoning interest in selectively modifying the outer surfaces
of MOF particles. Tuning the chemistry around the pore
openings is a potential route to enhance selective guest
uptake, and surface functionality can endow enhanced physi-
cal properties, such as stability and dispersability, to the MOF
material. Approximately five years ago we reviewed the various
methodologies for surface modification of MOFs and the
impact on a number of applications.>® This Frontier article
addresses recent advances in the surface chemistry of MOFs in
the context of (i) new functionalization protocols, (ii) gaining
insights into the processes that occur at MOF surfaces, and
(iii) the impact on a range of applications.

New surface modification protocols
for biological applications

Protocols to modify the outer surfaces of MOFs can be broadly
divided into two classes: those that occur during self-assembly,
and those that occur postsynthetically.*® Direct modification
during synthesis typically makes use of the coordination
modulation protocol — addition of monotopic linkers to solvo-
thermal syntheses - whereby judicious control of synthetic
parameters allows the modulators to act as capping agents, ter-

fFor many porous materials, the term “surface” is used to describe interior pore
surfaces. In this Frontier Article, we use the term to describe the outer particle
surface of the MOF(s) in question.
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minating the coordination polymerization process and being
installed primarily on outer surfaces. Postsynthetic methods
usually rely on the functionality being incorporated to be
larger than the pores of the MOF, thus blocking penetration
into the bulk, and attachment can occur via coordination to
free metal sites, covalent conjugation at reactive sites, or non-
covalent interactions.

Biomolecules

A number of new innovative routes to surface modified MOFs
have been developed of late, driven by the need to functiona-
lise and stabilize MOF nanoparticles for biomedical appli-
cations, with particular focus on mild bioconjugate reactions
to allow interfacing of MOFs with biomolecules. Lachelt et al.
have utilized the coordinative ability of the imidazole side-
chain of the amino acid histidine to prepare peptides and pro-
teins terminated by oligohistidine residues — so-called His-tags
(Fig. 1a) - which bind strongly to the outer surfaces of MOF
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Fig. 1 (a) Chemical structure of a His-tagged peptide that can be co-
ordinated to MOF surfaces for intracellular delivery. (b) Schematic for
two stage oligonucleotide functionalisation and hybridization to conju-
gate inorganic nanoparticles to MOF surfaces. Reproduced with per-
mission from ref. 26 copyright (2017) American Chemical Society.
Further permissions related to the material excerpted should be directed
to the ACS. (c) Schematic of the “click modulation” protocol whereby
UiO-66 is surface-modified by covalent transformations of functiona-
lized modulators. Modified with permission from ref. 31 copyright (2017)
Elsevier.
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nanoparticles. Attachment of dyes to HKUST-1 ([Cu;(BTC),],
where BTC = 1,3,5-benzenetricarboxylate), MIL-88A(Fe) ([Fe;O
(fum)e(H,0),(OH)],, where fum = fumarate) and MOF-801
([Zrs04(OH),4(fum)e],,) shows that binding strength depends on
the number of histidine residues in the His-tag; six residues
provide stability at pH = 7.4, as well as allowing pH controlled
release from the surface. The mild surface attachment protocol
- simply immersing the MOF nanoparticles in HEPES-buffered
glucose (pH = 7.4) containing the His-tagged molecule -
means it is highly compatible with biomolecules, allowing the
intracellular delivery of pro-apoptotic peptides and proteins
attached to MOF-801 with much enhanced cytotoxicity towards
HelLa cancer cells.”*

Specific peptide sequences with high binding affinities for
a series of MOF surfaces have been identified by phage
display. The MOFs ZIF-8 ([Zn(MeIM),],, where MeIM =
2-methylimidazolate), Fe-BTC (a semi-amorphous solid), and
MIL-53(Al)-FA (JAIOH(fum)],) were incubated with libraries of
12-mer peptides, and strongly binding candidates identified
by multiple cycles of (i) centrifugation of the solids, (ii)
washing of the strongly surface-bound peptides away from the
MOFs, and (iii) amplification of these peptides by transduction
in E. coli cultures, followed by sequencing. Identified peptides
displayed selective binding for their specific MOFs with
dissociation constants as low as ~20 pM and enhanced the
stability of the MOFs towards hydrolysis.>

Attachment of oligonucleotides to MOF surfaces can be
achieved by coordinative*® or covalent®”*® conjugation, with
Mirkin et al. developing a general protocol involving phos-
phate-terminated sequences, which allows direct coordination
to a range of MOFs.*® The large pore Zr MOFs NU-1000
([ZrsO4(OH)g(H,0)4(TBAPy),],, where TBAPy = 4,4',4",4"-(pyrene-
1,3,6,8-tetrayl )tetrabenzoate) and MOF-545 ([ZrsO,(OH)s(H,0),
(TCPP-H,),],, where TCPP-H, = tetrakis(4-carboxyphenyl)por-
phyrin, also known as PCN-222) were loaded with insulin and
subsequently coated with a 30 base pair, guaninerich DNA
sequence by phosphate coordination. Stability, dispersion, and
protein delivery into SKOV-3 human ovarian cancer cells were all
enhanced by the protective DNA coating.>’

When coated with single-stranded DNA, MOFs can be
surface functionalized by hybridization with the complemen-
tary oligonucleotide strand (Fig. 1b). This technique has
allowed installation of a variety of inorganic nanoparticles on
the outer surface of MOFs,*® including a particular example
where surface conjugation of lanthanide-based upconverting
nanoparticles improved the efficiency of a porphyrin-contain-
ing MOF in photodynamic therapy.’® Similarly, DNA-functio-
nalised UiO-68 ([Zrs04(OH),(TPDC)s],, where TPDC = p-terphe-
nyl-4,4"-dicarboxylate), was hybridized with complementary
strands containing so-called DNAzymes; sequences that
display  stimuli-responsive  behavior  towards certain
analytes. Selective release of the drug doxorubicin from the
DNA-coated MOFs into MDA-MB-231 breast cancer cells, in
response to increased concentrations of both H' and
Mg>*/adenosine triphosphate, led to selective anticancer
cytotoxicity in vitro.*®

This journal is © The Royal Society of Chemistry 2019
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Polymers

We have introduced the “click modulation” protocol, a two-
step process that is compatible with cargo loading, for the
surface modification of Zr MOFs.** Modulators functionalized
with reactive groups are introduced into solvothermal synth-
eses and, with appropriate tuning of synthetic conditions, are
installed primarily at nanoparticle surfaces; the protocol
allows tuning of both particle size and surface chemistry in
one pot. These modulators can then undergo further trans-
formation by mild “click” reactions to selectively modify the
MOF surface. Using UiO-66 ([ZrsO4(OH),(BDC)¢],, where BDC
= 1,4-benzenedicarboxylate) as an example, it is possible to
prepare MOFs decorated with either azides or alkynes and
functionalise their surfaces with short-chain alkanes, poly
(ethylene glycol) (PEG), poly(N-isopropylacrylamide), and poly
(i-lactide), for use in drug delivery (Fig. 1c).*"*> While
enhanced stability and dispersion through incorporation of
polymers at particle surfaces is well known, we have shown
that functionalization of UiO-66 nanoparticles with different
polymers or biomolecules can modify the mechanism by
which they are endocytosed by cells. Bare UiO-66 nanoparticles
are primarily taken up by HeLa cells through -clathrin-
mediated endocytosis, while the PEGylated MOF nanoparticles
favour caveolae-mediated endocytosis.>’ Coating UiO-66 and
later MOF-801 with folic acid also favours caveolae-mediated
uptake by targeting specific folate receptors in caveolae
invaginations; the result is significantly enhanced in vitro cyto-
toxicity of the delivered cargo, dichloroacetate, presumably as
a consequence of enhanced cytosolic release.”>?

Polymer coating of MOF nanoparticles has also been
achieved using the GraftFast methodology (Fig. 2a).
Aryldiazonium salts are reduced chemically by Fe powder to
produce phenyl radicals, which react with the MOF and begin
to form a poly(phenylene) sub-layer at the surface. When an
acrylate-terminated polymer is included in the process, the acry-
late groups are also initiated by the phenyl radicals, leading to
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polymerization and conjugation with the poly(phenylene)
surface and thus the polymer coating of the MOF nanoparticles.
Functionalization of MIL-100(Fe) ([Fe;O(BTC),(H,0),(OH)],)
with PEG by this protocol was shown to be highly efficient, with
~30% w/w polymer incorporation not affecting porosity or drug
loading properties.*® The radical polymerisation mechanism
also makes it broadly applicable to other MOFs.**

These examples highlight just some of the recent develop-
ments; the enhanced stability of MOFs and use of mild biocon-
jugate reactions now allows complex multi-step surface

functionalization protocols to be achieved.***°

Enhanced assembly of composite
materials

Taking advantage of coordinative and covalent chemistry at
the surfaces of MOFs is increasingly being used as a strategy to
improve their incorporation into hybrid materials. For
example, it has been shown that preparing MOF@MOF com-
posites where the two MOFs are not crystallographically coinci-
dent, and so cannot grow epitaxially, can be facilitated by
surface-modifying the inner MOF with a coating of poly(vinyl-
pyrrolidone), effectively gluing the two MOFs together through
coordinative interactions.?” Additionally, polymers containing
terephthalate units can exchange with the BDC ligands at the
surfaces of MOF-5 ([Zn,O(BDC);],) to produce free-standing
monoliths containing up to 80% w/w of the MOF, enhancing
stability and preserving porosity.*®

Covalently functionalising MOFs with polymers®® has been
explored as a method for better blending MOF solids into
mixed-matrix membranes (MMMs), typically for gas separ-
ations. Building on work that has shown that surface modify-
ing UiO-66-NH, (the isoreticular analogue of UiO-66 with
2-aminoterepthalic acid as linker) with small molecules
through amide coupling improves incorporation into polyi-

E/;E(N\/k,o

Zr Zr

Glycidyl
Methacrylate

Methyl
Methacrylate

(a) Schematic of the GraftFast surface polymerization protocol applied to the PEGylation of ZIF-8. Adapted with permission from ref. 35 copyright

(2019) American Chemical Society. (b) Surface polymerization directly from UiO-66-NH, after functionalization with glycidyl methacrylate.

This journal is © The Royal Society of Chemistry 2019
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mides,”® a number of surface-based strategies have been
employed to blend MOF particles into polymer membranes
with improved materials properties and higher MOF loadings.
For example, the GraftFast process has been applied to coating
ZIF-8 with PEG (Fig. 2a) for improved incorporation into poly
(vinyl alcohol) membranes,®® while UiO-66 containing
pendant allyl groups has been modified with silane-terminated
polydimethylsiloxane oligomers that allow enhanced incorpor-
ation and crosslinking into a PDMS matrix.*"

Direct polymerization from MOF surfaces is also being
explored. Reacting UiO-66-NH, with a bulky dianhydride
installs anhydrides at the MOF particle surfaces, which can be
reacted with diamines and subsequently imidized to generate
a polyimide-coated MOF hybrid capable of membrane for-
mation at up to 88% w/w MOF. Covalent attachment of the
MOF to the polymer improved the mechanical properties of
the MMM whilst simultaneously enhancing both gas per-
meability and selectivity for CO, as the MOF content increases,
in contrast to conventional MMMs prepared by physical
mixing.*?

Reacting methacryclic anhydride with amine-tagged MOFs
allows installation of methacrylate monomers at the surfaces
of the MOFs which can then be polymerized. This has been
exploited to prepare MMMs of poly(butylmethacrylate) co-
valently bound to UiO-66-NH, which exhibit enhanced
removal of Cr(vi) from water,”* and MMMs of UiO-66-NH, and
methacrylate-crosslinked PEG for enhanced CO, uptake.*’
Similarly, conjugation of UiO-66-NH, with glycidyl methacry-
late installs the reactive monomer at the outer surface, allow-
ing polymerisation of poly(methylmethacrylate) (PMMA)
directly from the MOF particle (Fig. 2b). Polymer-coated MOF
nanoparticles show enhanced stability and dispersion within a
PMMA membrane compared to bare UiO-66 and UiO-66-NH,,
with improved gas permeability and selectivity in the MMM
ascribed to more homogeneous incorporation of the polymer-
coated MOFs.*®> Methacrylate-coated MOFs can also be functio-
nalized using atom transfer radical polymerization,*® with
polymer coatings enhancing MOF stability.*” It is clear that, as
well as improving stability, enhancing the MOF-polymer inter-
face through control of MOF surface chemistry significantly
improves physical and chemical properties of the hybrid
material formed.

Direct visualisation of MOF surfaces

Spectacular advances have been made in the direct visualiza-
tion of the surface chemistry of MOFs. Han et al. have devel-
oped methodology for high-resolution transmission electron
microscopy of beam-sensitive samples; typically, MOFs
degrade rapidly during imaging, but atomic resolution is now
possible (Fig. 3a). UiO-66 nanoparticles show a variety of
surface sites (Fig. 3b), with a ligand-terminated (111) surface
projecting free carboxylate groups (Fig. 3c), while metal-
terminated sites are also visible at (100)/(111) kinks between
(111) layers, exposing unsaturated Zr clusters (Fig. 3d).*® These
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Fig. 3 (a) High resolution TEM image of UiO-66, with yellow arrows
indicating atomic resolution of individual benzene rings. (b) Surface ter-
mination of a UiO-66 nanoparticle, showing exposed (100) facets (blue
line) and (111) facets (yellow line). (100)/(111) kinks are highlighted by
white arrows. (c) The carboxylate-terminated (111) surface compared to
a structural model. (d) The cluster terminated (100)/(111) kink compared
to a structural model. Adapted with permission from ref. 48 copyright
(2018) American Association for the Advancement of Science.

functionalities are reactive sites for covalent and coordinative
postsynthetic surface modification protocols, respectively.
Dynamic surface processes have also been directly imaged
using atomic force microscopy (AFM), in which measurements
can be taken at room temperature and under solvent flow. The
pillared MOF [Zn,(1,4-NDC),(DABCO)], (1,4-NDC = 1,4-
naphthalenedicarboxylic acid; DABCO = 1,4-diazabicyclo[2.2.2]
octane) can be grown as single crystals with large flat terraces
that can be interrogated by AFM at speeds of up to one image
every 13 seconds, allowing imaging of guest-responsive
dynamics. Imaging the (001) face allows identification of the
locations of the paddlewheel clusters with respect to one
another and so crystallographic information can be calculated.
In the presence of DMF solutions containing the guest mole-
cule biphenyl, uptake of which causes a structural change
from tetragonal to orthorhombic symmetry in the bulk crystal,
the (001) face could be seen to reversibly deform as the con-
centration of guest was increased, transforming the lattice
parameter from y = 89.6(2)° to y = 87.3(6)°, compared to the
crystallographically determined values of y = 90° (tetragonal,
DMF solvate) and y = 86.1° (orthorhombic, biphenyl-loaded)
for bulk crystals. Addition of a guest with competing donor
atoms, e.g., 4,4"-bipyridine or 1,2-di(4-pyridyl)ethylene, caused

This journal is © The Royal Society of Chemistry 2019
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delamination of single layer sheets from the MOF surface,
with AFM showing exfoliation occurring by propagation from a
surface point defect.*®

Conclusions and perspectives

Over the past five years, the understanding of the chemical
processes that occur at MOF surfaces has increased signifi-
cantly, facilitating a range of applications centred on tuning
the interaction of MOF particles with their bulk surroundings.
Manufacture of hybrid materials and assembly of complex
nanoparticulate drug delivery vectors are driving the develop-
ment of fundamental surface chemistry protocols that are now
becoming more generally applicable in nature, yet there still
remain significant opportunities in developing, for example,
stimuli-responsive systems to control pore openings, with
switchable selective cargo uptake and turn-on catalysis just
two of the potential applications awaiting the development of
new modification protocols. Application of new characteriz-
ation techniques is also allowing the influence of surface
chemistry on other potential applications to begin to emerge;
Burdette et al. have used X-ray photoelectron spectroscopy to
show that binding of analytes on the surfaces of emissive
MOFs is enough to completely quench their fluorescence,
casting doubt on the proposed sensing mechanisms, based on
bulk analyte intercalation, of a number of MOF materials.>® It
is clear that modifying the surfaces of MOFs is a powerful pro-
tocol for exacting control over bulk physical properties, and a
large number of potential applications are beginning to be rea-
lized as innovative protocols to control and visualize surface
chemistry continue to be developed.
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